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List of abbreviations

A, T, G, C, U: nucleic acid bases Adenine,

Thymine, Guanine, Cytosine, Uracil
aa: amino acid

aa-AMP: aminoacyl-adenylate
aa-tRNA: aminoacyl-tRNA

aaCL: aminoacyl-cardiolipin

aaCLS: aminoacyl-cardiolipin synthase
aalL: aminoacyl-lipid

aaPG: aminoacyl-phosphatidylglycerol
aalLsS: aminoacyl-lipid synthase

aalLH: aminoacyl-lipid hydrolase

aahGS: aminoacyl-phosphatidylglycerol

aaPGS: aminoacyl-phosphatidylglycerol synthase

aaRs: aminoacyl-tRNA synthetase
Afm: Aspergillus fumigatus

Aor: Aspergillus oryzae

AMP: adenosine monophosphate
Amp: Ampicillin

AS: aminoacyl-sterol

ASS: aminoacyl-sterol synthase
ASH: aminoacyl-sterol hydrolase
ATP: adenosine triphosphate
ATT: aminoacyl-tRNA transferase
Bba: Beauveria bassiana

CAMP: cationic antimicrobial peptide

CDP: Cytidine diphosphate

CHCl;: chloroform

Cho: cholesterol

DAG: diacylglycerol

DNA: Deoxyribonucleic acid

DUF2156: domain of unknown function 2156
EMSA: Electrophoretic mobility shift assays
Erg: ergosterol

Erg-aa: ergosteryl-amino acid

Erg-Asp: Ergosteryl3-B-0-L-aspartate
ErdsS: Erg-Asp synthase

ErdH: Erg-Asp hydrolase

Erg-Gly: Ergosteryl3-[3-0-glycine

ErgS: Erg-Gly synthase

EtOH: Ethanol

fDUF2156: freestanding DUF2156

FT: flow through

fwd, rv: forward-, reverse-primer

g, L, h, min, s: gram, liter, hour, minute,

second

GDP: guanosine diphosphate

GF: Gel filtration

GFP: Green Fluorescent Protein

GlcNAc: N-acetyl glucosamine

GNAT: GCN5-related N-acetyltransferase
GST: Glutathione S-transferase

GTP: guanosine triphosphate



HPLC: High-performance liquid
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IB: Immuno Blot

KAN: kanamycin

kb: kilo base pairs

kpa: kilodalton

M: Molar

MBP: Maltose binding protein

MeOH: Methanol

MIC: minimal inhibitory concentration
MprF: Multiple peptide resistance Factor
mMRNA: messenger RNA

MS: Mass Spectrometry

MSC: MultiSynthetase Complex

MurNAc: N-actyl muramic acid

MW: molecular weight

N-ter/Nt: N-terminal

NcRNA: non-coding RNA

ND: Non-Discriminant

nt: nucleotide

O/N: Overnight

0B: oligonucleotide/oligosaccharide-binding
0D: Optical Density

PAGE: PolyAcrylamide Gel Electrophoresis

PCR: Polymerase Chain Reaction

PG: phosphatidylglycerol

PPi: pyrophosphate

Pyl: Pyrrolysine

PA: phosphatidic acid

PS: phosphatidylserine

PE: phosphatidylethanolamine
PM: plasma membrane

RNA: Ribonucleic acid

rRNA: ribosomal RNA

Sec: selenocysteine

Sce: S. cerevisiae

SC: Synthetic Complete

SDS: Sodium DodecylSulfate
TCA: trichloroacetic acid

TEV: Tobacco Etch Virus protease
TevCS: TEV specific cleavage site
TLC: thin layer chromatography
TMH: transmembrane helix
tRNA: transfer RNA

U/: enzymatic units/

UDP: Uridine diphosphate

w/v: weight/volume

WB: Western Blot

WT/wt: Wild Type

v:v:volume : volume

Yli: Yarrowia lipolytica

M-, n-, m-: micro-, nano-, milli-



Nomenclature of amino acids and aminoacyl-tRNA synthetases

amino acids aminoacyl-tRNA synthetase

Name 3 letters 1 letter Name abbreviation
Alanine Ala A Alanyl-tRNA synthetase AlaRrs
Arginine Arg R Arginyl-tRNA synthetase ArgRS
Asparagine Asn N Asparaginyl-tRNA synthetase AsSNRS
Aspartate Asp D Aspartate-tRNA synthetase AspRS
Cysteine Cys C Cysteinyl-tRNA synthetase CysRS
Glutamate Glu E Glutamyl-tRNA synthetase GIuRS
Glutamine GIn Q Glutaminyl-tRNA synthetase GInRS
Glycine Gly G Glycyl-tRNA synthetase GlyRS
Histidine His H Histidyl-tRNA synthetase HisRS
Isoleucine lle I Isoleucyl-tRNA synthetase llers
Leucine Leu L Leucyl-tRNA synthetase LeuRS
Lysine Lys K Lysyl-tRNA synthetase LysRS
Methionine Met M Methionyl-tRNA synthetase MetRS
Phenylalanine  Phe F Phenylalanyl-tRNA synthetase PheRS
Proline Pro P Prolyl-tRNA synthetase ProRS
Serine Ser S Seryl-tRNA synthetase Serrs
Threonine Thr T Threonyl-tRNA synthetase ThrRS
Tryptophan Trp W Tryptophanyl-tRNA synthetase TrpRS
Tyrosine Tyr Y Tyrosyl-tRNA synthetase TyrRS
Valine val v Valyl-tRNA synthetase ValRsS
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Figure A-1: aa-tRNA synthesis and their use as substrates for protein biosynthesis and for other pathways beyond
translation. Protein biosynthesis requires a large diversity of macromolecules including various classes of RNA mole-
cules. The messenger RNA serves as template during protein biosynthesis and is translated by the ribosome
composed of large (LSU; red) and small (SSU; orange) sub-units both containing ribosomal RNAs (rRNA) and proteins.
Through their primary function, aminoacyl-tRNA synthetases (aaRSs) provide a full set of cognate aa-tRNAs which are
used to decode and translate the mRNA. However, beyond translation, aaRSs were shown to be involved in a wide
range of so called non-canonical functions and aa-tRNAs can be highjacked by so-called aa-tRNA-utilizing enzymes
(mainly aminoacyl-tRNA transferases (ATT) that transfer the aa onto a wide range of macromolecules in a tRNA
dependent way). The examples illustrated here represent aa-tRNA dependent lipid or peptidoglycan-precursor (Lipid
I1) modification pathways achieved by ATTs in bacteria.



Genes are informational units encoded in the form of DNA in all living cells. How we define
genes is not that simple, as it has continually been refined, especially over the past decades with
the discovery of several phenomena . A gene can be defined as any
discrete region, i.e. a locus, which contains — or encodes the information of — a heritable trait

. A more specific definition is the following, in which a gene is a
nucleotide (nt) sequence, flanked by its cis-requlatory elements, i. e. promoter and the terminator,

whose expression product is responsible for one or various cellular functions.

However, the genetic information contained within DNA — the “gene” — is probably the
most stable and inert information that the cell contains. Consequently, cellular machineries must
“realize” itinto a “usable” form and interpret or convert encoded messages into active components
capable of sustaining life or at least of performing molecular functions. Francis Crick proposed as
early as 1970, that the first molecular process that initiates expression of the genetic information
from DNA should be transcription of genes — the inert information — into a ribonucleic acid (RNA)
molecule, that can either be a coding RNA or a noncoding RNA (Figure A-1). Noncoding
RNAs (ncRNA) are transcribed from so-called RNA-genes that will never be translated into proteins
but some of them (ribosomal RNAs (rRNA) and transfer RNAs (tRNA)) ultimately serve for the
translation of coding/messenger RNAs (Figure A-1) and the flow of genetic information stops at
this step. Resulting ncRNAs can adopt a myriad of secondary and functional tertiary structures and
can also be subjected to posttranscriptional modification(s). These structural considerations are
essential, as the tertiary structure of ncRNAs are crucial for their functions, that range from
transporting “usable” forms of amino acids to the translation machinery (tRNA), regulating
transcription or translation (riboswitches, etc.) to catalyzing chemical reactions (transpeptidation
by rRNA or mRNA maturation in the case of self-splicing introns)

. Noncoding RNAs that catalyze biochemical reactions are termed

ribozymes and are ubiquitous throughout the tree of life

In contrast, coding RNAs are those that contain a kind of genetic information that must be
further converted into other types of macromolecules in a second major process termed
translation . In this case, coding RNAs are referred to as messenger RNAs (MRNA)

because they carry an information that must be translated into another language. The translational



machinery uses “coding” RNAs and translates the genetic information that they contain into
functional molecules called proteins (Figure A-1). A ribonucleoprotein complex, the ribosome, is
at the center of this process . Even though the
ribosome cannot achieve protein synthesis on its own, it can be compared to a factory or a
platform onto which all the partners necessary for protein synthesis are recruited. During
translation, the ribosome “reads” mRNA from its 5'- to 3'-end. Precisely, the ribosome specifically
“reads” and "translates” the open reading frame (ORF) of a mRNA, that can therefore be compared
to a sentence in which words are represented by a succession of three consecutive nt called

codons.

This crypted sentence must then be faithfully decoded and translated into the effector-
language using a decoding key: the universal genetic code, that is sometimes also referred to as
“the genetic Rosetta stone” (Figure A-2) . This code encrypts 20 (extended
to 22 in some cases) proteinogenic amino acids (aa). Following the amino acid - codons
correspondence rules, the ribosome sequentially links up amino acids into polypeptides — proteins
— following the order imposed by codons along the mRNA (the ORF). The genetic code is composed
of 4 nt x 4 nt x 4 nt = 64 different codons, of which 61 are amino acid-coding units, e. g. they can
be translated to one of the 20 proteogenic amino acids found in the standard code

. The representation of the genetic code proposed by Nirenberg is particularly convenient
for its comprehension but more importantly it highlights the ingenuity of this code (Figure A-2).
First, this table representation points out all the 64 possible triplet combinations (codons) found in
mMRNA and their corresponding aa. Second, its reading takes in consideration the order of the 3 nt
composing the codon; the first letter is represented at the left edge of the table, the second at the
upper and the third at the right. Note that the four nt possibilities for each letter of the codon are
organized invariably as U, C, A and G i. e. both pyrimidines are followed by both purines. Thus, the
first and the last codons correspond to UUU encoding Phe (upper left) and to GGG encoding Gly
(lower right). Third, the four codons containing the same letters at positions 1 and 2 are regrouped
in the same box which highlights the degenerate nature of the codon - aa assignments. This
degeneracy is central to keep the integrity of the genetic information despite codon mutations.
Indeed, due to the degenerate character of the genetic code, aa encoded by 4 codons are not

affected by the mutation of their 3rd codon nt (called wobble position) since these mutations
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Figure A-2: The standard genetic code. In this representation, the meaning of a codon (indicated at the
left of each column) in its aa «language» (in bold) is given by intersecting the first, the second and the
third letter of the given triplet. Each aa box is indicated with a different color which reveals that most
of them are encoded by 2 or 4 codons but Ser, Arg and Leu are encoded by as much as 6 codons. In the
standard code, only 1 codon is assigned to each, Met or Trp, while lle is the sole aa encoded by 3 codons.
Stop codons are indicated in white boxes. Note that codons reassignments were described in bacterial,
eukaryotic and organellar genomes. For more details on deviations from the standard genetic code,
refer to



generate a “synonym” codon. Similarly, aa encoded by two codons are only affected by
transversion (i. e. pyrimidine to purine and vice versa) but not by transition (purine to another
purine or pyrimidine to another pyrimidine) mutations at this position. Furthermore, in some
cases, missense mutation of the wobble position changes the aa identity but not its nature as it is
the case for codons encoding Asp (GAU, GAC) and Glu (GAA, GAG). Similarly, XUX codon correspond
all to hydrophobic aa. However, mutation of the first or second nt leads in almost all cases to
missense mutation and more dramatically to non-sense mutation (mutation to a stop-codon).
Thus, as mentioned above, decoding of the mRNA and aa incorporation into polypeptides during
translation must be done with high fidelity to ensure that the information stored in the form of
DNA and expressed as mRNA be eventually faithfully translated into proteins. Finally, some
expansions of the code —with respect to the “standard” genetic code— exist in restricted
taxonomic groups, as for example in some archaea and bacteria where the UAG Stop-codon
encodes pyrrolysine (Pyl), while the UGA Stop-codon encodes selenocysteine (Sec) in all kingdoms

of life (detailed in chapter A § IV of the present introduction).

However, despite the fact that genetic code support some peculiarities, it is considered

that in a canonical context, each ORF starts with the initiator AUG codon translated to methionine
, whereas the three remaining non proteogenic

codons (UAA, UAG and UGA) are called Stop-codons since their occurrence leads to the dissociation
of translational machinery (Figure A-2). Consequently, the ribosome translates the mRNA
sequentially codon after codon, with respect to the genetic code —using the “rules” of
correspondences between codons and amino acids—, thereby producing a polypeptide in which

the order of aa condensation is determined by the mRNA sequence.

But how can the ribosome, mechanistically speaking, translate a given codon into the
cognate aa? As postulated early by Crick in his adaptor hypothesis , each one of the
twenty aa used for protein synthesis is paired with its cognate “adaptor”, capable of recognizing
— interacting and “reading”— its own codon through sequence-specific non-covalent interactions
(the decoding mechanism will be shortly described in chapter A §1). This adaptor corresponds to
the transfer RNA (tRNA; detailed in chapter A § 1 of the present introduction). Aminoacyl-tRNA (aa-

tRNAS) are produced by a family of enzymes called aminoacyl-tRNA synthetases (aaRS; detailed in



chapter A § Il of the present introduction) that each catalyze the specific attachment —
“aminoacylation” (detailed in chapter A § 1) — of one aa onto its cognate tRNA (Figure A-1). This
means that 20 aaRSs are required to recognize the 20 proteinogenic aa to attach them onto the 20
cognate tRNA families required to yield the full set of 20 aa-tRNAs necessary to ribosomal protein
synthesis. For this process, high fidelity is crucial to avoid mis-incorporation of aa into proteins

that would otherwise lead to altered proteomes, which is generally prejudicial to cells.

AaRrSs are modular proteins that always contain a catalytic core responsible for tRNA
aminoacylation — aa activation and tRNA aminoacylation — and, most often, a tRNA anticodon-
binding domain that helps the enzyme associate to its cognate tRNA. Apart from the core catalytic
domain, they are also often fused to additional domains that are required for accurate recognition
of the cognate tRNA and more importantly to ensure high fidelity during tRNA aminoacylation

. One particularity of eukaryotic cells is the formation of Multi-Synthetase Complexes
(MSC) that aggregates and anchors a sub-group of aaRS and auxiliary proteins in the cytoplasm
[reviewed in 1. The minimal MSC complex from the yeast S.
cerevisiae is, for example, composed of methionyl-tRNA-synthetase (MetRS) and glutaminyl-tRNA
synthetase both bound to the auxiliary assembly factor Arc1 , while the human
MARS complex contains 9 aaRSs, organized around 3 auxiliary factors, termed AIMPs (for
Aminoacyl-tRNA Synthetase Interacting Multifunctional Proteins). Assembling aaRSs into MSCs has
been suggested to be important to modulate the translational activities of aaRSs, but also to
regulate the non-translational functions that these enzymes can additionally perform beyond tRNA
aminoacylation . In fact, the participation of MSC-bound and “freestanding” aaRS in
a plethora of additional noncanonical functions beyond tRNA aminoacylation, ranging from
regulation of transcription to the modulation of angiogenesis, is often correlated to their ability to
relocate to unsuspected cellular compartments and to their propensity to have additional
functional domains besides the catalytic core and the anticodon-binding domain [reviewed in
The latter review, to which | participated as a first author

is found at the end of the present manuscript].

Strikingly, early after it was established that (aa-)tRNA primary function is to define and to

translate the genetic code for protein biosynthesis, an unexpected concept emerged and



postulated that (aa-)tRNA also participate to other processes; as early as in 1965, M. Matsuhashi
and colleagues demonstrated the tRNA dependent transfer of aa onto other macromolecules such
as peptidoglycan . Later, the involvement of tRNAs and aa-tRNAs
(canonically synthesized by aaRSs) in numerous pathways beyond protein biosynthesis was
extensively established and several aa-tRNA-utilizing
enzymes/pathways have been subsequently described
. Among them, aminoacyl-tRNA transferases (ATT; briefly introduced in chapter B of the
present introduction and extensively reviewed in our recent review to which I participated
) highjack aa-tRNA species from their primary destination (i. e. the
ribosome) and transfer the aa moiety onto a wide range of final acceptor substrates
(Figure A-1). Notably, aminoacyl-lipid
synthases (aalLS; extensively detailed in chapter C of the present introduction) achieve their ATT
activity by transferring aa from given aa-tRNAs onto membranous glycerolipids from the inner
leaflet of the plasma membrane (PM) (Figure A-1) . The cytoplasmic ATT domain of aaLSs
is fused to a membranous domain which at least in some cases achieves flippase activity by
translocating aminoacylated lipids (aaL) to the outer leaflet of the PM
(Figure A-1). Those lipid-modifying factors were so far only described in bacteria and are of
particular interest for the purpose of my thesis. Of note, while most aaLSs are implemented by aa-
tRNAs that are synthesized by freestanding aaRSs, species belonging to actinobacteria have
inherited aaRS-fused aalLSs that synthesize aa-tRNA assumed to be directly channeled to the ATT

domain for lipid aminoacylation

My PhD aimed to study a tRNA-dependent lipid aminoacylation mechanism that came out
to be even more unique than those that were described when | started my project. However, in
order to comprehensively present the objectives of my work, it seemed to me essential to first
introduce the way aa-tRNA are synthetized and the state of art concerning lipid aminoacylation

before | present the results | obtained in the course of my PhD.
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A. aa-trna synthesis and their utilization for

protein synthesis

I. Transfer RNA (tRNA)

In the late 50's it was suggested that a particular class of “soluble RNA" (SRNA) was involved
in the translation process of genetic information . Soluble RNAs were soon
renamed tRNA for “transfer” RNA from the deciphering of their function as being the physical
interpreters between the nucleotide language of mRNA and the peptide/protein language. Each
tRNA contains internal informations called “determinants” that dedicates it to be charged with a
given proteogenic aa. For example, determinants of tRNAM? from Sce, dedicates it to be charged
specifically with Ala. Each living cell necessarily encodes and transcribes a minimal set of 20 tRNA

families that are subsequently charged with one of the twenty proteogenic amino acids by aaRs.

The 2D “cloverleaf” model of tRNAs (Figure I-1) was initially proposed by RW. Holley and
colleagues in 1965 as they achieved for the first time the complete sequencing of an tRNA namely
tRNAY from S. cerevisiae . tRNA®, tRNA™", and tRNA"™ sequences from Sce
were obtained in the next two years and from then on to 1974 at least 60 tRNA sequences were
resolved. In addition, important structure probing analysis through RNase treatment, argued for a
common structure shared throughout all tRNA
Finally, the first 3D structure of tRNA was resolved in 1973 through analysis of X-ray diffraction

data
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Even though the cloverleaf representation of tRNA does not correspond to the
physiological and functional 3D “L-shaped” structure, it allowed to understand how tRNAs act as
an intermediate. According to the established nomenclature, each tRNA nt are designated by a
fixed number ranging from 1 to 76 . Thus, in tRNAs containing more than 76
nt, inserted positions are designated by the number of the preceding canonical position followed
by an alphabetic letter. For example, an insertion between positions 17 and 18 will be named 17A.
Concomitantly, the four final unpaired positions corresponding to the discriminator base followed
by the invariable 3'-CCA are named 73, 74, 75 and 76 respectively even in tRNA composed of less

than 76 nt (Figure I-1).

In their secondary structure, the first 7 bases (from 5') and the 7 bases preceding the
discriminator base of the tRNA are paired through canonical WC and Wobble base pairing (Wobble
pairing; see below). The resulting helix together with the four unpaired bases at the 3’ end is called
the acceptor-stem as its extremity is crucial to accept the cognate aa during the aminoacylation
reaction. When reading the tRNA sequence from 5’ to 3, the first 7 bases are followed by two
unpaired nt and the D-stem-loop (a 4 base-pairs helix followed by a 8-11 bases loop) whose name
is due to the presence of a modified base called dihydrouridine (D) in the loop. A single nt separates
the D-stem-loop from the next secondary structure composed of 5 base-pairs and a 7 nt-long loop,
forming the anticodon stem-loop. As it will be detailed later, nt 34, 35 and 36 constitute the
anticodon, which is the main feature required to decode the codons on the mRNA during protein
synthesis. Following the anticodon stem comes a structure which is variable in its size and length
called V-loop. tRNAs with few nt in this region belong to class | tRNA whereas tRNA containing more
nt belong to class Il tRNA. tRNA®*", tRNA"", tRNAY" and tRNA**" are members of class Il and can
consequently form a Variable-stem-loop (or variable arm). Finally, the T-stem-loop harbors a 5
base-pairs helix and a 7 nt loop with two conserved nt modifications namely Ts, and pseudouridine
(Wss). Even though the cloverleaf structure is shared by all tRNA, it is worth noting that in addition
to the mentioned variations in the V-loop and the D-loop, numerous variations occur among tRNA.
For example, the acceptor stems of tRNA®" and tRNA™ contain 8 base-pairs while mitochondrial

tRNAS in nematodes can be missing either the D- or T-stem-loop or even both.

15



acceptor domain

7 ~ \
7'Q¢§§Q (PR e _ owl \ elbow
\ = > o P : \ .

£ AT L) region

3'CCA

anticodon
domain

anticodon

Figure I-1: tRNA structure (modified from with permission). (A) The cloverleaf structure
of tRNAs and consensus residues in Sce according to Marck et al, 2002. (B) Planar representation of the
consensus L-shaped tRNAs. (C) 3D structure of the tRNA*P from Sce (pdb: 1VTQ). A, adenosine; U,
uridine; T, thymidine; G, guanosine; C, cytidine; R, purine; Y, pyrimidine; H, correspond to A, C or U; B
indicate C, G or U; red sticks and circles indicate WC interactions (including Wobble pairing) and dash
lines indicate non-WC interactions.



The herein cloverleaf representation of tRNA results from important works done since the
late 60's and its conservation
throughout the three kingdoms of life was confirmed in the following decades

. However, the 3D physiological “L-shape” of tRNA in
living cells implies that the different secondary structure elements of the cloverleaf interact
together by establishing trans bases-pairing. Therefore, single-stranded nt from loops and bulges
can base-pair together or even with already established base-pairs. To render this possible, the
implicated nucleotides generate so-called non-canonical base-pairing by interacting notably
through their Hoogsteen edge rather than their Watson-Crick (WC) edge. Consequently, ntinvolved
in both, WC- and Hoogsteen-edge interaction, form base triples. Based on the resolved structure
of tRNA™, SH Kim proposed a planar representation of the folded tRNA L-shape depicted on Figure
I-1. . In this conformation, the T-stem-loop stacks
together with the acceptor stem forming an unique 12 bp loop-minihelix while the “dumbbell”
formed by the D- and the anticodon-stem-loops encloses an 9 bp minihelix flanked by two loops.
One extremity of the resulting L-shape corresponds to the amino-acid acceptor 3'CCA whereas the
anticodon is found at the other extremity. In addition to these considerations, numerous specific
nt posttranscriptional modifications (PtrM) involved in maintaining the tRNA “L-shape”, modulating

the codon-decoding capacity and regulating several physiological function(s)

The decoding mechanism achieved during translation relies on Watson-Crick interaction
between a given codon of the mRNA and the anticodon of the corresponding tRNA (Figure 1-2).
Whereas nt positions N3s and N3¢ of the tRNA anticodon interacts respectively with N, and N; of the
cognate codon only through canonical Watson-Crick pairing, Ni4 interaction with N; implicates
Wobble pairing (also called extended Watson-Crick pairing) . Hence, the Wobble base-
pairing stipulates that at this position, G can face to U whereas I3, of the tRNA potentially decodes

codon positions A;, Us or C3. Therefore, position N34 of the tRNA is called the Wobble position.

As evidenced by the genetic code, beside Met and Trp, all aa are encoded by more than one
codon which confers to the genetic code its degenerated character and introduces the notion of

codon usage bias. Consequently, a given aa can be loaded on "isoacceptors” tRNAs containing
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Figure 1-2: Decoding mRNA during translation by codon-anticodon pairing. (A) lllustration of the
interaction between the anticodon of a given tRNA and its cognate codon in the mRNA. While N;-N5¢ and
N,-N3s5 interact only through canonical WC base pairing, N3-N3,4 involves Wobble pairing. Interactions
occurring at N3-N3, are summarized in (B) (indicated by red squares). A, adenosine; U, uridine; G, guano-
sine; C, cytidine; I, inosine.



different anticodons. Finally, “isodecoders” corresponds to tRNAs that share the same anticodon,

and obviously the same identity determinants but other nucleotide positions vary.
Il. Aminoacylation of tRNA

As mentioned, tRNAs are the physical bridge between a specific mRNA codon and the
corresponding aa to be incorporated in the nascent protein. A full sub-set of (at least) 20 faithfully
synthetized aa-tRNAs has to be synthesized in all living cells. This is done by a family of enzymes
called aminoacyl-tRNA synthetases (aaRS). Each aaRS must select a specific L-aa (and reject its D-
conformation) in order to transfer it onto its cognate tRNA. AaRSs stated to be characterized in the
50's. At this time scientists discovered that prior to their incorporation into proteins, the aa must
be activated in an enzymatic-dependent manner . These
studies showed that only L-aa are competent to undergo this activation mechanism. The discovery
of in 1958 lead finally to the establishment that aaRS are enzymes that transfer a specific aa onto

its cognate tRNA by catalyzing two successive reactions.

During the first reaction of aminoacylation, an aa and ATP are recruited into the active site
of the corresponding aaRs (in the presence of Mg*). The o carboxyl group of the aa attacks the
a-phosphate group of ATP (nucleophilic attack) which produces i) an inorganic pyrophosphate
(PPi) released from the active site and ii) an aa-adenylate (aa-AMP) that remains in the active site.
In a second step, the 2' or 3" hydroxyl group of the terminal adenine from the tRNA attacks the
carbon of the a.-COOH from the aa which results in the esterification of the aa onto its cognate
tRNA (Figurel-3). Note that for the aa activation reaction, the tRNA is generally not required except
for glutaminyl-tRNA Synthetase (GInRS), glutamyl-tRNA Synthetase (GIuRS) ,
arginyl-tRNA Synthetase (ArgRS) and class I lysyl-tRNA Synthetase (LysRS)

. As illustrated by these few examples, the nomenclature of aaRS is closely related
to their activity. However, their abbreviation using the three-letter code of the aa followed by “RS"

is more convenient and will be preferred in this manuscript.
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Figure 1-3: Aminoacylation reaction catalyzed by aaRss. (A) The first step leads to the formation of an
aminoacyl-adenylate (aa-AMP) in the presence of an ATP molecule (stabilized with Mg2+ in the active
site of the aaRS) and an aa. (B) The second step corresponds to the transfer of the activated aa onto a
hydroxyl group of the terminal tRNA nt (i. e. A;¢) and leads to the synthesis of a cognate aa-tRNA. Howe-
ver, events from this step differ somewhat according to aaRS classes since the aa is transferred onto the
2'0H or the 3'0H of A;¢ by class I (dashed lines) or class Il aaRSs (solid lines), respectively. Aa charged by
class 1 aaRs are then rapidly transesterified onto the 3'0H.



lIl.Class 1 and class Il aaRSs

All aaRs are modular enzymes composed of a catalytic domain and an anticodon-binding
domain (ABD) but often other domains were recruited during evolution
However, there are structural and functional differences that lead to their segregation into two
so-called classes of aaRSs (FigureI-3, Figure I-4 and Table I-1). Concerning their
evolutionary history, all members of each class of aaRSs are believed to result from multiple
duplication events originating from initially a unique “minimal enzyme" called urzyme followed by
domain rearrangement and acquisition of new aa and tRNA specificities
A
relatively simple example, GInRS is only present in eukaryotes and y-proteobacteria comes from a
duplication of the GIURS gene that happened in the eukaryote ancestor
Similarly, AsnRS, absent in half of the archaea and bacteria, originates from a duplication of an

archaeal AspRS gene
n.1. The catalytic domain, the major discriminator of class 1and II

Itis believed that aaRS appeared early during evolution and that the last universal common
ancestor (LUCA) contained already an almost complete set of aaRrS
To date 22 different tRNA aminoacylation activities, ensured by 23 different aaRSs each belonging
to class | or to class Il, were described. LysRS is a singular case since it can be of both classes
according to the species . Most species contain the class Il LysRS and only a few
species encode class I LysRS or both forms . The two latest characterized

members of the aaRS family (22 and 23) are SepRS and PyIRS (both belonging to class Il aaRSs)

Cys Sec

which are involved in cysteinyl-tRNA%* or selenocysteinyl-tRNA® and pyrrolysyl-tRNA™' formation,
respectively. The structural and functional characteristics that divided aaRSs into two classes are
listed in Table I-1. The catalytic domain of Class I aaRS contain a Rossman fold

composed of five parallel B-strands flanked by a-helices (Figure 1-4). In class | aaRS where
itis generally located at their N-terminus, the Rossman fold is split in two domains separated by a
connective peptide 1 (CP1) . Each domain encloses one of both class I aaRS

signature sequences namely HIGH and KMSKS (according to their aa compaosition using the 1 letter
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Figure I-4: 3D structures of aaRSs and their interaction with the tRNA. (A) The catalytic domain of Class
I aaRrSs, exemplified by &. coli GInRS (pdb: 1GTR) corresponds to a modified Rossman fold and recognizes
the bent 3'CCA extremity through the minor groove of the tRNA acceptor-stem. (B) In contrast the cata-
lytic domain of class Il aaRS, exemplified by S. cerevisiae AspRS (pdb: 1ASY), is characterized by 7
-strands and contains characteristic motifs 1, 2 and 3. Class Il aaRSs bind the extended 3'CCA extremity
through the major groove of the tRNA acceptor stem. Most aaRSs (excluding SerRS) contain an anticodon
binding domain but their structural organization differs between aaRS subclasses. Inspired from



code) which are essential motifs of the catalytic site . Importantly, CP1
recognizes the single stranded 3'-end of the tRNA but in the cases of ValRS, LeuRS and IleRS the
inserted domain is implicated in aa-tRNA editing . Note that there are sub-classes

within each Class of aaRSs (Table I-1).

The active site organization of class Il aaRsS is strikingly different since it is composed of 7
anti-parallel [-strands forming a [-sheet flanked by two oi-helices (Figure 1-4). Consensus
sequences are less conserved than in class | aaRS and consist of three degenerated motifs

. The @-X-X-X-+-Gly-P-X-X-DX-X-Pro-P-D sequence corresponds to motif 1 where
X correspond to non-conserved aa residues whereas + and @ indicate a basic or a hydrophobic
residue, respectively. Motif 2 corresponds to +-®-P-X-P-X-X-X-(Phe/His/Tyr)-Arg-X-(Glu/Asp)-X-
4-12-(Arg/His)-PX-Phe-X-X-X-P-X-P-P and motif 3 to A-X-P-Gly-P-Gly-P-Gly-P-Glu-Arg-D-
O-P-P-P-x7-12- P-pro where A indicates an aa that harbor a long lateral chain (Table I-1).
Motif one is mostly implicated in class Il aaRS dimerization whereas motif 2 and 3 constitute the
catalytic site. Beside the herein described consensus sequences, aaRS harbor idiosyncratic
signature sequence as for example the GIn-Ser-Pro-GIn (QSPQ) AspRS motif which is involved in Asp

recognition
In.2. aaRs oligomerisation

Another important characteristic of aaRS is their oligomerization state. Class | aaRSs are in
general active as monomers (o) except for TyrRS and TrpRS that homodimerize (a2) through their
CP1 domain. Class Il aaRSs are generally homodimers (0.;) and less often homotetramers (o4) or
heterotetramers (0.2[3;). Usually, the oligomeric nature of an aaRS is conserved across species (e.g.
AspRS is an al; homodimer in all studied species). However, GlyRS (class Il aaRS) oligomerization
varies and was described in eukaryotes and archaea to be o, and in most bacteria to be o..[3.. Both
are structurally class Il aaRS but the o, form belongs to the Ila sub-class whereas o..[3; GlyRS is
sub-classified as Ilc aaRS
Variations related to the oligomerization were described for other aaRS too

(Table I-1).
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Class | Class i
aaRs oOligomerization  Editing aaRs oligomerization Editing
MetRS a oy Yes SerRrs oy Yes
valRrs a Yes ThrrS ay Yes
o
subaclass a Ilers o Yes Alars 2 Yes
LeuRs o Yes GlyRs ay (aP),
CysRS o ay ProRrs oy Yes
ArgRs a HisRS o5
Glurs (o} AspRS ay
Subclass b GInRs o AsnRS oy
LysRS a LysRS (05} Yes
o PheRS o o Y
Subclass c TYrRS a 2 (@B) s
TrpRS oy SepRs on
PyIRS oy
Rossman fold: 5 parallel 7 antiparallel b-strands
b-strands connected by a-helices flanked by a-helices
Features of the Motif 1: OXXX+GOXXXXPO®
Catalytic domain HIGH & KMSKS in the active Motif 2: +OOXOXXX(F/H/Y)RX(E/D)(4-12X)
site (R/H)DXFXXXOXDD
Motif 3: AXXOGOGOGDERODODODD(7-12X)DP
Approach the minor groove Approach the major groove
of the tRNA of the tRNA
Transfer the aa onto the Transfer the aa onto the
2'0H of A76 3'0H of A76 (except PheRS)
Mechanistic Bind ATP in an extended conf. Bind ATP in a bent conformation
features
Terminal 3'CCA of the tRNAin a Terminal 3'CCA of the tRNA in an
bent (hairpin) conformation extended conformation
aa-tRNA release is generally the aa activation is generally the
rate-limiting step rate-limiting step

Table I-1; Standard classification of and features of aaRSs. Based on data from

; and . aaRss for which editing
processes were documented are specified. Figure I-7B shows aa being edited by those aaRSs. AaRSs
in bold require the presence of the tRNA for aa-activation. Aa are noted in their 1 letter code; X, any
aa; +, basic aa; @, hydrophobic aa; A, small aa.



3. aaRs sub-classification

Indeed, beside their well-established classification into two classes, aaRSs can be further
divided in subclasses (Table I-1). Many studies attempted to propose such subgroups of aaRS based
on evolution '
sequence, structural domain organization and docking analyses

. Whereas the different investigations approve generally to divide
class 1l aaRSs in 3 subclasses (not always for the same reasons), the situation of class | is often
confused and generally divided either in 3
or in 5 subclasses . The ABD is more variable in terms of structure but
participate to the sub-classification of aaRS. The C-terminal ABD of ArgRS, LeuRS, IleRS, ValRs,
MetRS and probably CysRS is an a-helical rich domain
(DALR/Add?2) that classifies them as sub-class la aaRSs which is also characterized by the fact that
those aaRS recognize mainly aliphatic and thiolated amino acids. GIURS, GInRS and LysRS | belong to
sub-class Ib aaRSs and harbor either an 0B-fold at their C-terminus or an a.-helix-cage to recognize
the anticodon. Finally, TyrRS and TrpRS, forming the sub-class Ic, recognize aromatic residues and
were thought to be the only class | aaRSs as o2 oligomers

. Class 1l aaRSs can also be divided into 3 subclasses according to their ABD. Sub-
class lla aaRSs (except SerRS in which tRNA recognition does not involve the anticodon) were
considered to recognize the anticodon through a C-terminal module composed of a 7 stranded 3-
sheet flanked by two oi-helices, whereas Sub-class IIb contain an N-terminal OB-fold composed by
a 5 stranded [B-sheet splited by an a-helix between strand 3 and 4. Note that class lla activates
hydrophobic and small polar residues whereas both sub-classes Ib and Iib activate aa that are large
and charged (Glu, GIn, Lys and Asp, Asn, Lys respectively). Another characteristic specific to sub-
class Ilb is that the second base of their cognate tRNA (i. e. tRNA*P, tRNA*" and tRNA"®) corresponds

to Uss. Finally, PheRS and the non-canonical SepRS and PyIRS constitute the sub-class llc.

As mentioned above, this “relaxed” sub-classification of aaRS takes in consideration the
ABD but this feature alone is not sufficient to discriminate them fully. Therefore, other criteria are

included and as mentioned above other classification systems were proposed.
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ln.4. Mechanistic features differentiating both aaRS classes

Due to conformational constraints that have evolved among aaRS, additional features
distinguish both classes. To catalyze aminoacylation, the ATP and the terminal 3'-CCA of the tRNA
must fit into the aaRS active site. Class | aaRSs bind the ATP in its straight conformation and the
terminal 3'-CCA in its bent conformation site (exceptions: TrpRS and TyrRS

belonging to class I, recognize tRNAs with extended 3'-CCA) in contrast
to class Il aaRSs where the bent ATP and the extended tRNA end are required to fit into the active
(exception: PheRS ) (Table 1-1; Figure 1-4).
Furthermore, class I aaRS transfer the aa onto the terminal 2’ hydroxyl group of the tRNA terminal
adenosine and bind the tRNA through the minor groove of the acceptor stem helix while class Il
aaRS aminoacylate the terminal 3'0OH group of the tRNA terminal adenosine and bind the tRNA via
the major groove of the acceptor stem
(Table 1-1; Figure I-3). However, because only 3'-OH charged aa-tRNAs are channeled to the
ribosome (via EF-Tu or eEF1A), 2'-0H charged residues are rapidly trans-esterified onto the 3'-OH
charged ones. Finally, the rate limiting step during class | aaRS aminoacylation is thought to be the
release of the final aa-tRNA which is not the case in class Il aaRS where the rate limiting step is

either the aa activation or the transfer reaction
IV.Alternate and so-called indirect aminoacylation pathways

Many prokaryotes are missing either GInRS or AsnRS or CysRS and sometimes even two or

three of these aaRSs (e. g.Methanococcus jannaschii lacking AsnRS, GInRS and CysRS
). In these organisms, the missing aaRS is compensated by a so-called indirect tRNA
aminoacylation pathway. In these pathways the orphan tRNA will first be charged with a non-
cognate aa by a nondiscriminating aaRS and then the mischarged aa will be tRNA-dependently

(while attached to the tRNA) converted into the cognate aa by a second enzyme

26



V.1, Cys-tRNA?* formation in methanogenic archaea lacking CyRS

To complement the missing CysRS activity, archaea have developed a pathway that requires
the non-canonical class Il o-phosphseryl-tRNA synthetase (SepRS) to mischarge tRNA®* with o-
phosphoserine. Cys-tRNA synthase (SepCysS) transforms the non-proteinogenic Sep while attached
to tRNA®*into Cys in the presence of a sulfur donor

(Figure 1-5A).

Iv.2, GIn-tRNA®" and Asn-tRNA**" in bacteria, archaea and eukaryotic

organelles lacking GInRS and/or AsnRS

GInRS is missing in all archaea and in the majority of bacteria and eukaryotic organelles and
AsnRS in half of bacteria and archaea. These organisms synthetize GIn-tRNA®" and Asn-tRNA*" by
the same indirect pathway called the transamidation pathway. First, a non-discriminating GIuRS
(ND-GIURS) or -AspRS (ND-AspRS) mischarges respectively Glu onto tRNA®"
(Figure 1-5B) or an Asp onto tRNA*P and tRNA*" (Figure 1-5C). The resulting
non-cognate Asp-tRNA*" and Glu-tRNA®" become substrates for tRNA dependent
amidotransferases (AdT) that amidates the non-cognate Glu or Asp by transferring a -NH2 from an
aa donor, either GIn or Asn to obtain the cognate GIn-tRNA®"™ and Asn-tRNA*"
. Various AdTs were described depending on the considered species or
organelles. The trimeric GatCAB AdT is composed of the amidohydrolase GatA subunit, the catalytic
and tRNA-binding GatB subunit and the scaffolding and chaperone GatC subunit. It is responsible

Asn

for GIn-tRNA®" synthesis (Glu-AdT) in bacteria and organelles and for Asn-tRNA"" synthesis (Asp-
AdT) in bacteria and archaea . Note that some bacteria
deprived of both GInRS and AsnRS use a single Asp/Glu-AdT to generate both GIn-tRNA®" and Asn-
TRNAAS . However, all archaea also possess a dimeric and restricted Glu-AdT
called GatDE composed of a L-asparaginase paralog (GatD) and a catalytic and tRNA-binding GatB
paralog (GatE) . Thus, archaea missing GInRS and AsnRS require GatCAB as an
Asp-AdT and GatDE as a Glu-AdT. A more sporadic dimeric GatAB was described in the human

parasite Plasmodium falciparum where GatC is missing . Finally, for

mitochondrial synthesis of GIn-tRNA®" in the yeast Saccharomyces cerevisiae, the mis-charging
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Figure I-5: Indirect aminoacylation pathways. [Figure and legend extracted from our recent review
( ) with minor modifications]. (A): Two-step biosynthesis of Cys-tRNA®YS in archaea
lacking CysRS. (B) Two-step transamidation pathway of GIn-tRNAEI" synthesis used by bacteria, archaea,
mitochondria and chloroplasts. GatCAB AdT: Glu-tRNAGI" amidotransferase used by bacteria, most euka-
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used by bacteria, archaea deprived of AsnRS or of asparagine synthetase. The amide donor is either GiIn
or Asn and is deaminated to form Glu or Asp (acid) during transamidation, respectively.



step is carried out through the import of the cytoplasmic GIuRS which behaves as an ND-GIuRS in
this bacteria-like organelle and a GatFAB AdT amidates subsequently Glu-tRNA®" to GIn-tRNA®"
. Importantly, the herein described pathways raise the critical issue of

incorrect incorporation of Asp-tRNA"" and Glu-tRNA®" during protein biosynthesis. However, EF-
Tu has been shown to have the capacity to discriminate the mischarged Glu-tRNA®"™ and Asp-tRNA*"
avoiding misincorporation at GIn and Asn codons.

Alternatively, the ND-aaRSs, the AdT and the tRNA can also form a complex called transamidosome
(Figure 1-5C) in which the non-cognate aa-tRNA is directly channeled from one enzyme to the other
preventing Asp-tRNA"*" and Glu-tRNA®" of reaching the

ribosome. (Debard 2019)
V. Incorporating non-standard aa into proteins

In addition to the 20 aa used universally for protein biosynthesis, two non-standard aa can
incorporated during protein biosynthesis. Selenocysteine (Sec) was the first one discovered and
appeared to be present in bacteria, archaea and eukaryotes

. Structurally, Sec is very similar to cysteine since the sole difference is
that the sulfur (S) atom is replaced by selenium (Se), preferred in the active site of some
oxidoreductases . The second non-standard amino
acid regarding protein biosynthesis is pyrrolysine (Pyl) which is incorporated into
methyltransferases and was described since 2002 in some genera of methanogenic archaea (e. g.
Methanosarcinaceae) and in few bacteria

|n

However, because 61 out of 64 codons encode selectively for one of the 20 “classical” aa, the
introduction of an additional aa-tRNA must occur by reprogramming at least one codon of the
genetic code. More precisely, one out of the 3 remaining Stop codons is reprogrammed to decode

the additional aa instead.
V.1, Pyl-tRNA™'synthesis and incorporation

Pyrrolysyl-tRNA synthetase (PyIRS) ressembles a calssical class Il aaRS and belongs to this
class . However, tRNA™'displays particularities since its V-loop is composed of

only 3 nt, its anticodon binding stem is extended to six base-pairs instead of five, its D-loop harbors
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only 5 nt, its T-loop lacks the canonical T¥C motif and finally its junction between the D-stem-
loop and the acceptor stem is ensured only by one base . Furthermore,
tRNA™' is an amber suppressor tRNA that specifically decodes UAG stop codon in a context-

|Il

dependent manner. This means that a UAG can either be a stop codon or a “Pyl” codon depending
if it is followed by a mRNA secondary structure called PYLIS (the context)that facilitate Pyl
incorporation However, the PYLIS element was found not to be

essential for Pyl incorporation. Finally, upon release from PylIRS, Pyl-tRNA™'is efficiently channeled

to the ribosome by the regular elongation factor-Tu (EF-Tu) or -1A (EF-1A)
V.2, Sec-tRNA**“synthesis

In contrast to the case of Pyl-tRNA"', no SecRS has been found so far, which implies that
Sec-tRNA**“ must be synthetized through an alternate pathway (Figure 1-6). The first step of this
pathway is in all cases catalyzed by SerRS which mischarges tRNA*® with Ser while the following
events are carried out by two different mechanisms according to the organism'’s origin. In bacteria,
selenocysteine synthase (SelA) replaces, tRNA-dependently, the -SH group of the charged Ser by -
SeH using seleno-phosphate as donor resulting into the synthesis of Sec-tRNA**

. In eukaryotes and archaea, Ser-tRNA** is phosphorylated by 0-phosphoseryl-tRNA kinase
(PSTK) to obtain 0-phosphoseryl-tRNA** subsequently transformed to Sec by SepSech

. Like tRNA™', tRNA®* has some particularities, namely an extended V-loop (which qualifies it
as class Il tRNA), an acceptor stem having of 8 bp instead of classically 7 bp, a longer D-stem and a
shorter T-stem . As EF-Tu only recognizes aa-tRNAs in which the tRNA acceptor
stem has 7 bp, Sec-tRNA**“ cannot be channeled by EF-Tu and must be brought to the ribosome by
a specific elongation factor called SelB in bacteria and eEF-Sec in eukaryotes
and archaea . Furthermore, tRNA**“ is an opal suppressor tRNA that decodes
the UGA stop codon in a context-dependent manner, since recognition of UGA Sec codons requires
the presence of a so called SECIS element (a stem-loop) located either near the UGA codon

(bacteria) orinthe 3'UTR (eukaryotes and archaea) of selenoprotein mRNAs
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Figure 1-6: Incorporation of the non-canonical aa Sec through indirect aminoacylation pathway.
[Figure and legend extracted from our recent review ( ) with minor modifica-
tions]. Biosynthesis of Sec-tRNASec by a two-step pathway in bacteria (upper panel) and a three-step
pathway in eukaryotes and archaea (lower panel). Adapted from



VI.aaRs substrates specificity

Because aminoacylation is crucial to ensure faithful correspondence between a given
codon and the aaincorporated at a precise position of the growing peptide, life has evolved various
checkpoints and mechanisms to avoid mis-aminoacylation and mis-incorporation. Obviously,
accurate synthesis of aa-tRNAs is one of these checkpoints and is mediated by aaRS substrate
specificities. However, aaRS sometimes generate non-cognate aa-tRNA species that must be
avoided from the translational machinery through the action of so called pre- and/or post-transfer
editing mechanisms that, as their name indicate, occur prior and/or after to transfer of the
activated aa onto the cognate tRNA. | will not go into details, but the reader can refer to following
excellent reviews and to Figure 1-7 to have a very
succinct and schematic overview of editing check-points. Furthermore, EF-Tu and EF-1A carrying
the aa-tRNA to the ribosome as well as the ribosome itself significantly participate to avoid aa
misincorporation . Nevertheless, translation remains the most error prone
step during the entire process of transfer of genetic information: (10™) for translation compared
to (107) for transcription and (10°%) for DNA replication

. This is coherent since incorporated mutations into DNA are maintained until cell
death whereas errors occurring during transcription and translation are ephemeral and are not
conserved for the next expression cycle
However, accumulation of mis-translational events and thus of truncated or mis-folded proteins
is harmful for the cell as illustrated by the important evolutionary pressure to ensure accurate

aminoacylation.
VI.1. tRNA identity elements

aaRs recognize first the tRNA by its L-shaped structure yielding non-specific interactions
that result majorly from the fact that the RNA backbone is ubiquitously composed of ribose and
phosphate that interacts through electrostatic interaction with positively charged residues of
aaRs. tRNA are further inspected by aaRS through semi-specific interactions that depends on their
structure, base stacking, and charge distribution

. This step allows aaRS to recognize the global shape of the tRNA in
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order to discriminate it from other RNAs and macromolecules. The “initial” interactions also
participate to the discrimination of class Il tRNA due to their large V-(stem-)loop for example
. Specific interactions
occur then between the aaRS and specific nt of the tRNA called determinants that were defined as
nt that increase significantly the aaRS-tRNA interaction and the tRNA aminoacylation rate. On
another hand, anti-determinants correspond to nt that prevent recognition and/or charging of a
non-cognate tRNA. Determinants and anti-determinants represent therefore identity elements
and are mostly located in the acceptor-stem and the anticodon-stem-loop highly prone to
sequence variation in contrast to the well conserved D- and T-stem-loop
. Positions 35, 36 and in a lesser extend the wobble position 34 forming
the tRNA anticodon specific for each aa are important determinants but other nt such as the
discriminator base at position 73 (just before the CCA acceptor end) are also often crucial identity

elements. For example, yeast tRNA"P

identity (isoacceptors and isodocoders) is composed of the
anticodon triplet (G34, U35, C36), the G38 nt, the wobble base pair G10-U25 located in the D-stem-
loop and the discriminator base G73 whereas methylated m'Gs; is an anti-determinant to prevent
mis-aminoacylation by ArgRsS (Figure I-8) . Thus, as mentioned
in the corresponding section, nt modifications participate also to accurate tRNA selection.
Furthermore, even if the set of of the major identity elements is usually conserved across species
minor identity element may varies among species. For example, in & coli, tRNA*P identity elements
are the same as for yeast except that G2-C71 is an additional determinant and G10-U25 wobble
pair is not . Finally, tRNA*® G3-U70 is a good example of a highly conserved

and robust identity element considered as determinant and anti-determinant (against ThrRS)

regardless of the species considered
VL2, Aa recognition

Studies showed that aaRS select the cognate aa through various mechanism. This selection
is very challenging for the cell since beside the important pool of non-proteogenic aa present in
the cell, the differences between proteogenic aa are sometimes subtle as for example Gly and Ala
or Ser and Thr differ only by a methyl group. Discrimination of Phe from Tyr is dependent on an

Ala residue located in the active site of cytoplasmic PheRS whereas GlyRS discriminate the smallest
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A S. cerevisiae tRNAASP B [ €. coli tRNAASP ]

Figure I-8: Cloverleaf structures of tRNA*" from S. cerevisiae (A) and from &, coli (B) and comparison
of their identity elements. nt are determinants that are shared between S. cerevisiae and . coli are
indicated in red. Modified bases (T, thymidine; D, dihydrouridine; Q, quosine; W, pseudouridine; s4U,
4-thiouridine, m1G, 1-methylguanosine; m2A, 2-methyladenosine) are in orange. Among them, the
gray-shaded mlGs; is an anti-determinant which prevents mischarging of S. cerevisiae tRNAASP by
ArgRs.



proteogenic aa from all others, either through a Ser (eukaryotes) residue or two Thr residues
(bacteria) in its catalytic site . Other aaRS use a mechanism involving
a metal atom that is coordinated by residues within the aaRsS active site. Through binding of the
cognate aa the coordination state undergoes a conformational change which is not induced by the
non-homologous aa and consequently hinders its mis-activation. In this way SerRS from
methanogenic archaea, CysRS and ThrRS discriminate their cognate aa from Thr, Ser and val
respectively . It was also
shown that the active site configuration of at least, TyrRS, CysRS, some SerRS, AspRS and ArgRS are
highly selective for their aa whereas MetRS, 1leRS, LeuRS, ValRS, AlaRS, LysRS, ProRS, PheRS, and
ThrRS can activate and/or aminoacylate non-cognate aa

. However, even though the aaRsS cited here are “highly selective” for their aa,
some of them as for example TyrRS have large aa binding pockets and thus discriminate hardly L-
and D-enantiomers. In contrast, aaRS charging small aa, have smaller aa binding pockets, avoid D-
aa mainly through steric exclusion or inappropriate positioning with respect to catalysis. For this
reason, evolutionary pressure has led to the inheritance of proofreading domains responsible for

editing of mischarged aa-tRNA.
VIl. Final remarks

Each living cell contain a set of aaRSs that can vary from one species to another, but they
must unequivocally provide at least 20 aa-tRNA substrates brought the ribosome by EF-Tu (or EF-
1a). To ensure accurate aminoacylation and translation, the aaRS substrates must be produced in
sufficient amount and specificity. This overall process includes several tRNA maturation that |
haven't described in details but that are essential too

. In addition, accurate tRNA aminoacylation is challenging for aaRS and thus
evolution put a considerable pressure to develop various quality control mechanisms. aaRS pre-
and post-editing mechanisms occurring through cis- and trans acting elements are important
checkpoints to ensure accurate aminoacylation
However quality control steps occur also during the transfer of the set of aa-tRNAs mediated by
EF-Tu which is not described into details but also very important . Synthetic

studies using flexizymes investigated the rate of D-aa incorporation into growing peptides and
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showed that some D-aa are more prone to be incorporated into the growing peptide and can reach
up to 40 % of elongation efficiencies . However, in physiological systems, the
ribosome was shown to hinder the peptide bond formation between the D-aa-tRNA located in the
A-site and the peptidyl-tRNA in the P-site. Thus, all along the process starting from the selection
of the cognate aa and tRNA pairs by aaRSs until the transfer of the aa onto the growing peptide,
numerous checkpoints ensure the accurate synthesis and usage of aa-tRNA to avoid mis-
incorporations. Despite this numerous checkpoints, mis-incorporation of aa occurs during
translation and are in most cases detrimental for cells. However, recent studies highlighted that
under certain environmental conditions, these events induce selective advantages as
for example mis-methionylation of protein under oxidative stress is a mean for cells to “absorb”

reactive oxygen species

As described above aaRS are modular enzymes organized around the catalytic domain and
eventually the tRNA binding domain, required to achieve tRNA aminoacylation. In addition, they
have inherited additional domains (mostly in eukaryotes) [reviewed in ] that
resulted in 1) the capacity to form Multi-Synthetase Complexes (MSC) seen as cytoplasmic
reservoirs for relocating multifunctional aaRSs [reviewed in 1
and 2) the participation of those aaRS in a plethora of additional functions that range from
transcription regulation to the modulation of angiogenesis [reviewed in 1.
These two consequences are intimately related since relocation of MSC-bound aaRSs but also of
“freestanding” aaRSs usually is a prerequisite to achieve non-canonical functions, including
essential processes that can link aaRS to diseases [reviewed in

1. During my thesis I participated as a first author to the publication of an article in which we
reviewed all aaRS relocations and their associated canonical and non-canonical functions [please

refer to at the end of the manuscript].
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B. Deviating aa-tRNA from protein biosynthesis

by dupli-GNAT aa-tRNA transferases.

As detailed in the previous chapter, the fundamental role of tRNAs is to define and translate
the genetic code. However, the tRNA can be hijacked to achieve several functions beyond protein
biosynthesis . When aminoacylated, tRNAs, whose primary function is to
participate to protein synthesis, can also be rerouted from the translational machinery - either by
a distinct enzyme or, more rarely, by an aaRS fused domain - and serve as substrate for other
mechanisms (Figure A-1). Those aa-tRNA utilizing enzymes were extensively reviewed elsewhere

and in our recent review where we presented those aspects too [please refer

to at the end of the manuscript].

Among them, aminoacyl-tRNA transferases (ATT) are enzymes that hijack aa-tRNAs and
transfer the aa onto a wide range of substrates. For example, Cyclodipeptide Synthases (CDPS),
sequentially use two aa-tRNAs and catalyze the formation of cyclodipeptides. Among them, AlbC
from Streptomyces noursei synthetizes cyclo-(L-Phe-L-Leu), by utilizing Phe-tRNA"™ and Leu-
tRNA™ . Thereafter, CDPS synthetized products are
modified by numerous cyclodipeptides-tailoring enzymes which enables the formation of several
diketopiperazines . Those aa-tRNA-dependent
synthases are structurally characterized by the presence of a Rossman fold which resembles those

found in class Ic aaRSs (i. e. TyrRS and TrpRS)

Class I lanthipeptide (e. g. the lantibiotic nisin) and thiopeptides
are subfamilies of ribosomally synthesized and post-translationally modified

peptides (RiPP). Both subfamilies members contain unconventional didehydroalanine (Dha) and/or
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didehydroaminobutyric acid (Dhb) aa in their peptide sequences that result from Glu-tRNA®"
dependent dehydration of Ser and Thr residues by LanB enzymes, respectively. These enzymes
belong also to ATT because during the enzymatic reaction Glu is transferred from its tRNA onto the
lateral hydroxyl group of the target residue. The subsequent elimination of Glu results in
dehydrated Ser or Thr. Structurally, LanB or LanB-like enzymes contain a N-terminal lanthipeptide

dehydratase domain and a small C-terminal SpaB_C domain

To better replace the topic of my thesis among aa-tRNA utilizing enzymes, | will focus here
on a structurally unrelated ATT family regarding those mentioned in the previous paragraphs.
Enzymes from this class catalyze the transfer of an aa from their cognate tRNA onto a broad range
of second substrates and importantly, they are structurally characterized by the presence of GCN5-
related N-acetyltransferase (GNAT) folds. GNAT folds are found in numerous proteins (beyond
ATTs) among prokaryotes, eukaryotes and archaea and all catalyze the transfer of an acyl group
from an acyl-donor onto an acyl-acceptor. According to the Protein FAMily database (Pfam;
https://pfam.xfam.org/) , 44 protein families harboring at least one GNAT
domain form together Clan 0257. Despite very low sequence identities (typically < 30 %) or even
low similarities between GNAT proteins, their overall secondary and tertiary structures are well-
conserved and consists of 6 or 7 3-strands and 4 o.-helices (Figure 1-9) . Most
of standalone GNAT proteins are acetyltransferases that use acetyl-coenzyme A (Ac-CoA) as a
donor and transfer the “acetyl” moiety onto an acceptor molecule. Among them Aminoglycosides
N-Acetyltransferases (AAC) (Figure 1-10A) acetylate amino groups of aminoglycosides (e. g.
streptomycin) while GCN5 histone acetyl transferases found in yeast Sce acetylate Lys residues of

histones

In addition to single-GNAT containing enzymes, there are other transferases that contain
GNAT subdomains in tandem (Dupli-GNAT). However, according to the enzyme, both GNAT domains
can be linked in two different ways. In acetyl- or acyl- CoA dependent transferases, both GNAT
domains are attached by a flexible loop. For example, MshD (which is a transferase but not an ATT)
acetylates 1-D-myo-inosityl-2-L-cysteinylamino-2-deoxy-a-D-glucopyranoside (Cys-GIcN-Ins)

during the last step of Mycothiol (MSH) synthesis found in actinobacteria .The
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Figure 1-9: Topology of the consensus GNAT domain accor-
ding to . B-strands are numbered from 1 to
7 and are colored in blue. a-helixes (A-D) are in orange.

flexible loop

)
\

aminoglycoside acetyltransferase (AAC) Mycothiol Synthase (MsHD)
Salmonella enterica M. tuberculosis
2PRB 2C27

C peptidyl-RNA
conjugate

peptidoglycan
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4119 4119

Figure 1-10: Structural diversity of GNAT containing transferases. (A) Structure of the aminoglycoside
acetyltransferase from S. enterica as an example of single GNAT containing protein in contrast to other
factors, such as the Mycothiol Synthase (B) from actinobacteria, that contain GNAT folds in tandem, sepa-
rated by a flexible loop (in orange). Both mentioned proteins are not ATTs. (€) and (D). In contrast, Fem
ligases achieve tRNA dependent ATT activities and also contain a Dupli-GNAT organization but importantly
both GNAT domains are separated by the “hallmark” of Dupli-GNAT/ATTs, namely the positively charged
a-helix (red). Note the coiled coil inserted in GNAT domain 2 of S. aureus Fem A, in comparison to Fem X
from W. viridescens. GNAT domain 1 and 2 are colored in green pale and light blue, respectively. PDB refe-
rences are indicated for each structure.



3D structure of MshD from M. tuberculosis revealed that GNAT1 and GNAT2 domains are linked by

a flexible loop (Figure 1-10B).

In contrast, several dupli-GNAT containing ATTs (aminoacyl-tRNA transferases) were
described and shown to link both GNAT domains by a positively charged (Lys- and Arg-containing)
alpha helix . In the lab, we noticed that this so-called o) helix seems to be
the hallmark of ATTs of the dupli-GNAT family, since it is always absent in acetyl- or acyl- CoA
dependent transferases, but present in ATTs of the same fold, such as the Fem-ligases (Figure I-
10C & D) involved in the modification of peptidoglycan in Gram-positive bacteria, Leu/Phe-tRNA
protein transferases (LFT) and Arg-tRNA protein transferases (RTT) involved in the N-end rule

pathway

Fem ligases participate in the formation of the peptidoglycan sacculus surrounding
bacteria cells. The peptidoglycan sub-unit corresponds to the extensively studied Lipid II,
composed of a disaccharide (N-acetyl glucosamine (GIcNAc) linked to N-actyl muramic acid
(MurNAc) decorated with a pentapeptide called stem-peptide (Figure I-11). Once synthetized, lipid
Il'is further modified by the tRNA dependent addition of a peptide-bridge directly linked onto the
stem peptide. This Lipid Il modification mechanism is achieved by ATT activities of Fem ligases but
the number of aa constituting the peptide bridge vary from one species to another. After
translocation to the periplasm, peptidoglycan subunits are incorporated into the growing sacculus,
notably though a transpeptidation mechanism between the free extremity of the peptide-bridge

and the stem-peptide of an adjacent lipid Il

The crystal structure of Weisellia viridescens FemX and S. aureus

FemA involved in the modification of peptidoglycan have been obtained and

showed that, indeed, both ATTs share similar dupli-GNAT folds (Figure 1-10C & D). S. Aureus FemA

possesses an additional coiled coil structure, absent in FemX, that was proposed to participate in

Gly-tRNA®Y binding. This coiled-coil domain has a strong structural homology with the N-terminal
and tRNA-binding domain of bacterial seryl-tRNA synthetases (SerRS)

. Both GNAT domains face to each other so that the extended cleft formed between

them can accommodate and bring the two substrates (i. e. lipid Il and the aa-tRNA) close together.

Importantly, in FemX, the UDP-MurNAc-stem-peptide (precursor of the peptidoglycan subunit, that
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Figure 1-11: Aminoacyl-tRNA-dependent cell wall remodeling in prokaryotes. [Figure and legend
extracted from our recent review ( ) with minor modifications]. (A) In S. aureus,
the stem peptide composed of L-Alal-D-Glu2-Lys3-D-Ala4-D-Ala5 is added onto Lipid | to form the
well-characterized Lipid Il. Aminoacyl-tRNA transferases (ATT) belonging to the Fem ligases family
then successively add a variable number of aa to form the interpeptide bridge. For example, in S.
aureus FemX adds a single glycine, FemA adds Gly;, and Glys and finally, FemB adds Gly, and Glys onto
the L-Lys of the stem-peptide. The resulting peptidoglycan subunit is then flipped out to the outer
cytoplasmic-membrane leaflet, and the link to the growing peptidoglycan saccule is made by PBP
transpeptidases. MurNac: N-Acetylmuramic acid, GlcNac: N-Acetylglucosamine.



is the "acceptor” substrate of the enzyme, onto which the aa moiety shall be transferred) is mainly
recognized by the GNAT1 subdomain, while the acceptor stem of the aa-tRNA donor is
accommodated by the GNAT2 subdomain . Recognition of the aa-tRNA moiety
by the GNAT2 domain seems to be a common feature of dupli-GNAT ATTs, which explains that

recognition and binding modes of aa-tRNA are conserved among these proteins

We noticed that the GNAT2 domain is more often conserved in terms of sequence, despite
the fact that those enzymes have to accommodate different aa-tRNA substrates suggesting that
the presence of key residues within the GNAT2 structure. However, the “acceptor” substrate (that
becomes aminoacylated) strongly differs between ATT types and is generally achieved by GNAT1,
whose features are idiosyncratic at least to each substrate class. Transferases involved in tRNA-
dependent synthesis of antibiotics constitute another example of enzymes containing a dupli-
GNAT domain. For example, VImA, DhpHK, PacB and Orf11 utilize Ser-tRNA*®", Gly-tRNA®Y, Leu-
tRNA™Y, Ala-tRNA*? and val-tRNA"? . Even if the structures of those enzymes
have not been determined yet, sequence analyses and structure prediction confirm that the two
GNAT domains are always separated by a bona fide o helix that would help bind the aa-tRNA
substrate (F. Fischer, personal communication). The role of the o™ helix in tRNA binding seems to

be confirmed by the orientation of the tRNA CCA mimic used in the crystal structure of FemX

Finally, one dupli-GNAT ATT family essential for the understanding of my work was not
mentioned in this part namely aminoacyl-lipid synthases (aalLS) that aminoacylate lipids using aa-

tRNAs as aa donor. The description of this class of enzymes is the aim of the coming chapter.
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Major glycerolipids found in living cells
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C. Aa-tRNA-dependent lipid aminoacylation in

bacteria

I. Introduction and description of 0-aminoacylated-lipids

Glycerides or glycerolipids are a large class of lipids that share a glycerol backbone with
three stereo-specifically numbered positions called sn1, sn2 and sn3 relative to the three carbons
of glycerol. Glycerol can be esterified with one, two or three acyl chains (i. e. fatty acid composed
of a carboxylic acid with long hydrocarbon chains), which forms mono-, di- or triacylglycerols

. Diacylglycerol (DAG) (Figure 1-12) and its cytidine-diphosphate
activated version (CDP-DAG) are crucial metabolites precursors for the synthesis of phospholipids

in both prokaryotes and eukaryotes

Phospholipids are the most represented lipid class in the cytoplasmic membrane across all
living species and contain either a sphingosine
backbone (sphingophospholipids) or more commonly the above-described glycerolipid backbone
(glycerophospholipids) (Figure 1-12). Sphingosine-based phospholipids are rare in bacteria and will
not be considered here, whereas glycerophospholipids are in general the main lipids in
prokaryotes. As a common characteristic of membranous lipids, phospholipids are amphiphilic (i.e.
bipolar molecules); the fatty acids (i. e. carboxyl-containing long aliphatic hydrocarbon chains)
confer hydrophobicity, whereas the polar moiety is brought by with a variable hydrophilic
headgroup (Figure 1-12). In terms of structure, DAG represents a common feature of
glycerophospholipids as, for example, phosphatidylglycerol (PG), that corresponds to DAG

esterified on its glycerol sn3 position with glycerol-phosphate (Figure 1-12).
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The minimal glycerophospholipid unit is the well-known phosphatidic acid (PA) composed
of glycerol esterified on position sn1 and sn2 with two fatty acid chains and on sn3 with a
phosphate group (Figure 1-12). However, PA is rarely found in the bacterial cytoplasmic
membrane, rather acting as a lipid precursor (comparable to CDP-DAG). In bacteria, major
glycerophospholipids found in the cytoplasmic membrane are PG, cardiolipin (CL, di-
phosphatidylglycerol) and phosphatidylethanolamine (PE), while phosphatidylcholine (PC;
zwitterionic) and phosphatidylserine (PS; anionic), if present, are mainly used as precursors or
intermediates during glyeralipid biosynthesis
However few exceptions exist such as in Bacillus megaterium, where the amount of PS reaches 5-

10 % of total lipids . Structures of those lipids are depicted in Figure I1-12.

A particularly interesting feature in the bacterial cytoplasmic membrane is the ratio
between anionic and zwitterionic lipids. The amounts of PE, PG and CL vary significantly between
Gram-negative and Gram-positive bacteria. In Gram-negatives, such as & coli, Pseudomonas
aeruginosa or Proteus mirabilis (y-proteobacteria) the zwitterionic PE represents 60-80 % of total
lipids and PG 10-21 %. In contrast, Gram-positive bacteria have generally very low amounts of
zwitterionic lipids in comparison to anionic-lipids . For example, in
Staphylococcus aureus (Firmicute) the phospholipid content is of 58 % PG and 42 % CL (anionic)

, which resembles the 50-50 % PG-CL repartition of Streptococcus pneumonia

(Firmicute)

However, exceptions to those tendencies exist. For instance, the Gram-negative
Caulobacter crescentus has increased amounts of the anionic PG (at least 40 %)
, while the Gram-positive Bacillus subtilis
has unusually high amount of PE (60 %) [reviewed in 1.
Furthermore, this lipid repartition must be considered carefully and put into perspective, since
important variations occur with and/or upon environmental changes. For example, under acidic pH
conditions, PG amounts vary in S. aureus and another study demonstrated
increased CL (5 up to 30 %) and decreased PG (76 down to 38 %) following shift from exponential
to stationary growth phase . More recently, provided

a comparative study of the lipid contents in €. coli and B. subtilis throughout growth phases.
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Importantly, membrane lipids, especially glycerolipids, contribute to the global negative
charge observed in bacterial cytoplasmic membranes. Gram-positive bacteria contain higher PG/PE
ratios than Gram-negative cells, explaining that the global negative charge is higher than Gram-
negative cytoplasmic membranes . The high level of anionic
components in the cytoplasmic membrane was often related to the higher susceptibility of Gram-
positive bacteria to cationic antimicrobial peptides (CAMPs) and ceragenins (i. e. cationic steroid
antimicrobials corresponding to bile acid derivates decorated by amines) in comparison to Gram-
negatives .In contrast, high PE levels in the cytoplasmic membrane were shown

to confer high susceptibility to other antimicrobials such as certain a/f3-peptides

Taken together, the lipids mentioned above are major phospholipids found in all species
(prokaryotes and eukaryotes), either as part of the cytoplasmic membrane or as important lipid
precursors. However, in terms of diversity, there are innumerable other lipid components of very
different classes found across bacteria including
phosphoinositides, sterols, hopanoids, plasmalogens, sphingolipids and others. In addition, there

is another class of lipids that was not mentioned before namely, amino-acid-containing lipids.
I.1. The distinct classes of amino-acid-containing lipids

Beside the ubiquitous and well-known glycerolipids described above, cell membranes also

contain lipids that can be decorated with aa's. Many studies already suggested during the late 50's

the presence of lipoamino-acids such as Penicillium spp. , Pseudomonas spp. etc
but also in Drosophila melanogaster and animal tissues as for example in
hen-oviduct and rabbit tissues

. However, the lack of chemical compositions and consequently the difficulties to distinguish
unequivocally those lipids from other metabolites that contain amino-acids as well as the presence
of artefacts, led to strong doubt concerning their very existence

. Finally, the study of MacFarlane in 1962 marked a
fundamental breakthrough and in the following decades the number of described amino-acid-

containing lipids greatly increased. Importantly, those lipoamino acids belong to different classes

50



that can be divided according to the chemical link between the amino-acid moiety and the other

part of the molecule. In fact, attachment of the aa moiety can occur via;

iii.

the lateral chain of the aa, as it is the case for the above-mentioned PS. In the case of PS,
serine is attached to the glycerophospholipid through a phosphoester bond (Figure 1-12).
PS is the only lipid for which the attachment between the aa and the phospholipid is

catalyzed by an alcohol phosphotransferase

the a-NH; group of the aa, as in N-amino-acylated lipids; for example, Ornithine Lipids (OL)
that are widely found in bacteria, especially within the Gram-negative outer membranes,
but are not found in eukaryotes . Other bacterial lipids
belonging to this group are glutamine lipids, cerilipins, N-acyl-leucine, N-acyl-D-
asparagine, N-acyl-serine, among others . N-aminoacylated lipids are
also found in eukaryotes and more complex components such as

proteolipids and lipopeptides where largely described throughout all kingdoms.

the a.-COOH group of the aa, making 0-amino-acylated lipids. To this class belong 0-amino-
acid esters of glycerolipids that will be further developed in the following sections. For the
sake of clarity, in this manuscript, “aminoacylated lipids” (aaL) shall be considered

hydroxyl-containing lipids to which a single aa is linked through its a.-carboxyl group.

1.2. The discovery of 0-amino-acyl esters of glycerolipids since the early

60’'s

Marjorie G. MacFarlane was the first to provide strong evidence for the existence of 0-

amino-acyl esters of phospholipids. In 1962, she extracted total lipids from Clostridium welchii

(now known as C. perfringens) and fractionated them using silicic acid and magnesium trisilicate

column chromatography. Five fractions of interest were analyzed (A-£). A and B contained

phosphatidylglycerols, fatty acid and glycolipids, whereas fraction C and D retained particular

attention since they contained phospholipids that were ninhydrin-stained (amino-group positive).

From fraction C MacFarlane isolated and fully characterized the structure of alanyl-

phosphatidylglycerol (AlaPG) but this study also evidenced lysyl-phosphatidylglycerol (LysPG)

(Figure 1-12) that was also confirmed in 1965 to be present in large amounts (60 % of total
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phospholipids) in S. aureus

. Despite the fact that Macfarlane could detect other aa (Asp, Glu, Arg, His) in fraction D,
further studies in the 60's showed that only Lys (S. aureus), Ala (C. perfringens) and ornithine
(Bacillus cereus) were 0-amino-acyl esters of PG. Finally, in 1970, JM.
Dos Santos Mota described arginyl-phosphatidylglycerol (ArgPG) (Figure 1-12) and dilysyl-PG in

Streptococcus faecalis ATCC9790 (now known as Enterococcus faecalis)

Furthermore, beside PG, another major bacterial phospholipid was found to be O-
aminoacylated, namely CL (also called di-phosphatidylglycerol) (Figure 1-12). However, such O-

amino-acylated CL are restricted to a few species as lysyl-cardiolipin (LysCL; Figure 1-12) was only

described in Listeria spp. , Anoxybacillus rupiensis
, Vagococcus fluvialis and probably in & faecalis, while
alanyl-Cardiolipin (AlaCL; Figure 1-12) was only detected in A. rupiensis and

V. fluvialis

Finally, DAG was also found to be O-amino acylated. In Mycobacterium phlei, lysyl-
diacylglycerol (LysDAG; Figure I1-12) was described and more recently, Smith
and colleagues described alanyl-diacylglycerol (AIaDAG; Figure 1-12) in Corynebacterium
glutamicum . Consequently, AlaDAG and LysDAG are up to date the only known
cases for which the lipid moiety of O-aminoacylated lipids are glycerolipids but not

phosphoglycerolipids.

This historical overview nicely shows that since the early 60's, efforts were made to enrich
our knowledge about 0-amino acylated lipids. Taken together, eight lipids varying in their aa
and/or lipid moieties were described: AlaPG and LysPG are widespread across bacteria, whereas
0rnPG, ArghPG, LysCL, AlaCL, AlaDAG and LysDAG are found, to date, in few species. An interesting
final remark to this part is that MG MacFarlane noticed, already in 1964, that 0-amino-acyl
glycerolipids are not present in mammalian tissues and this observation will be largely discussed

in further sections.
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I.3. Structure of O-amino-acid esters of glycerolipids and their

consequence on ionic characteristics.

Beside exceptions of AlaDAG and LysDAG, all other 0-amino-acylated lipids (aaL) described
so far, result from the esterification between the o-carboxyl group of an aa and one of the
hydroxyl groups of the glycerol moiety from PG or CL. However, PG and CL harbor two and three
glycerol units respectively that must be distinguished. Therefore, C.-glycerol shall describe the
fatty acid-substituted glycerol, whereas the other glycerol that is attached to the aa moiety, will
be called C.-glycerol (Figure 1-12). With this nomenclature, two acyl chains are esterified on C,-
glycerol on positions sn1 and sn2, whereas a-glycerol is attached to the remaining phosphate-
substituted sn3 position of C,-glycerol through a phosphodiester bond. Therefore, the three sn
positions of PG's Cy,-glycerol are substituted, while sn2 and sn3 positions of a-glycerol remain free
and susceptible to additional esterifications (Figure 1-12). In contrast, CL results from the
condensation of CDP-DAG and PG and structurally corresponds to two PA (each containing Cp-
glycerol) esterified (two phosphodiester bonds) to the a-glycerol of the precursor PG.
Consequently, only the a-glycerol sn2 position of CL remains free to be esterified with the aa

(Figure 1-12).

However, an important feature that must be considered is the consequence of such lipid
aminoacylation on the charge of the resulting aaL. In fact, the presence of a phosphate group
engaged in a phosphodiester bond confers a negative charge to PG (-1). The O-esterification of Lys
implies that its a.-CO0" —engaged in an ester bond — does not contribute anymore to the overall
charge of the aaL; however, Lys carries 2 positive charges due to its a.-NH;" and its lateral-chain
O-NH;". Therefore, the resulting LysPG inverts the initial negative charge of PG to a cationic lipid
(+1). Similarly, 0-esterification of Orn or Arg brings a common a.-NH;"and an additional (+1) from
their lateral chain (3- NHs*) onto the anionic PG (-1), which yields cationic OrnPG (+1) and ArgpPG
(+1), respectively (Figure 1-12). In contrast, CL harbors two phosphate groups bearing each an
anionic charge. Consequently, O-esterification of Lys (+2), neutralizes the global (-2) charge of CL
and results in a zwitterionic LysCL. Following the same logic, 0-esterified Ala (+1 from the 0l-NHs")
makes PG (-1) or on CL (-2) zwitterionic AlaPG (0) and anionic AlaCL (-1) respectively. However,

despite the fact that AlaCL remains anionic, this mechanism lowers the negativity of the final lipid.
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Finally, O-esterification of Lys or Ala onto the sole hydroxyl group of DAG's glycerol, leads
to cationic LysDAG (+2) and AlaDAG (+1) (Figure 1-12). Furthermore, the effect that such ionic

changes induce must be considered regarding the biological cytoplasmic membrane context.
1.4. 0-aminoacylated lipids levels in bacterial cytoplasmic membranes.

After 0-amino-acid esters of phospholipids had been described, many studies attempted
to measure levels of those lipids (Table I-2) as well as their abundances with respect to growth
phase and environmental cues. OrnPG was detected in B. megaterium and in M. tuberculosis (11-
13 % of total phospholipids) but only in the presence of glucose

whereas the ratio between LysPG and PG in S. aureus and in £.
faecalis significantly increased under the same conditions. However, these observations were
finally attributed to pH variations as a direct consequence of glucose fermentation. When pH is
stabilized at 7.4 in the absence of glucose, LysPG amount was very low (<8 %) whereas acidic
conditions (pH = 4,8) induced 75 % of total LysPG production. Finally, when cells were cultivated
under classical conditions (presence of glucose, starting pH = 7.4 without pH stabilization, 16 h at
37°C) the pH decreased to 4.8 and the rate of LysPG reached 40 % (stationary phase)

. These results were in agreement with 1) the

increased amount of incorporated lysine into the lipid fraction observed by Gale and Folkes
, 2) the fact that LysPG amount remains constant as long as pH is stabilized around
7.2 and finally 3) the similar rate of LysPG obtained by Haest and colleagues
in acidic conditions (80 % of total lipids) . Whereas LysPG becomes the most
abundant lipid under certain conditions, AlaPG in contrast was estimated to shift from 1% to only
6% in P. aeruginosa under acidification . As an exception, Streptococcus mutans
raises its AlaPG content up to 20 % during stationary phase . Finally, the
percentage of LysCL is assumed to vary among Listeria spp. from 12 % to 47.3 % during stationary
phase whereas D-AlaCL was estimated to 11 % during the exponential

phase and 26 % during the stationary phase in Vagococcus fluvialis

This example of aaL amount variations arises the complexity to estimate the amount of

lipids that varies according multiple parameters. However, many studies determined these
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AlapG

ArgpG

0rnPG

LysCL

AlaCL

LysDAG AlaDAG

aaLs (specificity)

Agrobacterium tumefaciens
Anoxybacillus rupiensis
Bacillus anthracis

Bacillus cereus

Bacillus licheniformis
Bacillus megaterium

Bacillus siamensis
Bacillus subtilis

Bacillus. thuringiensis
Bifidobacterium spp.
Brucella melitensis
Burkholderia phymatum

Caulobacter crescentus
Clostridium perfringens

Cohnella spp.
Corynebacterium glutamicum

Enterococcus faecalis
Enterococcus faecium

Halobacillus halophilus
Kineococcus radiotolerans
Lactobacillus spp.

Listeria innocua

Listeria monocytogenes
Listeria seeligeri

Listeria welshimeri
Methanosarcina barkeri
Micrococcus luteus B-P26
Mycobacterium phlei
Mycobacterium smegmatis
Mycobacterium tuberculosis
Mycoplasma laidlawii
Paenibacillus polymyxa
Pseudomonas aeruginosa PAO1
P. aeruginosa NCTC6750
P. aeruginosa UCBPP-PA14
Pseudomonas putida
Rhizobium tropici
Staphylococcus aureus
Staphylococcus xylosus

Streptococcus agalactiae
Streptococcus mutans
Streptococcus thermophilus

Vagococcus fluvialis

L-and N-succinyl-LysPG
(17%exp-15%stat)
10%

+

10,4-11,4%

+

+
8,6%0stat
30-70%stat; 5,4-25exp
2,9%stat
10,8%stat

+

0,6-1,2%
20-40%
+

+

10% (2)

L- & D-AlaPG

+

0,5% (2)

L- & D-AlaPG
4% (2)
1-6%exp
-
0,5-4%
0,5-5% (2)
1,7-2,9%exp
13,2-20%stat

D-AlaPG

12%bstat
3-12,3%stat
37,4%stat
47,3%stat

D-AlaCL
(11-26%)

LpiA (LysPG)

BAS1375 (LysPG)

YfiX (LysPG)

MprF (LysPG/AlaPG)

Bthur0008_13400 (LysPG)

Bphy_4019 (AlaPG)
€C_2047 (LysPG)
Cpr MprF1 (AlapG)

Cpr MprF2 (LysPG)

€g1103 (AlaDAG)

RakPGS (LysPG,
AlaPG, ArgPG)

Krad_4555 (AlaPG)

Lmo1695 (LysPG, LysCL)

Mbar_A2435 (AlaPG)

LysX (LysPG)

LysX (LysPG)

A-PGS (AlaPG)
PA0920 (AlaPG)

PA14_52350 (AlaPG)
PP_1202 (AlaPG)
LpiA (LysPG)
MprF (LysPG)

Stu1256 (LysPG)

Table I-2: Documented aminoacylated lipid occurrence and characterized aalLs activities. Inspired from

. Data were compiled from

and from

.+,

presence of the lipid; -, absence of the lipid regarding the currently available data; (1), not proven but very
likely; (2), detected through heterologous expression of the aalS; exp, exponential growth phase; stat,
stationary growth phase; %, percentage of total phospholipids. AaLSs described in the literature are listed in
the last column and their specificity is indicated between brackets.



characteristics for different aaL as reviewed by and taken together, it
seems that acidification of the growth environment and growth phase are the major parameter to

induce aaL amount variation.
1.5. Distribution of 0-amino-acylated lipids throughout prokaryotes

Beside the relative amounts of aal that varies from one bacterial species to another, it is
also interesting to investigate the phylogenetic distribution of such membranous components. In
fact, it was long assumed that aalLs are restricted to Gram positive bacteria including most of
Firmicutes and many Actinobacteria. However, it became clear that aalLs are also present in Gram
negative bacteria, not only as exceptions, but their occurrence is more limited and the aaL amount
is generally lower . Especially LysPG,

thought to be restricted to Gram positive bacteria was found in a-proteobacteria Caulobacter

crescentus (around 10 %), Agrobacterium tumefaciens
, Rhizobium tropici , Brucella melitensis and in y-proteobacteria P.
aeruginosa NCTC 6750 (Table 1-2). In Sphingomonas sp. (o.-proteobacteria)

, B—proteobacteria Ralstonia solanacearum

, Y-proteobacteria Xanthomonas campestris and O-proteobacteria
Stigmatella aurantiaca, significant amounts of an amino-phospholipid were detected but their
identities are not clear. Furthermore, in many other species, homologs of factors responsible for
aalL synthesis (aminoacyl-Lipid synthase detailed in Chapter C, § 1) were detected and this argues
for their potential ability to synthetize aaL even if the lipid was not detected so far

. Whereas LysPG and in a lesser extent AlaPG were widely found in bacteria, the other above
described 0-aminoacylated lipids were reported in limited number. OrnPG was described in M.
tuberculosis, B. cereus, B. megatherium

(Table 1-2) and was suggested to be present in Vibrio cholerae and Brucella
melitensis whereas ArgPG was only detected in &. faecalis and €. faecium

. Concerning 0-amino-acid esters of CL, AlaCL and LysCL were characterized in two Gram
positive species (Anoxybacillus rupiensis and Vagococcus fluvialis) in addition to Listeria sp. and £.
faecalis that also contain LysCL (Table 1-2). Finally, AlaDAG and LysDAG were only described in C.

glutamicum and M. phlei so far (Table1-2).
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Surprisingly, some aalLs are probably also present in Archaea since AlaPG was synthetized
through heterologous expression of the archaeon alanyl-phosphatidylglycerol synthase (the
factor that synthetizes AlaPG; see in further sections) from Methanosarcina barkeri (Table 1-2).
Finally, it is extremely important to note that as MG Macfarlane noticed already in 1964, 0-amino-

acid esters of lipids were never described so far eukaryote species.

It is also worth mentioning that, according to the present data, some bacterial species
contain a single “class” of aaL whereas other harbor a combination of aaLs. Staphylococcus sp. and
Streptococcus agalactiae cytoplasmic membrane have only LysPG whereas AlaPG is the sole aaL
described in Streptococcus mutans, Pseudomonas aeruginosa and Mycoplasma laidlawii (Table I-
2). In the latter case however, both D-Ala and L-Ala isomers were found to be esterified to PG

. In contrast, B. subtilis synthetizes D-AlaPG and L-AlaPG (minor) in
addition to L-LysPG and N-succinyl-LysPG (Table 1-2). Other
species such as C. perfringens enclose only both major PG derivate (AlaPG and LysPG). In contrast
the Gram negative Anoxybacillus rupiensis possess LysPG, LysCL, AlaPG and AlaCL

(TableI-2). Interestingly, in Vagococcus fluvialis, no L-Ala derivate aaL was found but instead

two D-Ala containing aaLs were described (D-AlaPG and D-AlaCL) in addition to LysCL
. Similarly, 4 different aaLs were described
in & faecalis but in contrast to A. rupiensis, AlaCL is replaced by the rare ArgPG. In B. cereus, B.
megatherium and M. tuberculosis, OrnPG is associated to LysPG (Table

1-2).

Finally, Listeria sp. contain LysPG and LysCL but interestingly during the stationary phase

in Listeria monocytogenes the amount of LysPG decreases and LysCL increases concomitantly
(Table 1-2). At a first look, the case of L. monocytogenes seems

contradictory regarding the behavior of LysPG during growth phase described above. However,
one can hypothesize that for an unknown reason this organism developed a balance between
LysPG and LysCL as a response to cellular stresses. Since L-Lys is an essential aa for protein
biosynthesis, it is possible that during the stationary phase L. monocytogenes must provide
sufficient L-Lys for protein biosynthesis and for lipid aminoacylation. Thus, one can speculate that

it is more “energy saving” for bacteria to transfer Lys onto CL instead of PG since CL results from
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the condensation of two PG. Another possibility is that since LysPG is cationic and that LysCL is
zwitterionic, bacteria could use this mechanism to modulate its global cytoplasmic membrane

charge.

Despite the effort to give an overview on the knowledge about 0-aminoacylated lipids, the
herein description is not exhaustive. The aim of this part of my introduction was to highlight the
repertoire of 0-aminoacylated lipids and to give a general overview on the main insights that have
to be considered when dealing with those membranous components. On another hand, different
recent reviews present a more complete overview about the topic

and . Despite the importance of these descriptions,
they must be considered with much hindsight since further studies will undoubtedly bring further

knowledges that will have to be taken in consideration.
Il. Aminoacyl-Lipid synthases (aaLSs)

In the previous section of the present manuscript, | gave an overview of the variety of
aminoacylated lipids (aaL), that have been described since the early 60's. As illustrated, the aa-
moieties implicated are mostly Lys and Ala while PG, CL and DAG are aa-acceptors. However,
important structural variations such as aa-isomers and fatty acid composition as well as the
substituted glycerol positions enrich the repertoire of bacterial 0-aminoacylated lipids. I also
discussed some important aspects of tRNAs and tRNA aminoacylation by aaRS, in the context of
protein biosynthesis. Finally, I introduced the change of paradigm that rapidly emerged when aa-

tRNAS were shown to be used as aa donors in numerous other pathways.

Early studies during the 60's, achieved by WJ. Lennarz and his collaborators, set up
appropriate in vitro transfer assays and demonstrated that aalLs synthesis is tRNA dependent. This
was notably demonstrated by the abolition of the lipid modification activity in assays treated with
the RNase . The aa transfer activity to lipids was attributed to enzymes
belonging to aminoacyl-tRNA transferases (ATT) — i.e. enzymes that use aa-tRNAs to transfer the
aa moiety that they carry onto acceptor molecules (Chapter B and ).
Another important observation was that inhibitors targeting the ribosome did not affect ATT

activities. These investigations additionally revealed that despite common functional features,
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lipid- and peptidoglycan aminoacylations differ in molecular details: the chemical bond between
the aa and the acceptor is not the same in the case of aaLs and modified peptidoglycan: O-ester-
bonds are the rule in aalLs, whereas peptide (amide) bonds are found between aa and the

peptidoglycan.

Studies demonstrated that the aa moiety of charged Lys-tRNAY* (0-esterified Lys) is
transferred onto PG in the presence of cellular extracts prepared from S. aureus
. RM Gould and WJ Lennarz further tested the ability of various bacterial cell-extracts to use
aa-tRNAs as aa-donors in the synthesis of aals. Interestingly, B. megaterium, B. cereus and S.
aureus preparations catalyzed only LysPG synthesis, while C. welchii extracts contained LysPG and
AlaPG synthase activities, while S. faecalis (€. faecium) could synthetize at least LysPG, AlaPG and
ArgPG. As expected, cellular extracts of species that do not contain aminoacylated PG derivatives
(i. e. Sarcina lutea, €. coli and M. lysodeiticus) could not catalyze aaL synthesis
. These early observations suggested that some species might either contain enzymes with

broader specificities or encode more than one enzyme to yield different aaLs.

In all cases, those pioneer studies showed that synthesis of aaLs occurred in two steps. The
aa-tRNA is first synthetized by the cognate aaRS and serves as an aa-donor for a particular enzyme
that, in a second step, transfers the aa moiety onto the final acceptor substrate, namely PG (in this
case). In addition, they suggested that the corresponding enzymes should specifically recognize
the aa-tRNA donor as well as the lipid acceptor. However, despite these early efforts to
characterize the tRNA-dependent lipid modification pathway, none of the abovementioned
seminal studies succeeded in isolating the ATT enzymatic factor thought to be responsible for aalLs

synthesis.

Finally, the important development of technologies enabled, much later, the identification
of the enzymes that were termed aminoacyl-phosphatidylglycerol synthases (aaPGS). However,
because recent studies showed that ATT can aminoacylate lipids other than PG, implying that

aahGSs form a subclass of a more general class of enzymes: aminoacyl-Lipid Synthases (aaLs).
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I.1. Aminoacyl-Phosphatidylglycerol synthases (aaPGS)
I1.1.1. LysPG synthesis catalyzed by MprF from S. aureus

IL.1.1.1. Discovery of the first aaPGS and establishment of its physiologic

functions

In 2001, A. Peschel and colleagues conducted a genetic screen that aimed to identify
Staphylococcus spp. mutants with increased antimicrobial peptides (AMP) sensitivity. Insertion of
a transposon in the mprF gene increased S. xyolsus sensitivity to the lantibiotic gallidermin. In
accordance, deletion of the mprF gene in S. aureus strains (AmprF) correlated with increased
sensitivity to lantibiotics such as gallidermin and nisin, but also to other AMPs including human
defensins HNP1-3, protegrins 3/5, tachyplesin | and magainin 1l (Table I-3). While the minimal
inhibitory concentrations (MIC) decreased up to 38-fold for some of those positively charged AMP
(CAMPs or CAMPs-like), no significant changes in sensitivity were observed when assaying S.
aureus wt and AmprF strains with neutral peptides . Thereafter, several
studies related mprF from S. aureus to the resistance against numerous additional cationic
molecules [reviewed in 1, including aminoglycosides, B—Iactamines,
glycopeptides and even to the mammalian group IIA phospholipase A2, which harbors cationic
properties (Table 1-3).
Therefore, the encoded protein was classified as the “Multiple peptide resistance Factor” (MprF)

of S. aureus.

The initial study also investigated the capacity of animal immune cells to kill S. aureus. In
fact, animals developed specific phagocytes, called neutrophils, that achieve pathogen clearance
either by releasing the content of their CAMP enriched granules (i.e. degranulation) or by
generating toxic reactive oxygen species (Table I-3). While phagocytosis of
S. aureus was by itself not changed for WT or AmprF strains of S. aureus, neutrophils were able to
clear AmprF much faster than wt strains . Another study from the same team
investigated this aspect into more details and notably showed that the increased susceptibility to
clearance of the deletant strain was mediated by the defensin-killing rather than the oxygen-

dependent pathway . Finally, other phenotypes including decreased virulence
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Species

aaL

Phenotypes associated with inactivation of respective aaLS

Impact on basic cellular processes or
tolerance to environmental challenges

Increased susceptibility to
antimicrobial agents

In vivo effect during host
infection

Bacillus anthracis LysPG

N.D.

HNP-1; LL-37; protamine sulfate

N.D.

Bacillus subtilis

(L- and

Increased swarming motility; decreased

D-AlaPG), spore germination, spore wet heat

Azlocillin; cefsulodin; daptomycin;
nisin

N.D.

LysPG resistance and increased spore resistance;
(1) decrease in conjugation efficiency,
especially under changing ionic conditions
Enterococcus Alang, Increased biofilm formation Colistin; HBD-3; nisin; polymyxin B Increased resistance to
faecalis ArgPG,  and eDNA level opsonophagocytic killing
LysPG by PMNs in serum containing
complement factors and
antibodies against LTA
Listeria LysPG, Reduced survival in the presence (HNP-1)(2); HNP-2; gallidermin Reduced invasion of
monocytogene LysCL of osmotic stress; maintenance epithelial cells and
of flagellum maotility macrophages; attenuated
virulence in infection of
mice
Mycobacterium  LysPG, Altered membrane potential HNP-1; lysozyme; polymyxin B; Reduced survival in
tuberculosis (ornpG) vancomycin macrophages and growth
3) defects in mouse and guinea
pig lung infections
Myxococcus uUnknown Increased swarming motility; defective N.D. N.D.
xanthus perception or response to OME
(outer membrane exchange)
Pseudomonas AlaPrG Reduced tolerance to CrCI3 or sodium N.D.
aeruginosa lactate; production of AlaPG primarily
occurs under acid conditions
Staphylococcus  LysPG Distinct changes in the membrane CAP18; cefoxitin; daptomycin; Reduced survival in
aureus proteome and membrane-sensory gallidermin; gentamicin; group 1A neutrophils; attenuated
regulators (e.g. reduced amounts phospholipase A2; HBD-3; HNP1-3; virulence in infection of
of SaeSR and MsrR) imipenem; indolicidin; LL-37; miceand rabbits
magainin;melittin; methicillin; nisin;
oxacillin; protegrins; platelet
microbicidal proteins; tPMP-1;
tachiplesin; vancomycin
Rhizobium LysPG Reduced resistance to acidic Polymyxin B Reduced nodulation
tropici conditions (phenotype especially manifests competitiveness in bean roots

under acidic conditions)

Corynebacterium AlaDAG,

glutamicum

AlapG

decreased fitness (umax) to lactic acid
and CAMPs i. e. protamine sulfate and

polymyxin B whithout MIC changes

Table I-3: Impact of aminoacylated lipids on bacterial cellular processes and pathogenicity.
with minor modifications. (1), traces of L- and D-AlaPG have

Reproduced from

recently been detected, while its phenotypic relevance has not yet been elucidated ( );
but disproved by
; (3) OrnPG has not been detected in the study of an MprF homolog in M. tuberculosis

(2), Increased susceptibility to HNP-1 was found by



in various animal models (rabbit endocarditis model ; mouse sepsis and

septic arthritis models ) where attributed to AmprF strains (Table I-3).

Total lipid analysis by thin layer chromatography (TLC) combined to mass spectrometry

(MS) experiments revealed for the first time that the newly evidenced factor (MprF) is responsible
for the synthesis of LysPG. In correlation with early studies, various forms of LysPG, mainly
differing according to their fatty acyl chain compositions but probably also their esterified position
on Cqo-glycerol (the major sn3- vs. the minor sn2-Lys), were identified. As a reminder, lysylation of
PG reverses the negative charge of the phosphate- containing lipids. This was an additional
argument that, besides Lipopolysaccharide (LPS) modifications and Teichoic acids D-alanylation,
MprF provides an additional resistance mechanism towards CAMDPs, likely using charge repulsion
. Accordingly, AmprF strains bind positively charged compounds, such as

cytochrome c, tachyplesin | and gallidermin more efficiently in comparison to the S. aureus wt
strain . This result suggested that LysPG would lay in the
outer leaflet of the PM and strongly supported the postulated “charge repulsion” mechanism.
However, since aa-tRNA-dependent PG aminoacylation was thought to occur in the cytoplasm —
where tRNAs and aaRSs are found along with ATP and aa —, a LysPG translocation pathway was

postulated to be necessary. This issue will be discussed later.

Because aaPGs had been previously described in many bacteria species, it was not
surprising that MprF homologs were rapidly detected in numerous Gram-positive and Gram-
negative species, suggesting the lipid aminoacylation pathway to be a common resistance

mechanism across bacteria
Regulation of PG aminoacylation

Various studies showed that antimicrobials targeting the cell-envelope such as metbhicillin,
vancomycin, penicillin-G, D-cycloserine, and bacitracin enhance the cellular content of LysPG,
while antibiotics inhibiting the translational machinery had no such effect

. The Gras protein contains an anionic extracellular loop
that is able to interact with various CAMPs. CAMP-sensing is achieved through GraX-mediated

interaction of GraS with VraGF. This sensing complex was shown to activate the transcription factor
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GraR, which in turn activates the expression of vraFG, dItABCD operon and mprF in S. aureus

[detailed in and the herein references].
Effects on membrane proteins

S. Sievers and colleagues aimed to verify if the deletion of mprF in S. aureus significantly
affects the membrane proteome . Using gel-free proteomics technology
described elsewhere they quantified 840 integral membrane proteins but
could not detect drastic differences between the wt and the AmprF strains. However, distinctive
up-regulation were noticed for 13 proteins, while 31 membrane proteins, showed significant
down-regulation. Notably, proteins involved in sensing (the two-component sensing system SaeSR
and MsrR), and in glycolipid or cell-wall metabolism were down regulated
Proteome changes were also checked in L. monocytogenes and B. subtillis but no significant
changes have been reported . Therefore, it was suggested that membrane

associated protein composition might be idiosyncratic to each species or at least to each phylum.

I1.1.1.2. MprF consists of two separate functional domains achieving LysPG

synthesis and translocation.

Biochemical characterizations aimed to rapidly decipher the pathway of LysPG synthesis
and showed that Lys-tRNA"®, synthetized by the cytoplasmic LysRS, is indeed used by the
membrane-associated MprF as a substrate to transfer the aa-moiety onto PG. These experiments
were performed in vitro by assaying the lipid modification activities of membranes fractions
prepared either from S. aureus, encoding MprF, or from &. coli heterologously expressing MprF.
Similar to the observation made by Lennarz, removal of tRNAs by RNase treatment or appropriate
inhibition of LysRS (cadaverin) completely abolished LysPG synthesis

. Importantly, all aaPGSs described to date (see below and Table I-2) share a common
structural organization, consisting of a C-terminal cytoplasmic domain, anchored into the PM
through an N-terminally fused integral membrane domain which notably varies from an aaPGS to
another through the number of its transmembrane helices (TMH) . While the
activity of the aa-tRNA transferase domain was determined for numerous aalLSs, very little is

known about the function of the N-terminal domain. In fact, it is assumed that they are required
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to anchor the protein at the membrane, thereby favoring the lipid remodeling mechanism, but the
high number of TMHs in many aalLS suggests that another activity might be associated to this
proteins. The team of A. Peschel put a particular effort towards the characterization of the N-
terminal hydrophobic domain and showed that the MprF protein of S. aureus consists of two

functionally distinct domains (Figure 1-13).

I.1.1.2.1. The synthase domain of S. aureus MprF consists of 6 TMHs fused

to the cytoplasmic domain

To determine experimentally the topology of the transmembrane N-terminal domain of

LysPGS from S. aureus (i. e. MprF), authors fused various truncated versions of the N-terminal

domain either to the cytoplasmic [3-galactosidase (Lacz) or to the periplasmic phosphatase PhoA
(only active within the cytoplasm), as previously used to overcome similar issues

. Measuring the relative activities of both proteins led finally to establish that in

contrast to the initial 14 predicted TMHs, only 12 helices are embedded within the PM, and

separated by a large central intra-cellular loop, between TMHs 6 and 7, that consists probably of

two membrane-associated helices (Figure 1-13). Functional tests designed to monitor the LysPGS

activity showed that the cytoplasmic C-terminal domain together with the 6 last TMHs form the
LysPG synthase domain are necessary and sufficient for full LysPG synthesis activity

. Interestingly, the number of TMHs required for aaPG synthesis may vary

from an aaPGS to another since deletion of the entire N-terminal domain (all TMHs) from B. subtillis

LysPGS or of C. perfringens AlaPGS (CpMprF1), among others, did not affect Lys- or AlaPG synthesis

in vitro

1.1.1.2.2. N-termini TMHs of the hydrophobic domain enable LysPG

translocation.

Sequential deletions of 2, 4, 6 or 8 N-terminal TMHs severely reduced CAMDPs resistance of
S. aureus, including to the CAMP-like daptomycin. As expected, expression of a truncated MprF
version containing only the 8 N-terminal TMHs did not restore the CAMP resistance of a S. aureus
AmprF strain. Furthermore, CM. Ernst and colleagues determined the ratio of LysPG content in the

inner and the outer leaflet of the PM by measuring the ability of the membrane-impermeable
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Figure 1-13: S. aureus MprF has two separate functional domains. The synthase domain is
composed of 6 TMHs fused to the C-terminal cytoplasmic domain (blue) and achieves tRNA
dependent PG lysylation at the cytoplasmic edge of the PM (i. e. ATT activity). Cationic LysPGs are
then flipped out by the flippase domain (orange), consisting of the 6 N-terminal TMHs and both
membrane-associated helixes that form a large intracellular loop. This lipid remodeling pathway
increases S. aureus resistance to positively charge antibiotics, mainly to CAMPs, through charge
repulsion. (+) specify charged molecules (Lysine, LysPG and CAMPs) and NH, indicate the N-terminal
extremity of the protein. Based on data from and figure inspired from



fluorescent dye fluorescamine to react with LysPG. Accordingly, only expression of both domains,
evenin trans, led to an importantincrease of LysPG on the outer leaflet, while the strain expressing
the synthase (ATT) domain alone had enriched amounts of LysPG only in the inner leaflet. In
accordance, the positively charged cytochrome c was more efficiently retained by the cell surface
of S. aureus expressing either the N-terminal or the C-terminal domain alone, while expression of
both, restored the repulsion capacity observed in the wt

Taken together these results strongly suggest that N-terminal TMHs of MprF form a flippase
domain which is responsible to translocate LysPG (synthetized by the C-terminal synthase domain)

from the inner to the outer leaflet of the plasma membrane (Figure I1-13).

Multiple sequence alignment revealed conserved residues in the N-terminal flippase and
the C-terminal synthase domains that were shown to be essential for LysPG synthesis and
subsequent translocation. In particular, Glu206, found in the center of the fifth TMH was suggested
to participate to the accommodation of the positively charged Lys moiety of LysPG during
translocation. Finally, experiments showed that the flippase and the synthase domains homo-
oligomerize and interact with each other. Accordingly, authors demonstrated that MprF

oligomerize through intermolecular interactions

I.1.1.2.3. Gain-of-function mutations in the flippase domain lead to

increased daptomycin resistances

Daptomycin is a lipopeptide that harbors a net negative charge but that is thought to
behave as a CAMPs upon binding to Ca’*. The full mode of action was not elucidated to date but
daptomycin was shown to interact with phospholipids that form fluid lipids microdomains, thereby
preventing the association of essential membrane proteins and leading to cell death

. This powerful antibiotic is used to treat methicillin-resistant S. aureus strains (MRSA), but
in recent years daptomycin-resistant strains (DAP-R) emerged. Daptomycin resistance has been
correlated to point mutations in various regions of MprF

. In their recent study, CM Ernst and colleagues focused on the effect of Thr345
and Val351 gain-of-function mutations, two residues located at the junction between the flippase
and synthase domains, and demonstrated that they specifically increase daptomycin resistance as

well as resistance to the closely related friulimicin B. Interestingly, Thr345Ala mutation did not

67



alter LysPG production or translocation, and the overall cell surface charge remained unchanged.
In contrast, this mutation reduced intramolecular interactions between the flippase domain and
the LysPG synthase domain . Finally, it was suggested that the relaxed
intramolecular interaction induced by Thr345Ala enables MprF to accommodate daptomycin and
to remove it from fluid microdomains, but no experimental evidences were provided for the

moment to support this hypothesis

.1.1.2.4. Dual specificity of the flippase domain allows AlaPG and LysPG

translocation

As mentioned above, many other aaPGS contain N-terminal domains with 12-14 TMHs that
are probably also required to expose aaPGS at the surface of cells (flippase domains)

. However, questions are raised in the case of putative aaPGSs that contain shorter N-terminal
domains (< 12 TMHSs), since according to the investigations conducted by A. Peschel’s team, a
complete set of 12 TMHs are required for the aaPG flippase activity (at leastin S. aureus). This issue
was partially investigated with the two MprF paralogs from C. perfringens, that contain 12-14
TMHs (LysPGS, CpMprF2) and 6 TMHs (AlaPGS, CpMprF1) (detailed in § 11.1.3.). Heterologous
expression of CpMprF1 or CpMprF2 into S. aureus AmprF leads to the synthesis of AlaPG or LysPG,
respectively, in comparable amounts to LysPG found in S. aureus wt strains. However, CpMprF1
alone failed to confer efficient resistance to CAMPs, while its expression together with functional
N-terminal domains of either MprF from S. aureus or CpMprF2 from C. perfringens restored S.
aureus resistance. These results strongly suggest (if not demonstrate) that AlaPG and LysPG are
both translocated by the same flippase in C. perfringens (i. e. the N-terminal hydrophobic domain
of CpMprF2), and that AlaPG-dependent resistance is mediated through its translocation, as
detailed above for LysPG . This broad specificity of the flippase domain
might be present in other species that contain various paralogs of aaPGS and conveniently explains
the presence of two paralogs in some cases: indeed, one of the paralogs harbours the flippase
activity and compensates the absence of this activity in the other paralogue (with N-ter domains
< 12 TMHSs). In contrast, species encoding only aaPGS with short N-terminal domain may probably
use a trans-acting flippase to achieve aaPGs exposure. In Myxococcus xanthus, a genetic screen

led to the discovery of a “split mprF gene”, with one gene encoding the flippase domain, while the
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second encodes the aa-tRNA transferase domain. This illustrates cases in which standalone aa-
tRNA transferase MprF-like domains, incapable of catalyzing aaPG translocation, are aided by a
separate flippase protein . One particularly interesting case is rakPGS of €.

faecium, for which the flippase domain presumably has broad range aaPG specificity.

Remarkably, even if it is assumed that flippases are implicated in the asymmetric
distribution of aalLs in the PM, the MprF flippase domain is the first phospholipid flippase
characterized in bacteria. However, its molecular mechanism is far from being elucidated and

several points, such as its energy-dependency for example, must be clarified.
I.1.2. AlaPG synthase is encoded by PA0920 in P. aeruginisa

In contrast to LysPG found in S. aureus and several other species (Table I-2), S. Klein and
colleagues noticed in P. gerugionsa (Gram-negative) an increasing amount of AlaPG under acidic
growth conditions and identified the PA0920 gene to encode the corresponding AlaPGS.
Heterologous expression of AlaPGS from P. aeruginosa in &. coli, followed by separate analysis of
the inner (IM) and the outer membrane (OM), showed that the 14 TMH containing (bioinformatic
prediction) enzyme was located into the IM, whereas AlaPG was found to be equally distributed
between both types of membranes. Furthermore, partial purification of AlaPGS and in vitro amino

Ala

acid transfer assays confirmed the Ala-tRNA™ dependency for PG alanylation

It is noteworthy that, in comparison to LysPG that can reach 40 % of total lipids during
exponential growth phase in S. aureus and L. monocytogenes respectively, AlaPG was found to
vary from 0.5 % at neutral pH to maximal 6% under acidic conditions (Table I-2). Accordingly, at

pH 5.3 and to a lesser extent 6.3, the Ppags20 promoter activity increased significantly.

However, despite these considerations, the APA0920 strain was more susceptible to the
CAMP protamine sulfate, the B-lactam antibiotic cefsulodin, the nucleic acid damaging heavy
metal Cr**, and the osmolyte sodium lactate (TableI-3), but interestingly these four stressors failed
to increase cellular levels of AlaPG, which suggested that the low level (0.5-1 %) of the modified
lipid is sufficient to influence resistance to antimicrobials . Another study from
the same team showed that increased susceptibility of P. aeruginosa APA0920 strains to the tested

B-lactams (ampicillin, oxacillin and cefsulodin), glycolipid (daptomycin, nevertheless considered
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also as a CAMP-like) and CAMPs (protamine sulfate, poly-L-Lysine, polymyxin E) (Table I-3) was not
complemented by heterologous expression of LysPGS from S. aureus or B. subtilis despite the
presence of important levels of LysPG (120 % in comparison to AlaPG level in P. aeruginosa wt
strain). Furthermore, reintroducing the endogenous AlaPGS (PA0290) in the P. aeruginosa
APA0920 strain, led to a 2-fold increased amount of AlaPG. Surprisingly, this complemented strain
was only able to restitute the wt MICs for ampicillin and oxacillin. Taken together, these results
were striking arguments against antimicrobial resistance through a “simple” charge repulsion-only
mechanism. In addition, a broader examination of the transcriptional activities of PA0920 showed
that depending on the pH conditions some antimicrobials differentially modulate the promotor
Pracsz0. Therefore, it was proposed that the fine-tuning of AlaPG content in P. geruginosa may
regulate the overall permeability of the PM, but other uncharacterized elements might also be
implicated. For example, AlaPG found in the OM may modulate B-lactams efflux by regulating the

activity of some porins or efflux pumps

Taken together these studies suggested that AlaPG synthesis may be a central mechanism
to the adaptation of P. aeruginosa under acidic conditions and because AlaPG is zwitterionic the
authors further excluded a simple CAMP resistance mechanism through charge repulsion

. Interestingly, acidic growth conditions seem to be important environmental inducers of
lipid aminoacylation since increasing LysPG levels under low pH was also shown to occur in B.
subtilis , B. megaterium
, S.aureus

and in bacterial symbionts R. tropici and Sinorhizobium medicae.

In addition, 9 substrate specificities of aaPGSs orthologues were evidenced by W. Arendt
and colleagues, which increased the number of characterized lipid 0-aminoacylation factors to 22
just a bit more than a decade after A. Peschel identified the first MprF . Note

that since then only one additional aalLS was characterized (Table I-2).
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I.1.3. Synthesis of distinct aaPG in the same species: displaying a single aaPGS

with broad substrate specificity or encoding distinct homologs.

p. aeruginosa and S. aureus are thought to encode only one aaPGSs homolog (MprF), that
in both cases has restricted specificity towards lipids and aa-Trna substrates to synthetize either
AlapG or LysPG, respectively. In Clostridium perfringens (Cpr) that produces both AlaPG and LysPG,
two distinct aaPGS are encoded, notably CprMprFi, that uses Ala-tRNA*?, and CprMprF2 that uses
Lys-tRNAY®, both enzymes modifying PG. Thus, C. perfringens was the first organism in which two

aaPGS homologs have been functionally characterized

In contrast to the previously described aaPGSs that are each specific to a single aa-tRNA
substrate, one of the MprF paralogs of £. faecium, referred to as the “RakPGS" or MprF2, displayed
broad-range specificity for its aa-tRNA substrates, since it could use Arg-, Ala- and Lys-tRNAs to
produce ArgPG, AlaPG and LysPG in vitro and in vivo upon heterologous expression in & coli

. In addition to RakPGS (MprF2), £ faecium contains another homolog referred to as
MprF1. Deletion of the RakPGS completely abolished aaPG synthesis, while no changes in the lipid
pattern were noticed in the AmprF1 strains. As expected, £ faecium AmprF2 strain exhibited
increased susceptibility to CAMPs (nisin, colistin, polymyxin B and HBD-3) but also increased
propency to form biofilms, as well as increased resistance to opsonic killing, while virulence in
mice remained unchanged in comparison to the wt strain (Table 1-3). Accordingly, none of the
mentioned phenotypes were observed in the AmprF1, which strongly suggest that only Mprr2 is

implicated in lipid aminoacylation
I1.1.4. LysPG, D-AlaPG and succinylated LysPG in B. subtilis

Another extensively studied aaPGS is the B. subtilis MprF, which was early shown to
synthetize LysPG . H. Roy and M. Ibba put an effort to characterize the
molecular mechanism achieved by this aaPGS. By doing so they set up and optimized an in vitro
lipid aminoacylation assay (LAA), mimicking the 2-step formation of aaPG, and provided important
tools to quantitatively monitor the activities of aaPGSs containing membranes in vitro. Notably,
this study showed that the specific activity of LysPG synthesis of B. subtillis MprF varies in vitro

according to pre-incubation times of the reactional media, to PG concentrations and to the
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presence of detergents .In addition to LysPG, B. subtilis also synthetizes AlaPG
. Initially, both aaPGS activities were thought to be catalyzed by the same
aahGs, since when the author examined its activity through heterologous expression in €. coli and
by in vitro assays, MprF had dual specificity for Ala-tRNA*® and Lys-tRNA"*
However, MS analysis revealed the presence of only LysPG in B. subtilis membranes
, while later structural investigations conducted by M. Atila and Yu Luo detected in the same

organism LysPG and D-AlaPG but not L-AlaPG

D-isomers of aa are implicated in numerous cellular mechanisms raising from signaling

pathways in eukaryotes to the above-described cell wall synthesis in bacteria [reviewed in
]. Intracellular concentration of L- and D-aa varies generally from nanomolar to
micromolar levels and prevalence of one of both enantiomers can lead to cell toxicity. Noteworthy,

D-aa can reach millimolar concentrations in some prokaryotes

. In particular, D-Ala, which is used in bacteria in the synthesis of peptidoglycan, TA,

and apparently for PG aminoacylation, was found in higher concentration than its L-isomer
. However, because D-aa-tRNAs are harmful when incorporated during protein

biosynthesis, several chiral-checkpoints and editing mechanisms are used to avoid them
. This includes D- to L-isomers racemization and D-aminoacyl-tRNA deacylase which is
a trans-editing factor hydrolyzing specifically D-aa-tRNA (e. g. D-Tyr-tRNA™") but interestingly not
D-Ala-tRNA?, In Thermus thermophilus the latter was shown to be hydrolyzed directly by the
editing domain of AlaRS . However, such mechanisms were not reported in
bacteria and tRNA dependent D-AlaPG synthesis would be very surprising. In addition to this,
deletion of MprF in B. subtillis abolished LysPG synthesis but importantly not D-AlaPG synthesis.
Finally, it was suggested that D-AlaPG could be an intermediate for Teichoic acid d-alanylation by

the dItABCD operon

Beside LysPG and D-AlaPG, B. subtillis is also capable of LysPG N-succinylation by an

unknown mechanism and its biologic significance will be discussed later

Intriguingly, the LysPGS encoded by B. subtillis and €. faecium were both localized at their
septa (i. e. the structure that separates two dividing daughter cells) which suggests that MprF-

type lipid modifying factors could specifically generate aaPG microdomains in this region. A recent
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study suggested that B-defensins, such as hBD2 and hBD3, target SecYEG translocases and SrtA
sortases which are also found near the septum. Therefore, it was proposed that LysPG
microdomains, located at the septum together with cell-wall biosynthesis and cell-division
machineries, could protect this region through CAMP repulsion

. This hypothesis is further supported by the important LysPG accumulation during the

exponential phase in several species. Finally, the B. subtilis AmprF deletion strain exhibits defects

in sporulation and spore properties , in motility and conjugation
efficiency , in addition to increased antimicrobial susceptibility
(Table1-3).

I1.1.5. LysX from Mycobacterium tuberculosis

In contrast to the classical aaPGS domain organization consisting of an N-terminal
hydrophobic domain fused N-terminally to the cytoplasmic aaPG synthase domain, a sub-group of
actinobacteria encode aaPGS homologs directly fused to a C-terminal LysRS. In M. tuberculosis, the
C-terminal LysRS domain is essential to LysPG synthesis, which suggests a mechanism in which Lys-
tRNAY® is directly channeled from the LysRS domain to the LysPGS domain. Interestingly, while
LysPG generally constitute an important proportion of total phospholipids, ranging from 10 to 75
% in Firmicutes

, only it represents 0.3 % in M. tuberculosis (Table I-2). Despite low
levels, LysPG enhances CAMP resistance and virulence, enables survival of bacteria within
phagocytes and maintains the membrane potential

. These results further support that other mechanisms beyond charge repulsion, that
include modulation of the membrane fluidity and permeability, and/or probably also more complex

indirect pathways, are associated with aaLs aminoacylation.

I1.1.6. Succinct and simplified description of lipid aminoacylation pathways

mediated by aaPGSs

In previous sections | illustrated the functional variety of aalLS, including the MprF of S.
aureus which characterization is probably the most advanced. Taken together the reported works

allowed to propose a general functional pathway in which aa-tRNAs, synthesized by their cognate
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cytoplasmic aaRsSs, are highjacked by the cytoplasmic C-terminal synthase domain of aaPGSs in
order to transfer the aa moiety onto PG from the inner leaflet of the PM. Then, aaPGs are
translocated and exposed to the outer membrane leaflet either by a fused flippase or by a trans-
acting flippase (Figure I1-14A). As detailed later, bioinformatic studies predicted aaLSs homologs to
be present in several species . Even if important aspects
related to aaLSs will only be described in coming sections, it is convenient to already notice that
the pathway descried here is thought to be the general mechanism for membrane remodeling, at
least by PG aminoacylation factors (i. e. aaPGS). This is supported by several evidences. First,
experimental procedures and bioinformatic predictions showed that all aalLSs contain TMHs
assumed to anchor the protein to the PM, as expected for membrane remodeling factors
. The membranous behavior
of those factors was also demonstrated by that the transferase activity is enclosed in membrane
preparations . Second, the tRNA
dependency of the pathway was clearly established for several aaLSs and since the aa-donor (i. e.
the aa-tRNA) is synthesized in the cytoplasmic compartment, it is assumed that the transferase
activity occurs at the cytoplasmic edge of the PM. Third, concerning aaL translocation, studies
showed that aaLs are exposed to the exterior of the cell , in addition to
that aaL hydrolases (8 Il) are located at the outer space of the cell where aaLs might be exposed
. Obviously, beside the general mechanism presented
here there are MprF homologs that differ in their lipid aminoacylation pathway, such as LysX from
M. tuberculosis (§ I1.1.5. and Figure 1-14B) in which the “MprF-module” (i. e. the synthase domain
and the membranous domain) is directly fused to the cognate LysRS. This leads to the distinction

between “freestanding MprFs/aaPGSs” and aaRS-fused aaPGSs (Figure 1-14).
2. Beyond PG aminoacylation
11.2.1. LysCLSin Listeria spp.

The above-described lipid aminoacylation pathways are all specific to PG. As described in

previous sections of this introduction, other glycerolipids can also be modified. However, to date
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Figure 1-14: Proposed lipid aminoacylation pathways achieved by bacteria aaPGSs. (A) Most
documented lipid aminoacylation factors are not fused to any aaRS and regarding this are considered as
freestanding aaPGSs. (B) aaRS-fused aaPGSs are rare and are restricted to few actinobacteria species
including M. tuberculosis. The structural organization of both aaPGSs forms is depicted at the top of each
panel and their associated pathway is detailed below.

Steps 1 and 2, corresponding to the recruitment of the cognate tRNA followed by its aminoacylation, are
similar in both cases with the notable difference that the aa-tRNA is synthesized by a cytoplasmic aaRS in
(A) and by the aaPGS-fused aaRs in (B). The resulting aa-tRNA is then (step 3) hijacked by the synthase
domain (A) or channeled from the aaRS to the synthase domain of aaPGS (B). The latter transfers the
aa-moiety from the aa-tRNA onto PGs that are located at the inner leaflet of the PM (transferase activity;
step 4), which results in aalLs synthesis . Finally, aalLs are translocated to the outer leaflet of the PM either
by the fused membranous domain or by a trans-acting flippase (step 5). The translocation mechanism
associated to aaRS-fused aaPGSs (if exists) is not known and might probably be achieved by a trans-acting
flippase.

Please note that the lipid aminoacylation activity of MprF from S. aureus was shown to require a portion
of the N-terminal membranous domain (refer to the text and Figure 1-13). However, other studies showed
that the C-terminal domain alone is sufficient for the transferase activity. To simplify the present
illustration, these aspects were therefore not taken in consideration.



only two cases were experimentally related to MprF-like mechanisms. L. monocytogenes is an
intracellular gastrointestinal pathogen that causes food poisoning and listeriosis. As described
before this bacterium contains LysPG and LysCL. The Lmo1695 gene encodes a protein that has
sequence and domain similarities with the MprF of S. aureus, i. e. a C-terminal domain predicted
to by cytoplasmic anchored within membranes by a hydrophobic (integral membrane) N-terminal
domain predicted to contain 13 TMHs. Note that, initially, the N-terminal domain of S. aureus was
also predicted to contain 13 TMHs but later experiments demonstrated that it contains 14 helices.
Therefore, it is presumable that in Listeria spp. the hydrophobic domain also contains a paired
number of helices; see below). Deleting Imo1695 in L. monocytogenes resulted in the complete
loss of both LysPG and LysCL .However, it was not established if the Lmo1695
protein has PG and CL specificities or if LysCL results from the condensation of a LysPG and an
unmodified PG, as one could expect from the CL synthesis pathway in which CDP-DAG (cytidine
diphospate-diacylglycerol) is condensed to PG (or, putatively, LysPG). Furthermore, no clear
evidences were brought about concerning the tRNA-dependency of LysPG or LysCL synthesis,

although it could reasonably infer from other bacteria.

The phenotypic “pattern” of the Almo1695 strain — i.e. distinguishing it from the wt
strain— was initially shown to be similar to those described in S. aureus and other LysPGS encoding
species, i. e. reduced resistance to antimicrobials (including CAMPs ant the lanthionine- containing
gallidermin), reduced invasion capacity of human epithelial cells and mouse macrophages as well
as reduced virulence, as shown by following infection kinetics in the mouse model (Table I-3). All
those phenotypes were recovered upon complementation of the AlImo1695 mutation by re-
introducing a wt Imo1695 genomic copy. In contrast, cell-to-cell spreading as well as the capacity
of the deleted strain to grow inside the “poorly” infected cells remained unchanged with regard
to the wt strain. Despite its clear implication in virulence, Imo1695 is surprisingly not requlated by
the virulence regulator Prfa . Another study extensively reinvestigated the
biologic relevance of LysPG and LysCL biosynthesis and showed, notably, that their relative
amounts vary importantly throughout growth phases and with temperature. Confirming early
observations reported in a previous chapter, LysPG reached near to 55 % and 75 % of total
phospholipids during the exponential phase at 30 °C and 37 °C respectively. LysCL was also found

to be a major component of the PM with amounts of 25 to 39 % during the stationary growth
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phase at the tested temperature. This work also showed that absence of lysylated lipids (LysPG and
LysCL) rendered L. monocytogenes susceptible to osmolytic stress but, interestingly, that it
retained flagella-mediated motility. Taken together these observations showed that lipid

aminoacylation, at leastin L. monocytogenes, has broader function than previously expected

11.2.2. The alanyl-diacylglycerol synthase of Corynebacterium glutamicum

In contrast to phospholipids that were early described to be esterified with aa, the first
case of a phosphate-free aal was described only recently. M. Smith and colleagues performed an
important phylogenic analysis that focused on the C-terminal domain of aaPGSs and proposed that
their homologs are distributed within seven distinct phylogenetic types (discussed later)

. This study focused on type VIl aaPGS homologs, exclusively found in Actinobacteria, and
aimed to characterize the case of Corynebacterium glutamicum. The corresponding “MprF-like”
gene is Cg1103. In vitro assays testing either membrane fractions extracted from C. glutamicum
or the purified C-terminal domain of the Cg1103 protein (TMH-deleted MprF version) confirmed
tRNA-dependent lipid modification in the presence of radiolabeled Ala. Surprisingly, this MprF-like
protein was not able to modify PG, which correlated to the fact that the Cg1103-modified lipid had
a migration pattern that differed from AlaPG on thin layer chromatography. The modified lipid was
purified by column chromatography and identified by LC-MS/MS as being DAG, making Cg1103 an
alanyl-diacylglycerol synthase (AlaDAGS). Though MS analysis, authors noticed, however, that in
addition to AlaDAG, the membrane fraction of C. glutamicum also contained AlaPG. Surprisingly,
the synthesis of the latter depended on the presence of a periplasmic esterase called pesT, whose
gene is frequently found next to the alaDAGS gene in Actinobacteria. Because pesT-dependent
AlapG synthesis requires the presence of AlaDAG, it was suggested that the aa-moiety is likely
transferred from DAG onto PG either through an esterase or transferase activity. Taken together,
this work provided the first example of the aminoacylation of a phosphate-lacking lipid and of an
original pathway through which bacteria can finely modulate their lipid composition. Interestingly,
deletion of cg1103 but not of pesT decreased the fitness of C. glutamicum in the presence lactic

acid (as in p. aeruginosa ) and CAMPs (protamine sulfate and
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polymyxin B), as shown by the determination of maximal growth rates (umax) of bacteria. The

corresponding MICs, however, remained unchanged (Table 1.3).
Ill.aaL homeostasis

The amount of aaLs was proposed to be finely requlated since in some species, artificial
upregulation of those lipids resulted in phenotypes similar to those observed upon deletion of the
MprF encoding gene. Investigating the genomic contexts of 605 aaLS loci from 493 bacterial
species, revealed the frequent occurrence of at least one putative hydrolase factor adjacent to the
lipid modifying gene. Three structurally unrelated and semi-conserved hydrolase families were
implicated. VvirJ (Pfam: PFO6057) proteins are found adjacent to aaPGS from Gram-negative —
mainly Proteobacteria and Bacteroidetes— but are excluded from Gram-positive bacteria. AaPGS-
associated o/} hydrolases such as AhyD (PF12697) are widely distributed in Gram-positive genera,
O-proteo- and cyanobacteria, while putative esterases from the PF00756 familly are found in
actino- and cyanobacteria in an operon with aaPGSs . One
representative of each class was at least partially characterized and shown to finely regulate aal's

levels (Figure I-15).
n.1. The VirJ-family hydrolase
111.1.1. The AlaPG hydrolase (AlaPGH) PA0919 in P. aeruginosa

The importance of aaPG homeostasis was early evidenced in P. ageruginosa, since over-
production of AlaPG did not fully restore resistance to various tested compounds
. Recently a hydrolase belonging to the VirJ-like family was shown to confer an AlaPG
hydrolase (AlaPGH) activity to P. aeruginosa. Topological and sequence analyses predicted the PM-
anchored AlaPGH to face the periplasm, thereby enabling exposed AlaPG to be hydrolyzed.
Importantly, the corresponding PA0919 gene is located adjacent to the AlaPGS encoding gene
(PA0920) and its expression is also upregulated under acidic growth conditions. As expected,
abolishing the AlaPG hydrolytic activity, resulted in higher amounts of AlaPG levels but was
correlated to significantly increased susceptibilities towards several antimicrobials. Furthermore,

APA0919 mutants exhibit reduced growth phenotype under acidic conditions. Taken together the
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Figure 1-15: Schematic representation of aaL homeostasis maintenanee in bacteria. AalLs are
synthesized by aalLSs and hydrolyzed by aaLHs that have esterase activities. Genes encoding aalLS and
aalLH are often clustered at the same locus ( ), but their regulation is not well
understood.




antagonist activities of AlaPGS and AlaPGH share several regulation and phenotypic aspects, which
prompted the authors to propose that the fine-tuning of AlaPG levels is required for optimal
growth and resistance. Finally, the study brought evidence that Ser240, Ser307 and His401 form
a catalytic triad in which Ser307 achieves nucleophilic attack onto the Co of the esterified Ala
moiety. It is worth noting that the virJ-encoded AlaPGH could also hydrolyze the aa-moiety of

artificial substrates harboring Gly, Ala and Lys in vitro.
111.1.2. The LysPG hydrolase (LysPGH) of in A. tumefaciens

The LysPG synthesis activity of the protein encoded by the IpiA/mprF gene in A.
tumefaciens was first demonstrated through heterologous expression in £ coli
. Recently J. Moser's team aimed to investigate the regulatory mechanism of LysPG
homeostasis in A. tumefaciens and confirmed the MprF/LpiA-dependent synthesis of
aminoacylated lipids . However, LysPG levels were barely detectable in
neutral pH growth conditions, whereas they tended to increase when the pH of the growth media
was acidified. Analysis of the A. tumefaciens genome revealed that, similar to the situation in p.
aeruginosa , in which the PA0919/PA0920 genes encode MprF and a aaPG
hydrolase (aaPGH), a putative hydrolase belonging to the VirJ family (Pfam: PF06057) was found
to be encoded by the acvB gene located in the same operon as IpiA/mprF. The AcvB protein harbors,
at its N-terminal extremity, a signal peptide that was shown to be responsible for AcvB secretion
to the periplasm. In contrast to LysPGH (PA0919) described in P. aeruginosa, AcvB is a soluble
protein in the periplasm and it does not remain anchored to the inner membrane. More
importantly, a ten-fold increase of LysPG levels was observed in a AacvB mutant of A.
tumefasciens and in vitro experiments confirmed that AcvB is a genuine esterase, responsible for
the LysPGH activity . Then, authors investigated the physiological
relevance of LysPG homeostasis and showed that AacvB strains presented more severe growth
defects under acidic growth conditions, whereas it was not the case for the AlpiA/mprF strain,
highlighting the detrimental effect of the accumulation of LysPG. A. tumefaciens is a plant
pathogen that transfers oncogenic T-DNA to dicotolyc plant species via a type IV secretion system
(T4SS). Once transferred, the linear T-DNA becomes integrated into the plant genome and induces

tumor formations. Strikingly, increased levels of LysPG, either found in the AacvB strain or induced
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through IpiA/mprF overexpression, impaired tumor formation and T-DNA transfer, while levels of
key components of the T4SS were not or only slightly reduced . Taken
together, results clearly highlight the relation between virulence of A. tumefaciens and proper
homeostasis of LysPG, further evidencing and extending the relevance of regulating aaL

homeostasis.
ln.2. AhyD in E, faecium

Similarly, the o/} hydrolase-family AhyD protein, whose gene ahyD, located immediately
adjacent to the rakpPGS in €. faecium, has broad-range aalLs specificity and can hydrolyze at least
AlaPG and LysPG. The aaPG levels in €. faecium were not correlated to significant tolerance to acidic
conditions but similar to what happened in P. aeruginosa, unbalancing aaPG levels and homeostasis
induced susceptibility to lactic acid . Since the latter is a toxic osmolyte known
to diffuse passively into the cell , it was suggested that aaPG synthesis and
hydrolysis regulates resistance of £ faecium to molecules produced at low pH rather than directly

protecting from acidic conditions.
ln.3. The PesT putative esterase in C. glutamicum

The PesT protein encoded by the pest gene in C. glutamicum belongs to the Pfam PFO0756
esterase family and was proposed to hydrolyze the Ala moiety of AlaDAG and to enable AlanG
synthesis at the same time (see above). However, the clear function of this third class of aaPG

hydrolases was not established for the moment
ln.4. Concluding remarks

The pathways presented herein regarding aaLs homeostasis involve mainly genes encoding
a hydrolase in the same operon as that of the aalLS gene. However, it is assumable that this synteny
might not be conserved in several species and that aaL hydrolases could also be encoded at
independent loci or belong to other structural types. Such independent genes will be more difficult
to identify, since for the moment no sequence signature specific to aaL hydrolases has been
established. In addition to that, hydrolases especially from the esterase and o/} hydrolase families

are quite common, with sometimes very different activities in addition to be widely distributed.
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Numerous representatives of each family are found in a given species. Besides, their broad-range
specificities (functional promiscuity) make that they are involved in the hydrolysis of numerous

distinct esterified molecules, despite sequence conservation.

In addition to aaPG hydrolases, another mechanism regulating the cell surface’s charge
was proposed. In their recent study, M. Atila and colleagues showed that LysPG from B. subtillis
can itself be over-modified through the addition of a succinyl group on one of both amines of Lys
(0-NH3 or &-NH3). Such a modification neutralizes the positive charge brought about by the €-NH5"
group of the lateral chain of LysPG: this amino group becomes trapped in an amide bond with one
of the carboxyles of the succinyl modifier, the second one remaining free to add a negative charge
(Co0Y). This confers to the resulting lipid a single anionic charge, as it is the case for unmodified
PG. The biological function of succinylated LysPG was not established but it was suggested that it
could be an alternative for the regulation of the cell surface charge distribution in species lacking

an aahG hydrolase
IV.Phylogenic distribution of aaLS throughout bacteria

Iv.1. Classification of aaLS homologs into 7 phylogenetically related

types

As mentioned before, several phylogenic studies aimed to investigate the distribution of
aaPGSs throughout bacteria. Interestingly, none of those study could establish a convincing link
between the substrate specificities and the phylogenic distribution of aaLS, since aaLS with distinct
substrate specificities did not cluster inside delimited clades. Based on the alignment of a 160-
residue sequence from 253 aalLSs, Smith and colleagues reconstructed the phylogeny of this
enzyme family. From this phylogenetic reconstruction, they proposed lipid aminoacylation factors
to be distributed into 7 sequence types (clades) . Types | and V belong mostly
to proteobacteria, while types Il transferases are exclusively found in firmicutes. Almost all 23
aalLSs that had been experimentally characterized, including LysPGSs, AlaPGSs and the broad range
specific rakPGS from &. faecium, belong to types I and Il. Type IV is restricted to actinobacteria and
includes the cluster containing all aaPGSs fused C-terminally to a LysRS, while type VIl transferases,

also restricted to actinobacteria, encloses the only AlaDAGS characterized so far. Finally, type VI
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transferases gathers only freestanding transferases with no predicted TMH domains but the sole
experimentally characterized factor of this type corresponds to VImA (containing a Dupli-GNAT fold
with an a® helix), that catalyzes Ser-tRNA**"-dependent serylation of an antibiotic precursor in
valinimycin biosynthesis , which prompted the authors
to suggest that members of this group are not implicated in lipid aminoacylation. Note that 3 of

them are encoded by fungal species (eukaryotes).
Iv.2. TMHs variations throughout the different transferase types

AM. Smith and colleagues also investigated the correlation between the different aaLS
types and the TMHs number found in the N-terminal domain. Most of type I, Il and VII transferases
contain 12-14 TMHs and those that effectively have aalS activities might therefore be able to
translocate (flip) synthetized aaLs, as demonstrated for LysPGS from S. aureus and C. perfringens.
On the contrary, putative aaPGS that have less TMHSs, especially those which have 2-6 TMHs would
be defective for aaLs translocation. Moreover, some aaPGS seem to require at least 6 TMH for their
intrinsic lipid aminoacylation activity (S. aureus MprF), while other require only the cytoplasmic C-
terminal aaL synthase domain (AlaPGS from C. perfringens (6 N-terminal TMHs), P. aeruginosa (12-
14 N-terminal TMHs), LysPGS from B. subtilis (12-14 N-terminal TMHs) and B. licheniformis (12-14
N-terminal TMHS) ) in addition to at
least 6 supplementary TMHs for the flipase activity. One might speculate that those aaPGSs
(especially type IV transferases) that are defective in aaL translocation activities can combine with
another flippase, including those of other paralogous aaPGsSs. It is the case for CpMprF1 (AlaPGS),
that exposes AlaPG using the flipase of CpMprF2 (LysPGS) in C. perfringens

. In fact, several species encode numerous aaPGS homologs either from the same type or
from different types. For example, Kineococcus radiotolerans contains one free-standing type |
LysPGS domain, a closely related type | homolog containing 12-14 TMHs and a type IV homolog

containing 6-8 TMHSs.
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IV.3. Occurrence of the 3 aaLs hydrolases families adjacent to the aaLs

gene

Finally, investigating the genomic context of aaPGSs genes and the adjacent hydrolases
indicated that VvirJ proteins (Pfam: PF06057) are exclusively found in Gram-negative bacteria,
adjacent to type I transferases. ot/3-hydrolases from the Pfam family PF12697 are present in both
Gram-positive and Gram-negative bacteria and include the broad range AhyD hydrolase
characterized in & faecium (AlaPG and LysPG hydrolase). Finally, PesT belonging to the putative
esterase family (Pfam: PFO0756) is present adjacent to several type VIl but also in some type IV

transferases and is mostly restricted to actinobacteria.

For more extensive discussions on aaPGS phylogeny refer to

V. Structure of aaPGSs and substrate specificity
V.1 Establishing of the substrate specificity of aaPGS for aa-tRNA

Experiments were conducted very early to assess the specificity of the PG modification
pathway . Concomitantly, two other studies investigated the specificity of the
so-called “particulate enzyme” (i. e. aaPGS), in order to determine the aa-tRNA substrate, in other
words, to specify its tRNA and aa moieties. Nesbitt and colleagues used the capacity of the LysRS
from &. coli to mischarge 2-3-aminoethylcystein onto tRNAY® and showed
that cell extracts from S. aureus synthetize 2-B-aminoathylcysteinyl-PG from 2-B3-
aminoathylcysteinyl-tRNAY® but not from 2-f-aminoathylcysteinyl-tRNAY®

. At the same time, the same team showed that cell-extracts prepared from C. perfringens
(formerly known as C. welchii) could not transfer the acylated moieties of lactyl- and N-
acetylalanyl-tRNA*® (derivate of Ala-tRNA*?) onto PG. Moreover, the non-cognate Ala-tRNA®* —that
had successfully been used to test the specificity of translation of a poly-UG RNA by the
translational machinery— proved unsuitable to achieve AlaPG synthesis . Taken
together these early results suggested that aaPGS may specifically recognize both moieties of the

aa-tRNA and the lipidic substrate.

85



v.2. The identity determinants for tRNA recognition by aaPGS are

located in the acceptor stem

Over the two past decades, some studies tried to further decipher the molecular
mechanism of lipid aminoacylation by re-investigating the specificities of aaPGS for their
substrates and by resolving the structure of those proteins. H. Roy and M. Ibba used a tRNA*?
minihelix, corresponding to an acceptor-T-stem-loop , and showed
that the anticodon-stem-loop, the D-stem-loops and consequently the overall tRNA L-shape are
dispensable for PG alanylation by the AlaPGS from C. perfringens. Note that this is the only work
that investigated the possible competition between the translational machinery and the lipid
modification pathway regarding their common aa-tRNA substrate. Their results show that both EF-
Tu (elongation factor Tu) and MprF have similar affinities for the aa-tRNA substrate

, suggesting that the aa-tRNA ligand should partition equally between both pathways.

S. Hebecker and colleagues further investigated the tRNA specificity of MprFs and showed
that alanylated microhelices, consisting of a 7 base-pair stem-loop that mimics the acceptor
terminal part of tRNAs, are used by the purified C-terminal (i. e. the aaPG synthase domain) domain
of P. geruginosa AlaPGS (residues 543 to 881; AlaPGSs43-ss1) and that the enzyme retains similar
lipid aminoacylation activities when compared to wt (full-length) tRNA*2. Consequently, several
site directed mutations inside this tRNA microhelix revealed that the terminal 5 base-pairs
(together with the discriminator A73 and the 3'CCA) must contain all essential determinants
required for the recognition of Ala-tRNA*? (from other aa-tRNAs) and the transfer of Ala onto PG
by AlaPGS. Notably, the C5-G68 pair seems to be a key player in the lipid aminoacylation step, while

Ala

as a reminder, G3-U70 and the discriminator A73 are strong determinant for tRNA" alanylation by

AlaRS
V.3, Discrimination of Ala-tRNA*"” from Lys-tRNA"*

The cytoplasmic domains of P. aeruginosa AlaPRGS and B. licheniformis LysPGS (AlaPGSsa3-
ss1and LysPGSsis-ss0) showed high substrate specificity for their respective Ala-tRNA*? and Lys-
tRNAY® substrates. The acceptor stems of both tRNAs share the discriminator base A73, base pairs

G1-C72, G2-C71, U7-A66 and the critical C5-G68. In contrast G4-C69, C6-G67 and G3-U70 of tRNA*?
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are replaced by U4-A69, G6-C67 and G3-C70 in the tRNA"* (Figure I-16). G3-U70 in tRNA*? and G3-
C70in tRNA"* are identity determinant for accurate recognition by their corresponding aaRs (AlaRs
and LysRS). Accordingly, mutated tRNAY*U70C is not aminoacylated by LysRS but instead used by
AlaRs to synthetize Ala-tRNAY*U70C. More importantly, the latter was accepted by P. aeruginosa
AlapGS, but not by B. licheniformis LysPGS, to produce AlaPG. From these considerations, it was
concluded that position N70 of the tRNA might be an essential element to discriminate Ala-tRNA*?

and Lys-tRNA"* for accurate substrate recognition by aaPGSs of restricted specificities

V.4, Structures of aaPGSs and accommodation of the lipid substrate

As mentioned before, the C-terminal domain of most aaPGSs retains full lipid
aminoacylation activity in vivo and in vitro when the N-terminal integral membrane (and flippase)
domain is removed (note that S. aureus MprF can be considered an exception since, so far, it is the
only one aaPGS for which the last 6 TMH, out of 14, have been shown to be required for lipid
lysylation). Therefore, to facilitate molecular, biochemical, and biophysical characterizations,
several authors used recombinant versions of aaPGSs in which the hydrophobic N-terminal domain
was completely removed. Notably, the team of J. Moser successfully purified recombinant versions
of two C-terminal domains (AlaPGSss-ss2 from P. aeruginosa and LysPGSsiogso from B.
licheniformis), which enabled determining the crystal structures of both modules and shed light

onto important aspects of the molecular/enzymatic mechanisms of aaPGSs

Both domains that have been crystallized correspond to the aa-tRNA transferase domains
(AlaPGSsas-ss1 from P. aeruginosa and LysPGSsis-sso from B. licheniformis) of MprFs/aaPGSs. They
share a common fold, referred to as the DUF2156 domain, that is constituted of two GCN5- N-

acetyltransferase (GNAT)-like subdomains in tandem (Dupli-GNAT).

The structures of P. aeruginosa AlaPGSsis-ss1 and B. licheniformis LysPGSsis-sso Share
important features with dupli-GNATs and accordingly, the strongest structural homolog was
W.viridescens FemX . A quick overview of this dupli-GNAT structure reveals
that, in comparison to the conserved secondary structure of the reference standalone GNAT fold

(Chapter B), GNAT1 of aaPGSs lacks the most N-terminally B-strands, GNAT2 has two additional o.-
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Figure I-16: Comparing substrate recognition of aaPGSs toward aa-tRNAs. In their study, Hebecker
and colleagues synthesized Ala-tRNAAIQ, Lys-tRNALYS, and a misacylated Ala-tRNALYSC70U (the
mutated position indicated by * is required for tRNALYS mis-alanylation by AlaRS) and tested their

ability to be used by B. licheniformis LysPGS and by p. aeruginosa AlaPGS ( ).
Identity elements of respective tRNA acceptor-stems are in red shaded circles ( Jand
nt differences between Ala-tRNAAI, Lys-tRNALYS are indicated by blue circles. The red box highlights
the C5-G68 base pair shown to be essential for AlaPG synthesis by AlaPGS ( )

which is also found in tRNALYS, Ala-tRNAAI2 and Lys-tRNALYS are specifically used by AlaPGS and LysPGS,

respectively, while the artificial Ala-tRNALYSC70U was substrate of AlaPGS, but not of LysPGS. Figure
modified from



helices (8a and 9) and finally both GNATs share two common [3-strands (K,E) (Figure I-17A). Analysis
of the structures showed that aaPGSs contain two opposite cavities connected to each other by a
“bottleneck” (Figure 1-17B & C). One cavity (CAVcaaa) is delineated by numerous secondary
structures belonging to GNAT2 and contains several conserved residues. Mutagenesis of those
residues combined to structure superimposition with the Fem X co-crystallized CCA-aa analogue,
and manual substrate docking, strongly suggest that the charged CCA of tRNA enters this cavity
and interacts with Phe839 and Lys840 of . aeruginosa AlaPGS. These residues are essential and
conserved in the homologous B. licheniformis LysPGS and in W. viridescens FemX. Furthermore, as

expected for this type of ATT, the essential o

helix is present adjacent to CAV(ca-aa. PoiNt
mutations of basic residues (i. e. Lys and Arg) to Glu reverses the local electrostatic charge, thereby
abolishing aaPG synthesis, likely because negatively charged Glu residues now “repel” the aa-tRNA
substrate, that possesses a negatively charged phosphate-sugar backbone, which prevents
substrate recognition and activity. In conformity with the distance between the o) helix and

CAVcca-aa, authors proposed that those positively charged residues interact with the tRNA acceptor

stem

In the PFAM database, the ATT domain of aaPGSs is recognized to belong to the Domain of
Unknown Function 2156 (DUF2156) family in the PFAM database. This fold is, in reality, a dupli-
GNAT fold in which the two GNAT subdomains are attached by an o™ helix, as demonstrated by the
determination of the structure of P. aeruginosa and B. licheniformis aaPGSs structures. Therefore,
in the following, “DUF2156 domain” will refer to a “dupli-GNAT fold domain in which GNAT 1 and 2
are separated by an o' helix". In other words, GNAT1-0.*’-GNAT2 -type proteins will be termed

“DUF2156" proteins.

Surprisingly, despite their substrate specificities, no relevant structural or residue
determinants have between found in the AlaPGS and LysPGS that could explain how Ala is
discriminated from the bulkier Lys and vice versa. Concerning the catalytic mechanism, solid
evidences argues for direct transesterification rather than a covalent attachment of the aa onto
the protein achieved for example by acyl-carrier proteins. In their structural work, S. Hebecker
and colleagues showed that the Co of the co-crystallized L-Lys analogue points toward the

bottleneck of the tunnel and is surrounded by a conserved aa network. LysPGS Tyr705 and Asp739
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Figure I-17; Structural organization of AlaPGS.
(A) Topology of the Dupli-GNAT fold of AlaPGS
from p. auruginosa. GNAT domain 1 and GNAT
domain 2 are in gray and green respectively,
while the positively charged o-helix is colored
in blue. Secondary structures from GNAT
domain 2 in red delimitate the CAV ,, 5, and
contain conserved residues. Both GNAT domains
share [B-strands K and E. (B) The AlapGS
structure is presented as a Van der Waals
surface therby showing the cavity supposed to

accommodate the 3'CCA-aa of the aa-tRNA (CAV( 555 )- From this edge, the mentioned bottleneck is
appreciable (white arrow). (C) The same structure after 180° rotation reveals the cavity
accommodating the lipidic substrate (CAVLip) by a backdoor entrance mechanism. Residues in purple
are conserved within the CAV;,. Note that both GNAT domains were delineated by the positively
charged o-helix and that the same color code was used in A, B and C. Residues from the inserted INS
6-7 loop were suggested to contribute to the delimitation of CAV(,,_,, and of CAV ;,, thereby probably

forming the aa-tRNA/lipid interface.



(Tyr732 and Asp765 from AlaPGS) participate to the interaction with the a.-NH2 of the aa, while
Glu693 and Ser684 (Glu720 and Ser709 from AlaPGS) are essential to optimally position Arg742
(Arg768 from AlaPG). With regard to transesterification, interaction of this Arg with the a-carboxyl
group of the aa-substrate and its activation, may facilitate the nucleophilic attack mediated by the

3'-hydroxyl group of PG leading to the formation of an ester linked aaPG

In contrast to the aa-tRNA that enters the above described cavity, PG was proposed to enter
through the opposite cavity (CAVy,) (Figure 1-17C). The bottleneck between them enables the
catalytic interaction between both substrates. It is noteworthy that FemX proteins accommodate
a polar aa-acceptor substrate into a water accessible “open” cleft, while aaPGS must deal with an
amphipathic second substrate that contains large hydrophobic fatty acid chains. A closer look at
the aaPGS structure reveals the presence of a large inserted loop between helices 6 and 7 (INSe-7),
an extension at the GNAT2 C-terminal extremity, and an overall reclined GNAT1 in comparison to
FemX. These structural rearrangements lead to the formation of a restricted hydrophobic space,
comparable to a tight tunnel which is protected from the water-soluble environment, thereby

favorizing the accommodation of the lipidic substrate.

Molecular docking predicts the polar headgroup of PG to partially traverse the bottleneck
and thus to access the aminoacyl-binding site, while the fatty acid chains appeared to have high
degree of flexibility inside the hydrophobic CAV., . These theorical
consideration are supported by in vitro tests assaying aaPGS activities in the presence of several
PG derivates. The results showed indeed that fourfold methylation of the acyl chains, variations of
their length or their saturation and even suppressing one of both acyl chains retained substantial
activities. In contrast AlaPGS could not retain any detectable activity when the polar head group of

PG was affected by replacing the terminal glycerol by ethylene glycol

In conclusion, the two major studies conducted by S. Hebecker and colleagues shed in light
several mechanistic aspects of lipid aminoacylation and proposed an original model for the aaPGS
activity at the water-soluble interface. Despite many points were only theoretically postulated it
is important to point out that almost each hypothesis was supported by biochemical experiments.
Taken together, the team of J. Moser showed that dupli-GNAT containing aaPGSs folds so that two

cavities interact through a bottleneck. Based on their extensive biochemical data authors proposed
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that one cavity accommodates the terminal CCA-aa of the aa-tRNA with high substrate specificity
while the hydrophobic lipid enters the opposite tunnel. At the bottleneck, the glycerol of PG is
supposed to traverse the aa-tRNA binding site and may interact with the Ca of the aa to enable
transesterification. Finally, the description these structures further argues for the conserved aa-
tRNA recognition mode by the GNAT2 domain throughout ATT. This includes several residues
delineating CAVcca-2a and obviously the positively charged a-helix that interacts with the acceptor
stem. On the other hand, the recognition mode of the aa-acceptor varies importantly according to
the nature of the molecule that must be taken in charge. This latter aspect is mainly enabled by

the fact that GNAT1-fold adapted during evolution.
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D. Purpose of my thesis work

When | started my master and then my PhD, only prokaryotic aminoacyl-tRNA transferases
(ATT) of the dupli-GNAT-0"") fold were known: the Fem-ligases that use aa-tRNAs to modify the
peptidoglycan, mostly in monoderms (Gram positive bacteria), Fem homologs that participate in
the tRNA-dependent biosynthesis of antibiotics, the Leu/Phe-tRNA::protein transferases (LFT) that
participate in the N-end rule pathway and the aminoacyl-glycerolipid synthases (MprFs). In
eukaryotes, only the Arg-tRNA transferase (RTT) that mediates the N-end rule pathway was known.
They all possess a dupli-GNAT-o."" fold, but only the o helix and GNAT Il subdomains share partial
sequence motifs that make them members of the N-acetyltransferase superfamily (NAT-SF), while
the GNAT | subdomain, that recognizes a variety of "acceptor” substrates (peptidoglycan
precursors in the case of Fem ligases, glycerolipids in the case of MprF, various proteins for LFT
and RTT, multiple classes of small metabolites for Fem-like proteins that participate in the
synthesis of antibiotics) presents strong sequence divergences. This leads to multiple classes of
dupli-GNAT-a”  fold proteins: FemAB (PFAM: PF02388, Fem-ligases), , Leu_Phe_trans
(PF03588,like LFTs), ATE_N and ATE_C (N- and C-ter parts of RTT, PF04376 and PF04377,
respectively) and DUF2156 (PF09924). The latter, DUF2156, is the dupli—GNAT—OL“) fold thatis found
in prokaryotic MprFs. Among these 5 families, protein members are exclusively found in
prokaryotes (bacteria and archaea) and none (or very rare) instances are detected in eukaryotes,
which supported claims on the prokaryotic-specific distribution of ATTs, especially in the case of

MprFs.

In addition, from the discovery of MprFs and over the past decades, tRNA-dependent lipid
aminoacylation pathways had never been described in eukaryotes, nor DUF2156 proteins detected,

explaining why MprF or MprF-like proteins were through to be absent in eukaryotes, i.e. to be
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restricted to prokaryotes . However, Dr. Frédéric Fischer
performed a preliminary and large-scale bioinformatic study on DUF2156/MprF-like proteins and
unexpectedly detected several potential DUF2156 proteins, homologous to bacterial MprFs, in
most “higher” fungi (Dikarya) (i. e. ascomycota and basidiomycota). According to structure
predictions and sequence analyses, those proteins shared the dupli-GNAT-a” fold (two GNAT
subdomains separated by a positively charged helix) of bacterial MprFs, which suggested that
eukaryotes, in particular fungi, might use bacterial-like ATTs to achieve aa-tRNA-dependent
transferase activities. Sequence analyses further revealed that two distinct DUF2156 protein
families coexisted in “higher” fungi, including human, plant and insect pathogens. One of both
proteins, termed freestanding DUF2156 (fDUF2156) is composed of a regular DUF2156 domain
(dupli-GNAT-a”) fused to an N-terminal extension of variable size for which no homology to other
proteins was predicted. The second protein is composed of an aspartyl-tRNA synthetase (AspRS)
paralog fused at its C-terminus to the DUF2156 domain. This predicted fusion protein was termed
AspRS-DUF2156. The presence of the AspRS domain, that contained all sequence features of
functional AspRSs, strongly advocated for a role of the appended DUF2156 in a aa-tRNA-dependent
process, making the enzyme a probable ATT involved in the aminoacylation of an unknown
acceptor molecule. In both cases (fDUF2156 and AspRS-DUF2156), sequence homology with
bacterial DUF2156 domains of MprFs suggested that these fungal proteins might be lipid

modification enzymes.

When taking a closer look to the phylogenomic distribution of fungal DUF2156 proteins, F.
Fischer evidenced that both types of fungal DUF2156 proteins co-occur only in ascomycota, while
basidiomycota generally encode only the AspRS-DUF2156 form. Species encoding only the
fDUF2156 version are very rare. Intriguingly, no DUF2156 proteins were detected in
Taphrinomycotina and Saccharomycotina, including Saccharomyces cervisiae (Sce) and Candida
spp. Fungal DUF2156 proteins therefore seemed to be restricted to Pezizomycotina, that comprise
filamentous fungi. However, one notable exception is found in Y. lipolytica (vIi) since this yeast
species that belongs to Saccharomycetes encodes the fDUF2156 protein. Previously, a
bioinformatic study, that aimed to detect unique and novel domains in aaRS from human fungal
pathogens detected the AspRS-DUF2156 proteins in one species (A. niger)

and during their phylogenetic study AM. Smith and colleagues detected freestanding DUF2156
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proteins in three fungal species: Metarhizium acridum (pathogen specific to grasshoppers),
Nectria haematococca (human and plants pathogen) and Fusarium oxysporum (plant pathogen)

. However, none of these studies aimed to characterize or even postulated the
activity of fungal DUF2156 proteins, making fungal DUF2156 proteins functionally

uncharacterized.

F. Fischer further investigated fungal DUF2156 proteins and combining sequence
alignments, phylogeny, and structure predictions showed that DUF2156 domains from filamentous
fungi are phylogenetically and structurally related to bacterial MprF homologs (i. e. aaLSs). F.
Fischer was therefore convinced that fungal DUF2156 proteins might be implicated in remodeling
of membranous lipids and proposed Pr. H. Becker's team to start the “fungal DUF2156 project”, for
which | was recruited. In order to study those proteins, we chose A. fumigatus (Afm) because 1)
both proteins, ASpRS-DUF2156 and fDUF2156, are encoded in its genome, and 2) this filamentous
fungus is an important opportunistic human pathogen that causes several diseases in
immunocompromised but also in immunocompetent patients and, more importantly, for which
genetic tools do exist . Our lab had expertise in yeast (S. cerevisiae)
genetics, so part of my project was to characterize fungal DUF2156 proteins using the

heterologous yeast model before we could use A. fumigatus and other filamentous models.

I. Biological questions and working hypotheses

When | entered the laboratory, my objectives were to functionally characterize AspRS-
DUF2156 and fDUF2156 proteins; the project was therefore to determine whether they were
reqular ATTs and, of course, what aa-tRNAs and acceptor substrates they used. To this aim, |

addressed the following questions.

.1. Does the fungal AspRS-DUF2156 has an aspartyl-tRNA synthetase

activity?

Because ASpRS-DUF2156 proteins possess an AspRS domain and a DUF2156/ATT-like

domain, the most parsimonious hypothesis was that the AspRS domain could synthesize Asp-
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tRNA*P from Asp, ATP and tRNA**P — like a regular AspRS — and that the appended DUF2156 domain
would use this Asp-tRNA*P to transfer the Asp moiety onto an acceptor molecule. This contrasted
with the fDUF2156 version, for which no sequence motif or protein domain could be used to infer
the aa-tRNA substrate. We therefore chose the AspRS-DUF2156 version at first. Importantly, all
filamentous fungi encoding AspRS-DUF2156 also encode a cytoplasmic “freestanding” (canonical)
AspRS, assumed to provide Asp-tRNA*P for protein biosynthesis. This observation supported the
hypothesis that AspRS-DUF2156 might participate in non-canonical functions, like other aaRS
paralogs . Sequence and phylogenetic analyses
suggested that the AspRS domain of AspRS-DUF2156 is a paralog of the cytoplasmic AspRS from
eukaryotes, which possesses all structural (catalytic core, anticodon-binding domain) and
sequence (3 class Il aaRS motifs, a QSPQ aa motif within the active site) features typical of
functional AspRSs . This strongly suggested that the AspRS domain was
indeed a bona fide AspRS. Thus, the first step was to determine if the AspRS moiety of AspRS-
DUF2156 achieves Asp-tRNA*P synthesis before trying to determine the Asp-acceptor substrate.
Taken together our working hypothesis was that the AspRS domain of ASpRS-DUF2156 aspartylates
its cognate tRNA*P and channels the resulting Asp-tRNA*? to the DUF2156 domain, which then
transfers Asp onto an unknown lipid. For fDUF2156, the sory was more complex since even though
the general lipid modification pathway remains the same, both substrates (i. e. the aa-tRNA and
the lipid) remained to be determined, because no appended aaRS domain or sequence motifs

predicting its activity could be found.
1.2. Do fungal DUF2156 proteins really modify membrane lipids?

Answering this question was even more challenging due to the fact that DUF2156 domains
are present in ATTs targeting a variety of acceptor substrates, including, in the case of MprFs,
lipids. In fact, DUF2156 domains share very low sequence conservation and often have very
different acceptor substrates
VImA, which is a bacterial ATT found in Streptomyces spp., for example, is phylogenetically close
to MprFs , uses an aa-tRNA, but transfers the aa moiety onto a small metabolite
(hydroxylamine), a substrate that strongly differs from glycerolipids

Therefore, it was not possible to predict with certainty and without experimental procedures that
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fungal DUF2156 proteins are implicated in the modification of lipids rather than of another
macromolecules or small molecules, especially given that fungi are known to produce a vast
variety of secondary metabolites, including amino acids-derived molecules

. However, structure predictions using the Phyre2 software showed that
the closest homologs are AlaPGS from P. aeruginosa, LysPGS from B. licheniformis (as also
evidenced by phylogenetic analyses performed by F. Fischer) and FemX from W. viridescens.
Therefore, we needed procedures and experimental setups to determine and prove that fungal
DUF2156 could modify lipids. This was a substantial part of my work: building up and optimizing
methods to visualize, extract and identify products of fungal DUF2156 to obtain information on

their aa-tRNA and acceptor substrates, as well as enzymatic methods to confirm their activities.
1.3. What is the aa-tRNA substrate of fungal DUF2156/ATTs?

Due to its fusion to the AspRS, it was quite evident that if ASpRS-DUF2156 aminoacylates a
lipid it would transfer Asp from tRNA*P onto an acceptor molecule, likely a lipid. In contrast,
fDUF2156 is not fused to an aaRS and therefore it was not possible to predict what aa-tRNA would
be rerouted to achieve the aminoacylation of an acceptor substrate (also likely a lipid). However,
using methods first developed to study ASpRS-DUF2156 proteins, we investigated the activity of
fDUF2156 proteins to determine the aa-tRNA and acceptor substrates of the protein in several

organisms.
1.4. What is the lipid substrate of fungal DUF2156/ATTs?

As described in the general introduction of the present manuscript, all bacterial aaLSs, (i.
e. MprF homologs) that had been characterized before this work had been shown to aminoacylate
glycerolipids (PG, CL, DAG). The sequence and predicted structural features of fungal DUF2156
proteins (fDUF2156 and AspRS-DUF2156), as well as their phylogenetical relationships with MprFs,
were compatible with a function in lipid aminoacylation as well, although other possibilities could
not, at that time, be excluded. Therefore, it was reasonable to hypothesize that fungal DUF2156
would modify a phospholipid. However, the variety of lipid species in eukaryotes that can be
aminoacylated — on a hydroxyl or possibly on an amine function — is much more important, which

increased the likelihood for fungal DUF2156 proteins to recognize and modify other types of lipid
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species. We therefore needed a pipeline of techniques to uncover the identity of the putative
substrate lipid, as well as the amino acid moiety attached by the proteins to eventually

demonstrate that fungal DUF2156 proteins are genuine ATTs that add amino acids to lipids.
1.5. How are modified lipid levels regulated?

The importance of finely regulating aalL levels was demonstrated in bacteria, in which
dedicated hydrolases exist to remove the aa moiety from the lipid part. If we considered that
fungal DUF2156 proteins could modify one or several lipids, the question of the aa's removal was
pending. Therefore, once the enzymatic function of fungal DUF2156 was deciphered, we
wondered whether dedicated hydrolases, functionally equivalent to those found in bacteria, could

exist.
1.6. What is the biological function of aaLs in fungi?

In bacteria, aaLS-dependent lipid aminoacylation decreases the global negative charge of
the PM, thereby promoting resistance to positively charged antimicrobials (i. e. CAMPs) and
increasing immune escape and virulence in pathogens. In contrast to bacteria, the PM of
eukaryotic cells is enriched in neutral lipids and contains low levels of anionic lipids. By analogy,
we speculated that fungal aaLs could potentially be involved in similar processes, but also in a
plethora of other pathways typical of eukaryotes, including signaling, trafficking, virulence,
autophagy etc. We expected that deciphering the enzymatic function of fDUF2156 and AspRS-
DUF2156, the substrates that they use (aa-tRNAs, lipids) and the product that they synthesize
(aminoacylated lipids) could provide hints into their putative function, a subject that will be

discussed.

Il. Working strategies

At the beginning, we focused our research on the AspRS-DUF2156 and fDUF2156 proteins
encoded by the human opportunistic pathogen A. fumigatus (Afm) but later during my PhD, we

|ll

included additional homologs to have a more “global” view on the function of fungal DUF2156

99



proteins. In order to address the above listed problematics, | used during my thesis mainly two

strategies.

I.1. Functional characterization of fungal DUF2156 proteins from Afm

through heterologous expression in the yeast Sce.

At the very start of the project, our laboratory had no expertise with filamentous fungi and
the technical support required to manipulate such organisms was also lacking. Furthermore,
obtaining deletion strains in filamentous fungi and in general experimentation on filamentous
fungi can rapidly become challenging and are time consuming. Because the whole fungal DUF2156
project was based on bioinformatic predications, there was an important risk to take the wrong
research direction and therefore the aim was to adopt a strategy that would rapidly provide
experimental evidences supporting at least partially our hypothesis. Accordingly, our laboratory
has a strong background in employing the yeast Sce as a model organism. Yeast is a eukaryotic
microorganism which has many advantages as an experimental model, including its ease of genetic
manipulation in the haploid and diploid forms, its rapid growth, its similarities with several
eukaryotic cells in many biological processes etc. More importantly, metabolomic pathways of lipid
biosynthesis are highly conserved between Sce and other eukaryotic cells and even more with
filamentous fungi, thereby rendering it a very advantageous model organism for studying lipid
homeostasis and functions . The similarities between biosynthesis
pathways of Sce and filamentous fungi are evidenced when using for example the KEGG pathway
database and several studies investigated the lipid compositions of those species

. Finally, several findings related to the cell-wall of
filamentous fungi were first reported in Sce and sequence analysis revealed highly
conserved enzymes and pathways throughout fungal species

. The latter observation further demonstrates the high degree of similarities between the
yeast and filamentous fungi. But what made from the yeast a nearly perfect model to initiate the
present topic is that 1) it contains no DUF2156 proteins, 2) a deletion library of lipid biosynthesis
enzymes is available in our laboratory and 3) specific Sce strains can be used to test the ability of
the AspRS-DUF2156 to complement the loss of the endogenous, cytoplasmic, and essential AspRS

gene by performing plasmid shuffling experiments.
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Advocated by all these reasons, the choice of the organism model in the present case was
evident and during my thesis | studied AspRS-DUF2156 and fDUF2156 proteins through

heterologous expression in the yeast Sce.
2. Molecular characterization of the lipid modification pathway

This strategy was used to unwind the molecular mechanism of the lipid modification
pathway. To this end | overexpressed recombinant version of fungal DUF2156 proteins in €. coli
strains and | purified them. Adequate in vitro assays were set up and allowed us to assay both, the
tRNA aminoacylation activities of ASpRS-DUF2156 and the aa-tRNA transferases activities (i. e. the
lipid aminoacylation activities) of both fungal DUF2156 proteins. These experiments allowed us
also to determine the substrate dependencies. During my thesis | also designed and purified
transcript tRNAs that are suitable for in vitro assays and will be important to establish the substrate

specificities and the tRNA determinants required for lipid modification.

Later during my thesis, we obtained filamentous fungal strains, we equipped our
laboratory to study them and we acquired the competences and the knowledges to manipulate
them. Beside both strategies mentioned here, we thus also used a third major strategy, namely in
vivo characterization using filamentous fungi encoding naturally DUF2156 proteins, but
experiments belonging to this third axe were mainly performed by Dr. Frederic Fischer and Dr.
Nassira Mahmoudi-Kaidi. However, | also actively participated to these approaches by cloning
several cassettes that were used to construct deletion/complementation strains and by

performing lipid and protein analysis.
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Results & Discussions
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PART I;: Discovery and characterization of an
Ergosteryl-3-3-0-L-Aspartate synthesis pathway

involving AspRS-DUF2156 in fungi
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I. Publication: RNA-dependent sterol aspartylation in fungi.

Summary of the main results

Rerouting aminoacyl-tRNAs from protein synthesis to aminoacylate cell wall constituents,
is a well-known process used by a wide range of bacteria. By tRNA-dependently adding amino acids
to peptidoglycan or glycerolipids, bacteria change the properties of their cell surface which
intensifies their resistance to antimicrobial drugs, their pathogenicity and virulence. This process
is carried out by a widespread family of enzymes called MprF in bacteria and archaea. No
equivalent aminoacylated lipids have been uncovered in any eukaryotic species thus far,

suggesting that tRNA-dependent lipid remodelling is a process restricted to prokaryotes.

This manuscript details a discovery that constitutes a change of paradigm for researcher
working on sterols’ biology and more broadly on lipids but also for those working in the tRNA and
aminoacyl-tRNA synthetase field. Indeed, besides the fact that we prove that eukaryotes can
remodel their lipids in a tRNA-dependent manner, the use of aspartic acid (Asp) as a lipid modifier
and the fact it is conjugated to a sterol (and not a glycerolipid) has, to our knowledge, never been

described.

Into more details, our manuscript reports the discovery of ergosteryl-3-[3-0-L-aspartate
(Erg-Asp), a novel conjugated sterol that is produced by tRNA-dependent aminoacylation of
ergosterol by a new type of bi-functional enzyme that we termed ergosteryl-3--0-L-aspartate
synthase (ErdS). ErdS corresponds to a unique fusion of an aspartyl-tRNA synthetase (AspRS) - that
produces Asp-tRNA*P - and of a Domain of Unknown Function 2156 (DUF2156) that transfers Asp
from Asp-tRNA*P onto the 3 -OH group of ergosterol (Erg). We also uncovered that removal of the
Asp modifier from Erg-Asp is catalysed by a second enzyme, ErdH that is a genuine Erg-Asp
hydrolase participating in the turnover of conjugated sterol in vivo. Finally, we show that Erg-Asp
remained unnoticed in most fungi, including species of biotechnological interest (Neurospora
crassa, Aspergillus oryzae) and, importantly, human opportunistic pathogens (Aspergillus

fumigatus, Cryptococcus neoformans).
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Sterol modifications influence multiple central biological processes, in particular
membrane trafficking, antimicrobial resistance and autophagy as well as pathogenicity in various
fungi. Because sterols are the main target of currently used antifungals, we are convinced that
our results could be of broad interest to the scientific community working on the relationships
between antifungal resistance and sterol metabolism and homeostasis, especially when one

considers the broad distribution of the ErdS/ErdH enzymatic system and Erg-Asp across fungi.
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Diverting aminoacyl-transfer RNAs (tRNAs) from protein synthesis is a
well-known process used by a wide range of bacteria to aminoacylate
membrane constituents. By tRNA-dependently adding amino acids to
glycerolipids, bacteria change their cell surface properties, which in-
tensifies antimicrobial drug resistance, pathogenicity, and virulence.
No equivalent aminoacylated lipids have been uncovered in any
eukaryotic species thus far, suggesting that tRNA-dependent lipid
remodeling is a process restricted to prokaryotes. We report here
the discovery of ergosteryl-33-O-L-aspartate (Erg-Asp), a conjugated
sterol that is produced by the tRNA-dependent addition of aspartate
to the 3p-OH group of ergosterol, the major sterol found in fungal
membranes. In fact, Erg-Asp exists in the majority of “higher” fungi,
including species of biotechnological interest, and, more importantly,
in human pathogens like Aspergillus fumigatus. We show that a bi-
functional enzyme, ergosteryl-38-O-L-aspartate synthase (ErdS), is re-
sponsible for Erg-Asp synthesis. ErdS corresponds to a unique fusion
of an aspartyltRNA synthetase—that produces aspartyl-tRNAA
(Asp-tRNA”PY—and of a Domain of Unknown Function 2156, which
actually transfers aspartate from Asp-tRNA“P onto ergosterol. We
also uncovered that removal of the Asp modifier from Erg-Asp is
catalyzed by a second enzyme, ErdH, that is a genuine Erg-Asp hy-
drolase participating in the turnover of the conjugated sterol in vivo.
Phylogenomics highlights that the entire Erg-Asp synthesis/degrada-
tion pathway is conserved across “higher” fungi. Given the central
roles of sterols and conjugated sterols in fungi, we propose that this
tRNA-dependent ergosterol modification and homeostasis system
might have broader implications in membrane remodeling, traffick-
ing, antimicrobial resistance, or pathogenicity.

aminoacyl-tRNA | ergosterol | fungi | DUF2156 | lipid aminoacylation

Remodeling of membranes and lipid modifications are pro-
cesses used by living cells to interact with and adapt to their
environment. They are notably critical for host/pathogens interac-
tions, antimicrobial resistance, and virulence in both bacteria (1, 2)
and fungi (3). MprFs are bacterial virulence factors that transfer
amino acids (aa) onto membrane glycerolipids in a so-called ami-
noacylation reaction (4). This process requires aminoacyl-transfer
RNAs (aa-tRNA) that are first synthesized by aminoacyl-tRNA
synthetases (aaRS) (5), prior transfer of the aa moiety onto a
lipid acceptor substrate, that is, phosphatidylglycerol, cardiolipin,
or diacylglycerol (4). The aminoacyl-tRNA transferase (AAT)
module, that catalyzes the transfer, belongs to the DUF2156 family
and recognizes both the aa-tRNA and the lipid substrates (6).
Glycerolipid aminoacylation modifies the overall charge, fluidity,
and permeability of bacterial membranes, which enhances antimi-
crobial resistance, explaining why these enzymes have been termed
multiple peptides resistance factors (MprF) (4). Glycerolipid ami-
noacylations also affect host/pathogen interactions and have been
shown to potentiate immune escape and to increase virulence of
pathogens (7). In Pseudomonas aeruginosa (8), Enterococcus fae-
cium (9), and Agrobacterium tumefaciens (10), extracytoplasmic
esterases of the Vir] or o/p-hydrolase family participate in the
homeostasis of aminoacylated lipids and hydrolyze the modifying
aa from lipids.
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So far, only glycerolipids have been shown to be aminoacylated
and only by MprFs in prokaryotes. In the present study, we show
that eukaryotes aminoacylate sterols in a tRNA-dependent mod-
ification pathway that mimics those described in bacteria. In
higher fungi, we functionally characterized a novel enzyme, the
ergosteryl-3f-O-L-aspartate synthase (ErdS), composed of a
DUF2156/AAT domain fused to an aspartyl-tRNA synthetase
(AspRS) paralog. We show that ErdS synthesizes ergosteryl-3f-
O-L-aspartate (Erg-Asp), a previously undetected conjugated
sterol. Moreover, most of higher fungi (Dikarya), including op-
portunistic human pathogens such as Aspergillus fumigatus
(Afmm), encode this ErdS and produce Erg-Asp, suggesting that
the system is widespread in “higher” fungi. We also evidenced
that these species express a dedicated Erg-Asp hydrolase (ErdH)
that deacylates Erg-Asp and whose gene is almost always located
in a two-gene cluster next to the erdS gene. In conclusion, our
data unravel an evolutionary conserved sterol—aa conjugation
pathway. We discuss the potential implications of this pathway in
the context of lipid homeostasis and antimicrobial resistance.

Significance

Bacteria are known to add amino acids (aa) to membrane lipids to
resist antimicrobials and escape immune responses. This surface
lipid aminoacylation process requires diverting aminoacyl-tRNAs
from protein synthesis. While widespread in bacteria, no analo-
gous lipid remodeling system had thus far been evidenced in
eukaryotes. We uncovered that most fungi tRNA-dependently
add aspartate onto ergosterol (ergosteryl-3-O-L-aspartate [Erg-
Asp)), the major sterol found in fungal membranes. Asp addition is
catalyzed by an ergosteryl-3p-O-L-aspartate synthase (ErdS) and its
removal by a dedicated hydrolase (ErdH). This pathway is con-
served across “higher” fungi, including pathogens. Given the
central roles of sterols and derivatives in fungi, we propose
that the Erg-Asp homeostasis system might impact mem-
brane remodeling, trafficking, antimicrobial resistance, or
pathogenicity.
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Results

DUF2156 Proteins Are Present in Fungi. Although DUF2156 domains
were thought to be absent or rare outside prokaryotes (11), we
identified, in most higher fungi, DUF2156-containing proteins
fused to the C terminus of an aaRS-like domain (Fig. 14 and S7
Appendix, Fig. S14), that we named ErdS for reasons that will be
presented below. This protein architecture, previously detected in
two fungi (12), is actually widespread across fungi, including the
well-characterized Afin, Aspergillus oryzae (Aor), or Neurospora
crassa (Ncr) (Fig. 1A4). Firstly, sequence analyses and structure
predictions of the detected DUF2156 domains suggested that they
all adopt the characteristic double GenS-like N-acetyltransferase
(GNAT) fold observed in bacterial MprFs (6). In fungal DUF2156
domains, the GNAT I (recognition of the acceptor substrate) and
II (transferase activity) subdomains of the double GNAT fold are
separated, like in bacteria, by a positively charged a(™ helix in-
volved (Fig. 1 4 and B) in the binding of aa-tRNAs (6), suggesting
that 1) they could indeed be aa-tRNA-utilizing modules and 2)
they might transfer the aa moiety of aa-tRNAs onto lipids. Sec-
ond, the aaRS domains contain bona fide AspRS signature se-
quences including the known residues (13) involved in tRNAP,
Asp, and adenosine 5'-triphosphate (ATP) binding ubiquitously
found in functional AspRSs (SI Appendix, Fig. S1B). These con-
siderations prompted us to propose the following working hy-
pothesis: The AspRS domain of ErdS would generate Asp-
tRNA®P from ATP, L-Asp, and tRNA”®, which would then be
transferred to the DUF2156 module, thought to carry the AAT
activity, to transfer the Asp residue onto a yet-to-be identified lipid
(Fig. 10).

ErdS Is Essential for the Synthesis of a Lipid in Filamentous Fungi. In
order to test our hypothesis on the function of ErdSs, we deleted
the corresponding erdS genes in two fungi (Fig. 24 and SI Ap-
pendix, Fig. S2), namely, the human opportunistic pathogen Afm
and the species of biotechnological and industrial interest Aor.
Both AerdS mutants grew normally on solid media (SI Appendix,
Fig. S3), demonstrating that the genes are not essential under
standard growth conditions. To visualize whether ErdSs are in-
volved in lipid aminoacylation, we analyzed total lipids from
mycelia of the wild-type (WT) and AerdS strains by thin-layer
chromatography (TLC), and results revealed, in both fungi, the
presence of an additional ErdS-dependent lipid (hereafter, lipid
X or LX) with a distinctive brownish staining that migrates be-
tween phosphatidylethanolamine (PE) and phosphatidylcholine
(PC) (Fig. 2 B and C).

To verify the ErdS dependency of LX synthesis, we con-
structed an Afim AerdS::Pyy-erdS strain, in which we reintroduced
the WT erdS gene under the control of a xylose (Xyl)-inducible
promoter (Pyy-erdS) at the AerdS locus (Fig. 24 and SI Appendix,
Fig. S2). Under noninduced conditions (in the presence of glu-
cose), LX was barely undetectable in the AerdS::Pyy-erdS strain
compared to the WT, while, under induction conditions (in the
presence of Xyl), strong accumulation of LX occurred (Fig. 2B).
In Aor, complementation of the AerdS mutation with the WT
erdS copy (Fig. 2A4) at an ectopic locus under the control of its
own promoter again restored LX synthesis (Fig. 2C), which
proved that LX synthesis is dependent on ErdS expression. In-
terestingly, only the full-length ErdS could sustain efficient LX
synthesis in Aor, while an ErdS mutant in which the AspRS
domain was deleted (Fig. 2C, AerdS+erdS-AaspRS) could not, at
least not at detectable levels.

Fungal ErdS Catalyzes tRNA-Dependent Aspartylation of a Lipid. To
dissect the mechanism of LX synthesis, we transferred the syn-
thesis of LX, hypothesized to rely on the sole ErdS enzyme, to the
budding yeast Saccharomyces cerevisiae (Sce), in which we over-
expressed Afim ErdS. Switching to a heterologous yeast system was
dictated for three main reasons: 1) Genetic engineering is far
more time consuming in Afin than in Sce; 2) no DUF2156-
containing proteins were detected in Sce (SI Appendix, Fig.
S1A); and 3) the lipid synthesis pathways are conserved across
ascomycetes (amigo.geneontology.org/amigo/term/GO:0006629),
and thus the lipid contents of these species belonging to the same
phylum are likely to be very similar (14). To start with and test
whether the AspRS moiety was functional, Afin ErdS or ErdS-
ADUF, that is an ErdS form that comprises only the AspRS do-
main, was expressed in the Sce Adpsl strain (15) (DPSI encodes
the essential AspRS), and complementation of the Adps! muta-
tion lethality was tested by plasmid shuffling (Fig. 34 and SI Ap-
pendix, Fig. S44). Results show that both ErdS and ErdS-ADUF
functionally replaced Sce AspRS in vivo. This was not observed
with a catalytic null mutant (ErdSaapa) of the AspRS domain
(Fig. 34 and SI Appendix, Fig. S44), in which the QSPQ signature
motif (16) was mutated to AAPA. In addition, in vitro amino-
acylation assays with purified recombinant Afin ErdS and Sce
tRNA™P confirmed ErdS’s capacity to generate Asp-tRNA™P (S]
Appendix, Fig. S4B). Interestingly, full-length ErdS displays a
lower complementation efficiency of the Sce Adpsl strain com-
pared to ErdS-ADUF (SI Appendix, Fig. S44). We interpreted
that, in the full-length ErdS, the DUF2156 domain likely transfers
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Fig. 1. Filamentous fungi AspRS-DUF2156, proteins termed ErdSs, are potential lipid aminoacylation factors. (A) In silico analyses predicted Afm, Aor, or Ncr

erdS genes to encode proteins composed of an AspRS domain N-terminally fused to a DUF2156 domain. Protein domains were delimited by confronting data
obtained from Protein Families database (PFAM) and from multiple alignments as described in S/ Appendix, Supplementary Materials and Methods. Critical
positively charged residues in the alpha helix («*)) separating both GNAT folds are indicated (orange). (B) Comparison of the DUF2156 structure of AlaPGS
(alanyl-phosphatidylglycerol synthase, MprF) from P. aeruginosa to the Phyre2 prediction of Afm DUF2156. GNAT | and Il subdomains are highlighted in gray
and green, respectively, with the positively charged o helix in blue. (C) Schematic representation of the hypothetical ErdS reaction mechanism during which
tRNA” shift from the AspRS catalytic site (position 1: tRNA”P aspartylation) to the DUF2156 active site (position 2: Asp transfer from Asp-tRNA**P onto a
lipid substrate). The « helix is indicated in blue, and the active site is indicated in green. Aspartate is represented in orange.
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Fig. 2. Identification of an Aspergillus lipid species, whose synthesis requires ErdS. (A) Deletions of erdS from Afm and from Aor were performed by ho-
mologous recombination (see S/ Appendix for details). The genotypes of the strains are indicated. For Afm, the AerdS strain shown corresponds to the strain
after excision of the deletion cassette, whereas, for the complemented AerdS::Px-erdS strain, the selection marker is still present. For Aor, the ORF of erdS was
replaced by a pyrG-containing module and subsequently excised by selection on 5-FOA medium. Complementation was operated by ectopic expression of
erdS-ADUF, erdS-AAspRS, or erdS. (B and C) Total lipids extracted from the different strains described in A were analyzed by TLC and stained with a sulfuric
acid/MnCl; solution. TLC plates were observed either under white light or under UV light. Cultures were done in glucose or xylose containing media; * in-
dicates the LX. (D) Quantification of the TLCs shown in B and C. LX signal (number of pixels) was normalized to that of PE (phosphatidylethanolamine) (LX/PE

ratio). All TLCs are representative of at least two independent experiments (n = 2).

Asp from Asp-tRNAP onto an accepting lipid, thereby de-
creasing the amount of Asp-tRNA™ available for protein syn-
thesis and impacting growth.

To determine whether the DUF2156 module of ErdS transfers
Asp from Asp-tRNA™P onto lipids in vivo, as suggested from the
results obtained in Aspergillus spp. (Fig. 2 B and C), we analyzed
the total lipid composition of a WT Sce strain bearing plasmids
that express Afm or Aor full-length or truncated ErdSs (Fig. 34).
Expression of proteins was confirmed by Western blot with anti-
ErdS antibodies that recognize both Afin and Aor ExdS (Fig. 3B),
and analyses of total lipids by TLC revealed the presence of an
additional brownish lipid, absent in WT Sce strains, when Afm
and Aor ErdS were expressed. This lipid presents the same mi-
gration profile as the LX detected in Afin and Aor (SI Appendix,

Fig. S4C), strongly suggesting that heterologous expression of
Afm or Aor ErdS in Sce allows complete and correct synthesis of
LX. Positive staining of LX with ninhydrin (detection of primary
amine) and bromocresol green (detection of carboxyl) further
suggested that it contained an aa moiety, likely L-Asp ester- or
amide-linked through its a-carboxyl the lipid moiety, with free
o-NH3* and p-COO™ groups (SI Appendix, Fig. S4D).

To investigate whether ErdS transfers Asp from Asp-tRNAP
onto a lipid in a DUF2156-dependent manner, we analyzed
the total lipids produced by ErdS-ADUF, ErdS-AAspRS, and

14950 | www.pnas.org/cgi/doi/10.1073/pnas.2003266117

ErdSaapa expressed in Sce (Fig. 3B). Expression of the different
constructs was confirmed by anti-ErdS Western blot (Fig. 3B).
The ErdS-ADUF could not be detected, because our antibodies
were raised against the DUF2156 domain; however, comple-
mentation of the lethal AdpsI mutation in Sce by ErdS-ADUF
confirmed that the AspRS moiety was expressed and functional
(SI Appendix, Fig. S44). LX spots were quantified and normal-
ized to those of PE (LX/PE ratio, presented in Fig. 3B). Of note
is that, in the absence of LX, PG becomes visible at the same
position in Sce, a reason for which the PG/PE ratio was used as a
“background” signal (Fig. 3B, gray background). LX was not
observed in Sce upon removal of the DUF2156 domain
from ErdS (LX/PE ratio similar to the PG/PX ratio of the WT
strain), and expression of the DUF2156 domain in trans in
the Sce+ErdS-ADUF strain restored LX synthesis (Fig. 3B,
Sce+AA+AD), although at lower levels, with an LX/PE ratio
close to that of the PG/PE ratio of the WT strain. Only the
specific brown staining of LX confirmed its low-level production.
These data demonstrate that synthesis of LX is DUF2156 de-
pendent. The reduced level of LX in the Sce+ErdS-AAspRS
strain, despite proper expression of the enzyme, shows that the
lipid synthesis activity of the standalone DUF2156 domain is
weaker than when fused to its AspRS moiety (low LX/PE ratio),
which recalls results obtained in Aor (Fig. 2C). Similarly, in the
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Fig. 3. Dissecting ErdS lipid modification mechanism. (A) Schematized modular organization of full-length ErdS (108 kDa, Afm and Aor) and of its variants
(Afm) that were expressed in the Sce heterologous model. ErdS-ADUF: AspRS standalone domain; ErdS-AAspRS: DUF2156 standalone domain (40 kDa);
ErdSaapa: catalytic null of the AspRS moiety (108 kDa). (B) TLC-based analysis of total lipids from Sce expressing ErdS variants described in A and Sce + (AD +
AA) corresponds to the double expression of ErdS-ADUF + ErdS-AAspRS in Sce. The TLC plate stained with sulfuric acid/MnCl, was cropped to the area of
interest. LX signal (number of pixels) was normalized to that of PE in each case, and the LX/PE ratio is represented in a graph (Right). In the absence of LX, PG
(phosphatidylglycerol) becomes visible; thus the PG/LX ratio obtained was considered “background signal” (gray background). However, the brown staining
of LX (yellow for PG) made it possible to visually assess the presence of LX even for low LX/PE values. The Student'’s t test was used to assess the significance of
the means of the data; ***P < 0.005. ErdS variants expression was analyzed by Western blot with an anti-Afm DUF2156 polyclonal antibodies (IB:ErdS), and
loading control was performed with anti-PGK antibodies (IB:PGK). (C) Schematized reaction of the LA assay, described in Materials and Methods. (D) LX
synthesis by the purified recombinant full-length and mutant ErdSs was measured using the LA assay. When mixed, proteins were in equimolar ratios. The
[*C]-Asp lipid levels (percent) are provided below each TLC. () Verification of tRNA, lipid, and ErdS dependency of LX synthesis using LA assay; +: presence; —:
absence. (F) Measurements of lipid X synthesis (ErdS activity) by WT and AerdS Aspergillus spp. crude extracts using LA assay; *: LX. The ['*C]Asp lipids were
revealed using phosphorimaging (D-F). TLCs and immunoblots are representative of two to three independent experiments, and the number of replicates (n)

is indicated.

Sce strain that expresses ErdS with a catalytically null AspRS
moiety (Sce+ErdSaapa), LX levels mirrored those of the
Sce+ErdS-AAspRS and Sce+AA+AD strains (Fig. 3B). These
experiments show, in addition, that the DUF2156 domain of
ErdS can efficiently utilize Sce Asp-tRNA™P, regardless of
whether it was generated by the Afim AspRS moiety of ErdS or
by the endogenous Sce AspRS.

To better characterize the ErdS catalytic mechanism, we de-
veloped an in vitro lipid aminoacylation assay (LA assay), using
purified Afim or Aor recombinant ErdS incubated with purified
Sce tRNAP ATP, and ['*C]-Asp in the presence of Sce total
lipids (Fig. 3C). Reaction products from the LA assay were an-
alyzed by TLC (Fig. 3 D and E). Results confirmed that Afim or
Aor recombinant ErdSs catalyzed the formation of a ["*C]-
labeled lipid (Fig. 3D). Adding RNase or removing lipids from
the LA assay abolished synthesis of ['*C]-lipid, thereby proving
the tRNA and lipid dependency of LX synthesis by Afin ErdS

Yakobov et al.

(Fig. 3E). When the recombinant Afin ErdS-ADUF protein was
used, synthesis of the ['*C]-lipid was abolished, proving that the
reaction is, indeed, DUF2156 dependent (Fig. 3D). Likewise,
when ErdS-AAspRS or ErdSaapa were used in the LA assay,
synthesis of the ['*C]-lipid was abolished (Fig. 3D), but fully
restored upon addition of the AspRS domain of ErdS in trans.
These data confirm results obtained in Sce but also that the
DUF2156 is capable of capturing Asp-tRNA”*P formed by an
AspRS expressed in trans (Fig. 3D).

Finally, crude extracts from WT Afin or Aor mycelia also
catalyzed a ['*C]-Asp-tRNA”P—dependent ['*C]-lipid synthesis
in vitro, whereas crude extracts from AerdS mutant strains did
not (Fig. 3F). However, for reasons that will be discussed below,
the ErdS activity was hardly detectable in crude extracts, espe-
cially for Aor, when compared to recombinant ErdS.

Altogether, these results show that ErdS produces Asp-
tRNA™P from ATP, L-Asp, and tRNA™P in its AspRS domain,

PNAS | June 30,2020 | vol. 117 | no.26 | 14951
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and that the Asp-tRNA”P product likely shifts from the AspRS  second peak gave similar fragmentation products together with
active site to the DUF2156 module, that transfers the Asp acyl-  that of Asp (m/z of 156.0265, [C4H;NO4Na]*) and of an aspar-
ating tRNA™P onto a lipid, which mirrors the activity of bacterial ~ tylated form of Erg (534.3547, [M~aspartyl+Na]*). Results were
DUF2156 proteins (4). consistent with an Erg moiety esterified with Asp on the -OH
group in position 3 of the A ring, making this species an Erg-Asp
Liquid chromatography-MS/MS Reveals that ErdS Aspartylates Ergosterol.  (Fig. 4B). Finally, liquid chromatography (LC)-ESI-MS/MS anal-
To identify the substrate lipid of ErdS, we fractionated total lipids  yses of total lipids extracted directly from Afin confirmed that Erg-
from an ErdS overexpressing Sce strain by column chromatogra- ~ Asp was indeed present (SI Appendix, Fig. S5B). In parallel, we
phy and isolated LX at ~80% purity (SI Appendix, Fig. S54).  chemically synthesized Erg-Asp that we compared, on TLC, to
Fractions were submitted to mass spectrometry (MS) analyses and ~ Erg-Asp present in total lipids of Afin, Aor, or Sce expressing Afm
compared to equivalent fractions obtained from total lipids of a  ErdS and confirmed that, as expected, it shared the exact same
WT yeast strain. Strikingly, MS electrospray ionization quadrupole  migration properties (SI Appendix, Fig. S6).
time-of-flight (MS-ESI-QTOF) spectra revealed two peaks, absent To confirm that Erg is the substrate of ErdS, we performed
in WT fractions, with m/z of 379.3380 and 534.3565 that were LA assays using either [°’H]-Erg and cold Asp or cold Erg and
submitted to a second round of MS/MS collision-induced disso-  [**C]-Asp. Analyses of reaction products by TLC revealed that
ciation QTOF (MS/MS-CID-QTOF) (Fig. 44). Contrary to bac-  ErdS indeed produced [*H]-Erg-Asp (Fig. 4C) or ['*C]-Erg-Asp
terial MprF-aminoacylated lipids, results were not compatible with ~ (Fig. 4D) in a tRNA-dependent manner, and that it requires
LX being a glycerolipid derivative. Fragmentation pattern of the  L-Asp, ATP, and tRNA™P for activity. Interestingly, in the
first peak was rather consistent with a dehydrated ergosterol (Erg)  presence of cholesterol (Cho), the animal equivalent of Erg and
(m/z 379.3355), which was supported by the presence of charac-  ['*C]-Asp, ErdS also produced cholesteryl-aspartate (Cho-Asp)
teristic additional Erg fragmentation products (Fig. 44) (17). The  (Fig. 4D), indicating that it likely has a relaxed specificity toward
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Fig. 4. Identification of the ergosteryl-3-O-L-aspartate produced by ErdS in vivo and in vitro. (A) MS-ESI-QTOF spectrum (positive mode) of a lipid fraction
containing LX extracted and purified from an Sce WT strain expressing Afm ErdS (upper spectrum, blue) or not (bottom spectrum, green). Peaks 1 and 2 have been
analyzed by MS/MS collision-induced dissociation (CID) QTOF analysis in the positive mode. (B) Chemical structure of ergosteryl-3p-O-L-aspartate (Erg-Ap) cor-
responding to LX deduced from MS spectra shown in A. (C) The [*H]Erg-Asp synthesis was measured by LA assay in the presence of purified Afm ErdS, pure Sce
tRNA**P, radiolabeled [*H]Erg, and cold Asp in the presence (+) or absence (—) of the enzyme or of the indicated substrates. Tests included addition (+) or not () of
RNase A. [*H]Erg-Asp is indicated with an asterisk. (D) Erg-['*C]Asp synthesis measured by LA assay using purified Afm ErdS, pure Sce tRNA**P, radiolabeled ['*C]
Asp, and indicated sterols. LA assay using total lipids from WT Sce was used as a migration control. The adapted LA assay reactions are displayed (simplified) next
to the corresponding TLCs. Radiolabeled compounds are highlighted in red, and the number of independent experiments (n) is indicated.
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its sterol substrate. Overall, our results demonstrate that ErdSs
represent a novel type of bifunctional AspRS/ergosteryl-aspar-
tate synthases that we named ergosteryl-38-O-L-aspartate syn-
thases or ErdS, with “Er” standing for “ergosteryl,” “d” for Asp,
and “S” for synthase.

Fungi Having ErdS also Encode a Dedicated Erg-Asp Hydrolase Involved
in Erg-Asp Turnover. Bacteria that possess MprFs are also equipped
with dedicated hydrolases that remove aa modifiers from lipids,
and whose gene usually lays next to mprF genes (8, 9). In Afn,
Aor, and Ncr, we observed that the erdS gene (AFUA_1g02570 in
Afm Af293, A0090005000838 in Aor RIB40, and NCU007082 in
Ncr OR74A) is found close to a gene encoding a protein belonging
to the o/p-hydrolase family (PFAM: PF07859) (AFUA_1g02580,
A0090005000837, and NCU007081, respectively) (Fig. 54). These
o/p-hydrolases all contain three conserved residues, Serl53,
Asp277, and His307 (numbering of Afin), that are typical of the
catalytic triad of esterases/lipases, a finding supported by structure
predictions (Fig. 54).

To determine whether these esterases were involved in the Erg-
Asp metabolic pathway, we used Ncr because, in this fungus, de-
spite the presence of an erdS gene (Fig. 54 and SI Appendix, Fig.
S1A4), we could not observe Erg-Asp in total lipids, although an
ErdS activity could be detected using the LA assay in crude pro-
tein extracts (SI Appendix, Fig. S7). The WT, AerdS, and Aesterase
deletion mutants of Ncr were obtained from the Fungal Genetic
Stock Center (FGSC) (18, 19). We compared total lipids profiles
of Ner WT, AerdS, and Aesterase mutants by TLC (Fig. 5B). As
stated, Erg-Asp was undetectable in the WT or AerdS strains of
Ncrbut accumulated at high levels in the Aesterase strain (Fig. 5B),
suggesting that the enzyme was most likely responsible for the
absence of detectable Erg-Asp in WT Ncr. This esterase, seem-
ingly involved in Erg-Asp degradation, was therefore named
ErdH, for Erg-Asp hydrolase, and the Aesterase strain was
renamed AerdH (Fig. 5 A and B). Additionally, we monitored the
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Erg-["*C]-Asp synthesis activity by LA assay in protein extracts
from WT Ncr, AerdS, and AerdH strains. Our data show that,
while almost undetectable under the conditions tested in the WT
and AerdS strains, Erg-["*C]-Asp levels were much higher (>23-
fold) in the AerdH strain (Fig. 5C). This is again in agreement with
ErdH being involved in Erg-Asp deacylation, which most likely
masked the Erg-Asp synthesis activity of ErdS in the WT Ncr
strain. Similarly, Erg-Asp synthesis was hardly monitored in vitro
using total protein extracts of Afim and Aor (Fig. 3F), suggesting
either low expression levels of ErdS or that ErdH hydrolyzed the
Erg-Asp product.

In order to confirm that ErdH was indeed an Erg-Asp hy-
drolase, we used an in vitro Erg-Asp deacylation assay. Erg-
[**C]-Asp incubated for 30 min with purified recombinant Afim
ErdH was almost entirely hydrolyzed (88 + 2%2 while, in the
same reaction performed without ErdH, Erg-[ 4C]-Asp levels
remained stable (Fig. 5D). In addition, purified ErdH mutants of
the catalytic triad (S153A, D277A, or H307A) did not hydrolyze
Erg-["*C]-Asp in vitro (Fig. SD) All these results demonstrate
the presence of two enzymes in fungi that regulate the synthesis
and degradation of Erg-Asp, namely ErdS and ErdH.

An Evolutionary Conserved Synteny between erdS and erdH. ErdS and
ErdH are present in Afin, Aor, and Ncr, with their respective genes
found at the same locus and encoded as divergent expression units.
In order to analyze whether ErdS and ErdH are more generally
found in fungi and/or other eukaryotes, we performed bio-
informatics searches (SI Appendix, Supplemental Materials and
Methods). We first searched ErdS sequences among eukaryotes
using the basic local alignment search tool (BLAST) with the Afin
ExdS sequence as a probe and found 7,584 protein sequences (only
those with lengths 200 to 2,000 residues), that corresponded to
ErdS, standalone DUF2156 domains, canonical AspRSs, and ho-
mologous aaRSs such as asparaginyl- and lysyl-tRNA synthetases.
Among them, 1,006 (13.3%) were bona fide DUF2156-containing
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Fig. 5. Detection and characterization of ErdH in fungi carrying ErdS. (A) Schematic representation of the genomic context of the erdS (yellow) and erdH (for
Erg-Asp hydrolase, in green) genes locus from Afm, Aor, and Ncr that highlights that erdS and erdH are found in a divergent orientation. Phyre2-based
o/p-hydrolase—like predicted structure of Afm ErdH and active site alignments of Afm, Aor, and Ncr ErdHs. Ser-Asp-His catalytic triads of w/p-hydrolases/lipases
(5153, D277, and H307 in Afm ErdH) are displayed and highlighted on the structure prediction and the alignment. (B) Total lipids from WT, AerdS, and AerdH
Ncr strains were separated by TLC and stained with sulfuric acid/MnCl, and observed under UV or visible light (n = 3); * indicates Erg-Asp. (C) In vitro
measurements of Erg-['*CJAsp synthesis by LA assay using protein extracts from the WT, AerdS, and AerdH Ncr strain protein extracts, using pure Sce tRNA”P
as a substrate (n = 2). (D) In vitro measurement of the Erg-['*C]Asp hydrolase activities of purified recombinant WT (n = 3) or catalytic mutant Ncr ErdHs (n =
1). (C and D) The Student’s t test was used to determine significance of the means of the data; ***P < 0.005.
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proteins, with 780 (77%) being ErdS with a minimal length of ~800
aa (no N- or C-terminal extensions) and a maximal length of 1,417
aa (with long N- and/or C-terminal appendages). “Standalone”
DUF2156 domains (23%) were also detected and often accounted
for ErdS forms with either the AspRS or the DUF2156 domain
truncated. A closer look at the phylogenomic distribution of com-
plete ErdS (AspRS-DUF2156 fusions) highlighted that they are
present only in “higher” fungi (Dikarya, both Ascomycota and
Basidiomycota), and specifically among 9 out of the 13 fungal
lineages analyzed (Fig. 64), with the notable exception of Saccha-
romycotina (including Sce), Lecanoromycetes, and Pezizomycetes.
ExdS is present in prominent human pathogens such as Afin (20),
Histoplasma capsulatum, or Cryptococcus neoformans (Cne), plant
pathogens such as Fusarium oxysporum, Magnaporthe oryzae, or
Ustilago maydis, insect pathogens like Beauveria bassiana or Meta-
rhizium spp., and also fungi of biotechnological interest like Aor or
Ncr. We then visualized the synteny of the erdS gene in various fungi
and observed that, in most of the cases, the erdH gene was almost
always present next to erdS with the same divergent orientation in
numerous species, showing that the linkage between the two genes
is conserved. In fungi lacking erdS, the erdH genes were also absent,

as judged from the absence of proteins with significant sequence
homology to ErdH (Fig. 64). Overall, the whole ErdS/ErdH en-
zymatic pathway seemed conserved across “higher” fungi.

Finally, in order to confirm that Erg-Asp is synthesized in
several representative ErdS/ErdH-containing fungi, we extracted
and analyzed, by TLC, total lipids from a collection of 15 fungal
species (13 Ascomycota and 2 Basidiomycota). As expected from
the absence of an erdS gene, Erg-Asp was absent in the four
tested Saccharomycotina. However, it was detected in eight
Ascomycota and one Basidiomycota species tested (Fig. 6B). The
only exceptions were Ncr (Ascomycota), as already explained
above, and Cne (Basidiomycota), for which the erdS gene regu-
lation and/or the activity of ErdH could also account for the
absence of Erg-Asp. Taken together, our results confirm that
Erg-Asp is likely widely distributed and conserved across fungi.

Discussion

A wide range of bacteria possess membrane proteins with an
AAT activity, namely MprFs, that reroute aa-tRNAs from pro-
tein synthesis to cell surface remodeling, thereby intensifying
antimicrobial resistance, pathogenicity, and/or virulence (4, 7,

A Representative species Genomic context C
e
e & & @ = : o] H,0
R & o @ ErdS/ErdH 1
{32 o o [
Aspersillus fumigatns ] | —— % ] pat hway
Aspersifls onvzad ] B —= -- °
Aspeergitlus flaves ] B ——= [}
Eurotiomycetes Aspergtiins niger [} | ] - B
Pensicilfium camemberii | | 1] Tl cs === .
Penicilfium exparsam | ] it} — . - — - ]
Histoplasmia capsulatem [l [ ] g g e u
Lecanaromycetes ] |
Xylonomyeetes L] B ET’Q
5 Afrcrnarit afternare EE R —_— g —a. ]
Dothideomycetes Bl bl = o P -
Neurnspara crasso ] B — = -« [ *
: Fuuserrian oxvsportn [ " T ]
Sordariomyceles Sy
3 L L A Muagnaparihe orvzac HEE R —e m
Perizomyeoting Beaoveria bassiana HE R B
— ; Boirytis einerea EE B — - --- u
l.eatiomyceles Seterotivia seleroriore. [l 1l W @ —— y—e—m- W
Pezizomyceies ] .
Urbiliomyceles ] l . E l'd S
Sacclemomybes corevisiae [} |
i . Greotrichym comdid) \ <1~ | A Asp | A As
Dikaryn Succharomyeoting ('-:,:l};:m :,;;.:1:-:;,:.” Ly = Vsp-tRNAAST tRNAAST ;\ :
Camditha glabrata mL ‘
Taphrinomyecoting - - RN
Agaricomyeoting '\f"r"J'-'”-pﬁ-l'”m” commme [l 1l B @ —— - -
Crypreenecns weofurmies. [ T W e -
Puccinlomycoting i)
Lstilaginomyeoting - - - - — - - - Lisiitoge maydis mEN — v—==— 1
AMP @]
enel protein detec Not teste " o
W Genelprotein detected W Mot tested + PP + ATP
Gene/protein not detected B GrgAsp present (detected by TLCH
47 ered and erdf penes separaicd 1 ErgAsp not visible but ErdS and ErdH present AspRS path“-ay
s ErgAsp detected upon erdff deletion
AS-
- As| AenRS
IRNAASP ASPIS RN AAD
> b ae® L sl el ot o el > y
ey & A i PP < o o S h 0 0 v A 0 e .
B ¢ & & ¢ ¢ g Wty o — —p
-y - - = i o

is G

n= S 2 2

2
h
N
D
)
Ll

C AL AT D

-~

AMP
+ PPi

@ Asp
+ ATP

5

I~

2 3

Fig. 6. The Erg-Asp lipid metabolic enzymes ErdS and ErdH are conserved across “higher” fungi. (A) The presence (green square) or absence (white squares)
of a regular AspRS, ErdS (yellow), or ErdH (green) genes across fungal species is indicated, and the organization of the locus is shown; // indicates that erdS and
erdH genes are interspaced. (B) TLC-based analysis of total lipids extracted from 15 species among the representative ones displayed in A. The TLC plates
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indicates the ErdH-dependent hydrolysis of Erg-Asp. All ErdS-containing fungi always possess a canonical AspRS to ensure Asp-tRNAP production for protein

synthesis (AspRS pathway).
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11). Our work reveals that most of the fungal species found within
the Dikarya subkingdom possess bifunctional enzymes, ErdS, that
use ATP, L-Asp, and tRNA™P to produce Asp-tRNA™P in the
AspRS domain, this latter product being used in a second step by
the appended DUF2156/Asp-tRNA transferase module to trans-
fer Asp from its tRNA™P onto the 3p-OH group of Erg, yielding a
novel form of conjugated sterol, Erg-Asp (Fig. 6C). Erg-Asp
synthesis constitutes a change of paradigm for three main rea-
sons: 1) this is a tRNA-dependent lipid modification process in
eukaryotes; 2) the use of Asp as a lipid modifier, that has no
equivalent in bacteria, and 3) the modification of Erg (instead of
glycerolipids) with an aa that had, to our knowledge, never been
described, despite the widespread distribution of Erg-Asp syn-
thesis in fungi (Fig. 6B). Moreover, we found no evidence in the
literature or databases of any 3p-O-aminoacylated sterols. Erg-
Asp likely escaped previous detection because, as an ester, most
of alkaline extraction procedures used for sterols extraction pro-
mote its hydrolysis. Erg-Asp is therefore a novel type of sterol
conjugate, specific to fungi, that is performed by ErdSs enzymes,
through a tRNA-dependent process. It is worth noting that the
fusion of the AspRS and the transferase (DUF2156) domain is
required for full activity, since the standalone DUF2156 domain
was poorly active in the Sce heterologous model (Fﬁ 3B) or in-
active in Aor (Fig. 2C). Channeling of Asp-tRNA™P from the
AspRS to the appended DUF2156 is the most plausible expla-
nation. It would explain the better capacity of the AspRS domain
alone, that releases Asp-tRNA™P, to complement the Sce Adpsl
strain over the full-length ErdS (SI Appendix, Fig. S4A), that
transfers Asp-tRNA™P directly to the transferase domain for
sterol aspartylation, likely without releasing it frequently. Of note
is that all fungal species that encode ErdS also possess a regular
cytoplasmic AspRS (Fig. 64 and SI Appendix, Fig. S14), sug-
gesting that the Asp-tRNA™P generated by the AspRS moiety of
ErdS is probably entirely dedicated to lipid modification, thereby
necessitating a second AspRS to produce the Asp-tRNA™P used
for translation, as observed in all inspected fungi (Fig. 6 A and C
and SI Appendix, Fig. S14).

Characterization of ErdH, that hydrolyzes Erg-Asp in fungi,
revealed that, like in bacteria, ErdS-containing fungi possess a
homeostasis system that enables the tRNA-dependent amino-
acylation of a lipid (ErdS) and its deacylation through hydrolysis
(ErdH), suggesting that Erg-Asp levels might be tightly controlled.
This provides an explanation for the apparent absence of Erg-Asp
in total lipids from Ncr or Cre (Figs. 5B and 6B) under the growth
conditions used. Of note is that this turnover cycle recalls that of
the acyl-CoA transferase-dependent fatty acylation and lipase-
dependent deacylation systems involved in sterols storage, turn-
over, and trafficking in eukaryotes, including fungi (21). The erdS
and erdH genes tend to cluster as divergently expressed units
within the same genomic locus, which resembles the cluster or-
ganization of genes with metabolically related functions found in
many fungi (22). This suggests that erdS and erdH may be cor-
egulated at the transcriptional level, likely to control the balance
between Erg and Erg-Asp, a tempting hypothesis that remains to
be analyzed. Erg-Asp levels could also depend on the turnover
(expression and degradation) and regulation (posttranslational
modifications, etc.) of ErdS and ErdH and/or on the relative
subcellular localization of both enzymes. Such potential species-
specific spatiotemporal regulations of Erg-Asp homeostasis could
account for the different steady-state levels of Erg-Asp that we
observed between the various fungal species, especially between
Aspergillus spp. and Ncr. We have not been able, so far, to identify
the subcellular localization of either ErdS or ErdH. Bio-
informatics predictions (Wolf PSort, MitoProt II software), how-
ever, suggest that ErdH might be mitochondrial in Aspergillus spp.,
while ErdS is predicted to be cytoplasmic and/or nucleocytoplas-
mic, a fact that is not unusual for aaRSs (23). Also, no plausible
membrane-spanning or membrane-anchoring helices could be
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predicted in ErdS or ErdH, which differs from bacterial homologs:
MprFs have N-terminal membrane-spanning domains, and
aminoacyl-glycerolipid hydrolases have N-terminal secretion
signals to ensure correct periplasmic or extracellular localization
(4). Very preliminary subcellular fractionation experiments sug-
gest that, in Afim or in the heterologous model Sce, ErdS is not
soluble but is associated with membranes, but the nature of those
membranes remains unknown. Of note, in any case, is that
membrane association of ErdS—to recognize Erg—requires that
the enzyme be exposed to the cytoplasmic space, where its
tRNA™P, Asp, and ATP substrates are present (SI Appendir,
Fig. S8).

Erg is the major sterol found in fungal plasma membranes (24).
Its function is analogous to that of Cho in mammals, which in-
cludes modulating permeability and fluidity of the lipid bilayer (25,
26) and regulating the activity of membrane proteins, such as G
protein-coupled receptors (27) or V-ATPases (28). Erg, together
with sphingolipids, regulates membrane trafficking, which is il-
lustrated in filamentous species, such as Aspergillus spp., by a
constant supply of Erg at the tip of mycelia to form lipid micro-
domains that are crucial to polarized cell growth (29). Erg also
plays multiple roles in pathogenicity and in antifungal resistance
(24, 30, 31). Incidentally, because Erg biosynthesis pathway differs
from that found in humans for Cho, it is one of the main targets of
current antifungal drugs (32).

Although we deciphered the function of ErdS and ErdH, the
role of Erg-Asp in the biology of fungi now remains to be dis-
covered, and this will be the focus of our future work. The via-
bility of the AerdS strains of Afim, Aor, and Ncr shows that neither
ErdS nor ErdH are essential under standard growth conditions.
However, as discussed below, this fact does not exclude functions
that could become essential or contribute to the overall fitness of
fungi under challenging conditions, such as in the presence of
membrane-targeting antifungals or antimicrobial peptides, which
may explain the evolutionary conservation of the enzymatic
system across Dikarya. As a first hypothesis, aspartylation of Erg
by ErdS might play a role similar to aminoacylated glycerolipids
in bacteria, regarding antimicrobial resistance (4, 7, 11, 32). In-
deed, addition of L-Asp on the neutral and highly hydrophobic
Erg leads to a novel zwitterionic sterol, which may significantly
change Erg physicochemical properties within membranes, by
influencing its phase behavior, its lateral diffusion, and/or its
interaction with other lipids. Local Erg-Asp synthesis might, in
turn, influence membranes’ overall properties such as interface
hydration, membrane proteins composition, permeability, and/or
fluidity, or the activity and/or localization of membrane proteins.
Therefore, Erg-Asp could participate in membrane remodeling
processes that might have an impact on antifungal resistance,
notably, in the case of polyenes, known to directly interact with
Erg to form pores, since aspartylation of the 3p-OH could
change their interactions with Erg (33), a hypothesis that we will
explore. Erg-Asp levels (7 to 20% of free Erg in Aor; SI Ap-
pendix, Fig. S9) upon growth in rich medium seem incompatible
with an overall surface remodeling; however, nothing is currently
known on the regulation of Erg-Asp synthesis and the amount of
modification that can occur under challenging conditions. As an
illustration, in Sce, an Erg acetylation/deacylation cycle, that
functionally resembles our ErdS/ErdH enzymatic system, involves
the Atf2 acetyltransferase and the Say1 esterase. This nonessential
enzymatic system protects cells from the accumulation of toxic Erg
intermediates within membranes, and from the effect of
membrane-disrupting agents such as the antifungal agent eugenol
(34), suggesting that the ErdS/ErdH system and Erg aspartylation
might be of importance in resistance when Erg biosynthesis in-
hibitors, such as azole derivatives, that trigger accumulation of
toxic Erg intermediates, are used against fungi. This could be
tested by determining the susceptibility of WT (Erg-Asp-contain-
ing), AerdS (Erg-Asp-deficient), AerdH (Erg-Asp-accumulating),
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or overexpressing (Erg-Asp-overproducing) strains in the presence
of azole derivatives.

While lipid modifications are usually involved in cells’ surface
remodeling and antimicrobial resistance in bacteria (7, 35), they
also often participate in membrane trafficking and lipid-derived
signaling in eukaryotes (3), like, for example, in the case of
phosphoinositides or sphingolipids (36). Erg-Asp is produced at
levels (7 to 20% of free Erg in Aor; SI Appendix, Fig. S9) that
could be compatible with such cellular functions. Ergosteryl-3p-
O-glucoside (Erg-Glc), another sterol conjugate, produced by
Erg glycosylation, is nonessential, but known to actively partici-
pate in the regulation of autophagy in several yeasts and in Aor
(37, 38), likely through the recruitment of protein partners on
membrane structures (39). It is therefore possible that Erg
aspartylation could intervene in the recruitment of protein fac-
tors on membranes (Erg-containing microdomains, etc.) and
influence regulatory or trafficking pathways. Finally, bacterial
esterases that remove aa modifications from glycerolipids also
influence virulence in A. tumefaciens (10). Those observations in
various bacterial lipid aminoacylation systems or fungal sterol
modification pathways raise the question of the contribution of
Erg aspartylation and deacylation to those processes in fungi.
Given the conservation of the ErdS/ErdH enzymatic system
across Dikarya, these aspects will now have to be addressed ex-
perimentally to decipher the function of Erg-Asp.

Materials and Methods

Materials, Strains, and Growth Condition. The erdS codon-optimized synthetic
gene was purchased from the Genscript Corporation. The anti-DUF2156
polyclonal antibody production was performed by Covalab (R&D in Bio-
technology). Some of the fungal strains were ordered from the Fungal Ge-
netics Stock Center. The CEA17 AakuBXY%° strain of Afm (40) and the RIB40
strain of Aor (41) have been used as parental strain for this study. The
routine growth and maintenance of Afm and Aor are described in S/ Ap-
pendix, Supplementary Materials and Methods. The strains (bacterial and
fungi) used in this study are listed in S/ Appendix, Table S1.

Total Lipid Extraction from Sce and from Filamentous Fungi. Lipid extraction
protocols for Sce and filamentous fungi were adapted from the Bligh and
Dyer procedure (42). Briefly, Sce strains were grown in synthetic complete
(SC) medium without leucine (SC-LEU) (MP Biomedicals) until optical density
600 nm (ODgoo nm) reached 1.0. An equivalent of 150 ODgoo nm Of Sce cells
were centrifuged at 4,000 x g for 15 min at 4 °C. The cell pellet was resus-
pended in 1 mL of Na-acetate 120 mM pH 4.5. Mechanical cell disruption was
performed in a FastPrep-24 apparatus (MP Biomedicals, serial no. 10020698)
in the presence of 400 pL of glass beads (2 0.25 mm to 0.5 mm, Roth) at 6 m/s,
for 1 min repeated 6 times, with cooling on ice between each step; 3.75 vol
of MeOH:CHCI; 2:1 (v:v) were added, and the mixture was incubated on a
rotating wheel at 4 °C for 3 h. Then, 1.25 vol of CHCl; and Na-acetate
120 mM pH 4.5 were successively added and mixed by vortexing. The mix-
ture was then centrifuged at 4,000 x g, 4 °C for 10 min to obtain two phases.
The lower organic phase, containing the lipids, was transferred into a new
tube, dried under vacuum, and stored at —20 °C until use or resuspended in
50 pL to 200 pL of MeOH:CHCI; 1:1 (vol/vol) for analysis by TLC.

For filamentous fungi, the same protocol was applied on 2 g of mycelia
that were ground in a mortar with a pestle in liquid nitrogen to obtain a fine
powder. Furthermore, the incubation on the rotating wheel was performed
overnight at 4 °C.

Lipid X Purification. LX was purified from adaptation of the flash chroma-
tography procedure used for bacterial aminoacylated lipids (11). Total lipids
extracted from 500 ODgop nm Of Sce cells were solubilized in 200 pL of
chloroform and loaded on a 1.5-mL silica gel (Sigma-Aldrich, pore size 60)
glass column preequilibrated with CHCls. After absorption of lipids on the
column, nonpolar lipids and glycolipids were eluted with 10 mL of chloro-
form followed by 10 mL of acetone, respectively. To elute polar lipids, var-
ious ratios of CHCl;:MeOH from 9:1 to 6:4 (volivol) (20 mL each) were
used, and elution fractions were collected in 2-mL samples in glass tubes.
Fractions were dried under vacuum, resolubilized in 35 pL of MeOH:CHCl3
(1:1, volivol), and visualized by TLC.
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TLC Analyses. Dried lipid samples were resuspended in MeOH:CHCl; (1:1, vol/vol)
and spotted onto 10 x 20 cm silica gel on TLC Al foils (Sigma-Aldrich). TLC
was developed with a CHCl;:MeOH:H,0 (130:50:8 vol/vol/vol) mobile phase
(10 min at room temperature [RT]), and plates were stained with either
MnCly/sulphuric acid or ninhydrin or bromocresol green. MnCly/sulphuric
acid, a universal staining (43), was prepared with 0.8 g of MnCl, tetrahydrate
dissolved in 240 mL of 50% (vol/vol) MeOH supplemented with 9 mL of con-
centrated sulphuric acid. To detect primary amines (pink color), ninhydrin
0.4% (wtivol) (Sigma-Aldrich) was used. To reveal carboxylate-containing
compounds (blue color) with a pK, below 5.0 (44), bromocresol green (0.04 g)
(Sigma-Aldrich) dissolved in absolute ethanol and NaOH 0.1 M was used. In
the case of MnCly/sulphuric acid and ninhydrin stains, plates were heated at
100 °C until coloration developed, while direct ultraviolet (UV) (254 or 315 nm)
visualization was performed with bromocresol green. Quantification of LX
(Erg-Asp), PE, or PG spots was performed using the ImageJ software. Lipid spots
signals (number of pixels, N) were normalized to that of PE (N x/Npg). In the
absence of LX (Erg-Asp), PG becomes visible at the same position; the PG/PE
signal thus represents the background signal in the absence of LX.

MS Analyses. Analyses of total purified lipid extracts were performed on a
liquid chromatograph Surveyor Plus with an autosampler and coupled with
an LTQ-XL ion trapanalyzer (Thermo Finnigan). Ten microliters of filtered
lipid extracts were injected on a Cogent Diamond Hydride (250 x 4.6 mm,
4 um, Microsolv) at a temperature of 40 °C as described in ref. 45 with minor
modifications. Briefly, elution was performed at a flow rate of 1 mL/min in
hydrophilic interaction liquid chromatography (HILIC) conditions with a bi-
nary gradient running from 99.7:0.3 (A:B) to 75:25 in 40 min, where A was
acetonitrile and B was 40 mM aqueous ammonium formate. Both solutions
contained 5.5 mM formic acid. The instrument was tuned by direct infusion
of cholesterol (Avanti) in positive mode. Drying gas flow rate was 20 units,
and temperature of the ESI was 380 °C. Full-scan spectra were collected in
the 110 to 2,000 m/z range, and data-dependent Zoom and MS2 spectra
were acquired on the 15 most intense peaks. Data were analyzed with
XcaliburQual Browser.

In Vitro LA Assay. Prior to lipid aminoacylation, the in vitro tRNA”P aspar-
tylation was performed as described in S/ Appendix, Supplementary Mate-
rials and Methods. Lipid or sterols aspartylation assays were adapted from
lipid aminoacylation protocols used for bacterial MprFs (42). Briefly, reac-
tions were performed in the following aminoacylation mix: Na-Hepes
100 mM pH 7.2 buffer containing KCl 30 mM, MgCl, 12 mM, ATP 10 mM,
bovine serum albumin 0.1 mg/mL, pure yeast tRNA**® (10 uM) (46), [U-'*C]-
Asp (280 cpm/pmol, Perkin-Elmer, NEC268E050UC) in a final volume of 50 pL.
To test the transfer of [14C]-Asp onto lipids, total lipids were added to a final
concentration of 2 mg/mL, and commercial pure sterols (Erg and Cho) were
added to a final concentration of 0.5 mg/mL. When [*H]-Erg (10 Ci/mmol,
Hartmann Analytic) was used, 20,000 com were added to the reaction mix.
The resulting suspension was sonicated for 30 s in a sonicator bath at RT, and
the enzyme (0.1 to 0.5 pg) or crude extracts of Afm, Aor, or Ncr (20 pg total
proteins) were added to initiate the reaction before a 40-min-long in-
cubation at 30 °C (1 h for crude extracts). To test the tRNA dependency of
the reaction, 1 pg of RNase A from bovine pancreas was added 10 min be-
fore initiation of the reaction.

After incubation, reactions were stopped with addition of 500 pL of
CHCI3:MeOH:Na-acetate 120 mM pH 4.5 (130:50:8, vol/vol/v) and vortexing.
Then, 130 pL of CHCl3 and 130 pL of Na-acetate 120 mM pH 4.5 were suc-
cessively added, and the mixture was vortexed and centrifuged for 1 min at
5,000 x g (RT). The lower organic phase was recovered and dried under
vacuum. Reaction products were dissolved in a CHCl3:MeOH (1:1, viv) mix-
ture, spotted on TLC plates, and separated with the CHCl3:MeOH:H,0 mo-
bile phase. TLC plates were exposed onto an imaging plate (Fuji Imaging
plate) for at least 2 h. Radioactivity was detected using a Typhoon TRIO
variable Mode Imager (GE Healthcare). Quantification of LX (Erg-Asp) ra-
dioactive spots was performed using the ImageJ software (number of pixels).

In Vitro Lipid Deacylation Assay. To generate Erg-['*C]-Asp, we used the
protocol described above for LA assay. RNase A was added and incubated
for 20 min at 30 °C to hydrolyze tRNA”* and stop the tRNA-dependent
aspartylation catalyzed by ErdS. Then, 0.1 pM of purified recombinant
ErdH or ErdH variants were added, and the reaction mixture was incubated
for 30 min at 30 °C. Lipids were extracted with the Bligh and Dyer procedure
as described above, dried, resuspended in CHCl;:MeOH (1:1, vol/vol), and
analyzed on TLC with the CHCl3:MeOH:H,0 (130:50:8, v:v:v) solvent, and
results were analyzed by phosphorimaging as described above.
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Statistical Analyses. The Student’s t test was used to determine significance
of the means of the data.

Materials and Data Availability. All available data are already included in the
manuscript. All materials and strains are freely available (contact: h.becker@
unistra.fr; frfischer@unistra.fr).
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Motif 3

Figure S1: (A) Distribution in representative species of each class of Dikarya of the presence
(green box) or absence (white box) of a canonical AspRS and ErdS. (B) Conservation of the
consensus class II aaRS motifs 1, 2 and 3 in the alignment of 11 ErdS (AspRS-DUF2156) and
6 canonical AspRSs. Afin: Aspergillus fumigatus, Aor: Aspergillus oryzae, Afv: Aspergillus

flavus, Ang: Aspergillus niger, Pex: Penicillium expansum, Pca: Penicillium camemberti, Bba:
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Beauveria bassiana, Aal: Alternaria alternata, Ncr: Neurospora crassa, Cne: Cryptococcus
neoformans, Sco: Schizophyllum commune, Sce: Saccharomyces cerevisiae, Cal: Candida
albicans. Numberings are indicated relative to the Sce AspRS sequence. Residues involved in
the recognition of ATP, and aspartate are indicated in red and green respectively, whereas
residues responsible for the tRNAAPacceptor arm recognition through its 3°-CCA are indicated

in blue.
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Figure S2: (A) Confirmation of erdS deletion in AerdS (lane 2) and complementation in
AerdS::Px-erdS (lane 3) extracts using immunodetection of ErdS with anti-ErdS polyclonal
antibodies (WT as a control) (n=2). Stainfree: loading control. The uncropped Western Blot is
shown in Figure S8. (B) Confirmation of the presence oferdS in 4or HiMe10 (lane 1) and erdS
deletion in AorHIiDES (lane 2) by PCR amplification. (C) PCR confirmation of AerdS
complemented with erdS (lanes 1 and 2), erdSAduf (lanes 3 and 4) or erdSAaspRS (lanes 5 and
6) in Aor HiDES. Molecular weight markers are indicated in kb. Primers used for construction

verification are listed in Table S1 and S2.
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Figure S3: The erdS gene is not essential and its deletion does not affect growth or colony
morphology. (A)A. fumigatus and A. oryzae WT and AerdsS strains were grown in liquid media
under agitation (200 rpm) at 37°C and the resulting spherical colonies (pellets) obtained after
24 hrs were photographed (left panel). In the case of Afn, 140 colonies (pellets) of the WT and
AerdS strains were measured (pixel area of individual pellets) and each represented in a dot
plot. The geometric mean of pellets’ sizes of the WT strain was normalized to 1. No significant
(ns, t-test) differences were detected between both strains, indicating the absence of growth
defects in the AerdS strain. (B) Growth was also analyzed on solid agar plates containing 3
different media: Malt extract, YG (Yeast extract 0.5 % (w/v), Glucose 2 %) and MMG
(Aspergillus minimal medium with 1 % glucose). Six pL of a freshly prepared 10° conidia/mL
suspension were spotted on plates and growth monitored (37 °C) up to 4 days. Results after 48
hours of growth are represented. Colony diameters of mycelia were monitored. No significant
difference between the WT and AerdS strains was detected, indicating that mycelia expansion

is not significantly altered upon deletion of the erdS gene in Afm.
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Figure S4:(A) Plasmid shuffling experiments in the Adpsl Sce strain. Drop tests were
performed on SC-LEU and SFOA media with Adpsl strains carrying plasmids expressing the
indicated Afm ErdS isoform: ErdSaapa corresponds to ErdS mutated in the QSPQ motif of the
AspRS domain, ErdS ADUF corresponds to ErdS with the DUF2156 domain deleted and ErdS
corresponds to the full-length protein version. (B) In vitrotRNA”® aminoacylation assay
performed with purified recombinant Afim ErdS (triangles) in the presence of pure Sce tRNAAP,
ATP, and ['*C]-Asp. Circles: control without enzyme. (C) Total lipids were extracted from the
3 indicated Sce strains and from Afin and Aor, separated by TLC in the CHCl;: MeOH: H>O
(130:50:8 v/v/v) solvent and stained with a MnCly/sulfuric acid treatment. The novel ErdS-
dependent lipid (lipid X (LX), marked with *), also present naturally in Afm and Aor was
detected. PE: phosphatidylethanolamine, PC: phosphatidylcholine. (D) An Asp residue is likely
linked to any lipid via an ester (a-COO") or amide (N-containing) bond and have free a-NH3"
and B-COO" groups. TLCs of total lipids extracted from Sce strain expressing Afin ErdS were
stained with MnCly/sulfuric acid (S), ninhydrin (N) or bromocresol green (B) dyes and

supported that lipid X contained an amine and carboxyl groups.
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Figure S5: Purification of Erg-Asp from Sce and detection of Erg-Asp in total lipids from Afm.

(A) Erg-Asp was purified from Sce expressing the Afm ErdS protein. Total lipids were loaded
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on a silica gel 60 glass column, washed with CHCIs, followed by acetone, and polar lipids were
eluted using CHCl3/MeOH mixture varying from 9/1 to 6/4 ratio. Fractions enriched in Erg-
Asp were collected, pooled, and analyzed by MS/MS. Total lipids from a WT Sce strain that
does not produce Erg-Asp were treated equally, and fractions corresponding to the elution peak
of Erg-Asp were collected, pooled and used as a negative control for MS/MS (see Fig. 4). (B)
In parallel, total lipids from Afim were extracted and directly analyzed. The figure shows the
LC-ESI-MS/MS analysis of total lipid extract from Afm. 10 pL of total lipids from Afin were
analyzed with a liquid chromatograph Surveyor Plus coupled with a LTQ-XL ion trap analyzer
(Thermo Finnigan). The column was a Cogent Diamond Hydride (250%4.6 mm, 4 pm,
Microsolv, Eatontown, NJ, USA) ran in hydrophilic interaction chromatography (HILIC)
conditions. Mass spectrometer was run in positive mode, and MS/MS spectra were acquired for
the 15 most intense peaks. Erg-Asp and Erg were identified with their MSMS spectra. Selected
ion chromatograms show that these lipids had a retention time of 24.1 and 26.1 min,

respectively.
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Figure S6: Chemical synthesis of Erg-Asp. (A) Two-step synthesis scheme of Erg-Asp
(Ergosteryl-3B-O-L-aspartate) from Erg and 4-tBu-N-(Boc)-L-Asp. (B, C) NMR chemical shift
assignments of synthetic Erg-Asp (synErg-Asp) and ['3C] NMR spectrum of synthetic

ergosteryl-3p-O-L-aspartate. (D) Comparison of synErg-Asp (lane 4) with Erg-Asp extracted

from a Sce strain expressing AfmErdS (lane 1), from Afm and Aor (lanes 2, 3).
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Figure S7: Total lipids from WT and AerdS strains of Ncr were extracted and separated by
TLC with the CHCI3(n=2): MeOH: H>O (130:50:8 v/v/v) solvent and stained with a
MnCly/sulfuric acid treatment. Control Sce strains that express (+) or not (WT)ErdS were used
as controls. Erg-Asp is marked with *. The expression of ErdS was tested in crude protein
extracts (CE) from the WT and AerdS strains of Ncr using the LA assay with ['*C]-Asp to
monitor Erg-['*C]Asp synthesis (n=2). To obtain a clear visualization of the Erg-['*C]Asp band,
after reaction and separation in TLC, at least 8§ hrs of exposure (phosphorimaging) were
required, which suggested that ErdS was weakly expressed or that a putative Erg-Asp hydrolase
was expressed and masked ErdS activity by cleaving the Erg-['*C]Asp product.
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Figure S8: Afim ErdS colocalizes with membrane fractions. Western blot using anti-
ErdS antibodies (1/1000 dilution) after 12 % SDS-PAGE (n=2). Lanes 1 &9: molecular weight
marker; lanes 2 and 5: P100 andS100 fractions of the Afm WT strain extract; lane 3: P100
fraction of the Afim AerdS strain extract; lane 4: P100 fraction of an extract of the Afm AerdS
strain complemented with the erdS gene under the dependence of a xylose promoter
(overexpresses ErdS in the presence of xylose); lanes 6-8: P13, P100 andS100 fractions of an
extract of the Sce strain overexpressing Afim ErdS. Note that lanes 2-4 represent the uncropped

Western blot shown in Figure S2.

39



x107

x107

x101

=282 2 erg-asp18.d

Zoom Erg
WTAor Erg-Asp
DerdS Aor |
g Erg-Asp
Pure Erg

Zoom

40 &0

2468 10 14 18 22 26 30 34
Response Units (%) vs. Acquisition Time (min)

HUS1 Product kon (22, 742-20.003 v, 55 weans) Frasg =175 0V CIDEDTS,0 (534 0000, 378.0000, 156 0000, 59,0000 <= **

IWIZd 537.3357
from WT Aor total lipids
69.0702
102 1271 4eq.0251 378,3196
2 M = 125.13h7

VEB Product ke (22.452-23.966 mn, 64 scons) Frag«175.0v CIDE15.0 (534.0000, 3790000, 156.0000. 69.0000 > **) Er-AspZ.a

99,0688
156.0256

synErg-Asp

199.1454
ko y,

Counts vs. Mass-to-Charge (m/z)

Experiment 1 (4 biological replicates)

8.1

7.9

7.7

7.5

73

71

6.9

6.7

6.5

Experiment 2 (1 biological replicate)

537.3358

100 120 140 160 130 200 220 240 260 280 200 320 340 360 380 400 420 440 460 480 KO0 520 540 560

x10%

Produce 1e (22.742-24.093 min, 56 eans) Fron 1750V CIDENS.0
m}‘ 0000, 3750000, 156 0000, 650000 > **) W/

373357

533 3769
| 5353244
534 3528

e

E51 Product fon 22.452.23.566 min, 64 scans) smu 1750V CIDEN 5.0
554,000, 379.0000. 156,000, E0.0000 = -AS02.4

537.3358

53|4 3505

6333773
l 5:

535.3361
)

531 532 533 §34 535 536 537 530 519 540 511 542 543 544
Counts vs. Mass-to-Charge (m/z)

1‘ 536.4529

Erg-Asp level in WT dor

DAD1 - A:Sig=282,2 WT.d DADT - A:Sig=282.2 200114 WT.d
100 =
*30.267 1.4 o f:
%0 5 5
i £ E
1.2 ~ ® 5 .E
" S
Erg Sl
Erg o 1 . 5 &
i % 4 *33.000 9
X [ o —_ =
0.9 0 it
0.8 B0 4
: i) © =l
- 30 -
Erg-Asp 0.7 Erg-Asp A o
- ~ 20
27220 | B, . 27.187 gl
123240 g -
== 0.5 - i -
o |
2021 22 23 24 25 26 27 28 29 30 31 32 33 34 3536 2324 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 Q}% Y?Q Y.‘-’Q
Response Units (%) vs. Acquisition Time (min) Response Units (%) vs. Acquisition Time (min) ‘O& Qx‘éo

Figure S9:Detection and quantification of Erg-Asp in Aor.(A) Lipids extracted from Aor were

fractionated on a TSKgel ODS80tv QA (C18) (2.0x150 mm, Smm) column using a continuous gradient
from 100 % MeOH:H»O (4:1, v:v) (solvent A) to 100 % MeOH:CHCl, (3:1, v:v)(solvent B) between

5 and 34 min at a flow rate of 0.2 mL/min at 25°C. Eluted compounds were monitored at 282 nm and
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peaks of interest were submitted to an Accurate-Mass Q-TOF LC/MS (Agilent Technologies 6520) to
confirm their identity (B) (upper spectrum: total lipids from WT 4or and bottom spectrum: ,,Erg-Asp).
Lipids from a WT Aor strain (Erg and Erg-Asp present) and from a AerdS strain (no Erg-Asp) were
analyzed and compared to the elution profile of pure Erg or of our synthetic (chemically synthesized)
snBrg-Asp, as a reference (A and B).(C) Lipids from a WT Aor strain, having both Erg and Erg-Asp,
were analyzed on a TSKgel ODS80tm QA (C18) (2.0x150 mm, 5Smm) column with a continuous
gradient from 100 % solvent A to 100 % B between 5 and 34 min and analyzed with an Accurate-Mass
Q-TOF LC/MS (Agilent Technologies 6520) (experiment 1, 4 independent biological replicates).
Quantification of peaks area showed that Erg-Asp represents 7.13+1.31 % of total Erg. Total lipids were
also analyzed on a TSKgel ODS80tm QA (C18) (2.0 X150 mm, Smm) column in an independent
biological replicate (experiment 2). In this case, quantification showed that Erg-Asp represented 27.2 %
of total Erg. Discrepancies likely come from the solubility properties of Erg-Asp in extraction solvents,
the amount found in experiment 2 representing an upper limit. Therefore, Erg-Asp is seemingly
produced under standard growth conditions at levels between 7 and 20 %, but most likely ~10 % of total
free Erg in Aor, which is in good correlation with TLC profiles obtained with Aor total lipids, but also

with its close relative Afm.
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Supplemental Tables

Table S1: Bacterial and fungi strains used in this study

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Bacterial and Virus Strains

Escherichia coli XL-1 Blue:endAl gyrA96(nalR)
thi-1 recAl relAl lac ginV44 F'[ ::Tnl0 proAB+
laclg A(lacZ)M15] hsdR17(rk- mg+)

Agilent (Stratagene)

Catalog#200249

Escherichia coli Rosetta-2: strain B F— ompT gal
demlonhsdSB(rB-mB-) A(DE3 [lacl lacUV5-T7p07
indl sam7 nin5]) [malB*JK-12(}5)), carrying the
pRARE?2 plasmid

Merck Millipore

71400-3

Escherichia coli DH5a.: F~ endA1 glnV44 thi-1
recAl relAl gyrA96 deoRnupG purB20
¢80dlacZAM15 A(lacZY A-argF)U169, hsdR17(rx~
mK+), A

Invitrogen

(C404003

Organisms/Strains

Saccharomyces cerevisiae strains

Saccharomyces cerevisiae BY4742:
MATo his341 leu2A0 lys240 ura340

Euroscarf

Saccharomyces cerevisiae YAL3 Adps|:
MATa ura3-52 lys2-801am trp1-63 his3-200 leu2-1
ade2-450 ade3-1483 dps1::HIS3

Dr. Gilbert Eriani

Ador et al, 1999

Saccharomyces cerevisiae BY4742:
MATo his341 leu2A40 lys240 ura340 + pRS415-
erdSAfm

This paper

N/A

Saccharomyces cerevisiae BY4742:
MATo his341 leu2A40 lys240 ura340 + pRS415-
erdSAor

This paper

N/A

Saccharomyces cerevisiae BY4742:
MATo his341 leu2A40 lys240 ura340 + pRS415-
erdS ADUF2156Afm

This paper

N/A

Saccharomyces cerevisiae BY4742:
MATo his341 leu2A40 lys240 ura340 + pRS415-

erdSAaspRSAfm

This paper

N/A

Saccharomyces cerevisiae BY4742:
MATo his341 leu2A40 lys240 ura340 + pRS415-
erdSaaraAfm

This paper

N/A

Saccharomyces cerevisiae BY4742:
MATo his341 leu2A40 lys240 ura340 + pRS414-

erdS ADUF2156Afm (AspRSonly)+ pRS415-erdS
AaspRSAfm (DUF2156 only)

This paper

N/A

Saccharomyces cerevisiae YAL3 Adpsi:

MATa ura3-52 lys2-801am trp1-63 his3-200 leu2-1
ade2-450 ade3-1483 dps1::HIS3 + pRS415-
erdSAfm

This paper

N/A
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Saccharomyces cerevisiae YAL3 Adps|:

MATa ura3-52 lys2-801am trp1-63 his3-200 leu2-1
ade2-450 ade3-1483 dps1::HIS3 + pRS415-
erdSAor

This paper

N/A

Saccharomyces cerevisiae YAL3 Adps|:

MATa ura3-52 lys2-801am trp1-63 his3-200 leu2-1
ade2-450 ade3-1483 dps1::HIS3 + pRS415-erdS
ADUF2156Afm

This paper

N/A

Saccharomyces cerevisiae YAL3 Adpsl:

MATa ura3-52 lys2-801am trp1-63 his3-200 leu2-1
ade2-450 ade3-1483 dps1::HIS3 + pRS415-
erdSAaspRSAfm

This paper

N/A

Saccharomyces cerevisiae YAL3 Adps|:

MATa ura3-52 lys2-801am trp1-63 his3-200 leu2-1
ade2-450 ade3-1483 dps1::HIS3 + pRS415-
erdSaapaAfm

This paper

N/A

Saccharomyces cerevisiae YAL3 Adps|:

MATa ura3-52 lys2-801am trp1-63 his3-200 leu2-1
ade2-450 ade3-1483 dpsl::HIS3 + pRS415-erdS
W785A Afm

This paper

N/A

Saccharomyces cerevisiae YAL3 Adpsl:

MATa ura3-52 lys2-801am trp1-63 his3-200 leu2-1
ade2-450 ade3-1483 dpsl1::HIS3 + pRS415-erdS
W785A Afm

This paper

N/A

Saccharomyces cerevisiae YAL3 Adps|:

MATa ura3-52 lys2-801am trp1-63 his3-200 leu2-1
ade2-450 ade3-1483 dpsl::HIS3 + pRS415-erdS
W785H Afm

This paper

N/A

Saccharomyces cerevisiae YAL3 Adps|:

MATa ura3-52 lys2-801am trp1-63 his3-200 leu2-1
ade2-450 ade3-1483 dpsl::HIS3 + pRS415-erdS
R789A Afm

This paper

N/A

Aspergillus fumigatusstrains

Aspergillus fumigatus CEA17KU8;
pyrG akuB::pyrG (AakuBXU%)

Prof. J.-P. Latgé.
Pasteur Institute,
Paris, France

Da Silva Ferreira
ME et al., 2006

Aspergillus fumigatus CEA175Y80 AerdS (hph): This paper N/A

pyrG akuB::pyrG (AakuBXY%’) erdS::hph

Aspergillus fumigatus CEA175Y80 AerdS: This paper N/A

pyrG akuB::pyrG (AakuBXY*°) AerdS (hph cassette

excised)

Aspergillus fumigatus CEA175Y80 AerdS: : Pxy-erdS: | This paper N/A

pyrG akuB::pyrG (AakuBXY%°) AerdS::[5 -utr- Pxy-

erdS-trpCterm-hph-3 -utr]

Aspergillus oryzae strains

Aspergillus oryzae RIB40: wild-type H. Nakajima. Kuroki Y et al.,
Meiji University, 2002

Tokyo, Japan
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Aspergillus oryzae HiMe10: H. Nakajima Kuroki Y et al.,

AligD::AnpyrG-300bp ApyrG Meiji University, 2002
Tokyo, Japan

Aspergillus oryzae HIDES AerdS: This paper N/A

AligD::AnpyrG-300bp, ApyrG,

AAorErdS::AnpyrG-300bp

Aspergillus oryzae HIDEC AerdS+aspRS: This paper N/A

AligD::AnpyrG-300bp, ApyrG, AAo-erdS: : AnpyrG-

300bp, niaD::(AoaspRSniaDAnpyrG)

Aspergillus oryzae HIDEC AerdS+duf2156: This paper N/A

AligD::AnpyrG-300bp, ApyrG, AAo-erdS:: AnpyrG-

300bp, niaD::(Aoduf2156 niaDAnpyrG)

Aspergillus oryzae HIDEC AerdS+erdS: This paper N/A

AligD::AnpyrG-300bp, ApyrG,

AAoErdS::AnpyrG-300bp,

niaD::(AoerdSniaDAnpyrG)

Neurospora crassa strains

Neurospora crassa 74-OR23-1VA : wild-type, matA | FGSC FGSC #2489

Neurospora crassa AerdS:erdS::hph, matA FGSC FGSC #20236

Neurospora crassa AeraH:erdH::hph, mat4 FGSC FGSC #20235

Other fungal strains

Aspergillus flavusCA14: ApyrG Aku80 FGSC FGSC #A1421

Beauveria bassiana NRRL 20698 wild-type ATCC ATCC 90517

Schizophyllum commune H4-8: wild-type FGSC FGSC #9210

Aspergillus niger:wild-type University of N/A
Strasbourg

Candida albicans:wild-type University of N/A
Strasbourg

Candida parapsilosis:wild-type University of N/A
Strasbourg

Geotrichum candidum:wild-type University of N/A
Strasbourg

Penicillium expansum:wild-type University of N/A
Strasbourg

Penicillium camemberti:wild-type University of N/A
Strasbourg

Alternaria alternata:wild-type University of N/A
Strasbourg

Cryptococcus neoformans.:wild-type University of N/A
Strasbourg

Final .
. DNA template Primers (5' --> 3')
plasmid
Construction of donor plasmids containing erdS variants - Gateway BP reactions
pDONR221-
erds- pUC57-erdS-afm_Sce_opt | GW_s : GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATG

afm_Sce_opt
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(GW BP

reaction)
GW_as : GGGGACTTTGTACAAGAAAGCTGGGTC
pDONR221-
erdS-
Aduf2156 pUC57-erdS-afm_Sce_opt | FFOO1 : GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGTCAATCAAGAGAGCATTATCC
(GW BP
reaction)
FFOO03 : GGGGACCACTTTGTACAAGAAAGCTGGGTCTCAAGGTGGAAAAGATTTTGGATC
pDONR221-
erdS-AaspRS dufssDRS_s :
(GW BP P pUCS7-erdS-afm_Sce_opt | - 6 ACAAGTTTGTACAAAAAAGCAGGCTTCatgAGACACCCTGAAAGTTCTACAATAGAACC
reaction)
GW_as : GGGGACTTTGTACAAGAAAGCTGGGTC
pDONR221-
erdS-aor (GW A. oryzaegDNA GGGGACAAGTTTGTACAAAAAAGCAGGCTTCatgtccatcaaacgggcecc
BP reaction)
GGGGACCACTTTGTACAAGAAAGCTGGGTCttagtcttcgaaaaagtgaagg
pDONR221-
erdS-
afm_Sce_opt | pUC57-erdS-afm_Sce_opt | GW_s : GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATG
(GW BP
reaction)
GW_as : GGGGACTTTGTACAAGAAAGCTGGGTC
pDONR221-
erdsS-
Aduf2156 pUC57-erdS-afm_Sce_opt | FFO01 : GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGTCAATCAAGAGAGCATTATCC
(GW BP
reaction)
FFOO03 : GGGGACCACTTTGTACAAGAAAGCTGGGTCTCAAGGTGGAAAAGATTTTGGATC
pDONR221-
erdS-AaspRS dufssDRS_s :
(GW BP P pUCS7-erdS-afm_Sce_opt | - A CAAGTTTGTACAAAAAAGCAGGCTTCatgAGACACCCTGAAAGTTCTACAATAGAACC
reaction)
GW_as : GGGGACTTTGTACAAGAAAGCTGGGTC
pDONR221-
erdS-aor (GW A. oryzaegDNA GGGGACAAGTTTGTACAAAAAAGCAGGCTTCatgtccatcaaacgggcecc
BP reaction)
GGGGACCACTTTGTACAAGAAAGCTGGGTCttagtcttcgaaaaagtgaagg
pDONR221-
erdS-
afm_Sce_opt | pUC57-erdS-afm_Sce_opt | GW_s : GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATG
(GW BP
reaction)

GW_as : GGGGACTTTGTACAAGAAAGCTGGGTC

Construction of S. cerevisiae expression plasmids - isoThermal assembly

zfjs_ii}GpD- pDONR221-erdS-aor #101 : gaactagtggatcccccatcacaagtttGTACAAAAAAGCAGGCTTC
#102 : cttgatatcgaattcctgcageccatcaCCACTTTGTACAAGAAAGCTGGGTC
pRS415-GPD-X (LR
#104 : tgat; t ttcgatat
recombined plasmid) gategecigcaggaaticgatatcaag
#103 : aaacttgtgatgggggatccactagttc
pRS415-GPD-
erdS-afm pDONR221-erdS-afm #101 : gaactagtggatcccccatcacaagtttGTACAAAAAAGCAGGCTTC
#102 : cttgatatcgaattcctgcagcccatcaCCACTTTGTACAAGAAAGCTGGGTC
pRS415-GPD-X #104 : tgatgggctgcaggaattcgatatcaag
#103 : aaacttgtgatgggggatccactagttc
pRS415-GPD-
DONR221-erdS-
erds- p er #101 : gaactagtggatcccccatcacaagtttGTACAAAAAAGCAGGCTTC
Aduf2156 Aduf2156
#102 : cttgatatcgaattcctgcageccatcaCCACTTTGTACAAGAAAGCTGGGTC
pRS415-GPD-X #104 : tgatgggctgcaggaattcgatatcaag
#103 : aaacttgtgatgggggatccactagttc
pRS415-GPD-

erdS-AaspRS

pDONR221-erdS-AaspRS

#101 : gaactagtggatcccccatcacaagtttGTACAAAAAAGCAGGCTTC

#102 : cttgatatcgaattcctgcageccatcaCCACTTTGTACAAGAAAGCTGGGTC

pRS415-GPD-X

#104 : tgatgggctgcaggaattcgatatcaag

#103 : aaacttgtgatgggggatccactagttc
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pRS415-

AspRSaapa- pRS415-GPD-erdS-afm FFO48 : TTTTAGCCGCTGCTCCTGCTTTGGCAAAGCAAATGGCCATC
DUF2156

FFO49 : CTTTGCCAAAGCAGGAGCAGCGGCTAAAAATGCATCTCTACCG
Z?j:iso-rGPD- pDONR221-erdS-aor #101 : gaactagtggatcccccatcacaagtttGTACAAAAAAGCAGGCTTC

Construction of E. coli overexpression plasmids - isoThermal assembly

Zm;‘f;'fn\:w'\' pDONR221-erdS-afm #142 : GGTACCGGATCTTACATCACAAGTTTGTACAAAAAAGCAGGCTTC
#134 : GTGGTGGTGGTGCTCGAGGTACATCAACTTTGTACAAGAAAGCTGGGTC
pMtevGWA-X #114 : TGATGTACCTCGAGCACCACCACCAC
#135 : AMCTTGTGATGTAAGATCCGGTACC
PMtevGWA- | o hoNR221-erds-
erds- F dufa1oe #142 : GGTACCGGATCTTACATCACAAGTTTGTACAAAAAAGCAGGCTTC
Aduf2156
#134 : GTGGTGGTGGTGCTCGAGGTACATCAACTTTGTACAAGAAAGCTGGGTC
pMtevGWA-X #114 : TGATGTACCTCGAGCACCACCACCAC
#135 : AMCTTGTGATGTAAGATCCGGTACC
pMtevGWA-

erdS-AaspRS

pDONR221-erdS-AaspRS

#142 : GGTACCGGATCTTACATCACAAGTTTGTACAAAAAAGCAGGCTTC

#134 : GTGGTGGTGGTGCTCGAGGTACATCAACTTTGTACAAGAAAGCTGGGTC
pMtevGWA-X #114 : TGATGTACCTCGAGCACCACCACCAC
#135 : AAACTTGTGATGTAAGATCCGGTACC
pMtevGWA-
AspRSaapa- pMtevGWA-erdS-afm FFO48 : TTTTAGCCGCTGCTCCTGCTTTGGCAAAGCAAATGGCCATC
DUF2156
FFO49 : CTTTGCCAAAGCAGGAGCAGCGGCTAAAAATGCATCTCTACCG
ZmerGWA_ AfmGenomic DNA NY119 : AAGCAGGCTTCATGGCCTCTCATGCCCCTC
NY120 : gAAAGCTGGGTCCTATCTGTCAAAAATCGC
pMtevGWA-X NY121 : GACAGATAGGACCCAGCTTTcttgtacaaagtgg
NY122 : ATGAGAGGCCATGAAGCCTGCTTTTTTGTACaaac
PMtevGWA- pMtevGWA-erdH NY145 : TGAGTGGTTTCGCTGCGGGCGGCAACCTCGCTG
erdH-S153A
NY146 : TTGCCGCCCGCAGCGAAACCACTCAGAGCAATTC
PMtevGWA- pMtevGWA-erdH NY147 : TCTGCGAATGGGCTATGCTGATGAACGAGGGC
erdH-D277A

NY148 : TTCATCAGCATAGCCCATTCGCAGATGTACAG

Deletion and complementation cassettes for Afm strains - isoThermal assembly

pJET1.2-erdS

pSK529 (Hartmann et al.,

délétion FF166 : TATAGGTCAATAGAGTATACTTATTTG
2010)
cassette Afm
FF167 : TATTATGCTCAACTTAAATGACCTAC
AfmCEA170akuB*VE%gDNA | FF168 : cccgggTACGTTGGTACGTGAAAGAAATGG
FF169 : TAAGTATACTCTATTGACCTATAGGTGACGGATGAGAGACCACC
FF170 : GGTCATTTAAGTTGAGCATAATAAGTGGCAGATGTACCAAGCCC
FF171 : cccgggTACGCCGCCTCCCTTCCCATTGC
Zi 521'2 Pxyl S; EST:“ZE‘XJ?; deletion FF271 : CAAAGCACGTTTGATCGACATCTGCAgttggttcttcgagtcgatgaatg
FF272 : TGCACTTCTTTGAAGACTAAGGATCCCCGACGCCGACCAACACCGCC
Afm
CEAL7 BakuB<®gDNA FF273 : ATGTCGATCAAACGTGCTTTGTCTAAG

FF274 : TTAGTCTTCAAAGAAGTGCAGAACCG

pJET1.2-erdS
délétion
cassette Afm

pSK529 (Hartmann et al.,
2010)

FF166 : TATAGGTCAATAGAGTATACTTATTTG

FF167 : TATTATGCTCAACTTAAATGACCTAC

AfmCEA17AakuB Us0gDNA

FF168 : cccgggTACGTTGGTACGTGAAAGAAATGG

FF169 : TAAGTATACTCTATTGACCTATAGGTGACGGATGAGAGACCACC

FF170 : GGTCATTTAAGTTGAGCATAATAAGTGGCAGATGTACCAAGCCC

Afm AerdS strains verification

AfmCEA17AakuB U0gDNA

FF684 : GGAGATTGGATATGGATGAAGTGAAC

FF685 : GTTGCCAACGTCGAGAAAACC

NY15 : GAGCTGATGCTTTGGGCCGAGGACTGC

NY16 : GCAGTCCTCGGCCCAAAGCATCAGCTC

AfmCEA17AakuB U0gDNA

FF684 : GGAGATTGGATATGGATGAAGTGAAC

FF685 : GTTGCCAACGTCGAGAAAACC

NY15 : GAGCTGATGCTTTGGGCCGAGGACTGC
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| | NY16 : GCAGTCCTCGGCCCAAAGCATCAGCTC
Deletion and complementation cassettes for Aor strains - restriction and ligation

pTANpYrG A. nidulans A26 AnpyrG-F : CCCCCCCGGGCTAGGCGCAATCCCTG
AnpyrG-R : GGGGACTAGTGCCGGCTTAACCACAG
pANpyrG-MR | pTAnpyrG AnpyrG-Spel-FF : CCCCACTAGTCTCGTCGGCTCTTTTCGCAA
AnpyrG-Sphi-FR : GGGGGCATGCGTAGAGGGTGCGGAGAACA
pUCdn AorRIB40genomic DNA AoErdS-3'-Smal-F : GACTAACCCGGGGCCTTCTTATGTTAGGCGTTTG
AOErdS-3'-ECoRI-R : CTAGTCGAATTCTTCGAACCAGAATTAACGCTAC
pUCHIK AorRIB40genomic DNA AOErDS-5-HindIll-F : ACCTGCAAGCTTCTTTAATATCCCGAGAATACTCG
AOErDS-5'-Pstl-R : TGATGACTGCAGTTGTGTAGCGGACGATAG
pDAor-ErDS pAnpyrG-MR AnpyrG-MR-Smal-F primer : CTTCATCCCGGGCTAGGCGCAATCCCTGTC
AnpyrG-MR-PstlR primer : CTTCATCCCGGGCTAGGCGCAATCCCTGTC
pTANpYrG A. nidulans A26 AnpyrG-F : CCCCCCCGGGCTAGGCGCAATCCCTG
AnpyrG-R : GGGGACTAGTGCCGGCTTAACCACAG
pANpyrG-MR | pTAnpyrG AnpyrG-Spel-FF : CCCCACTAGTCTCGTCGGCTCTTTTCGCAA
AnpyrG-Sphi-FR : GGGGGCATGCGTAGAGGGTGCGGAGAACA
pUCdn AorRIB40genomic DNA AOErdS-3'-Smal-F : GACTAACCCGGGGCCTTCTTATGTTAGGCGTTTG
AOErdS-3'-ECoRI-R : CTAGTCGAATTCTTCGAACCAGAATTAACGCTAC
pUCHIK AorRIB40genomic DNA AOErDS-5"-Hindlll-F : ACCTGCAAGCTTCTTTAATATCCCGAGAATACTCG
AOErDS-5'-Pstl-R : TGATGACTGCAGTTGTGTAGCGGACGATAG
Deletant and complemented Aor strains verification
HiMe10, HiDES (gDNA) P1 : AoErdS-5'-HindllI-F : ACCTGCAAGCTTCTTTAATATCCCGAGAATACTCG
P4 : AoErdS-3'-ECORIR : CTAGTCGAATTCTTCGAACCAGAATTAACGCTAC
::SSEZJU‘::%,:'A'?ES * P15 : AoErdS-486-F : TGCCAAGCTGGTTTTCCTTG
P16 : AOErdS-575-R : ATGGCGATGGAATTCTTGCC
ZSESA; erdSAaspRS P10 :A0ErdS-PmaCl-R : AGACACGTGTTAGTCTTCGAAAAAGTGAAGGACAG
P17 : AOErdS-2274F : GGCGATCCTTTGTGCGATTC

Supplemental Materials and Methods

Media and growth conditions

For routine growth and maintenance of Aspergillus fumigatus (Afm) and Aspergillus
oryzae (Aor), fresh conidia were spread on Malt extract agar (ThermoScientific) plates or slants
and incubated at 37 °C (A4fm) or 30 °C (4or). Mycelia were then incubated 7 days for Afm or
10 days for Aor until they produced enough conidia. N. crassa (Ncr) was grown in Vogel’s agar
medium. Nutrient-rich (NR) liquid or agar medium was composed of glucose 4 % (w/v),
peptone 1 % (w/v) and yeast extract (YG) 1 % (w/v) (with 1.5 % w/v agar for plates or slants).
Standard Aspergillus minimal medium Glucose (MMG) was composed as follow: For 1 L, it
contained glucose (1 % w/v), ammonium tartrate dibasic(0.92 g, 5 mM, ie, 10 mM
ammonium), salts (10 mL of a 50 X solution containing KCI 26 g/L, MgSO4 7H20 26 g/L,
KH>PO4 76 g/L) and trace elements (0.5 mL of a 1000 X solution containing: FeSO4 7H20 1 g,
Na;EDTA 10 g, ZnSO4 7H20 4.4 g, H3BO3 2.2 g, MnCl> 4H>O 1 g, CoCl2 6H20 0.32 g, CuSOq4
5H20 0.32 g and NaxMoOs 0.8 g for 200 mL adjusted at pH 6.5). For MMX media, it contained
1 % (w/v) xylose as the carbon source. Solid media contained 1.5 % (w/v) agar. Agar plates or
slants were incubated at 37°C (A4fm) or 30 °C (Aor, Ncr) in the dark for indicated periods of
time. Liquid cultures were incubated in glass flasks at 37 °C for Afin or 30 °C for Aor, Ncr and
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all other filamentous fungi tested under shaking (220 rpm) for 24 (4fm) to 48 h (other fungi),
until enough cells or mycelia were produced. Sce, Candida spp. and C. neoformans (Cne) were

grown in NR medium for 24 h at 30 °C under agitation (220 rpm).

Spores/conidia preparation

Spores from 7 days for Afin or 10 days-old for 4or Malt agar slants were resuspended by
addition of 5 mL sterile Tween 20-H>O (0.05 % v/v) and vortexing, then the conidia were
filtered with Cell Strainer filters (EASY strainer™ Greiner Bio-One), and the concentration
was determined with a hemacytometer. Conidia were stored in Tween 20-H2O (0.05 % v/v) at
4°C in the dark up to 1 week. For Ncr, conidia were harvested and treated similarly using 1 M

sterile sorbitol.

Mycelia harvesting from liquid cultures

Liquid cultures to produce mycelia were inoculated with 10° to 107 conidia/mL in 50 mL
liquid MMG for Afim or NR for Aor, incubated for 24 h at 37 °C (Afm) or 30° C (4or) in the
dark under agitation (220 rpm). Mycelia were then filtrated through two layers of gauze, rinsed
twice with 50 mL sterile H>O, and squeezed to eliminate excess water. Mycelia were directly

used to extract total lipids.

Construction of cassettes for A. fumigatus

For the construction of AerdSmutants of Afin, 1000 bp of the 5’-upstream and of the downstream
regions were amplified by PCR (using primer pairs FF#168 + FF#169 andFF#170 + FF#171,
respectively) from AfimCEA17AakuBXV8genomic DNA. Primers contained a 25 bp sequence
at the 3’ and 5’ extremities, respectively, to obtain sequence tags corresponding to the 5* and

3’ extremities of the six-PXyl—Brec—trpC—hygB—Six resistance cassette (1) flanked by Smal
restriction sites. The six-PXyl—Brec—trpC—hygB-six resistance cassette was amplified by PCR

(FF#166 and FF#167), and the 3 resulting fragments were fused using the Gibson method as
described (2) to obtain the 5’—UTR—six-PXyl—Brec—trpC—hygB-six-3’—UTR cassette flanked by

the Smal restriction sites. This cassette was ligated into a pJET1.2 plasmid using the CloneJET
PCR Cloning Kit (ThermoScientific) following the manufacturer’s instructions, to obtain the

pJET1.2-AerdSdeletion plasmid. The integrity of the deletion cassette was checked by PCR
and sequencing. Thexylose-inducible erdS complementation cassette was constructed by

replacing the B- rec gene in the 5’—UTR—Six-PXyl—Brec—trpC—hygB-six-S’—UTR cassette by the
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wild-type erdS gene, so that it is under the control of the xylose promoter PxyD (3) and the

trpC terminator. The pJET1.2-AerdS plasmid was reverse-amplified with primers FF#271 and
FF#272 to obtain the pJET1.2-AerdS open plasmid (pJET1.2-eraS-Brec” °7*") deprived of the
B-rec gene. This PCR fragment was submitted to Dpnl digestion at 37 °C, 1 h, to remove the
pJET1.2-AerdS matrix and purified using the Nucleospin Gel and PCR clean-Up Kit
(Marcherey-Nagel). The erdS gene was amplified from AfmCEA17 24 AakuBXU8%enomic DNA
using primers FF#273 and FF#274 with 20 pb 5’- and 3’-tags corresponding to the flanking
regions of the B-rec gene. The pJET1.2-eraS-Brec” °P*" and erdS fragments were fused using
the Gibson procedure (2) to obtain the pJET1.2-PXy1-erdS (precisely, the pJET1.2 plasmid
containing the 5’-UTR-six-PXyl-erdS-trpC—hygB-six-3’-UTR cassette) integration plasmid.
This cassette was designed to be integrated by homologous recombination at the AerdS locus.

Because the B-rec gene was removed, once integrated at the AerdS locus, the 5°-UTR-six-Pyy|-

eraS-trpC-hygB-six-3’-UTR cassette could not be excised.

Construction of mutants and complemented strains in A. fumigatus

Deletion of the erdS gene was obtained through homologous recombination with the deletion
cassettes described above. Transformations of Afimm were performed by electroporation of
swollen conidia essentially as described (4) and we used 10 pg of linearized (Smal-digested)
deletion plasmid.

From the primary hygromycin-resistant colonies, conidia were isolated on individual Malt
agar plates containing 150 pg/mL hygromycin B. After 3 days, conidia from single isolated
colonies were scrapped and transferred on Malt agar slants containing 150 pg/mL hygromycin
B and incubated 5 days at 37 °C. Genomic DNA was extracted (5)from mycelium cultures of
AerdS mutants and the disruption of the Afin-erdS gene was confirmed by PCR (Primers FF#684
+ NY#015 and NY#016 + FF#685) and by Western-blot. The hygromycin resistance cassette
was then self-excised as described (1) on xylose-containing MM, and clones verified by PCR
with primers FF#684 and FF#685.

To complement this AerdS strain, Pxy1-erdS cassette was inserted at the AerdS locus with the
same protocol but the cassette could not be excised since, for this construct, the B-recombinase

gene (1) was replaced by the erdS open reading frame.

Construction of cassettes for 4. oryzae

49



For the disruption of Aor-erdS in Aor, pyrG marker recycling method was used (6). The first
300 bp of the coding sequence (starting from the ATG codon) of Aspergillus nidulanspyrG was
amplified (AnpyrG-300 bp) and ligated to the 3’ end of pyrG gene, immediately after the stop
codon. This will bring the first 300 bp sequence directly attached to the 3’ end of the pyrG gene
in tandem repeats. The pyrG gene was amplified by PCR from 4. nidulans A26 genomic DNA
with the primers AnpyrG-F and AnpyrG-R. The PCR product was then ligated into pT7Blue
using TA-cloning kit to yield pTAnpyrG. AnpyrG-300bp was amplified from pTAnpyrG with
the primers AnpyrG-Spel-FF and AnpyrG-Sphl-FR. The resulting fragment was ligated into
pTAnpyrG digested with Spel and Sphl to yield the pAnpyrG-MR.

To construct the Aor-erdS gene disruption cassette, the upstream (1.0 kb) and the downstream
(1.0 kb) flanking region of Aor-erdS ORF were amplified by PCR from 4orRIB40 genomic
DNA using primer pairs AoErDS-5’-HindIII-F and AoErDS-5’-PstI-R for the upstream, and
AoErDS-3’-Smal-F and AoErDS-3’-EcoRI-R for the downstream regions. The downstream
fragment was ligated into pUC118 vector digested with Smal and EcoRI to yield the pUCdn,
and then the upstream fragment was ligated into pUCdn digested with HindlIlI and Ps¢I to yield
the pUCflk. The AnpyrG-MR was amplified from pAnpyrG-MR with the primers AnpyrG-
MR-Smal-F and AnpyrG-MR-PstI-R, and ligated into pUCHlk digested with Smal and Ps?I to
yield the pDAor-ErDS.

Construction of mutants and complemented strains in 4. oryzae

The conidial suspension of 4orHiMel0was inoculated in 50 mL GPYU broth (2 % glucose, 1
% polypeptone, 0.5 % yeast extract, 0.1 % uridine, 0.1 % uracil) and incubated for 18 h at 30
°C and 160 rpm. Then mycelia were harvested by filtration with sterile Myracloth, washed with
sterile distilled water and the cell walls digested with 1 % yatalase (Takara), 0.6 M (NH4)>SO4,
50 mM maleate buffer (pH 5.5) at 30 °C for 3 h. Protoplast conversion was monitored by

microscopic observation. After removing hyphal debris by filtration, the protoplast suspension
was diluted 1:1 with Solution I (1.2 M sorbitol, 50 mM CaCl,, 35 mM NaCl, 10 mM Tris-HCI,
pH 7.5). Protoplasts were collected by centrifugation (2000 rpm, 8 min, 4 “C) and washed twice
with Solution I. Finally, protoplasts were resuspended in Solution I at 2x107 cells mL™!. Of the
protoplast suspension, 200 pL was mixed with 15 pg of linearized disruption cassette and
incubated on ice for 30 min, then to the mixture was added 1.35 mL Solution II (60 % PEG4000,
50 mM CaCly, 10 mM Tris-HCL, pH 7.5). After 20 min incubation at room temperature (RT),
the mixture was diluted with 5 mL Solution I and centrifuged (2000 rpm, 8 min, 4 °C). The

precipitates were suspended in 250 pLL Solution I and added in 5 mL Top agar (selective media
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including 1.2 M sorbitol and 0.8 % agar) and then the transformation mix overlaid on selective
agar media (3 % sucrose, 0.3 % NaNO., 0.1 % KoHPO4, 0.05 % MgSO4-7H20, 0.05 % KCI,
0.001 % FeSO4-7H20 and 1.2 M sorbitol). The plates were incubated at 30 °C for seven days.
From the primary transformation plates, conidia were isolated from individual colonies using a
flamed loop and transferred on individual Czapek-Dox agar plates to allow isolated sporulating
colonies to form. After isolating three times to a single colony, conidia were inoculated into 5
mL GPY broth and incubated for 18 h at 30 °C and 160 rpm. Mycelia were harvested by
filtration through Miracloth, washed with water, subjected to genomic DNA extraction with the
DNeasy Plant Mini Kit (Qiagen) following the manufacturer’s instructions. After isolation, the
disruption of the Aor-eraS gene was confirmed by PCR with QuickTaqg HS DyeMix
(TOYOBO)using primers AoEraS-F2 and AnpyrG-F2 that were designed based on
homologous region and the AnpyrG-MR, respectively. The AnpyrG-MR was self-excised on
PDU agar media containing 5-FOA. The resulting disruption mutant was named HiDES.

To complement the Aor Aera$ disruption mutant, the plasmid pUAES was constructed,
which harbors the 4or-era$S gene, the promoter region of Aor-eraS and the terminator of agdA.
The Aor-eraS gene was amplified by PCR using the primers PEraS-Sse83871-F and AoEraS-
PmaCI-R digested with Sse83871 and PmaCl, and then ligated into pUenoP digested with PsI
and Smal. The resulting pUAES plasmid containing the niaD gene was introduced into HiDES

to obtain HIDEC. Clones were isolated and identified as described above.

Induction of erdS expression with xylose

Liquid cultures were performed as described in the previous section, and mycelia harvested
similarly. Then washed mycelia were resuspended in fresh minimal media containing 1 %
glucose (w/v) or 1 % xylose (w/v) as the sole carbon source, to induce or not ErdS and Erg-Asp
overproduction in the AerdS::Pxyi-erdS strain of Afim. Mycelia were then harvested as described

and lipids extracted as specified below.

Construction of Sce and E. coli expression plasmids

The Afm erdS open reading frame (AFUA_1g02570) was synthesized (Genscript®) with
codon optimization for expression in Sce, amplified by PCR (Primers GW_s and GW_as) and
cloned in a pPDONR221-ccdB vector (kanamycin resistance marker) (Gateway technology)
using a BP reaction as described (7). To construct the erdSAduf2156 and erdSAaspRS variants,
the erdS sequence was amplified with primers pairs FF#001/FF#003 and
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Dufssdrs_sens/GW _as, respectively, that contained a#tB1 and attB25’-tags, and introduced in
the pPDONR221-ccdB with a BP reaction, as described (7). To transfer the erdS, erdSAduf2156
and erdSAaspRS constructs in destination vectors (pDEST was pRS415-Gpd or pRS414-Gpd),
we first amplified the corresponding ORFs from the pDONR vectors with primers #101 and
#102. We reverse-amplified a pDEST vector containing another unrelated ORF (already
recombined) with primers #104 and #103 to obtain the open form of the plasmid without this
unrelated ORF. Fragments (erdS, erdSAduf2156 and erdSAaspRS) were introduced in the open
pDEST form separately using the Gibson assembly procedure as described (2) and recombinant
plasmids verified by PCR, restriction analysis and sequencing. The same procedure was used
to clone the erdS gene from Aor (primers FF#099 and FF#100 to insert the ORF in the pPDONR
and primers #101 and #102 to transfer in the pDEST vectors).

To construct vectors enabling the expression of Maltose-binding protein fusions in E. coli,
the codon-optimized erdS ORFs and variants were PCR-amplified using primers #142 and
#134, and the pDEST (pMTevGWA) reverse-amplified with primers #114 and #135 before
performing the Gibson assembly. The same was applied for the erdH gene (AFUA_1g02580,
no introns) that was PCR-amplified from 4/mKU80 with primers NY#119 and NY#120 and
inserted directly in the pMTevGWA open vector generated by reverse-amplification with

primers NY#121 and NY#122.

Site directed mutagenesis was performed with primer pairs containing selected mutations

(indicated and described in supplementary table), as previously described (8).

Plasmid-shuffling complementation assays in S. cerevisiae

Plasmid shuffling experiments were conducted in the Adps/ Sce strain (9) rescued with a
wild-type DPSI gene copy cloned in an URA3-bearing plasmid. All Afin or Aor erdS constructs
to be tested were cloned in p415 (LEU) plasmids, transformed in the Adps/ strain, and shuffled
essentially as described (10, 11).

Proteins extraction and Western blots

For yeast crude extract preparation, 1 ODsoonm 0f cells were resuspended and incubated 10
min in 500 pL of pre-cooled NaOH 0.185 N, then precipitated by adding 50 pL of
Trichloroacetic acid (TCA) 100 % and incubated 10 min on ice. Finally, the samples were

centrifuged at 13, 000 x g for 15 min and the resulting pellets were resuspended in 100 pL of
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Laemmli Sample Buffer. Then, 8 puL of each sample was then resolved on 10 % SDS-PAGE
gels. Samples were separated by using a BioRad Mini-PROTEAN electrophoresis apparatus.
For western blotting, proteins were transferred onto PVDF membranes that were blocked in 5
% (w/v) skimmed milk in TBS-Tween (TBS 1X, Tween-20 0.3 % (v/v)) for 1 h at RT. Primary
antibodies (polyclonal anti-DUF2156, Covalab, France, anti-PGK) were incubated overnight at
4 °C and then washed several times with TBS-Tween. Membranes were then incubated for 1 h
with HRP-conjugated secondary antibodies (Goat anti-rabbit for anti-DUF2156 and Goat anti-
mouse for anti-PGK)) at RT. Revelation was performed with the BioRad clarity western ECL
Kit and monitored in a BioRad ChemiDoc Touch® apparatus.

Recombinant protein expression and purification

For recombinant protein purification, we modified the pMGWA vector (described in (7))
by introducing the Maltose Binding Protein (MBP) tag coding sequence 5’ to a TEV cleavage
site (TevCS). The gene encoding the protein of interest (erdsS, erdH and mutants) was then
cloned into this pMtevGWA using the above described cloning method. The resulting MBP-
TevCS-X expression plasmids were then transformed in E. coli Rosetta-2 strains. Transformed
bacteria were grown in LB medium containing ampicillin (150 pg/ml) and shaken at 37 °C,
until an ODgoonm ~ 0.5-0.6 was reached. Cultures were then chilled on ice for 30 min and protein
overexpression was induced with 0.1 mM IPTG for 12 h at 18 °C. Finally, cells were harvested
by centrifugation (5000 x g, 15 min, 4 °C). The resulting cell pellet (~9 g) was resuspended in
30 mL of Tris-HCI pH 7 250 mM lysis buffer, containing NaCl 300 mM, KC1 30 mM, Glycerol
5 % (v/v), Tween 20 0.25 % (v/ v), TritonX-100 0.1 % (v/v), 2-mercaptoethanol 5 mM,
Na;EDTA 0.5 mM and a protease inhibitor cocktail (Roche Complete, EDTA-free). Cell lysis
was performed by sonication (6 x 1 min, amplitude 28 %) (Vibracell, 72408) with intermediate
cooling on ice. The lysate was centrifuged at 13, 000 x g, 20 min and the supernatant directly
incubated with 1 mL of equilibrated amylose resin (NEB Amylose Resin, E8021S) at 4 °C on
a rotating wheel. After transfer on an column (BioRad), the flow through was collected, beads
where washed with 5 column volumes (CV) of wash buffer (Tris-HCI pH 7 50 mM, NaCl 300
mM, KCI 30 mM, Glycerol 5 % (v/v), Tween-20 0.25 % (v/v), 2-mercaptoethanol 10 mM) and
the recombinant protein was eluted with 5 x 1 mL of elution buffer (Wash buffer supplemented
with 2 % (p/v) of maltose monohydrate (Sigma-Aldrich). The collected fractions were then
analyzed on 10 % SDS-PAGE gels. Fractions containing MBP-TevCS-X (X: ErdS, ErdH or
mutants) protein were pooled. When required, the MBP-tag was cleaved off using the TEV
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protease, as described. To separate the protein of interest from the MBP-tag and some other
contaminants, fractions were injected on a HiLoad 16/600 Superdex 200 pg set up on a AKTA
pure chromatography system (GE Healthcare). Finally, the fractions containing the protein of
interest where pooled, concentrated to a final concentration of 1 mg/mL and stored at -20 °C

with 30 % glycerol until use.

S. cerevisiae tRNAAP purification

Extraction and purification of tRNAA from Sce was performed as described elsewhere (12).

In vitrotRNAA*Paspartylation assay

Aspartylation of tRNA* was performed as and adapted from (13, 14). Briefly, pure MBP-
ErdS (or mutants) or ErdS (or mutants) without the N-terminal MBP tag were used.
Aminoacylation reactions were performed in a Na-HEPES 100 mM pH 7.2 buffer containing
KCI1 30 mM, MgCl,, 12 mM, ATP 10 mM, BSA 0.1 mg/mL, pure yeast tRNAA (10 uM), [U-
14C]-Asp (280 cpm/pmol, Perkin Elmer) in a final volume of 100 uL. Reactions were initiated
by adding 1 pg of enzyme pre-incubated at 30°C, and incubated at 30 °C. At each time points,
10 pL of reaction mix were removed, spotted onto Whatman paper filters (2 x 2 cm) and
plunged into a 5 % TCA solution in a glass beaker to precipitate ['4C]-Asp-tRNAA, Papers
were washed 3 times for 15 min in 5 % TCA to remove residual free ['*C]-Asp, and 3 times 5
min in 100 % ethanol and air-dried. Radioactivity of precipitated ['*C]-Asp-tRNAA® was
counted in a scintillation counter. Control experiments were performed with a reaction mix

deprived of enzyme to obtain the background counts.

Chemical synthesis of ergosteryl-38-O-L-aspartate and NMR analyses

4-tert-Butyl-1-ergosteryl N-(tert-butoxycarbonyl)-L-aspartate

Ergosterol (400 mg) and 4-fert-butyl-N-(tert-butoxycarbonyl)-L-aspartate (300 mg in Et2O
(30 ml)) at RT was added N,N'-dicyclohexylcarbodiimide (300 mg) and N,N-dimethyl-4-
aminopyridine (amount of catalyst) and stirred for 3 h at RT. The mixture was extracted with
EtOAc and washed with 1N HCI, sat. NaHCOs3 and sat. brine. The organic layer was dried over
Na>SO4. Removal of the organic solvent in vacuo gave the crude product. Purification by silica
gel column chromatography (hexane/EtOAc = 15:1) gave the product (480 mg) in 70 % yield.
NMR was measured using JEOL ECP-500 ("H at 500 MHz, *C at 125 MHz) with CDCl;
(99.8% atom 2H, Kanto Chemical, Japan) as a solvent with a solvent signal of & 7.26 ppm for

'H and & 77.0 ppm for '3C as references for chemical shifts.
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'TH NMR (300 MHz, CDCl3): 8 0.617 (s, 3H), 0.814 (d, J = 6.60 Hz, 3H), 0.830 (d, J= 6.60
Hz, 3H), 0.908 (d, J = 6.60 Hz, 3H), 0.940 (s, 3H), 1.028 (d, J = 6.60 Hz, 3H), 1.438 (s, 9H),
1.446 (s, 9H), 2.704 (dd, J=4.40, 16.86 Hz, 1H), 2.887 (dd, J=4.77, 16.86 Hz, 1H), 4.475 (m,
1H), 4.762 (m, 1H), 5.190 (m, 2H), 5.368 (m, 1H), 5.545 (m, 1H).

13C NMR (75 MHz, CDCl3): & 12.022, 16.140, 17.571, 19.618, 19.930, 20.972, 21.073,
22.947, 28.020, 28.258, 28.291, 33.051, 36.405, 37.022, 37.786, 38.962, 40.417, 42.767,
42.768, 45.941, 50.192, 54.475, 55.642, 74.123, 79.861, 81.554, 116.214, 120.291, 131.941,
135.525, 138.197, 141.625, 155.518, 170.135, 170.653.

Ergosteryl-3B-O-L-aspartate

To 4-tert-Butyl-1-ergosteryl N-(fert-butoxycarbonyl)-L-aspartate (290 mg) in CH2Cl
was added EtsN (200 pL). After cooling with an ice bath, the mixture was added TMSOTT (300
uL) and stirred for 24 hrs at 0 °C. The mixture was extracted with CHCl; and washed with sat.
NaHCO:;. The organic layer was dried over NaxSO4. Removal of the organic solvent in vacuo
gave the crude product. Purification by silica gel column chromatography (CHCIl3 ~
CHCI3/MeOH = 5:1) gave the product. NMR was measured with CD3OD (99.8 % atom 2H,
Merck, Switzerland) as a solvent with a tetramethylsilane signal of 8 0.00 ppm for 'H and a

solvent signal of § 49.0 ppm for '3C as references for chemical shifts.

In silico analyses and determination of the phylogenomic distribution of ErdS

BLAST analyses

The protein sequence of the Afm AspRS-DUF2156 (ErdS) (encoded by the AFUA_1G02570
gene in the Af293 strain) was used to perform PSI-BLAST searches (15) using non-redundant
protein sequences databases and limited to fungi with 20,000 target sequences. Convergence
was reached after 2 iterations. Sequences were then filtered using a home-made Python
algorithm to recover only sequences of 250 to 2000 residues in length (7584 sequences) to
exclude short and truncated versions of protein domains (AspRS and/or DUF2156). These
filtered sequences were used to construct a protein size distribution plot in order to determine
the average length of AspRS-DUF2156 proteins. Filtered sequences were then used to build a
local BLAST database and a local BLAST search was performed using the sequence of the
DUF2156 domain of Afm AspRS-DUF2156 as a query to detect DUF2156-containing proteins
in the distribution plot (1006 sequences).
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Phylogenomics analyses: To determine the phylogenomic distribution of AspRS-DUF2156
(ErdS), we used the Afm AspRS-DUF2156 sequence to retrieve by BLAST (15) all orthologs
in each fungal class that belongs to the Dikarya sub-kingdom (Eurotio-, Lecanoro-, Xylono-,
Dothideo-, Sordario-, Leotio-, Pezizo-, Orbioliomycetes, Saccharo- and Taphrinomycotina for
ascomycetes, and in Agarico-, Puccinio- and Ustilagomycotina for basidiomycetes) and
counted proteins containing a DUF2156 domain with length >750 residues, to take into account
only complete and full-length AspRS-DUF2156 fusions, and not truncated forms that could
account for sequencing or protein sequence prediction errors. No AspRS-DUF2156 fusions
were detected outside Dikarya. We mapped the presence/absence of ErdS in each class onto the
phylogenetic tree of fungi available at the JGI MycroCosm website (16). Distribution of ErdS
was also monitored in the indicated selected species. In each case, we also indicated the

presence of a canonical AspRS, involved in protein synthesis, for comparison.

Sequence alignments and analyses: Eleven ErdS (AspRS-DUF2156) protein sequences
from Aspergillus fumigatus, Aspergillus oryzae, Aspergillus flavus, Aspergillus niger,
Penicilliumexpansum, Penicillium camemberti, Beauveria bassiana, Alternaria alternata,
Neurosporacrassa, Cryptococcus neoformans and Schizophyllum commune were used, together
with 6 canonical AspRS sequences from Saccharomyces cerevisiae, Candida albicans, A.
Sfumigatus, A. oryzae, A. niger and N. crassa to obtain a multiple alignment of all proteins with
the Muscle program (17, 18) included in the Seaview package. Class II aaRS motifs 1, 2 and 3
(19) and the AspRS-specific QSPQ (20, 21) sequences were localized using the well
characterized S. cerevisiaeAspRS(20, 22). Residues known to be crucial for tRNAA acceptor
arm, ATP, L-Asp or the Asp~AMP intermediate binding were identified according to the
residues that had been experimentally identified in the yeast AspRS(9, 20, 23). The N-terminal
extensions, AspRS and DUF2156 domains boundaries were determined according to the
alignment.

Protein structure modelling and analysis: The amino acid sequence of the Afim AspRS-
DUF2156 (ErdS) protein was used on the Phyre2 server
(http://www.sbg.bio.ic.ac.uk/phyre2/html|/page.cgi?id=index) (24) to obtain
structurespredictions of either the AspRS (residues 1-593) or DUF2156 (residues 594-947)

domains independently. Because sequence similarity with bacterial DUF2156 was very low
(~20 %), the GNAT I and II subdomains — as well as the intercalated o” helix — of the
AfmDUF2156 (residues 594-947) were localized in the Phyre2 model by comparison with the
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crystal structures of the DUF2156 domains of bacterial aaPGSs (25). The a” helix of the

DUF2156 domain was identified based on the model of the interaction inferred between

tRNAA? and the o helix of P. aeruginosa AlaPGS (25) where it was suggested to contact and

recruit the Ala-tRNAA® acceptor arm.
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Il. Additional results and discussions
1.1, Identification of functional residues of Erds

I1.1.1. The predicted structure of ErdS.m reveals high similarities to bacterial

aaLSs

In the accompanying paper we demonstrated through experimental procedures that
fungal ErdSs aspartylate ergosterol through their DUF2156 domain in a tRNA dependent manner.
To further decipher the molecular mechanism of those fungal proteins, we actually collaborate
with Pr. 0. Nureki's team to resolve the 3D structure of ErdSasm. Meanwhile, a prediction of the
structure was obtained by submitting the 347 aa C-terminal sequence of ErdSam (i. e. ErdSam-
AAspRS containing the DUF2156 domain) to the Phyre2 server and the closest
experimentally established structures were detected with the Dali server

. As expected, the closest structural homologs found were DUF2156 domains of LysPGS from

B. licheniformis, LysPGS from Agrobacterium fabrum and AlaPGS from P. aeruginosa (AlaPGSpge)
[Protein Data Bank (PDB) entries 4V34, 4V36 and 5VRV respectively]. The predicted structure was
superposed to AlaPGSpee with Pymol and yield a rmsd of 11.2 A when using normal align method
without outlier rejection cycles and was decreased to 8.3 A when setting 5 outlier rejection cycles.
Because both proteins have low sequence similarity the cealign command is preferred and yielded
armsd of 2.8 A (Figure S1-A). Both structures seem very similar, but a closer look points out some
variations in the positioning of secondary structure elements and the presence of inserted regions.
Analyzing the secondary structures organizations show that the DUF2156 from ErdSm shares
globally the same topological organization proposed for the bacterial AlaPGS (Figure S-1B)
. As detailed in the introduction, S. Hebecker and colleagues showed that a

tunnel crosses bacterial DUF2156 domains and the latter is proposed to accommodate the aa-tRNA
and the lipidic substrates at each extremity. In the center of this tunnel, a bottleneck allows the
polar headgroup of PG to encounter the aa moiety (Figures S-2C and S-2E). A tunnel crossing the
fungal DUF2156 domain was also present when analyzing its van der Waals surface but the

bottleneck separating two cavities is absent or at least enlarged (Figure S-2D).
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GNAT domain 1

GNAT domain 2

Positively charged helix ((X(+), binding
of the acceptor stem of the tRNA)

* Conserved residues of the PG pocket
Residues involved in binding the aa-tRNA's aa-moiety
* Residues involved in binding the tRNA's 3'CCA end
* a-helix insertions in comparison to the consensus GNAT topology
*

secondary structures predicted to be absent or severely shortened in ErdS ¢,

Figure S-1: Bacterial and fungal DUF2156 domains are predicted to share similar structural topology. (A)
Structural superposition of DUF2156 domains (i. e. transferase domains) from AlaPGSpge (resolved structure,
pdb: 4v34, raspberry) and from the fungal ErdSssm (Phyre2 structure prediction, olive-green) was performed
with the pymol cealign command and is shown in a wall-eye stereo view. (B) The Dupli-GNAT topology of
AlaPGSpge, presented in Figure 1-17 (introduction), was implemented with additional details. GNAT domain 1 is
in gray, GNAT domain 2 is in green and the positively charged a-helix (a(*)) delineating them is colored in blue.
The DUF2156 domain of ErdSasmy is predicted to share similar topology as bacterial aaPGSs but a-helices 2 and
4 from GNAT domain 1 and a-helix 9 are predicted to be degenerated in the case of ErdSssy. Figure B was
modified from .



In addition to other bioinformatic predictions, these results strongly suggest that the
fungal DUF2156 might also be composed of a tandem repeated GNAT fold were GNAT1 lacks the
most N-terminally B—strand when compared to the consensus GNAT fold, while GNAT2 has two
additional a-helices (8a and 9). However, 0t-helices 2 and 4 from GNAT domain 1 and 0t-helices 9

are predicted to be degenerated in the case of ErdSasm (Figures S-1B, S-2A and S-2B).

Both GNAT domains of bacterial aaLSs are separated by an inserted positively charged -
helix (@), considered as a signature feature common to all aa-tRNA transferases (ATT). Mutating
basic residues (Lys, Arg) from this o-helix through inverting their charge (Glu) completely
abolished the AlaPGSpee activity . As expected, a is also present in the
structure prediction of ErdSasm and in the present case both GNAT folds were delimited by this helix.
In both structures the positively charged a-helix is thought to interact with the tRNA acceptor stem
and is oriented perpendicular to the near located a-helix 8 which is also implicated in tRNA binding

(Figures S-2A and S-2B).

The aa-tRNA cavity is mainly delineated by conserved secondary structure elements
belonging to GNAT domain 2 which have equivalent features in the predicted structure of fungal
DUF2156 (red in Figure S-2A and S2B). In AlaPGSp.e several residues forming this cavity were
proposed to interact with the 3'-CCA of the tRNA (Figure S1B). The C-terminal extremity of a-helix
6, the N-terminal extremity of a-helix 7 and the extended loop (INS 6-7) between them contain
highly conserved residues. Among them W712 of AlaPGSpee found in a-helix 6 is in van der Waals
distance from the tRNA 3'-CCA as shown through docking experiments
Strikingly, the extended loop between a-helix 6 and 7 was also predicted in the fungal DUF2156
domain and W78S, predicted in the C-terminus of a-helix 6 from ErdSam-AAspRS, is proposed to
interact with the tRNA 3'-CCA (Figure S-2A and S-2B). Importantly, the presence of an extended
loop might be a characteristic feature of lipid aminoacylation factors regarding other ATT and is
thought to be essential for the formation of a closed cavity ready to accept the lipid substrate. Due
to its location, this feature might correspond to the interface between the aa-tRNA and lipid
binding sites. Finally, a-helix 10 of AlaPGSpee participates also to the aa-tRNA cavity formation and
contains several conserved residues. Notably, F839, K840 and K842 were shown to be functionally

relevant (most probably for binding of the 3'CCA of the tRNA (Figures S-1B and S-2A). This helix
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[ AlapGSs Pae (pdb: 4v34) [ ErdS Afm (prediction)

Figure S-2: Confronting the ErdS ¢, DUF2156 domain (structure prediction, right panel) to AlaPGSpq, (4V34,
left panel) as an early approach to identify functional residues. (A & B) Secondary structures of both proteins
are shown as a cartoon. Residues of interest within a(*) and within secondary structures delineating the
tRNA-binding cavity (CAVcca-aa) are highlighted as well as some a-helixes (0.-6, 0.-8, a.-9 and 0.-10) of particular
interest. Based on this structural model, conserved residues W785, R789 and/or K790 from ErdS,sm are
proposed to be functionally equivalent residues to AlaPGSpge W712 and R768 (tRNA 3'CCA binding and catalysis).
This is even more true for basic residues within a(*), considered as the hallmark of ATT and thought to interact
with the acceptor-stem of the substrate tRNA. The large loop inserted between helices 6 and 7 (INS 6-7) is
indicated by red arrowheads. (C & D) ErdSafm and AlaPGSpge DUF2156 domains are in the same orientation as in
(A & B) but their structures are shown as Van der Waals surfaces. This view suggests that ErdS,¢y probably also
forms a CAV¢ca-aa t0 accommodate the charged acceptor stem of the tRNA as proposed for bacterial DUF2156
proteins. In addition, a tunnel traversing the protein is also predicted for ErdSsfm (wWhite arrow, right panel)
which suggests that the hydrophobic Erg substrate might probably enter the protein through a backdoor
entrance (as proposed for bacterial aaPGS) in order to encounter the 3'CCA-aa of the aa-tRNA. (continued)



was also predicted in ErdSam and strikingly contains a well conserved sequence i. e. F913, R914

and K916 (Figure S-2B).

Concerning catalysis, AlaPGSpee R768 residue ([3-strand 1) was bound to the a-carbonyl of
the co-crystalized aa analog and was proposed to increase the electrophilicity of the aa-tRNA ester
bond thereby favoring the nucleophilic attack of the lipid 3'0OH (Figure S-2A). Such a key catalytic
Arg (or even a closely related Lys) residue is absent from the fungal [3-strand I but instead a
“nearly” located R789 pointing toward the aa-tRNA cavity was found in the internal loop (Figure S-
2B). Taken together, the recognition mechanism and the catalytic reaction might be achieved in
similar ways by the DUF2156 GNAT domain 2 from bacterial and fungal aalLSs. Similar aa-tRNA
recognition mechanisms were described in several ATT that contain at least one conserved GNAT

fold with a positively charged helix

As explained in the general introduction, structural elements of ATT that are implicated in
the second substrate recognition are generally less conserved. In dupli-GNAT-containing ATTS, it is
assumed that several adaptations of GNAT domain 1 lead to the formation of the second substrate
recognition site that can adopt various conformations (e. g. cleft formed by GNAT domain 1 of
FemX to accommodate the UDP-MurNAc pentapeptide vs. the lipid pocket
of aalLSs). Because of the low conservation degree of GNAT domain 1 it is much more difficult to
describe a general substrate recognition mechanism which might be idiosyncratic in each case.
The situation might be similar in the present case since lipidic substrates of bacterial aaLSs (PG)
and fungal ErdS (Erg) belong to distinct classes and their recognition modes, enabled through
structural reorganization of GNAT domain 1, might differ. Numerous secondary structure elements
of GNAT domains 1 and 2 participate to the formation of AlaPGS's lipid pocket that contains several
conserved residues (Q636, E6G40, E658, S763, G800, M801 and R850) (Figure S-1B and S-2E).
However, the analogy between both structures was not concluding for this purpose and multiple
protein sequence alignments must be combined to structural predictions to target more efficiently

residues involved in lipid recognition.
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I1.1.2. Identification of functional residues through mutagenesis

Even though the fungal DUF2156 from bacteria and from fungi are predicted to share
several structural similarities, especially in the GNAT domain 2, their sequences vary considerably.
When compared to its closest structural homologs (i. e. the DUF2156 domains of LysPGS from B.
licheniformis, LysPGS from Agrobacterium fabrum and AlaPGS from P. aeruginosa), the 347 aa C-
terminal sequence of ErdSam show only 14-16 % sequence identity. In addition, the inserted
sequences mentioned above hinder the global alignment of bacterial and fungal DUF2156. In
contrast, aligning DUF2156 sequences from filamentous fungi revealed several conserved residues
as illustrated in (Figure S-3). Analysis of the present alignment combined to the predicted
structure of ErdSam-AAspRS allowed us to select a set of 29 residues potentially involved in lipid

aminoacylation.

Mutated versions ErdS,sm were cloned, expressed in Sce and their lipid content was
analyzed by TLC. The in vivo ErdS activities of mutants were evaluated by comparing their
corresponding Erg-Asp spots to those found for Sce expressing the wt ErdSas. However, total lipid
amounts analyzed on TLC may vary from one sample to another. Thus Erg-Asp/PE ratio were
estimated with ImageJ and values were classified into 4 classes: +++, activity comparable to wild
type enzyme; +, moderately decreased activity (around 50 %); -, activity severally decreased and
almost not detectable; --, no detectable ErdSasm activity. 3 clones of each mutant were tested by
TLC and equal expression of ErdSam was verified through WB. Results summarized in Table S-1 were
extracted from data presented on Figure S-4. Note that most mutant activities were
unambiguously reproduced but, in few cases, (indicated in Table S-1) confronting the different
experiments raised ambiguities. Note also the convenience of the employed acid sulfuric/MnCI2
based staining method which under UV light first greatly facilitates Erg-Asp (orange) recognition
from other lipids and second allows to detect very low amounts of the modified lipid when

compared to the ErdS wt associated level.
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Figure S-2 (continued): (E &F) Structures from (A & B) were rotated at 180° as indicated. The backdoor entrance
would be enabled by the CAVj, that might accommodate the lipidic substrate as proposed by

. Residues in purple are conserved and are proposed to interact with the lipid while the feature highlighted
in yellow is a conserved motif foud in fungal ErdSs (Figure S-3) and might either directly participate in Erg
recognition or to the formation of the corresponding CAVyj,. GNAT domain 1 in gray; GNAT domain 2 in green;
positively charged a-helix (0.(*)) in blue; secondary structures delineating the tRNA-binding cavity (CAVcca-aa) in
red; conserved residues within proposed CAVyj, in purple.
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Figure S-3: Identification of conserved residues in the C-terminal DUF2156 domain of fungal ErdSs. DUF2156
domains of ErdS proteins from 13 representative fungal species were aligned. Numberings are indicated relative
to the ErdS,fm sequence. Combining this approach with structure prediction described in Figure S-2 reveals 5
ErdsS regions suspected to be involved in the formation of the CAV|j and/or in Erg-binding (Erg-p I to Erg-p V; see
also Figure S-4). Candidate residues that were mutated and functionally tested (Figure S-5 and Table S-1) are
indicated by *. Sequences corresponding to Erg-p and to tRNA-binding motifs are highlighted by brown and cyan
marks, respectively.



I.1.2.1. Identification of functional residues predicted to interact with the

tRNA*? moiety.

We first wanted to assess the importance of the positively charged o-helix located
between residues 744-757. Therefore, positive charges of R749, K750, R752 and R753 were
neutralized or reversed by mutating them to Ala or Glu, respectively (mutants a® and a"). No
activity could be detected in mutants containing simultaneously the 4 mutated positions which
further argued for the binding of aa-tRNA (probably the acceptor stem) by this helix (Figure S-4 &
Table s-1). However, mutating simultaneously 4 residues might completely destabilize the
secondary structure and according to mutagenesis studies performed on bacterial aaLs, single
mutations of those residues to E might be enough to completely abolish the lipid modification
activity. Therefore, it would be interesting to check whether the 4 single mutations of the fungal

DUF2156 helix affect equally the activity.

The three above mentioned residues found in a-helix 10 and predicted to bind the 3'-CCA
of the tRNA, were also selected for mutagenesis but we failed to express ErdS variants that are
mutated at residues F913 and R914. In contrast F916 is an essential functional residue as witnessed
by the complete abolition of the activity through its mutation (Figure S-4 & Table S-1). Thus, o-
helix 10 seems also to be relevant in fungal DUF2156 and testing F913 / R914 mutants should be
repeated. Similarly, mutation of the highly conserved W785, the last residue of helix 6 preceding
the large internal loop (INS 6-7), to its resembling His or to Ala, almost completely abolished the
presence of Erg-Asp (Figure S-4 & Table S-1). Both identified residues are of high interest because
their equivalent are present in bacterial aaLS and are assumed to interact with the 3'-CCA of the

tRNA.

I.1.2.2. Identification of functional residues potentially involved in

catalysis.

Regarding the catalytic Arg residue of AlaPGSeee Shown to interact with the a-carbonyl
group of the aa substrate, R789 and K790 from ErdS.sm were ideal candidates as catalytic key
players. Importantly, R789 is predicted to point toward the putative aa-tRNA binding-cavity while

K790 points to the opposite direction (Figure S-2B). Therefore, R789 is more a favorable candidate
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Figure S-4: Identification of functional residues in the DUF2156 domain of ErdsS. Total lipids of Sce expressing
the indicated ErdS,,,, variants were separated by TLC and were observed under white light (vis.) or under UV. TLC
pictures were cropped to area of interest, equally treated, and images separated by dash lines arise from the
same silica plate. In this way, total lipids from Sce expressing ErdS wt and Sce devoid of any ErdS form were
spotted on each of the 3 TLCs presented here. Erg-Asp is colored in orange and indicated by * Luminosity and
brightness of images obtained under UV were treated to allow the detection of Erg-Asp traces. For example, a
very slight orange coloration observed in W785 mutant indicates the presence of residual Erg-Asp amount,
which is not detectable under Vis. The specific coloration allows also to distinct without ambiguity the modified
lipid from other lipids. Crude extracts of Sce strains expressing the indicated ErdS mutant were submitted to
SDS-PAGE. WB were performed with an anti-ErdS polyclonal antibody (IB: ErdS; LC: loading control). a(-) and
o.(0) correspond to mutants where basic residues (R,K) of o(+) were mutated to E or to A, as illustrated in the
righ panel

Sce +ErdS wt +4t C728A 4+
Erg-p 3
Sce -- E731R +++
al) -- tRNA acceptor stem W785H - ) o
o tRNA 3'CCA binding
(0 -- binding W785A -
Y637A +4+ R789A - catalytic residue
T641A +++ K790E +
S642A T G791A 4+
T643A +++ . 1 Q793R + . 4
rg- rg-
S644A + ap H795A + ap
W645A + E798R +++
D647R + W802A +
R649E +++ Q836R --
Erg-p 5
NG77A +++ Erg-p 2 K838E +
E712R +++ K916A s tRNA 3'CCA binding

Table S-1: Identification of functional residues in the DUF2156 domain of ErdS. Results from figure S-5 were
confronted to other TLC and mutants were classified into 4 classes; +++, activity comparable to wild type
enzyme; +, moderately decreased activity (around 50 %); -, activity severally decreased and almost not
detectable; --, no detectable ErdS,,, activity.



to ensure a catalytic role. Accordingly, mutating R789 to Ala severely decreased the Erg-Asp level
but the residual activity is surprising since mutating the catalytic site should completely abolish
the activity (Figure S-4 & Table S-1). It cannot be excluded that R789A mutation reorients partially
K790 toward the aa-tRNA cavity, thereby enabling its interaction with the a-carbonyl of the cargo
Asp which increases the electrophilicity of the ester bound of Asp-tRNA*?. In this hypothesis, K790
would partially complement the R789A mutant, explaining the observed residual activity. In
comparison, K790E only showed a moderate decrease and one might speculate that the observed
effect is due to the destabilization of the catalytic R789 residue. R789 and K790 are in the N-
terminal region of the extended internal loop (INS 6-7) which contain several other conserved

residues among fungal DUF2156.

I.1.2.3. Identification of functional residues potentially implicated in Erg

accommodation.

We then focused on the recognition of the aa-acceptor (Erg) and we aimed to target
features that participate to the formation of the putative Erg-pocket. Secondary structures of
GNAT domain 1 are tilted together in bacterial aaLS and those and other adaptations are assumed
to modulate the second substrate recognition. On the basis of the structural predictions and
conserved sequences, we focused on five regions that might participate to structural
rearrangement of the protein and the formation of the Erg-pocket indicated as “Erg-p” in Figure
s-3 and highlighted on Figure S-5. Some residues present in these features probably interact with
Erg to favor the nucleophilic attack mediated by its hydroxyl group. Erg-p | harbors a highly
conserved motif, enriched in polar but non-charged aa (mainly Ser/Thr), followed by an apolar aa,
mainly Trp. In ErdSam it corresponds to T641-S642-T643-S644-W645 (Figure S-2F and S-3).
Individual exchange of these residues to Ala showed an important in vivo activity decrease for
S644A and W645A mutants. Results obtained for D647R and RG49E, also located in the Erg-p |, are
ambiguous and mutations in Erg-p Ill did not show their requirement for Ergosterol aspartylation.
Note that Erg-p I and Il are probably important for scaffolding GNAT domain | rather than for direct

interaction with the substrates or for catalysis.

The internal loop between a-helices 6 and 7 might also participate to Erg accommodation.

Mutants G791A, E798R and W802A did not significantly affect the Erg-Asp amount as compared to
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Figure S-5: Erg-p features face the predicted CAVy;, of fungal Erdss. The predicted structure of ErdSafp is
presented in the same orientation as in Figure S-2F, showing the Erg-channel (i. e. CAVjp). Erg-p I-V are shown
in the same colors as noted in Figure S-3. Beside the a.(*)-helix (blue), the rest of the protein is in olive-green
without distinguishing both GNAT domains.



the wt level while Q793R and H795A severely decreased the lipid modification activity (Table S-1).
However, both functional residues identified here are not predicted to be near or part of the Erg-

pocket.

In contrast, Erg-p Il and V might harbor residues pointing toward the Erg-pocket stricto
sensu that probably interact with Erg. In bacterial AlaPGS, a highly conserved Gin residue (Q636)
located in the lipid-binding pocket was identified (Figure S-2E). Similarly, N677 of Erg-pocket Il and
Q836 from Erg-pocket V are predicted to point toward the observed tunnel of ErdS (Figure S-2F).
Strikingly, Q836R mutation completely abolished Erg-Asp synthesis while the result obtained for

the N677A mutant is ambiguous and should be reinvestigated (Table S-1).

11.1.3. Conclusion and additional remarks

Taken together, results obtained here allowed the identification of several functional
residues implicated in Erg-Asp synthesis by ErdSam. The prediction of functional aa from the
positively charged o-helix and from the GNAT domain 2 was much easier in comparison to the less
conserved GNAT domain 1. Accordingly, the mechanism involved in Asp-tRNA"P recognition is
probably achieved in a similar way to bacterial aaLS. In contrast aalSs involving Erg were never
described so far and thus the interaction mechanism between ErdS and Erg remains to be
discovered. In comparison to the important knowledge about protein/aa-tRNA interaction, less is
known concerning structural interaction between a protein and Erg. Interestingly, the binding
mechanism of Cholesterol (structurally corresponding to Erg lacking the alkyl group at position 24
and presenting additional substitutions at positions 7 and 22) to proteins was described in some
cases. Notably, membranous receptors have generally a linear consensus binding motif, called
CRAK or CARK, involving 3 types of residues interacting with the different parts of Cholesterol: 1)
basic residues (Lys/Arg) interact with the polar hydroxyl group of Cholesterol, 2) aromatic residues
(Phe/Tyr) stack to the aliphatic rings and 3) aliphatic residues (Leu/Val) interact with the aliphatic
chain of Cholesterol . Because of the high similarity between Erg and
Cholesterol, it would be interesting to investigate if ErdSsm uses a similar mechanism for lipid

binding.
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One important point that must be taken in consideration when analyzing this in vivo study,
is that the Erg-Asp level was assumed to reflect the activity of ErdS variants. When the Erg-Asp
spot significantly decreased or completely abolished, it was concluded that the corresponding aa
is somehow important for lipid modification. In contrast, it is impossible to conclude when Erg-Asp
levels of mutants were similar to those found for the wt ErdS using the in vivo approach since
cultures were grown overnight without performing kinetics, and consequently, the modified lipid
might accumulate even if the synthesis activity of ErdS is decreased. The bias introduced in the
Erg-Asp-signal/ErdS-activity relation was also noticed during the extended mutagenesis study
performed on AlaPGS which clearly showed that for some mutants the in vivo signals were
comparable to the wt enzyme while in vitro analysis finally revealed significantly decreased
activities associated for the same mutations . Results obtained here must
therefore be taken with care and other approaches assaying more directly the activity and

facilitating their quantification will probably be more appropriate to investigate these aspects.

Furthermore, the molecular function of the herein identified residues can only be
speculative and the result obtained here might be confronted in the next future to experimentally
resolved (co-)structures and further biochemical experiments. For example, residues important
for aa-tRNA binding can be identified by assaying the formation of protein/(aa-)tRNA complexes
through Electrophoretic mobility shift assays (EMSA) or even through size exclusion
chromatography. On another hand, lipid binding capacity of ErdSssm mutants might be tested

through other approaches such as lipid strip assays also called lipid-protein overlay assay (LPO)

162



2. Production of a tRNA*P transcript suitable for lipid modification
by Erds

tRNA transcripts are powerful tools to determine the substrate specificities of aaRSs or aa-
tRNA utilizing enzymes. Previous studies have also used such approaches to characterize the tRNA
determinants required for efficient aa-tRNA transferase activities . During
my thesis | principally used tRNAs purified from the yeast Sce for in vitro experiments assaying the
lipid aminoacylation activities of fungal DUF2156 proteins. However, to further decipher their
substrate specificities, | thought that it was a good strategy to obtain a transcribed tRNA*? from
filamentous fungi that encode naturally Erds. In this way, | focused myself on the unique tRNA*?
found in Afm and | aimed to develop a tRNA*P transcript that will be used as a starting point for

future characterizations of the aa-tRNA substrate specificity of ErdS.
11.2.1. Description and particularities of the tRNA** from Afm

According to the Genomic tRNA database , Afm
strains Af293 and A1163 contain 9 tRNA"P genes that all encode for tRNAs with an intron following
position 37 (Figure RT 1). Surprisingly, the mature sequences of all encoded tRNA*” are identical
and harbor a GUC anticodon; no isodecoders nor isoacceptors were detected. The unique mature
tRNA*P is predicted to be composed of 75 nt's that forms canonical L-shape composed of an
acceptor stem, anticodon and TWC -stem-loops but some particularities were noticed in the D-
stem-loop. The latter is formed by only 3 bp (instead of the canonical 4 bp), and the corresponding
10 bp loop lacks one nt between Cyi; and Cy7. Finally, G1sG19Uz is followed by an additional Czes and

a 4 ntV-loop is predicted (Figures RT1 & RT2).

Regarding the transcription assay, it is important to note that the mature sequence of
tRNA"Prm contains an internal BstNI cleavage site. As explained in the Materials & Methods sections,
plasmids containing the transcription template are linearized with BstNI prior transcription to
obtain a 3'CCA extremity. Therefore, | aimed to mutate Aso-Uss bp which would avoid the internal
BstNI restriction site. Aso-Uss bp is found in the unique tRNA*P from other Aspergillus sp. (A. oryzae,
A. clavatus etc.) but several other species harboring ErdS activities too, such as B. bassiana (Bba)

N. crassa (Ncr) and P. camemberti (Pca) as examples, have a Gso-Csa OF Cso-Ges (Figure RT 2). The
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UCCUCGAUGGUCUAACGGUCAUGAUUUCCGCUUGUCAcucca--agagaacgagCGCGGGAGACCAGGGUUCGACUCCCUGUCGGGGAG
UCCUCGAUGGUCUAACGGUCAUGAUUUCCGCUUGUCAcucta-atgagaacgagCGCGGGAGACCAGGGUUCGACUCCCUGUCGGGGAG
UCCUCGAUGGUCUAACGGUCAUGAUUUCCGCUUGUCAcuccg-atgagaacgagCGCGGGAGACCAGGGUUCGACUCCCUGUCGGGGAG
UCCUCGAUGGUCUAACGGUCAUGAUUUCCGCUUGUCAcucga-atgagaacgagCGCGGGAGACCAGGGUUCGACUCCCUGUCGGGGAG
UCCUCGAUGGUCUAACGGUCAUGAUUUCCGCUUGUCAcucaaattgagaacgagCGCGGGAGACCAGGGUUCGACUCCCUGUCGGGGAG
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Figure RT-1: Predicted tRNA”SP sequences from Afm. (A) A total of 9 pre-tRNAAfm transcripts were predicted
by the genomic tRNA database server (http://gtrnadb.ucsc.edu/) to occur in the Afm Af293 strain. Comple-
mentary sequences predicted to form the acceptor stem (red), the D-stem-loop (purple), the antico-
don-stem-loop (green) and the T-stem-loop (cyan) are highlighted as well as the GUC anticodon (bold;
positions 34, 35 and 36 of the mature tRNA) and the intron inserted between positions 37 and 38 (according
to the consensus numbering of mature tRNAs). Sequence differences are only present in the intron that will
be spliced during tRNA maturation. (B) The nuclectide sequence of the mature tRNA after splicing and
addition of the 3'CCA is shown. The predicted secondary structure (cloverleaf representation) is found in

Figure RT-2. The internal BstN1 restriction site is indicated.
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Figure RT-2: Covariance cloverleaf models of tRNA*? from fungi species encoding ErdS. (A) Secondary
structure of Afm tRNA*P. The 5’ sequence in bold was used as template for the design of HMHW‘-tRNAASPMm
tranzyme’s stem | (see text and Figures RT-3 and RT-4). For the present purpose, A50-C64 bp was mutated to
G50-C64 to avoid the internal BstN1 restriction site. Our choice was supported by the fact that unique tRNA,
found in B. bassiana (Bba) (B) and P. camemberti (Pca) (C) are degenerated at this position (red) and contain
either C50-G64 or G50-C64, respectively. Because tRNA*? _ sequence looks more like tRNA“Spm and that both
share the shortened D-stem (3 bp instead of the consensus 4 bp stem) | preferred to mutate tRNA*P
A50-C64 bp to G50-C64 rather than to C50-G64.



situation of Pca is particularly interesting because its tRNA*P is very similar to this of Afm; a unique
isotype, composed of 75 nt, containing the same particularities in the D-stem-loop and harboring
the GUC anticodon. Importantly, the tRNA*P from Pca contains Gso-Ces bp in the T C-stem instead
of the Asg-Uess found in Afm. Therefore, | speculated that the Nso-Nes might not be essential, nor for
tRNA aspartylation nor for Erg aspartylation mediated by ErdS. Accordingly, the TWC-stem of
bacterial tRNA does not contain determinants for its recognition by bacterial aaLSs, at least in vitro

. However, without further biochemical experiments | cannot certify that
Aso-Ugs, conserved in tRNA*P from Aspergillus sp., is not involved for ergosterol aspartylation by
ErdSs. Finally, I mutated Aso-Uss to Gso-Ces Which allowed me to employ BstNI restriction enzyme for

plasmid linearization before transcription.
I.2.2. Designing a construct for the synthesis of an accurate tRNA** transcript

1.2.2.1. Fusing a ribozyme to overcome unfavorable 5’ start of tRNA for

transcription

The major strategy used to obtain a tRNA transcript is to clone the transfer DNA (tDNA)
sequence downstream to the T7 promoter and to perform in vitro transcription as described in
Materials & Methods. As areminder, a BstNI restriction site is generated by adding two GG nt's after
the terminal 3'CCA of the tDNA, and enzymatic restriction is performed before transcription to
obtain a linearized template ending with CCA. Importantly, the produced tRNA transcript does not
contain post-transcriptional modifications but remains suitable in most cases for in vitro
aminoacylation assays. However, an absolute requirement for efficient T7 RNA polymerase
transcription is the presence of nt G at the first tDNA position, and accordingly, G enriched 5'
extremities further enhance the transcription process. For tDNA templates starting with
unfavorable 5' nt (i. e. A, T or C), which is the case of tRNA*P 4, that starts with nt U, one ingenious
solution is to fuse them adequately to an autocatalytic 5° cis-acting ribozyme, resulting to a so
called transzyme (Figure RT 3A). Basically, the principle of the transzyme is
that a modified ribozyme moiety is fused upstream of the tRNA in order to generate a long
transcript in which the tRNA 5' end is precisely generated by autocatalytic cleavage of the

ribozyme. During transcription, the autocatalytic cleavage of the ribozyme releases a full-length
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A DNA construct cloned into puC19 RNA transcript

d_c: tDNA CCA o G tRNA cca
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Auto-catalytic partial or total cleavage
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Figure RT-3;: Transzymes as an alternative to overcome unfavorable 5’ tRNA starts for transcription. (A)
T7-mediated transcription is suitable for sequences starting with nt G at their 5' extremity (the complementa-
ry template ends with nt C at its 3’ extremity). To overcome the issue of templates starting with unfavorable
nts (e. g. tDNA encoding tRNA*?  starts with T) it is possible to fuse the sequence of interest (gray) to a
ribozyme (purple) achieving auto-cleavage activity. During transcription, the autocatalytic activity of the
fusion construction, called transzyme, results in cleaved ribozyme and free full-length tRNA. (B) Schematic
representation of the strategy used in the present work. The Ribozyme-tRNA encoding-sequence is cloned in
a plasmid under the control of a T7 promoter. Insertion of GG dinucleotide after the 3'CCA end of the tDNA
forms a BstN1 restriction site. In this way, BstN1 treatment of the plasmid template enables to perform
run-off transcription (mutating the internal BstN1 site within tRNA*? _was therefore a prerequisite). During
transcription, the 5’ sequence of the tRNA (total or partial according to the designed ribozyme) pairs with the
5' sequence of the ribozyme thereby forming the substrate stem. Importantly, the latter must be designed
so that the cleavage-site (red arrowhead) is located between the last nt of the ribozyme and the first nt of the
RNA of interest. Following cleavage, transcripts are separated by gel electrophoresis for analysis or for purifi-
cation.



tRNA harboring a 5'0H extremity (Figure RT 3B). The latter is assumed to not significantly affect

tRNA aminoacylation rate by aaRsSs.

1.2.2.2. Description of the wt Hammerhead ribozyme and guidelines for

designing transzymes.

The full-length HMH ribozyme, found in Schistosoma (HMHus) is
composed of three stems, connected to each other by a three-way junction (Figure RT 4A). Both
extremities of the ribozyme sequence (named here stem | 5" and 3’ strands) form the stem |
corresponding to the substrate stem, while stems Il and Ill are closed by loops and form the
catalytic core. The cleavage site is located at the phosphodiester bond, preceding the first nt of
stem I's 3' strand. Importantly, the wild-type HMH contains an essential unpaired feature (bulge)
found 6 nt after the cleavage site in its stem I. This bulge composed of UsA;Cs faces a single Uss and
interacts in trans through tertiary contacts with the loop of stem-loop 2. A second bulge is also
found in the substrate stem and the presence of these unpaired secondary structures enhances
by up to 1000-fold the autocatalytic cleavage activity when compared to HMH lacking these

features

When designing a transzyme, the 3’ strand of ribozyme’s stem | must be replaced by the 5’
sequence of the tRNA, so that the cleavage site immediately precedes the first nt of the tRNA part.
Consequently, the sequence of the 5’ strand of stem | must be adapted regarding Watson-Crick
complementarity, but the design is complexified by the fact that both above mentioned bulges
must be conserved. Partial base-pairing of the 5' sequence of the ribozyme with the 5’ sequence

of the tRNA acceptor stem, mimics the ribozyme stem 1 and determines the cleavage site.

M. Meyer and B. Masquida tested several versions of the HMH ribozyme and provided
general guidelines for designing transzymes when using the HMH... In this way, stem I's 5’ strand
should be composed by a dozen nt's and the tricky step takes places when predicting the unpaired
features (bulges) found in stem | that must be preserved. Consequently, the 5’ strand of stem I will
only partially pair to the 5' sequence of the tRNA. In most cases it is not possible to predict the
most efficient stem and therefore numerous constructs should be tested. Furthermore, the 5’

sequence of stem | should start by three G residues to enhance transcriptional efficiency. Stem-
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Figure RT-4: Secondary structure of the HMH__ ribozyme and covariance model folds of HMH_-tRNA*"

transzymes used in this study. (A) The wt sequence of the HMH ribozyme is in purple and stem I's (substrate
stem) 5’ and 3' strands are annotated. X indicates the cleavage site. HMH_-tRNA*P transzymes v4 (B), v5 (C)
and v6 (D) were designed using HMH  as background. During the design, the 5’ sequence of the tRNA (in black
and bold) was fused to the HMHwt and the 5’ strand (red for v4, green for v5 and blue for v6) of the substrate
stem was adapted to obtain partial complementarity so that essential unpaired structures (bulges; see text) are
conserved. In this way the 5’ sequence of the tRNA dictates the sequence of the 3’ strand of the expected
ribozyme stem I.

tRNA 5’ sequence

T7 promoter full-length Hammerhead ribozyme

GTCATGATTTCCGCTTGTCACGCGGGAGACCGGGGTTCGACTCCCCGTCGGGGAGCCA
As BstNI
tRNA pA -

Figure RT-5: Engineering of HMH-tRNA expression constructs for T7 in vitro transcription. Stem | 5'strands of
v4-, v5- and v6-transzymes are highlighted in the box and replace the 5'strand of the wt HMH's stem | (Figure
RT-4A). The other HMH sequence (purple) remains unchanged. Positions varying between the 3 candidates are
indicated by *. Mutated residues within the tRNA*® (G50 and C64) are noted in red and the dinucleotide GG
immediately following the 3'CCA extremity is in orange. When not indicated, same colors as in Figure RT-4 are
used.



loops 2 and 3, composing the catalytic core of the ribozyme, should be copied from the genuine
HMHw: without any modifications . The tRNA sequence is finally fused

at the 3' end of the ribozyme sequence.
11.2.2.3. Design of stem I candidates for HMH-tRNA** s, transzymes

According to the above recommendations, | designed in silico several HMHu-tRNA" ¢,
candidates by using the mfold web server . Here I will only describe the 3 versions (v4,
v5, v6) that were retained and experimentally tested. The sequence corresponding to the 15 nt's
at the 5’ extremity of the tRNA (7 nt from the 5’ strand of the acceptor stem, U8, G9, 5' strand of
the D-stem and the 3 first nt's of the D-loop) form the 3’ strand of the ribozyme substrate stem.
In all models the 5’ strand of stem | starts with 5'UUAGCU3’ which forms a stem composed of 6 bp
and a single nt bulge. The following 4 nt's of the ribozyme 5’ strand are involved in the formation
of the crucial trans-interacting bulge and consequently, much attention should be paid when
modeling this region. The accuracy of the putative bulge for scaffolding the ribozyme and
subsequently the catalytic efficiency of the cleavage activity can only be determined through
experimental procedures. The 3 candidates modeled here vary from each other exclusively in this

AP, em faces at least one

4 nt sequence and were designed so that positions A7 and/or U8 from tRNA
C of ribozyme's 5’ strand. In this way v4 and v6 might form bulges involving 3 and 5 nt's,
respectively, while v4 has only an unpaired bp in this region. In all cases the variable 4 nt's are
followed by 5'CGAGGA3’ which are fully complementary to the 6 starting nt's of the tRNA and form

together a stem, proximal to the ribozyme cleavage site (Figures RT-4 B, C, D and 6). Cloned

sequences corresponding to HMH-tDNA constructs are detailed in (Figure RT-5)
11.2.3. Assaying in vitro transcription of HMH.~tRNA**"ss, v4, v5 and v6

The 3 HMHw-tRNA*? ¢, transzymes (v4, v5 and v6) were cloned and subjected to in vitro T7
transcription assays. The results on Figure RT-6 unequivocally demonstrated the autocatalytic
cleavage for HMHw-tRNA*P,s, v4, v5 and v6 during transcription. In facts, the upper band 1 is
assumed to contain the remaining uncleaved HMH-tRNA*P, while bands 2 and 3 contain the
cleaved tRNA (75 nt) and the ribozyme, respectively. However, HMHw-tRNA*P s, V5, containing 7

nt instead of 6 nt between the cleavage site and the critical bulge, presented an additional
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Figure RT-6: Transcripts analysis on 12 % (w/v) polyacrylamide gel containing 8 M urea. At the end of the
transcription reaction, 5 volumes of transzyme buffer (50 mM Tris-HCI pH 8.0, 100 mM MgClI2) were added to
yield higher cleavage rates. After incubation 1 h at 60 °C nucleic acids were precipitated. Aliquots before (T7)
or after (Cl.) adding the transzyme buffer were analyzed on gel for each tested construct (v4, v5 and v6). An
aliquot of precipitated products obtained with the v6 transzyme was also analyzed (Pr.). Bands of interest
corresponding to non-cleaved transzymes (1), free tRNAs (2) and cleaved HMHs (3) are indicated and their
expected size (bases) is specified in the right panel. The first lane corresponds to total tRNA from S. cerevisiae
and served as indication of the molecular weight.



contaminant and was therefore excluded. In contrast, HMH-tRNA**? ¢, v4 and v6 showed slightly
similar results but the ratio of cleaved transzyme is higher for v6 than for v4. Finally, adding the
transzyme buffer further enhanced autocatalytic cleavage and removed almost completely the
uncleaved forms as shown after precipitation of the v6 transcript. Taken together, HMH-tRNA*?
v6 seemed to be the most appropriate transzyme construction to obtain purified transcript of
tRNA"ym. Consequently, HMH,-tRNA*P v6 transcript products were separated and purified “in-
gel” using polyacrylamide gel electrophoresis as described in Materials & Methods sections.
Around 100 pg of transcript tRNA*P,s, were obtained from 100 pg of linearized plasmid. This rate

is lower than the common 500 pg described for yeast tRNAs transcripts but

remains largely suitable for biochemical experiments.

Note that a minimal version of the Hammerhead (HMHmn) ribozyme was optimized
especially for purifying transcript tRNAs starting with unfavorable nt at their 5’ extremity

. Designing transzymes with HMHmin is much more convenient in comparison to the

HMH.: that | used, since the chimeric stem I is fully paired but the cleavage activity of the minimal

ribozyme is severally decreased in comparison to the HMHu: . Without

experimental procedures | cannot predict if the HMHmi is suitable for the purification of tRNA*P

but if it is the case, it will greatly facilitate the production of transcript tRNA*? mutants. Therefore,

a transzyme composed of a fusion between the correct HMHmin and tRNA*P 4, should be tested.

I.2.4. The transcript tRNA"",, is well aminoacylated by the heterologous

AspRSs.. and by the homologous ErdSam

The ability of the heterologous yeast AspRSsc. and of the homologous ErdSasm (the MBP-
ErdSasmA84 recombinant version was used here) to aminoacylate the transcript was tested (Figure
RT-7). Aminoacylation assays were performed as described in the accompanying paper and the
aminoacylation rate is defined here as the ratio between the concentration of Asp-tRNA*" at the
plateau and the initial concentration of tRNA*P. The plateaus of the aminoacylation reaction
showed that nearly 70 % of the transcript tRNA*P,mwas aspartylated by both tested enzymes. As
expected, the cleaved ribozyme, used as a negative control, was not aminoacylated, while
surprisingly only 18.4 % of native tRNA*P purified from Sce (REF) was charged in these conditions.

Regarding former experiments performed in our lab, during which another batch of purified
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Figure RT-7: The transcript tRNA™ __is highly aminoacylable by Erds __ and by the cytosolic AspRs from Sce.
(A) As explained in the Material & Methods sections of the accompanying paper, aliquots of the reaction mixture
are precipitated onto Whatman papers at each indicated time plots. Uncharged [**C]Asp is washed away and
radioactivity signals (cpm) obtained after counting with a scintillation counter are issued from [14C]Asp—tRNAASp.
Raw values are divided by the specific activity (AS) to obtain the amount of aspartylated tRNAAsp and further
dividing by the volume of the precipitated aliquot leads to the concentration of [14C]Asp—tRNAASp (UM). Identities
of RNAs and their concentrations (in brackets) added at the beginning of the reaction are indicated at the top
of each series. Note that data’s result from two experiments (separated by dash lines) and that assays were
performed in the presence of AspRS__ or a recombinant version of ErdS,_, (MBP-ErdS, A84) as indicated. (B)
Graphical representation of aminoacylation kinetics obtained from data’s in (A). Aminoacylation rates (red)
correspond to the ratio between the mean of Asp-tRNA*" concentrations at the plateau (values in bold in (A))
and the initial concentration of RNA (bold in B). Purple, transcript tRNAASPAfm; blue, tRNAASpSCe; grey, cleaved
HMH  ribozyme; cl. HMH_v6, cleaved ribozyme part purified in gel.



tRNA*Ps.. was used, | suspect that the tRNA*Ps.. used here was partially degraded or denatured.

Asp

These results clearly demonstrate that the transcript tRNA™" 4, is @ highly suitable substrate for

AspRSsceand more importantly for ErdsS.

These results also suggest that the velocity of tRNA*P

afm @spartylation by both tested AspRS
homologs is low when compared to tRNA*Ps.. Despite all substrates were set in excess (i. e. [tRNA]
and [Asp] >> Kwv) in addition to the increasing amount of added enzymes, the plateau was reached
only after 10 to 20 minutes with AspRSs.e and even later by ErdSasm. These observations require
more extensive investigations since the apparent slow reaction can be due to several reasons. One
may speculate that the presence of the additional domain hijacking the aa-tRNA (i. e. DUF2156
domain) might hinder its release and delays the reaction. However, our preliminary data suggest

that tRNA*"s is slowly aminoacylated by both, the full-length ErdSam and the ErdSam-ADUF2156

(not shown). In addition to that, AspRSs.. presented low aminoacylation velocity only for the

Asp Asp Asp

transcript tRNA™P 4, but not for its homologous tRNA™Ps.. Because the several tRNA™P-genes from
A. fumigatus encode a single version of tRNA"P, it will be interesting to compare the kinetic
aminoacylation parameters for the cytoplasmic AspRS and for Afm ErdS. Such an approach
combined to structural investigations could reveal how Afm partitions a pool composed by a unique

tRNA"4¢m, for lipid modification and protein biosynthesis.
I1.2.5. The transcript tRNA*" s, is used in vitro by ErdSasm for lipid aminoacylation

The suitability of the transcript tRNA*P 4, for Erg aminoacylation was tested by an in vitro
system and the general procedure used for this lipid aminoacylation assay (LA assay) is described
in the accompanying paper. In the present case, the recombinant ErdS.sm was assayed as for the
aminoacylation assay described in the previous section, but the reaction mixture was
supplemented with 0.5 mg / ml of sonicated ergosterol. Reaction was stopped after 45 min by lipid
extraction followed by separation on TLC. Finally, radiolabeled species were analyzed using a

Typhoon TRIO variable Mode Imager (GE Healthcare) (Figure RT-8).

Results confirmed that [14C]-Asp is indeed transferred from the transcript tRNA*P s, onto
ergosterol. Surprisingly, when the experiment was conducted in the presence of tRNA*P from Sce

the amount of aspartylated ergosterol was increased which suggest that ErdS has higher substrate

173



TRNAMP
Afm

tRNAAP
Sce

RNase

ErdH

Figure RT-8: The transcript tRNAA"’A is used

fm

by Erds _ for Erg aspartylation. (A) LA assays

. were conducted in the presence of

MBD-ErdSAfmA84 1 UM, [14C]Asp 10 pM, tRNA 5
MM and 0.5 mg / ml commercial Erg. (B) The
same experiment was repeated, and 2
additional assays were incorporated to confirm
that the tRNAASPAfm dependent product (i. e.
Erg-Asp) is hydrolyzed by ErdH,_ (Lipid
deacylation assay). In these cases, the assay
was performed as in (A), but 1ul of RNase A (10
mg/ml) was added after 45 min, incubated for
5 min, supplemented or not with 1 uyM of
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paper.



specificity for tRNA*Ps.. However, the observed variation can be due to several reasons: first, the
absence of tRNA post-transcriptional modifications and second, the mutated bp in the T¥YC-stem
(Aso-Usa to Gso-Cea). Furthermore, the concentration of tRNA was identical in both experiments but,
as shown above, their aminoacylation rates vary and the velocity of tRNA*Psm and tRNA*Ps,
aspartylation by the AspRS domain of ErdS was not compared yet. In our initial hypothesis we
postulated that Asp-tRNA"P is channeled from the AspRS to the DUF2156 active site. The presence
of the lipidic substrate and thus the transferase activity of the DUF2156 might regulate the velocity
of the global reaction. To further complexify the situation, tRNA**?., and tRNA*Ps. and their
aspartylated forms might be differently recognized by both domains constituting ErdS. These
explanations illustrate well the complexity of the issue and the necessity to characterize
enzymatically ErdS, especially which reaction, tRNA aminoacylation or lipid transfer, is rate-

limiting.

11.2.6. Concluding remarks

In a more global reflection, the transcript tRNA*P s, is suitable for both activities catalyzed
by ErdS despite the mutation in the TWC-stem (Aso-Uss mutated to Gso-Ces), the lack of post-
transcriptional modifications, and the 5 hydroxyl group (instead of the classical 5° mono-
phosphate). As speculated here, further kinetic characterization of ErdS is needed (we plan to
characterize the kinetic parameters of ErdS-AAspRS and ErdS-ADUF2156). Importantly, the
transcript tRNA*?,s, obtained here constitutes a powerful tool to further decipher the substrate
specificity of fungal DUF2156 proteins. Regarding the work done for bacterial aaPGSs, it will by
particularly interesting to construct truncated versions of the tRNA (i. e. mini- and micro-helices)
as well as single mutations in the acceptor stem. Finally, the herein obtained transcript is used by
our collaborators from the laboratory of Pr. 0. Nureki to resolve the 3D structure of ErdSam in

complex with its tRNA.
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lll.Annex I: Adapting lipid analysis for the characterization of Erg-Asp
and some additional results

In the accompanying paper we demonstrated that AspRS-DUF2156 from Afm has dual-
activity which together result to the synthesis of Erg-Asp. In the present section | aimed to report
many optimizations that were brought to the lipid analysis method that finally enabled the
stepwise discovery of Erg-Asp. As a reminder, the primary goal in the early steps of the project
was to determine if fungal DUF2156 proteins are responsible for the presence of an additional
lipid. | studied both detected fungal DUF2156 proteins (initially called AspRS-DUF2156 and
fDUF2156) in parallel but, as it will be highlighted in the present section, the characterization of
fDUF2156 was more difficult and therefore we focused our efforts primarily on the AspRS-

DUF2156 protein.

ln.1. Critical adaptations of TLC conditions enabling the detection of

the AspRS-DUF2156 dependent lipid

111.1.1. The initial TLC conditions failed to reveal additional lipids in the presence

of fungal DUF2156

Initially, AspRS-DUF2156 and fDUF2156 encoded by Afm were expressed in the
heterologous yeast model Sce to determine if expression of AspRS-DUF2156 and fDUF2156 are
responsible for the presence of additional lipids. Total lipids were extracted from the different Sce
strains (adapted Bligh & Dyer; see Material & Methods) and analyzed by TLC. The experimental
procedure was inspired to investigate phospholipid contents of total lipids, by using CHCI3 : MetOH
: 25 % NH3 (68 : 35 : 5) as TLC eluent and ninhydrin or phosphomolybdate as staining reagents
(Figure AL-1A and B). However, this strategy did not reveal the presence of an additional lipid

despite numerous experimental adaptations, including lipid extraction and TLC conditions.

111.1.2. The MnCl2 / sulfuric acid staining method, the trigger for the detection of

AspRS-DUF2156 dependent lipid.

The previous experiment was repeated with the same lipid samples, but | switched to the

MnCI2 / Sulfuric acid staining-method. My curiosity was aroused by the darker LA spot in total lipids

177



Ninhydrin (vis.) Phosphomolybdate (vis.) MnCl, / Sulf. ac (vis.) Mncl, / sulf. ac (UV)

Figure AL-1: 1D-TLC analysis of total lipids and optimization of the TLC staining method. Total
lipids from wt Sce or expressing heterologous DUF2156 proteins from Afm were extracted by the
adapted Bligh & Dyer method and separated by TLC with the CHCl; : MeOH : NH; 68:35:5 (v:v:
v) developing solvent. Chromatograms were revealed with the indicated staining methods and
observed either under white light (vis.) or under UV. Red arrows indicate the AspRS-DUF2156
dependent lipid (LX1) modification that comigrates with spot LA. fDUF, fDUF2156; AspRS-DUF,
ASPRS-DUF2156.



from Sce expressing AspRS-DUF2156 when compared to Sce wt (Figure AL-1C) and strikingly, when
the same plate was visualized under UV light the corresponding spot had a completely different
color in comparison to the other spots (Figure AL-1D). This suggested that either a lipid from spot
LA is modified without affecting its Retardation factor (Rf) or that the migration pattern of another
lipid species, initially migrating at a different position, is relocated due to the presence of AspRS-
DUF2156. Due to the poor quality of this result, another possibility was that the unstandardized
amount of analyzed lipids lead to this distinct coloration. However, when the experiment was
repeated, the quality of the result was remarkably increased, and it became much more convincing
that spot LA might contain an additional lipid in the presence of AspRS-DUF2156 (Figures AL-2A

and AL-2B).

The numerous variations observed between both results can be due to several reasons. In
facts, both experiments were conducted identically except that the eluent (or the developing
solvent) was not freshly prepared in each case. This and other factors, such as the environment
temperature, might affect the saturation level of the TLC chamber and consequently the migration
pattern of the lipid sample. Importantly, lipids were eluted in the same order. On another hand,
chromatograms in Figures AL-1D and AL-2A were both stained with the MnCI2 / sulfuric acid
solution and coloration differences observed between both results illustrate the consequences of

overheating plates (Figures AL-1D) during revelation.

Note that in all cases, LX1 remains distinguishable from other lipids and that in optimal
staining conditions, LX1 is colored in orange under UV light. Consequently, using this staining
method is very convenient when aiming to study LX1, especially when analyzing total lipids.
Furthermore, as witnessed by results presented in previous sections (i. e. concerning mutagenesis)
the staining method used here allowed to distinguish the presence of the modified lipid even when

its amount was severely decreased.

Unfortunately, these results did not reveal any modification in the total lipid pattern when

fDUF21564rm Was expressed in Sce.
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1D-TLC

2D-TLC

| (4
Sce wt Sce + fDUF - Sce + AspRS-DUF

Figure AL-2;: 2D-TLC analysis of total lipids from of Sce strains expressing fungal DUF2156
proteins. (A)(B) Lipids were extracted from the indicated Sce strains, separated by 1D-TLC and
stained with the MnCl, / Sulfuric acid method. Note the characteristic dark brown and orange
colorations of the AspRS-DUF2156 dependent lipid modification (red arrow) under white (A) and
UV light (B), respectively. Concomitantly, total lipids from Sce wt (€C) and Sce expressing heterolo-
gous fDUF2156,,, (D) or ASpRS-DUF2156,,,, (E) were separated by 2D-TLC. Note the presence of
the additional spot with fDUF2156 (LX2) that migrates near to the cross formed by both migration
fronts. 1D-TLC solvent: CHCl; : MeOH : NH; 68 : 35: 5 (v:v:v); 2D-TLC solvent: Hexane : MeOH :
CHCI, : glacial acetic acid 60:20:10:10 (v:v:v:V)




111.1.3. 2D-TLC fails to further resolve LX1 from spot LA.

The same lipid samples analyzed by 1D-TLC and presented in Figures AL-2A and AL-2B were
concomitantly analyzed by 2D-TLC to verify if LX1 is separable from other specie(s) in the LA spot.
Results further assessed the presence of an AspRS-DUF2156 dependent lipid modification but

failed to separate lipid species from spot LA (Figure AL-2E).

Concerning fDUF2156, the 1D-TLC failed again to reveal a modified lipid, but interestingly
an additional spot (LX2) was noticed near the crossing of both migration fronts after 2D-TLC.
However, due to the low reproducibility of this result | unfortunately considered that this spot
might correspond to an artefact (Figure AL-2D). Note also the dark brownish color of spot LF,

corresponding to apolar lipids such as ergosterol.
111.1.4. Optimization of the 1D-TLC developing system separates LX1 from spot LA

Finally | succeed to further separate the AspRS-DUF2156 dependent lipid on 1D-TLC, by
adapting the TLC developing buffer to CHCI3 : MeOH : H20 130:50: 8 (v: v : V). In these conditions,
LX1 had a lower Rf than the LA spot but remarkably, when compared with total lipids extracted
from Sce wt, LX1 still comigrates with another lipid species (Figure AL-3A). The latter is masked by
the intense dark brownish coloration of LX1 in Sce expressing AspRS-DUF2156 and does not hinder
the appreciation of the modified lipid nor under white light nor under UV light. Therefore the CHCI3
: MeOH : H20 130 : 50 : 8 (v : v : v) was retained as main TLC developing buffer to observe the
AspRS-DUF2156 dependent lipid. Importantly, the spot corresponding to LX1 but not the “masked”
lipid was stained with ninhydrin, consistent with AspRS-DUF2156 dependent lipid being an

aminoacylated lipid (Figure AL-3B).

Without going into details, the ninhydrin positive spot LA was attributed by MS experiments
to PE (see the accompanying paper) and spot LB was attributed to PC by using Sce lipid biosynthesis
deletion strains (see later). Comparing migration of commercial lipids indicated that the masked

lipid might contain PG (not shown).
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Figure AL-3: Separation of LX1 from PE by optimi-
zing the 1D-TLC devlopping system. Lipids were
extracted from the indicated Sce strains, resus-
pended in 50 pl and 4, 8 and 16 pl were spotted on
Silca plates. 1D-TLC devlopping solvent was adapted
to CHCl; : MeOH : H,068:35:5 (v:v: V) and stained
with the MnCl, / Sulfuric acid method (A) or with the
ninhydrin  reagent. LX1 corresponds to the
AspRS-DUF2156 dpendent lipid modification, which is
separated from PE in these TLC conditions. The lipid

| migrating at the same position than LX1 is visible in

total lipids from Sce wt strain but not in lipids extrac-
ted from Sce expressing AspRS-DUF2156 where it is
probably masked by LX1. This masked lipid corres-
ponds most probably to PG.



111.1.5. The adapted Folch method is also suitable for analysis of LX1.

Total lipids were extracted by the adapted Folch method (see Materials & Methods) and
lipids were separated with the CHCI3 : MeOH : H20 130 : 50 : 8 (v : v : v) system. Using this approach
was also suitable and confirmed the presence of the AspRS-DUF2156 dependent lipid (LX1) (Figure

AL-4).

111.1.6. Co-expression of Afm AspRS-DUF2156 and fDUF2156 in Sce

As detailed in the introduction to the topic, most species encoding the fDUF2156 version
also encode the AspRS-DUF2156, while species encoding only fDUF2156 are rare. In Afm both
proteins are encoded, which is why | speculated that the fDUF2156 activity might depend on the
simultaneous presence of AspRS-DUF2156. LX1 could be for example an intermediate in the
synthesis of a lipid subsequently modified by fDUF2156. To mimic the naturally encountered
situation of Afm, AspRS-DUF2156 and fDUF2156 were co-expressed in the yeast model, lipids were
extracted by the Bligh & Dyer procedure and TLC was performed in the presence of CHCI3 : MeOH :
H20 130:50:8 (v : v : v). Unfortunately, this additional trial failed again to associate fDUF2156 to

lipid modification (Figure AL-5).

111.1.7. Conclusion and additional remarks

The presented results clearly demonstrated that the heterologous expression of AspRS-
DUF2156 is responsible for the presence of an additional lipid. The successful optimization of lipid
analysis conditions reported here led us finally to standardize the TLC procedure when analyzing
the AspRS-DUF2156 dependent lipid. In this way, lipids containing LX1 were from then on routinely
separated with developing solvent CHCI3 : MeOH : H20 130 : 50 : 8 (v : v : v) and stained with the
MnCl2 / Sulfuric acid solvent. Regarding these results, it is also tempting to compare the amount
of the modified lipid to other phospholipids. This might be possible if both compared spots contain
the same class of lipids since the staining reagent reacts distinctly according to the considered
lipid class. Albeit obvious, it was necessary to show that the lipid modification activity is dependent

on the DUF2156 domain of AspRS-DUF2156. LX1 synthesis was not detected in a strain expressing
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Figure AL-4: TLC analysis of total lipids extracted
from Sce strains using the adapted Folch method. In
contrast to all other presented results, lipids were
extracted by the adapted Folch method in this expe-
riment. TLC was performed with CHCl; : MeOH : H,0
68:35:5(v:v:V). “indicates the presence of LX1.

3 - 4
MnCl, / Sulf. ac (vis.) Mncl, / sulf. ac (UV)

Figure AL-5: TLC analysis of total lipids extracted from Sce strains
expressing one or both fungal DUF2156 proteins. Lipids were
extracted from the indicated Sce strains by the Bligh & Dyer
method, TLC was performed with CHCl3 : MeOH : H,0 68 : 35: 5 (v :
v : v) and the result was observed under UV light. * indicates the
presence of LX1.




the AspRS moiety of ErdS (ErdS-ADUF2156) but restored when the C-terminal domain (i. e.
DUF2156) was co-expressed in trans. Moreover, expression of the DUF2156 domain alone or the
ASpPRS-DUF2156aap4 Variant (an AspRS catalytically inactive variant) were also able to sustain LX1
synthesis. The common point of all three cases reported here is that the DUF2156 domain is not
fused to a catalytically active AspRS domain and that the LX1 level is strongly decreased when

compared to the Sce expressing the full-length wt version of ErdsS.

Failure to detect an additional lipid in the presence of fDUF2156, we decided to further
concentrate our efforts on the AspRS-DUF2156. The function of fDUF2156 protein will be treated

in a separate chapter.

In.2. Evidencing the presence of LX1 in fungi naturally encoding
AspRS-DUF2156

At the start of the project we had no filamentous fungal strains expressing DUF2156
proteins nor strains in which AspRS-DUF2156 was deleted. However, we were able to isolate a
filamentous fungus from a contaminated petri dish (later determined as belonging to Penicillium)
and we purchased the insect pathogen strain Beauveria bassiana (Bba). Both are thought to
express AspRS-DUF2156 and the dark-brownish spot, identified as LX1, was present in both cases.
As expected, LX1 was absent from Yarrowia lipolytica (Yli), which does not encode AspRS-DUF2156.
This was the first result that brought evidences that the modified lipid is present in naturally
occurring fungi encoding AspRS-DUF2156 proteins without adding any stress condition during

growth (Figure AL-6).
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Figure AL-6: Detection of LX1 lipid in fungi encoding naturally
AspRS-DUF2156. Total Lipids were extracted from the indicated
Sce strains, from fungi encoding naturally AspRS-DUF2156
(Penicillium sp. and B. bassiana) and from Y. lipolytica which
does not encode AspRS-DUF2156 (Bligh & Dyer). TLC was perfor-
med with CHCl5 : MeOH : H,0 68 : 35 : 5 (v : v : v) and the result
was observed under white light. * indicates the presence of LX1.




ln.3. AspRS-DUF2156 activity is not abolished in phospholipid

biosynthesis deletions strains of Sce.

111.3.1. Expression of ASpRS-DUF2156,sm in PC, PS and PE biosynthesis deletions

strains

Phospholipids are synthetized by two pathways in the Sce model organism (Figure AL-7A).
In the CDP-DAG pathway, CDP-DAG is converted by the CHO1-encoded PS-synthase to PS, which is
then decarboxylated to obtain the major lipid, PE . In yeast, the latter reaction
can be accomplished by two encoded homologs; the mitochondrial Psd1 which accounts for the
large majority of phosphatidylserine decarboxylase activity and the multi-localized Psd2 (Golgi,
Vacuole, Endosomes) . Finally, PE undergoes 3 sequential methylations,
the first of them catalyzed by Cho2 (Pem1) and the two remaining by Opi3 (Pemz2), to synthetize
PC, the other major phospholipid found in yeast membranes
. Beside PS decarboxylation, all other reactions transforming CDP-DAG to PC occur
at the ER. Alternatively, yeast uptakes ethanolamine and/or choline from the media via the e
HNM1-encoded choline/ethanolamine transporter and transforms them to
their CDP-conjugate. ER located Ept1 and Cpt1 transfer the ethanolamine and choline moieties onto

DAG, thereby producing respectively PE and PC through the so-called Kennedy pathway

Under choline starvation, deletion of 0PI3 (PEM?2) abolishes the synthesis of PC and induces
important accumulation of phosphatidylmonomethylethanolamine (PMME)

. AspRS-DUF2156 was expressed in this strain and total lipid analysis by TLC showed that the

level of LX1 synthesis was similar to that found in the Sce wt strain (Figure AL-7B). From this result

it was concluded that PC is not a substrate of ASpRS-DUF2156.

For ApSD2 it was not surprising that no changes occur concerning LX1 (Figure AL-7B), since
even if PS would be implicated, the deleted gene accounts only for 4-12 % of the
phosphatidylserine decarboxylase activity . Therefore, the high amount
of PE is assumed to be only slightly affected through pSpD2 deletion. The Apsd14psd2 mutant is

not capable to synthetize PE but this strain has ethanolamine auxotrophy. Testing this strain makes
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Figure AL-7: Assaying AspRS-DUF216 activity in vivo in phos-
pholipid biosynthesis deletion strains of Sce. (A) Biosynthesis
enzymes are boxed, and their associated colors indicate their
sub-cellular localization (color code at the right). Most abun-
dant lipids found in yeast are indicated in bold. Red arrowheads
indicate enzymes lacking in deletion strains. The latter were
transformed with plasmids expressing AspRS-DUF2156. (B)
AspRS-DUF2156 was expressed in the indicated Sce strains and
lipids extracted by the Bligh & Dyer method were analyzed by
TLC as described in Figure AL-3.

CDP-DAG, CDP-diacylglycerol; DAG, diacylglycerol; PS, phospha-
tidylserine; PE, phosphatidylethanolamine; PG, phosphatidylg-
lycerol; PGP phosphatidylglycerol phosphate; CL* precursor
cardiolipin; MLCL, monolyso-cardiolipin; CL, mature cardiolipin;
PMME, phosphatidylmonomethylethanolamine; PDME, phos-
phatidyl-dimethylethanolamine; PC, phosphatidylcholine; Cho,
choline ; Etn, ethanolamine, Cho-P, choline phosphate;
CDP-Cho, CDP-choline; Etn-P, ethanolamine phosphate;
CDP-Etn, CDP-ethanolamine; PI-P(s), phosphatidylinosi-
tol-phosphate(s). Figure in (A) is reproduced and simplified
from .



no sense in the present case because adding ethanolamine in the media would enable synthesis of
PE through the Kennedy pathway. The fact that PC and PE are not substrates of ASpRS-DUF2156
mediated lipid aminoacylation is not surprising since 1) PE, PC and PMME were never shown to be
O-esterified by an aa and 2) no hydroxyl group is susceptible to be aminoacylated in these

phospholipids.
111.3.2. Expression of ASpRS-DUF2156.¢m in PG and CL biosynthesis deletions strains

On contrary to the above-mentioned phospholipids, CL and its precursor PG are only neo-
synthesized from CDP-DAG, but this pathway occurs in mitochondrial membranes. Pgs1 catalyzes
the transformation of CDP-DAG to Phosphatidylglycerolphosphate (PGP) which in turn is
dephosphorylated by the mitochondrial inner-membrane associated Gep4 phosphatase to obtain

PG. However, the latter is efficiently transformed to CL by Crd1 which condenses PG to another

CDP-DAG. The resulting product, corresponding structurally to CL, is then further modified
by the CLD1-encoded cardiolipin-specific phospholipase and the TAZi-encoded monolyso-
cardiolipin acyltransferase to yield specific unsaturated CL species . Deletion of
GEP4 abolishes synthesis of PG and CL and consequently accumulates PGP. Because DUF2156-
dependent lipid-modification was shown to occur mainly on PG and CL in bacteria we were very
surprised to see that AspRS-DUF2156 activity was not abolished in AGEp4. Accordingly, in the
ACRD1 which accumulates important amounts of PG no significant increase of

LX1 was observed (Figure AL-7B).
1n.4. Purification of LX1

To identify the modified lipid, I aimed to purify LX1 by chromatography on a silica column.
This technic was already employed in a similar context by AM. Smith and colleagues to purify Ala-
DAG found in C. glutamicum . As detailed in Materials & Methods, Sce wt or Sce
expressing AspRS-DUF2156 from Afm were grown in 500 mL and cells were harvested when 0Dgopo
reached 1.0. Lipids were extracted by the adapted Bligh Dyer method, resuspended in 200 pl of
CHCI3 and loaded on the silica gel column. According to their polarity, and thus to their partition

between the polar matrix and the mobile phase, lipids are gradually eluted from the column. This
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experiment was first conducted with lipids from Sce wt to establish the general elution pattern. As
expected, highly apolar lipids such as tri-acylglycerols, CL and sterols, are weakly or not retained
by the polar resin and are consequently eluted with 100% CHCl; (Figure AL-8). Accordingly, these
lipid species migrate in the front of the TLC. Glycolipids are eluted with acetone and are
characterized through their intense pink coloration. Fractions collected during these early steps
of the purification process do not contain detectable amounts of phospholipids which are polar
lipids and bind therefore more strongly to the polar stationary phase. Their elution requires an
increase of the eluent polarity which was achieved here by adding MeOH. However, elution with
100 % MeOH failed to separate the different phospholipid species. Because LX1 polarity is like
those of phospholipids, it was necessary to refine the phospholipid eluent. In this way, the same
experiment was repeated with lipids extracted from Sce expressing AspRS-DUF2156 from Afm but
in this case, polar lipids were eluted with CHCl; : MeOH mixtures ranging from9:1to5:5 (v: V),

thereby increasing stepwise the concentration of MeOH from 10 % to 50 % (Figure AL-9A). Elution

fractions collected with 9: 1 contained the lipid (most probably PG) which is usually masked
by LX1 when analyzing total lipids extracted from Sce expressing AspRS-DUF2156. PE elution
started with 8 : 2 and was completely achieved with 7 : 3 while the other major lipid, PC, was mostly
collected through elution with 6 : 4 and 5 : 5. LX1 was continually eluted with CHCI3 mixtures
ranging from 8 : 2 to 5 : 5 but its highest amounts were obtained within 7 : 3 fractions. In these
fractions, LX1 is contaminated almost only by PE but importantly, the enrichment of LX1 with
respect to PE and PCis severely increased in the latest fractions eluted with 7 : 3 and the estimated

LX1/(LX1 + PC + PE) ratio reached nearly 90 % as illustrated on Figure AL-9B.

Taken together, the silica column chromatographic approach was successful and severely
increased the enrichment of LX1 with regard to apolar lipids, glycolipids, PC and probably other
undetected lipids. Despite this success, fractions containing the highest amount of LX1 are
contaminated by PE and further optimization of the purification procedure might help to avoid this
contamination. Increasing the column volume (1 ml) should already increase the resolution of the
separation but another approach that might overcome the PE contamination is to perform a second

silica column and further refining the elution procedure.
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Figure AL-8: Fractionation of total
lipids extracted from Sce by silica
gel chromatography. Total lipids
from Sce wt were extracted by the
Bligh & Dyer method and
submitted to Silica Gel chromato-
graphy. Fractionated lipids were
analyzed by TLC as in Figure AL-3.
Elution solvents are indicated at
the top of the TLC and eluted lipid
classes are indicated in brackets.
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Figure AL-9: Purification of LX1 by silica gel chromatography. (A) Total lipids from Sce expressing
AsSpRS-DUF2156 were extracted and submitted to Silica Gel column chromatography as in Figure 8 but
the phospholipid elution was adapted. CHCI3 wash and acetone elution were performed but fractions
were not collected. (A) Polar lipids (including mainly phospholipids and LX1) were fractionated with
indicated CHCI3 : MeOH ratios and the increased step-gradient of MeOH is illustrated at the top of the
figure. Fractions were vacuum dried, resuspended in CHCI3 : MeOH 1: 1 (v: v) and 2/5 of each fraction
was analyzed by TLC. Concerning the final elution performed with 100 % MeOH, only 5 fractions out of
10 were analyzed. (B) LX1, PE and PC signals were measured from TLC in fractions containing important
amounts of LX1 with ImagelJ. The background of the 3 TLCs was measured and subtracted from the
corresponding spot signals. LX1/(LX1 + PE + PC) ratio was calculated and graphically represented as a
function of the CHCI3 : MeOH elution volume. The MeOH step gradient is represented in blue.



lL.5. LX1 identification by MS

Results presented above clearly demonstrated that the AsSpRS-DUF2156 protein is
responsible for the presence of an additional lipid, whose migration behavior and polarity is like
phospholipids. However, the distinguishable coloration of LX1 as well as experiments performed
with phospholipid biosynthesis deletion strains, strongly suggested that a lipid belonging to a
distinct class is modified. Regarding the coloration similarity of LX1 to lipids migrating in the front

it was assumable that AspRS-DUF2156 modifies an apolar lipid.

Finally, LX1 fractions partially purified and contaminated by PE were analyzed by MS in
collaboration with Dr. H. Roy. To everyone's surprise LX1 was identified as being Ergosteryl-3-[3-
O-aspartate (Erg-Asp) and as detailed in the accompanying paper biochemical experiments
confirmed that AspRS-DUF2156 (renamed Ergosteryl-aspartate Synthase or ErdS) transfers Asp
from its cognate tRNA*P onto the non-polar Ergosterol. This result as well as the physiological

implication of the Erg-Asp will be discussed in the discussion and perspective sections.
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IV.Annex II: Purification of recombinant proteins

Iv.1. Using the MBP-tag to overcome the strong intrinsic insolubility of

fungal DUF2156 proteins

To characterize biochemical aspects of fungal DUF2156 proteins, we aimed to overexpress
recombinant versions of them by using appropriate & coli systems such as Rosetta™ 2 or Star 2.
Therefore, the corresponding ORFs were cloned in bacterial expression vectors that would encode
recombinant versions that are fused to a tag. Initially we tried to purify the proteins of interest in
their most native forms, i. e. the ORF encoding AspRS-DUF2156 (ErdS) or fDUF2156 fused to an
hexahistidine tag (Hisex) at their N-terminal extremity. Because bacterial aalLSs (i. e. MprF
homologs) were 1) shown to be retained in the membrane through their N-terminal domain and 2)
successfully purified using recombinant versions containing only the cytoplasmic C-terminal
domain of various aaPGSs (i. e. DUF2156 domains) , we decided to delete the 200 residues from
the N-terminal extension of fDUF2156. However, we were rapidly confronted to strong intrinsic
protein insolubility which led to almost 100 % protein precipitation in the insoluble fraction when
comparing to soluble fraction (Figure P-1A). Several culture and lysis conditions were tested to
overcome this issue, but the recombinant proteins remained insoluble, probably as aggregates

(not shown).

To overcome this critical issue, frequently encountered when investigating membrane
associated proteins, many strategies exists but most of them consist of fusing larger tags that
have solubility “enhancer” properties. Fusing this protein to Maltose binding protein (MBP) at its
N-terminus increases considerably its solubility. More than that, once the “passenger” protein (i.
e. the protein of interest) is correctly folded, the solubility enhancer is in many cases no longer
required to maintain proper folding and can be removed . The mode of
action of MBP as a solubilizing-tag was discussed in several works, but I will not go into details
because this is not the purpose here. However, note that in some cases the situation can be more
complex, since a certain rate of the MBP-passenger fusion protein remains insoluble despite the

presence of the tag
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Figure P-1: Overexpression kinetics and solubility analysis of fungal DUF2156 proteins by SDS-PAGE. £. coli
Rosetta 2 strains were grown in LB media supplemented with Amp 0,1 mg / ml at 37°C. Overexpression of the
indicated construct was induced by adding 0.3 mM IPTG when ODggg reached 0.5. Aliquots were collected at
different times after induction and cells were harvested by centrifugation (5000 x g for 10 min at 4 °C). Each
crude extract obtained after cell disruption (sonication) was centrifuged at 10000 x g for 30 min and the
resulting supernatant was transferred to a fresh tube. The pellet was resuspended in an equal volume and
both fractions were analyzed by SDS-PAGE 10%. Gels were stained with Coomassie blue R250. Values at the left
indicate the molecular weight in kDa




Fungal DUF2156 proteins were fused N-terminally to MBP-tag, cloned into bacterial expression
plasmids and transformed in €. coli Rosetta™ 2. The MBP-tag solubilized fungal DUF2156 proteins,
but a certain amount of the recombinant versions remained in the insoluble fractions as shown in
figure P-1B. Overexpression kinetics indicate that the overexpression plateau was reached after

3h at 30°C.
Iv.2. Purification of MBP-ErdS variants

IV.2.1. Enrichment of MBP-tagged ErdS variants by amylose resin affinity

chromatography

As detailed in the Material & Method sections, €. coli strains overexpressing MBP-ErdS were
incubated in 2 L culture, cells were disrupted by sonication and the resulting soluble fraction was
submitted to amylose chromatography. MBP-Erds, MBP-Erds-a® (basic residues of the positively
charged a-helix mutated to Ala. This mutant is inactive when expressed in Sce (see § 11.1.2.1.)) and
MBP-ErdSaara (the Q300-S301-P302-Q303 essential signature sequence of the AspRS domain was
mutated to AAPA) were successfully enriched by atmospheric amylose resin affinity
chromatography (Figure P-2). However, a major contaminant, presenting a MW similar to free MBP
(40 kpa), is always co-eluted when purifying MBP-ErdS versions containing both functional
domains. The ratio of recombinant MBP-ErdS versions in comparison to total proteins is estimated
between 30-40 % and the concentration of enzyme added for qualitative in vitro assays was
calculated on this basis. In contrast, when MBP-ErdS versions containing only one of both
functional domains are purified (i. e. MBP-Erds-ADUF2156 or MBP-Erds-AaspRs), the purity of the
protein is strongly increased and can reasonably be estimated to around 90 % (Figure P-3). More
precise analysis of enrichments and yields are required but assuming that all mentioned proteins
were purified from comparable cell mass and that the same purification procedure was applied it
is reasonable to consider that the amount of purified MBP-ErdS-AaspRS protein is strongly
increased in comparison to other ErdS variants mentioned here. The successful purification of the
recombinant protein, containing the DUF2156 domain separated from the AspRS domain will be

essential for the determination of its kinetic parameters, independently of the AspRS domain.
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Figure P-4: Purification of recombinant Erds g, protein.
The present figure summarizes the general purification
strategy used for ErdS variants that contain both
functional domains (i. e. AspRS and DUF2156). As
illustrated in the previous figures, the construct used for
these experiments encodes the protein of interest linked
to MBP by a TevCS. In the present example, MBP-ErdS,g, is
overexpressed in &£ coli Rosetta 2 and cell lysis is
performed by sonication. Affinity binding of MBP-tagged
proteins is performed in batch (rotating wheel at 4 °C for
2-3 h) in the presence of amylose resin and the following
steps are performed Dby wusing an atmospheric
chromatography column support. Eluted fractions are

analyzed by SDS-PAGE and it is noteworthy that in the present example the purification profile is very similar
to those presented in figure P-2 i. e. MBP-ErdS,g, enriched fractions are accompanied by the major
contaminant supposed to correspond to abortive proteins such as “free”-MBP. Fractions E3-EG are pooled
together aliquoted by 190 pl fractions and submitted to proteolytic TEV-cleavage, as described in the Materials
& Methods sections, pooled again and injected (1.8 ml) onto a homemade GF75 resin column (2.5 x 30 cm;
Biorad, Econo-Column® #7372532), powered by an HPLC Akta purifier system. All steps are performed in the
presence of GF buffer containing 50 mM Tris-HCI pH 7 and 30 mM KCl. The flow is set to 0.2 ml/min and 1.4 ml
fractions are collected. Selected fractions are analyzed by SDS-PAGE (10 %). After removal of aggregates by
ultracentrifugation, the concentration of purified ErdSyg, was measured by spectral absorbance at 280 nm

and the total amount determined to around 2 mg.



IV.2.2. Purification of ErdS variants by size exclusion chromatography

The MBP-tag of our recombinant proteins is separated from the ErdS variants by a TevCS
and can consequently be removed by proteolytic cleavage. Cleaved ErdsS variants that have similar
molecular weight to the full-length wt ErdS (151 kDa) can then be easily separated from minor
contaminants including the MBP-tag by size exclusion chromatography. In addition, AspRSs are
class Il aaRS and therefore the AspRS domain of ErdS is assumed to dimerize, thereby further
facilitating the discrimination of ErdS from MBP. To illustrate these purification aspects, | choose
an ErdsS variant in which the N-terminus was shortened. The AspRS domain of ErdSam, is preceded
by an N-terminal extension of 104 aa for which no domain homology was predicted. The sequence
encoding 84 aa of the N-terminal extension was deleted and cloned into the pMtevGWA vector by
using the Gibson isothermal assembly method. This construct might be useful to establish the
tridimensional structure of the protein because the presence of labile or unfolded regions within

the protein often hinders efficient crystallization.

MBRP-ErdSas. was enriched on amylose resin with the classical procedure described in the
corresponding Material & Methods sections. SDS-page analysis of fractions eluted from the
amylose resin shows similar results in comparison to those obtained for the purification of full-
length ErdsS proteins (Figure P-4). Fractions were cleaved by the TEV-protease and injected into
the homemade GF75 size exclusion column monitored by an Akta purifier HPLC system. Analysis of
the chromatograph on figure P-4 confirms the presence of two peaks that were attributed to
cleaved ErdSass and MBP when analyzed by SDS-page. Micro aggregates were removed by
ultracentrifugation at 100000 x g for 1 h at 4 °C. The purity of ErdSass is estimated to 96 % and the
total amount was determined to be around 2 mg by measuring the OD.g. The same protocol is used

for the purification of full-length MBP-ErdS, MBP-Erds-a® and MBP-ErdSasea (N0t shown).

Performing size exclusion chromatography following TEV protease cleavage is not suitable
to discriminate the MBP-tag (40 kDa) from cleaved ErdS-AaspRS (39.3 kDa). To overcome this issue,
it will be important either to find conditions in which the His-tagged version of this protein is
soluble or to add a second tag. For example, GST-MBP- or His-MBP-tagged versions of ErdS-AaspRS
may resolve this issue. The proposed strategy is to perform amylose affinity chromatography as

described above, followed by TEV protease cleavage. Finally, the cleaved His-MBP- or GST-MBP-
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Figure P-2: Purification of full-length MBP-Erds variants on amylose resin. £ coli Rosetta 2 harboring
pMtev-ErdS were grown and ErdS variants were overexpressed. Cells were resuspended in lysis buffer,
disrupted by sonication, and cleared by centrifugation (see the Materials & Methods sections). The soluble
fraction of the crude extract obtained from a 2 L pellet was put in the presence of 2 mL of equilibrated
amylose resin placed on a rotating wheel for 2-3h at 4°C. The batch was poured into a column and the flow
through (FT) was collected. Beads were washed with wash buffer several times and elution was performed
with the same buffer supplemented with 3 % maltose. The FT, the last wash fraction (W) and eluted fractions
(E) were analyzed by SDS-PAGE. MBpP-Erds-a'® contains a catalytic null DUF2156 domain (R749, K750, R751
and R752 mutated to Ala). MBP-ErdS-AAPA contains a catalytic null AspRS domain (QSPQ signature sequence
of AspRSs mutated to AAPA). Protein concentrations were measured by the Bradford method and the total
amount of protein was deduced. Finally the ratio of the protein of interest on total proteins is approximatively
1/3. W1, first wash fraction; Mw, molecular weight in kDa; black arrows indicate the TevCs; * indicate the band
corresponding to the protein of interest.

MBP-ErdS-ADUF2156 (111 kDa) MBP-ErdS-AAspRS (82 kpa)
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Figure P-3: Purification of truncated MBP-Erds variants on amylose resin. Proteins were purified as in
figure P-2 (see legend and Materials & Methods sections). MBP-ErdS-DDUF2156 harbors ErdS only containing
the AspRS domain and while MBP-ErdS-DAspRS corresponds to a fusion between the MBP-tag and the
DUF2156 domain of ErdS. Note that both truncated forms are severally enriched with regard to the major
contaminant copurified with full-length ErdS variants (Figure 2-p).



tag will be removed by a second affinity chromatography round (i.e. NiNTA or GSH resins),
whereas the native Erds-AaspRS would be recovered from the flow-through. One advantage if
choosing the His-tag for this purpose is that the proposed strategy will also allow to remove the
His-tagged TEV-protease from the purified protein in a single step. Unfortunately, | had not the
time to test these strategies, but I already constructed expression plasmids allowing GST-MBP- or

His-MBP-tagged versions of ErdS-AaspRs.

Finally, cleaved Erds-ADUF2156 should dimerize since AspRSs belong to class Il aaRs.
Consequently, this ErdS variant should be easily discriminated from the MBP-tag by size exclusion

chromatography.

IV.3. Assaying the lipid modification activity of recombinant Erds

proteins through in vitro lipid aminoacylation assay (LAA).

As a quality check, we wanted to verify if the purified ErdS versions sustain lipid
aminoacylation by performing LAA described in the accompanying paper. Note that ErdS-AaspRS
and MBP-Erds-ADUF2156 were cleaved before the assay but the free MBP-tag was not removed
from the enzyme fraction. In accordance with our expectations, full-length ErdS retained lipid
aminoacylation activity which was not the case when ErdS-ADUF2156, ErdS-AAPA, Erds-a© and
Erds-AaspRs were assayed (Figure P-5). Combining ErdS-AaspRS and ErdS-ADUF2156 restored
only a residual activity when compared to ErdS wt. Interestingly, when ErdS-AaspRS or MBP-Erds-
AaspRs were assayed in the presence of purified AspRS from Sce the lipid aminoacylation activity
was similar to ErdS wt. Note also that the presence of the MBP-tag does not seem to affect the
activity of the DUF2156 domain (which is very advantageous since cleaved ErdS versions tend to
precipitate). Therefore, the enriched proteins were in most cases stored in their MBP-fused

versions.
v.4, Conclusion and preliminary optimizations of the purification procedure.

In the previous sections I reported the status of the purification procedure I reached during
my thesis. The MBP-tag was successful to solubilize the ErdS and the amylose resin allowed the

purification of sufficient amounts of protein to perform biochemical experiments. Furthermore,
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Asp Figure P-5: Assaying lipid aminoacylation

A RNA ATP . e . .
t * activities of recombinant ErdS variants. LAA
Lipid + [**ClAsp [“Clasp-Lipidx ~was performed as described in the
accompanyin aper. The reaction is
tRNAPSP + AMP + DPi panying. pap .
schematically represented in (A) and was
B performed in the presence of radiolabeled
14 Asp
1 > 3 4 a3 s 1 547 647 [14ClAsp (20 pM), pure tRNAASP from Sce (10
|! ,,,,|| —— e = | pM) and total lipids from Sce (2 mg/ml). ErdS
variants tested here are listed in (B) and their
1 Erds —e structural organizations are depicted. 1, 3 and
2 ErdS-ADUF2156 —— 4 contain both functional domains found in
3 ErdS-AAPA — - ErdS while 2, 5 and 6 contain only one of them.
4 Erds-a(0) Reactions were started by adding 0.1-0.5 pg of
the enzyme and when mixed, enzymes were
5 MBP-ErdS-AASpRS = c=—— . ) . .
added in equimolar ratios. 5 and 6 contain the
6 ErdS-AAspRS same ErdS construct but in 5 the MBP-tag was
7 Sce AspRS ——e— not removed. Finally, 7 corresponds to the

recombinant cytoplasmic AspRS from Sce.
Colors used are the same than in figure P-2. After 40 min, lipids were extracted by the adapted Bligh and
Dyer procedure and separated by TLC (developing system: CHCI3 : MeOH : H20 130 : 50 : 8 (v : v : v)). TLC
plates were exposed onto an imaging plate (Fuji Imaging plate) and radiolabeled species were detected with
a Typhoon TRIO variable Mode Imager (GE Healthcare).



the insertion of the TEV cleavage site enabled proteolytic cleavage of MBP fused proteins and the
combination of this procedure with size exclusion chromatography lead to the purification of tag-
free versions of ErdS. It is also important to note that the aim of obtaining recombinant ErdsS
proteins was to detect qualitatively the tRNA- and the lipid aminoacylation activities of the AspRS
and the DUF2156 domains, respectively and to demonstrate that the Erg-Asp synthesis is tRNA and
DUF2156 dependent. Regarding results presented here and in the accompanying paper, these
goals were fully reached, but it will be important to investigate more in depth the molecular
mechanism of ErdS. Therefore, the purification procedure must be further optimized, and other
strategies should be tested or at least complementary purification steps, such as ion exchange
chromatography should be tested. enduring the last benchwork days of my thesis | obtained some

preliminary data that could help to further optimize the purification procedure.

IV.4.1. Optimization of culture and overexpression conditions

With regard to the major contaminant co-eluted from the amylose resin when purifying
“full-length” ErdS variants, | aimed testing whether the overexpression conditions may affect the
final purity of the protein of interest. For each condition, 250 ml LB supplemented with Ampicillin
(100 mg / L) were incubated with £. coli Rosetta2 cells containing pMtevGWA-ErdSass until 0D600
reached 0.5. Differential overexpression conditions, including temperature, IPTG concentration
and incubation time, were tested and proteins were enriched in parallel by a single affinity
chromatography step (amylose). Increasing the concentration of IPTG for overexpression at 30 °C
dramatically decreased the proportion of the MBP-ErdS version when compared to the major
contaminant (Figure P-6) while overexpression at 18°C for 12 h with 0.1 mM IPTG was the most
favorable condition to enrich MBP-ErdSass. Overexpression at 30 °C with 0.1 mM IPTG appears also
to overcome this issue but the culture was stopped after only 1 h after induction which is why the
amount of purified protein is low. Accordingly, our collaborators from Pr. 0. Nureki's team even
succeed to purify soluble His-tagged ErdS from €. coli when overexpression of the recombinant
protein was induced with 0.1 mM IPTG at 20°C overnight (not shown). In the latter case, cells were
resuspended and disrupted with lysis buffer containing NaCl 1 M. Consequently, ErdS variants
containing both domains (AspRS and DUF2156) should be overexpressed regarding these

conditions.
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Figure P-6: Optimizing the overexpression conditions of recombinant Erds variants. £. coli expressing
MBP-ErdS,g, Was grown in 250 ml LB + Amp (100 mg/L) and when 0Dgy, reached 0.5, 4 different
overexpression conditions were tested. In all cases the cold-shock (prior the conditions indicated above the
gels) was maintained and the varying parameters include incubation temperature, concentration of IPTG
for induction and duration of the overexpression. Cells were recovered by centrifugation, the MBP-ErdS \g4
was purified by affinity chromatography (amylose) as described previously and elution fractions (collected
by 1 ml) were analyzed by SDS-PAGE (10 %). Note that in this case the column support was changed
(Poly-Prep® Chromatography Columns, Biorad #7311550) and the volume of amylose resin was lowered to
500 pL.



IV.4.2. Optimization of GF

Later during my thesis, we purchased a newer HPLC system (Akta pure, GE healthcare)
which encouraged me to repeat the purification of ErdS by using a Hiload 16/600 Superdex 200pg
column instead of the homemade GF75 column. In this experiment, &. coli expressing MBP-ErdSasa
was grown in 1 L culture and overexpression was induced with 0.1 mM IPTG for 12 h at 18°C.
Fractions eluted from the amylose resin that contained MBP-ErdSass were pooled (total 4 ml) and
concentrated as described in the Materials & Methods sections and the 2 ml fraction was injected
onto the Hiload 16/600 Superdex 200pg (Figure P-7). Importantly, an additional peak arose when
using this alternative in comparison to the two peaks obtained with the homemade GF75. Peaks 1
and 2 contain MBP-ErdSass and free MBP respectively while the situation of peak 1 is not clear.
Intriguingly, the UV280/UV260 ratio of peak 1 is increased when comparing to peaks 2 and 3 and
is near to 1. Further investigations are required but the enhanced absorption of UV260 might
indicate the presence of nucleic acids, probably a tRNA co-purified from & coli in complex with
MBP-ErdSass. Importantly, fractions from peaks 1 and 2 retained lipid aminoacylation in vitro but
the activity of proteins from peak 1 is very low when compared to peak 2. Therefore, one might
speculate that peak 1 contains majorly aggregates or misfolded forms of the protein rather than
MBP-ErdSass in complex with a co-eluted tRNA. Through this strategy, 4.95 mg of uncleaved MBP-

ErdSass were purified from a 4 g cell pellet.

Beside using size chromatography to purify DUF2156 proteins, similar strategies are also
useful to study other aspects related to these proteins. Because ErdS contains a class Il synthetase
(i. e. AspRS), ErdS should at least dimerize. However, no standard proteins were injected to
compare the size of proteins eluted with regard to the elution volume. Therefore, it is difficult to
exploit the herein reported results to deduce the oligomerization state of the protein.
Furthermore, to study such aspects, it will be more adapted to use Superdex™ 200 Increase 5/150
GL or Superdex™ 200 Increase 10/300 GL columns. Similar approaches will also be useful to
investigate the binding affinities of the (Asp-)JtRNA*P with ErdS but also with either the AspRS or

the DUF2156 domains alone.
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Figure P-7: Adapting size exclusion chromatography conditions. (A) €. coli harboring pMtev-ErdS,g, was
grown in 1 L LB + Amp (100 mg/L) and MBP-ErdS g, was overexpressed with 0.1 mM IPTG at 18 °C for 12 h.
Cells were resuspended in 20 ml, disrupted by sonication, and the soluble fraction was split in two. Each
fraction was treated separately; incubation in batch with 1 ml amylose resin (2h, 4 °C on rotating wheel),
transfer onto a Poly-Prep® Chromatography Columns, Biorad #7311550 and elution fractions collected per
1ml. (B) E1 and E2 obtained from both batch were pooled and concentrated to a single 2 ml fraction. The
latter was injected onto a Hiload 16/600 Superdex 200pg column conducted by Akta pure HPLC system and the
chromatograph is represented. Equilibration and size exclusion were performed with GF buffer (TrisHCI 50
mM, KCl 30 mM), the flow was set to 1 ml/min and fractions were collected per 0.8 ml. Fractions from peaks
1 and 2 were pooled separately and concentrated to 1 mg/ml. (C) Erg-Asp synthesis activities of peaks 1 and
2 were assayed by LAA in the presence of 0.5 mg/ml commercial Erg, as described in the accompanying
paper (see also Figure P5).



IV.5. Purification of MBP-ErdHasm

ErdHam and its associated mutants were fused to MBP and overexpressed in & coli. Cells
were grown in 250 mL LB + Amp and the pellet was resuspended in 10 ml lysis buffer. In contrast
to the above described atmospheric affinity chromatography, the soluble fraction obtained after
cell lysis was injected onto on a MBPTrap™ HP (GE healthcare, 28-9187) conducted by an Akta Pure
HPLC system. SDS-page analysis of eluted fractions confirmed the enrichment of recombinant
proteins and in contrast to full-length ErdS variants, the major MBP contaminant was absent when

purifying ErdH proteins (Figure P-8).
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Figure P-8: Purification of ErdH variants. £. coli strains harboring pMtev-ErdH wt or mutants were grown in 250
mL LB + Amp (100 mg/mL) and overexpression was induced with 0.3 mM IPTG at 30 °C for 3 h. Cells were
disrupted by sonication in the presence of 10 mL lysis buffer and the soluble fraction was injected into a
MBPtrap 1mL affinity column, conducted by an Akta pure HPLC system. Wash steps were performed with 10 ml
of wash buffer (Tris-HCI pH 7 50 mM, NaCl 300 mM, KCl 30 mM, Glycerol 5 % (v / v), Tween20 0.25 % (v / v),
TritonX-100 0.1 % (v / v), B-mercaptoethanol 5 mM) and for elution the same buffer supplemented with a step
gradient of maltose (5 ml at 0.5 % followed by 5ml at 3 %) was used. The flow rate was 1 ml/min during
equilibration and column wash and was decreased to 0.5 ml/min for sample application and elution. Fractions
were collected per 0.5 mL. The chromatograph is represented in (A) and total amounts of each ErdH variants
recovered are summarized in (B). (C) Eluted fractions of each purified protein was separated by SDS-PAGE and
bands were revealed by the stainfree method using ChemiDoc Imaging System (Biorad).
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PART II; Discovery of a second tRNA dependent
ergosterol aminoacylation pathway catalyzed by

a free standing DUF2156
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RNA-dependent synthesis of ergosteryl-3--0-glycine expands
the diversity of steryl-amino acid conjugates in ascomycota. (Article
in preparation)

Preliminary remarks

As introduced at the beginning of the present manuscript, the bioinformatic study
performed by F. Fischer revealed in addition to ErdS another fungal DUF2156 protein, initially
named fDUF2156. This protein is mostly distributed among Ascomycota and during my thesis I also
aimed to characterize the function of this second protein that we supposed to be a lipid
aminoacyation factor too. By using similar strategies as in our recently published work I detected
an fDUF2156 dependent lipid and our tight collaboration with Dr. H. Roy's and Pr. T. Kushiro's teams
allowed us finally to establish that fDUF2156 is an aminoacyl-tRNA transferase (ATT) that catalyzes
the esterification of Gly onto Erg in a tRNA dependent manner. Thus, our study provides a novel
pathway for the synthesis of ergosteryl-3-[3-0-glycine (Erg-Gly), a so far never described lipid.
Based on structural predictions and mutagenesis experiments we also show the essentiality of a
positively charged helix, commonly found in DUF2156/ATTs and strongly suggested to be involved
in aa-tRNA binding, for the lipid modification activity. In the coming months we plan to submit our

discovery for publication and therefore we started the redaction of the article.

In the context of my thesis manuscript | nevertheless wanted to propose a preliminary
draft even if incomplete. In this way, | adapted the draft “ErgS article draft” to my thesis and the
reader should be aware that even if the main results are presented, some of them are incomplete
or lack some controls. In addition, some experiments we would like to integrate are still lacking
and depending on their outcomes (in the following month) the direction of the article might
completely change. Note also that the following draft will refer to some parts of my thesis
manuscript, particularly in the Materials & Methods section which is incomplete for the moment
but for the convenience to the reader | tried to integrate all essential information required for the
comprehension of the purpose. Regarding these preliminary remarks, | inserted several notes,
written in [/talic] between rectangle brackets, in order to guide the reader. They will among others
indicate complementary experiments that are ongoing or that must be performed prior to

publication. Author contributions will also be indicated with the aim to point out my participation

212



during the past 4 years. Some figures (mainly supplementary figures) are in preparation and
unfortunately, | was not able to integrate them at time. In those cases, the integrated notes will
also guide the reader and sometimes an alternative illustration will be proposed. Finally, the
Discussion section was the most challenging to redact since according to results that will be
obtained in the coming month, its orientation might completely change. Therefore, in addition to
discussing properly the characterization of ErgS and several other points, | also provided in this
section a global analysis on the discovery of fungal lipid aminoacylation pathways by performing
notably an analogy with bacterial systems. The discussion part can consequently be considered as

the conclusion of my thesis work.

Taken together, the reader should consider the following Ergs article draft as a part of my
thesis, in which several results from our collaborators or from other members of our lab were

implemented, rather than the version that will be submitted for publication.
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INTRODUCTION

Modification of membranes lipid components through the addition of D/L-amino acids (aa) or
aa derivatives is a widespread mechanism in bacteria for glycerolipids ( | ), lipid A () or teichoic
acids (). Bacterial virulence factors termed MprF (for Multiple Peptides Resistance Factors)
use aminoacyl-tRNAs (aa-tRNAs) —e.g. synthesized by aminoacyl-tRNA synthetases (aaRSs)

— rerouted from ribosomal protein synthesis to transfer the L-aa moiety that they carry onto
one hydroxyl of an acceptor glycerolipid, yielding O-L-aminoacyl-esters of glycerolipids
(AGLs) . MprFs can use Lys-, Ala-and/or Arg-tRNAs and transfer the aa that they
carry onto phosphatidylglycerol (PG), cardiolipin (CL) or diacylglycerol (DAG), yielding Lys-
or AlaPG, LysCL or AlaDAG . The aa-tRNA transferase activities carried by the C-
terminal cytoplasmic Domain of Unknown Function 2156 (DUF2156) of MprFs () that is fused
to an N-terminal integral membrane domain with an AGL flippase activity that
transports the modified lipids from the inner leaflet of the plasma membrane, where they are
produced, to the outer leaflet, where they are exposed . AGLs intensify resistance of

bacteria to cationic antimicrobial peptides (CAMPs), seemingly through charge repulsion, but

also to other types of antimicrobials . In bacteria, AGLs are degraded by dedicated
hydrolases/esterases that are periplasmic in diderm bacteria or extracytoplasmic
and membrane-anchored in monoderms . The MprF/hydrolase couple is therefore central

to the turnover of AGLs in bacterial membranes but also to proper antimicrobial resistance,
pathogenicity and/or immune escape

MprF-like proteins have been thought to be absent in eukaryotes, like AGLs or other forms
of tRNA-dependently modified lipids . However, we recently discovered that most of
“higher” fungi —i.e. Dikarya— are equipped with MprF-like enzymes having DUF2156
domains . Unlike MprFs, they have no membrane domains, but the DUF2156 module is
rather fused at the C-terminus of an aspartyl-tRNA synthetase (AspRS) paralog, i.e. the enzyme
responsible for Asp-tRNA”P production . They are bifunctional enzymes capable of
producing Asp-tRNA® from free Asp, ATP and tRNA* (AspRS activity) and use it in the
appended DUF2156/Asp-tRNA transferase domain to acylate aspartate onto a lipid that is not
a glycerolipid, but ergosterol (Erg), the major fungal membrane sterol, yielding ergosteryl-3[3-
O-L-aspartate (Erg-Asp) .Those bifunctional AspRS/Erg-Asp synthases (ErdSs)and Erg-
Asp are widespread across Dikarya (KEGG orthology: K24278) and in a substantial number of
occurrences, we evidenced that an Erg-Asp hydrolase (ErdH, KEGG orthology: K24279) can

remove the Asp moiety of Erg-Asp, providing the first example of a sterol



aminoacylation/deacylation system in fungi .To date, the cellular function of Erg-Asp in
the physiology of Dikarya remains unknown.

A wide range of mono- and diderm bacteria possess one or several combinations of MprF
proteins, which, due to the catalytic diversity of the enzymes, expands the AGLs diversity
within a given bacterial species . In Clostridium perfringens, two MprFs are present, with
MprF2 being a LysPG synthase (specific for Lys-tRNA) and MprF1 an AlaPG synthase
(specific for Ala-tRNA) ( /), while in Enterococcus spp., MprF1 is a Lys/Arg/Ala-PG synthase
of broad aa-tRNA specificity (©). Up to date, only Erg-Asp has been evidenced in fungi, and
no other O-L-aminoacyl ester of Erg or of glycerolipids has been discovered, nor has a second
type of DUF2156 protein.

Here we report the discovery in ascomycota —one of the two divisions of Dikarya— of a
novel type of DUF2156 proteins. They are all free-standing DUF2156 domains (fDUF2156)
phylogenetically related and paralogous to ErdS that, contrary to the latter , are not fused
to an aminoacyl-tRNA synthetase. Using Aspergillus fumigatus (Afm), Aspergillus oryzae (Aor)
and Yarrowia lipolytica (YIi) as models, we demonstrate that fungal fDUF2156 proteins have
an enzymatic activity distinct from that of ErdS: they use glycyl-tRNASY (Gly-tRNASY)
produced by glycyl-tRNA synthetase (GlyRS) to transfer Gly onto Erg, yielding ergosteryl-3[3-
O-glycine (Erg-Gly), another and previously undetected type of sterol conjugate of the
aminoacyl-type. Therefore, fungal f-DUF2156 are genuine Erg-Gly synthases (ErgS, Er:
ergosterol, g: glycine, S: synthase) that expand the repertoire of the newly discovered class of
O-L-aminoacyl ester of sterols. We conclude that ErgS and ErdS both represent members of a
novel enzyme family —ergosteryl-33-O-amino acid synthases—that produce ergosteryl-33-O-

amino acids in a vast diversity of fungi.

RESULTS

A second type of aminoacyl-tRNA transferases in ascomycota [in silico studies were
mainly performed by Dr. F. Fischer & G. Grob]

Upon detection of ErdS in Dikarya , we noticed that Aspergillus fumigatus (Afm) and
Aspergillus oryzae (Aor) possess an additional protein that presented distant homology to the
DUF2156/Asp-tRNA transferase domain of ErdS (~20 % identity) and that was unambiguously
recognized as a DUF2156 protein, using the Protein FAMily database (PFAM) search tool
(https://pfam.xfam.org/) . Both proteins —encoded by the AFUA 8g01260 and
AO0090011000521 genes in Afm and Aor, respectively— are free-standing DUF2156 domains



(fDUF2156), meaning that they are neither fused to an aaRS domain, nor to an N-terminal
integral membrane flippase-like domains, which differs from fungal ErdS and bacterial
MprFs (5), respectively (Fig. 14 and 1B). These fDUF2156 proteins were not restricted to Afm
or Aor, but also detected in numerous other ascomycota, including various Eurotiomycetes
(Aspergillus and Penicillium spp., among others) and Sordariomycetes (Beauveria bassiana,
Bba, for example) (Fig. 1B and (), as well as several Dothideo- and Leotiomycetes (Fig. S1
[figure in preparation but the reader can refer to Fig. S7 which summarizes the landscape of
fungal DUF2156 proteins]). The fDUF2156 proteins seem absent in basidiomycota, except in
Trichosporon oleaginosus (Fig. S1 [in preparation]). Interestingly, while ErdS was absent in
all Saccharomycotina , we detected one fDUF2156 in Yarrowia lipolytica (YIi)
(Saccharomycete), encoded by the YALIOE00330g gene (Fig. 1B).

Sequence analysis and structure prediction of Afin, Bba and YIi fDUF2156 (Fig. 1B, C, Fig.
S2 [Fig. 82 in preparation]) shows that, like in the case of the DUF2156/Asp-tRNA transferase
domain of ErdS or the Ala- or Lys-tRNA transferase domain of MprFs , the proteins
are all likely constituted of two Gen5-like N-acetyltransferase (GNAT) subdomains separated
by a positively charged o helix, a fold characteristic of aa-tRNA transferases of the DUF2156
family (Fig. 1B, Fig. S2 [Fig. S2 in preparation]). Like in bacterial MprFs or
in ErdS, this o helix, together with the GNAT II domain, is expected to bind the aa-tRNA
substrate, while the GNAT 1 subdomain recognizes the acceptor lipid. This architecture is
conserved in all selected cases (Fig. 1B). Depending on the species from which they originate,
fDUF2156 proteins can have N terminal extensions of various sizes sharing neither homology
with known proteins (Fig. 1B), nor obvious signal sequences (PSORT II,
https://psort.hge.jp/form2.html). In the case of Aor, however, the fDUF2156 protein seems
much shorter than its closest homologs found in Afm or in Afv (with which it shares close
ancestry ), and the GNAT II domain appears dramatically truncated, to the point that
most of the putative aa-tRNA transferase active site would be absent, suggesting that the
enzyme would be inactive (Fig. 1B and see below).

Because fDUF2156 proteins are not fused to an aaRS, and because no consensus sequences
have been determined to predict the substrate specificity of DUF2156 proteins (5), in silico
determination of the aa-tRNA or acceptor lipid substrates were impossible. Phylogenetic
reconstructions, however, evidenced that fungal DUF2156 (ErdS and fDUF2156) are related to
the DUF2156 domains of bacterial MprFs, but more interestingly, that ErdS and fDUF2156
form two distinct and robust clades of different architectural types (Fig. 1D), suggesting that

they represent two distinct types of enzymes, possibly with different activities. These



evolutionary relationships of fDUF2156 with either ErdS or MprF, as well as its structural
features, supported the hypothesis that it could modify lipids — glycerolipids or Erg— by a
tRNA-dependent mechanism as well . In consequence, we hypothesized that fDUF2156
might be able to bind an aa-tRNA of unknown identity, produced by an unknown aaRS, to use

it in a tRNA-dependent lipid modification mechanism using an unknown lipid.

Attempts to delete the fDUF2156 gene in Aspergillus spp [performed by Dr. N.
Mahmoudi-Kaidi in our Lab, and by Pr. T. Kushiro’s team).

In order to verify that fDUF2156 proteins are involved the tRNA-dependent aminoacylation
of a lipid, and as we did for ErdS , we tried to construct AfDUF2156 mutants in Afim and
Aor by gene replacement to analyze and compare total lipids from WT and deletion strains by
thin layer chromatography (TLC). Despite multiple attempts in Afm using electroporation

to introduce the deletion cassette, or in Aor using either protoplast-PEG or
Agrobacterium-mediated transformation , we failed to isolate bona fide AfDUF2156
mutants in both species. In Afm, we could only isolate one clone in which the fDUF2156 was
seemingly knocked out, but in which the fDUF2156 ORF was still detected by PCR, either
suggesting that the region is not prone to deletion, or that the fDUF2156 gene underwent
duplication upon deletion, suggesting that it could be essential under the selection and/or growth
conditions used (see below). Because gene deletion was unsuccessful, we could not evaluate
whether the absence of fDUF2156 led to the loss of an aminoacylated lipid. We therefore used
a different strategy to characterize fungal fDUF2156 proteins.
[Note for the reader: Alternatively, we are going to try to obtain an Afm strain in which the
fDUF2156 gene will be replaced by a copy under the control of a xylose-inducible promoter
(Pywy). If fDUF2156 is essential, at least in given time points of Afm’s life cycle, the Pxy-
fDUF2156 strain should grow on minimal medium with xylose (MMX, induced conditions), but
not in the presence of only glucose (MMG, non-induced conditions). This, if it happens, should
prove fDUF2156 to be essential, at least in some circumstances, or under the growth conditions

used. This would, of course, change the shape of the paper.]

Freestanding DUF2156 proteins modify lipids [the fDUF2156 dependent lipid was
discovered by N. Yakobov. Results in Fig. 2A, 2B, 2C and 3B were obtained by N. Yakobov]

The impossibility to delete the fDUF2156 in either Afm or Aor prompted us to express them
heterologously in the yeast Saccharomyces cerevisiae (Sce) that, according to our in silico

analyses, lacks both ErdS and fDUF2156 proteins (Fig. S1 [figure in preparation. Please



refer to Fig. S7 which summarizes the landscape of fungal DUF2156 proteins]). Heterologous
expression of ErdS in Sce facilitated the identification of its Erg-Asp product . We therefore
chose the fDUF2156 proteins from Afim and Aor but also from Bba and YIi (Fig. 1B), to obtain
information on diverse representatives within the fDUF2156 clade (Fig. 1D). Genes from Afm,
Bba and Yli presented no introns, so they were PCR-amplified from genomic DNA and cloned
directly in destination vectors for expression in Sce. In the case of Aor, the shortest form
described above (Fig. 1B, Fig. S3 [Fig §3 in preparation]) was unexpected. Closer examination
revealed that in Aor’s genome, the A0090011000521 (fDUF2156) gene (FundiDB:
https://fungidb.org/fungidb/ app/record/gene/A0090011000521), of 1538 bp, contains one
intron (398 bp) that, if spliced out, would produce an ORF of 1140 bp encoding a 380 aa-long
protein corresponding to the annotated and truncated form of fDUF2156 (Fig. 14). Of note,
this intron is absent in Afv (AFLA_043480) that yet shares close ancestry with Aor and
it does not interrupt the ORF (Fig. S3 [Fig S3 in preparation]).Translation of the intron-
containing ORF to the next stop codon —e.g. 24 bp downstream the annotated stop— gives a
1563 bp-long ORF that would encode a full-length fDUF2156 protein, closely related to those
from Afv and Afm. We amplified the ORF from 4or cDNA and were able to obtain the longest
form of 1563 bp that corresponds to the full-length fDUF2156 of Afv, indicating that the intron
is not spliced out, probably wrongly annotated and that it simply does not exist. This long form
was used for heterologous expression in Sce

[Note for the reader: Western Blot with polyclonal antibodies raised against Afm fDUF2156
will be used to analyze Afm, Aor, Afv, A. nidulans and A. niger protein extracts, for which
JDUF2156 share very close identity; this should clarify which protein form is expressed in Aor
but also in A. nidulans, in which the same truncation was observed. Ongoing.]

We first extracted total lipids from WT and Afm fDUF2156-expressing Sce strains and
separated them by TLC, using a solvent system that was appropriate to visualize Erg-Asp, i.e.
CHCI3:MeOH:H>O (130:50:8, v:v:v) . Comparison of the two strains revealed that a novel
lipid, termed lipid Y (Sce +Afm fDUF), absent from the WT strain (Sce), was produced (Fig.
2A4). Lipid Y displayed different migration properties than the Erg-Asp produced by Afm ErdS
(Sce + Afm ErdS), suggesting that the two enzymes have distinct activities and produce distinct
products. The fact that lipid Y migrated close to the solvent front, suggested that it was more
hydrophobic than Erg-Asp. In order to better visualize lipid Y on TLC, we used a more suitable
solvent, i.e. CHCl3:MeOH:H>O (130:16:1, v:v:v) (Fig. 2B). Under these conditions, lipid Y
migrated approx. in the middle of the TLC, which enabled to highlight that Afm, Aor, Bba and
Yli fDUF2156 proteins, when expressed in Sce, produced the exact same lipid Y, e.g. sharing



the same migration and staining properties (Fig. 2C) [Note for the reader: A TLC with WT Sce
and Sce expressing Aor fDUF2156, using the (130:16:1, v:v:v) solvent will be added]. Finally,
we analyzed total lipid extracts from WT strains of Afm, Aor, Bba and Yli and confirmed in
each case that a lipid band with similar migration and staining properties as lipid Y was present
(Fig. 2D), with the exception of Bba that, under the growth condition used, produced only
barely detectable levels of lipid Y. Of note, all fDUF2156 seem to produce the same modified
lipid Y, despite very different positions within the fDUF2156-specific clade (Fig. 1D).
Importantly, lipid Y stained with a distinctive brownish color with a MnCl2/H2SO4 solution
, suggesting that it could also be an Erg or sterol derivative (Fig. 24) . Furthermore,
lipid Y weakly but positively stained with ninhydrin, and was degraded through alkaline
treatment (Fig 3B8), which supported the hypothesis that it was an aminoacylated lipid, likely
an aminoacylated sterol (Fig. 2A4).
[Note for the reader: At the beginning we focused on the fDUF2156 from Afm. However as
illustrated here the amounts of lipid Y produced in Sce expressing Afm fDUF2156 are very low
in comparison to levels found in Sce expressing homologs from Yli or Bba. Consequently, it is
more convenient to use the Sce strain expressing Yli fDUF2156 to purify higher amounts of the
modified lipid as well as to appreciate with more facility the in vivo lipid aminoacylation
activity in mutants (see below)].

Lipid Y is an ergosteryl-33-0-amino acid [7otal lipid extraction and Lipid Y purifications
were performed by N. Yakobov, MS experiments, data collection and analysis were performed
by H. Roy’s team; synthetic Erg-Gly was produced by Pr. T. Kushiro]

We reasoned that the determination of lipid Y’s structure by LC-MS/MS would
represent a step forward to the deciphering of their catalytic activity and to the identification of
two substrates that they use. We therefore used total lipids from Y/i —that naturally expresses
fDUF2156 and produces appreciable amounts of lipid Y (Fig. 2)— to extract and purify lipid
Y using Silica Gel column chromatography also called Flash chromatography (FC) (Fig. 34,
refer also to Fig. S12) . LCMS" analysis of the resulting fraction revealed the presence
of protonated ions of dehydrated ergosterol ([Erg-H>O+H]", m/z=379 , as well as of a
compound at a m/z of 907 (Fig. 44). MS" analysis of this latter compound revealed a fragmented
ergosterol ion at m/z=379 (Fig. 4F) suggesting that the parent ion (m/z=907) may be a
protonated dimeric ion of glycylated ergosterol ([2Erg-Gly+H]", m/z=907), which would imply
that lipid Y would be, like Erg-Asp, an aminoacylated sterol, most likely an ergosteryl-3p-O-
amino acid if fDUF2156 proteins function catalytically like ErdS . To test this hypothesis,



we synthesized ergosteryl-33-O-glycine (Erg-Gly) chemically (Fig. S4) and analyzed it directly
by the same methods. The synthesized Erg-Gly and a FC-purified fraction both exhibited a peak
at m/z=907 and identical fragmented ion products upon MS" analysis (Fig. 44-F and compare
Fig. S5A4 to Fig. S5B). Tuning the instrument to the m/z peak at 907 using the synthetic Erg-
Gly allowed detection of the monomeric protonated ion [ErgGly+H]" at m/z=454 both in the
synthetic Erg-Gly preparation and in the FC-purified sample (Fig. 44-F, Fig. S54 and Fig.
S5B). To confirm that fDUF2156 synthesizes Erg-Gly, LCMS" analyses were carried out on
total lipid extracts originating from the Sce strain expressing heterologously fDUF2156 from
Afm, alongside the wild-type strain. Erg-Gly was detected in the dimeric ion form
([2GlyErg+H]", m/z=907) in the strain expressing fDUF2156, but was absent from the wild-
type (Fig S5C and S5D). Because fDUF2156 is a homolog of ErdS , these results suggest
that fDUF2156 aminoacylates Erg using Gly-tRNASY as an aa donor, making it an ergosteryl-
3B-O-glycine synthase, or ErgS (Er: ergosterol, g: glycine, S: synthase) (Fig. 4G).
fDUF2156 are ergosteryl-3p-0-glycine synthases [the in vitro assays described in

was adapted for the present purpose by N. Yakobov which obtained results from Fig. 5 and S6]
To further characterize its molecular mechanism and more importantly to confirm its Erg-Gly
synthesis activity, we aimed to perform in vitro lipid aminoacylation assays (LA assay). To this
end we used a lipid aminoacylation assay (LA assay) adapted from that used for ErdS
Briefly, a total soluble extract from WT Sce (S100) was used as a source of glycyl-tRNA
synthetase (GlyRS) that, in the presence of ATP, total tRNA from Sce (containing tRNASY
isoacceptors) and ['*C]Gly, produced ["*Gly]-tRNASY (Fig. 54), expected to be used as a
substrate for ErgS. Upon addition of cold Erg and fractions containing ErgS, reaction products
were extracted by the Bligh & Dyer method, and separated on TLC, before visualization of
radioactive compounds by phosphorimaging. As mentioned above, we initially focused on the
characterization of the ErgS homolog encoded by Afm. Therefore, we expressed Afm ErgS
(fDUF2156) in E. coli as Maltose-binding protein (MBP) fusion to improve solubility of the
recombinant enzymes that otherwise are non-soluble and/or poorly expressed. However, LA
assays failed to reveal Erg-Gly synthesis by Afm Ergs despite several trials (an example is
provided in Fig. S6). Moreover, crude extracts prepared from Sce expressing ErgS from Afm
were also inactive [not shown, will be repeated before integration in the manuscript] which was
even more surprising since Erg-Gly was detected by TLC in Sce expressing Afim ErgS (but not
in the Sce wt strain) (Fig. 2B), and MS data confirmed the presence of the modified lipid in this
strain (Fig. S5C). The reason why Afin ErgS was inactive in the LA assay could not be



determined, but such peculiarity likely results from its own properties that also make it less
active than Y/i and Bba ErgS when expressed heterologously in Sce (Fig. 2C).

In front of this issue we changed the ErgS homolog to be tested and, because expression of the
Yli ErgS seemed to be more active in vivo, we expressed this homolog as an MBP fusion in E.
coli and purified it. Since the o helix seems critical for the activity of DUF2156 proteins ,
we also produced a mutated form of the enzyme, in which the positively charged R and K
residues found in this helix were mutated to E, to produce a negatively charged o helix (see
below for more details). Both recombinant enzymes were tested by LA assay and results
showed that YZi ErgS, but importantly not the o) mutant, was active in vitro and produced high
amounts of Erg-['*C]Gly from Erg and ["*C]Gly-tRNASY (Fig. 5B). [Same experiments with
[ H]Erg will be done soon).

In the absence of Erg, or in the presence of RNase A, Y/i ErgS failed to produce Erg-
['*C]Gly, demonstrating that it requires Erg and is strictly tRNA-dependent, as the DUF2156
of ErdS (Fig. 5B). Interestingly, using ['*C]Gly-tRNASY to produce Erg-['*C]Gly is only
possible in the presence of ErgS and not in the presence of ErdS, that is known to use Asp-
tRNAA® to produce Erg-Asp , suggesting that both enzymes —the DUF2156/aa-tRNA
transferase modules— are likely specific towards the aa-tRNA that they use (Fig. 5C). Because
ErgS is not fused to GlyRS, this could expose the enzyme to other, unrelated aa-tRNAs in vivo.
We therefore next tested whether ErgS was specific for Gly-tRNAYin vitro. In the presence of
total tRNA, ATP and a mix of 15 [**C]aa (excluding Met, Cys, Trp, Asn and Gln), protein
extracts from Sce —containing the 20 aaRSs, including the 15 necessary to the test—, produced
the 15 possible aa-tRNAs, including ['*Gly]-tRNASY. In the presence of Erg, Y/i ErgS indeed
produced Erg-['*C]Gly. However, when non radioactive Gly (5 mM) was added to the mix
during the aa-tRNA synthesis phase the Erg-['*C]Gly band was absent after addition of Erg and
Yli fDUF2156 (Fig. 5D). This likely resulted, as expected, from a strong isotopic competition
that implies that ErgS, when in the presence of 15 aa-tRNA species, favors Gly-tRNAY over
other aa-tRNAs, including Asp-tRNA**?, making it a genuine Gly-tRNA transferase, distinct
from ErdS in terms of specificity. Of note, a similar experiment conducted with ErdS confirmed
that it uses only Asp to produce Asp-tRNA®® and then Erg-Asp, excluding that it could use
Gly, or any other aa (Fig. 5D).

Altogether, results demonstrate that ErgS specifically recognizes Gly-tRNASY and uses it to
transfer Gly onto the 33-OH group of Erg to produce Erg-Gly. [tests on crude extracts from
Afm, Aor, Bba and Yli will be done].



The o™ helix is critical to the activity of Erg-aa synthases [experiments design, structure
predictions, selection of residues to mutate, experimental mutagenesis, lipid analyses etc. were
performed by N. Yakobov and Dr. N. Mahmoudi-Kaidi]

In bacterial MprFs, the o helix between subdomains GNAT I and II of the DUF2156
module (referred to as “the as helix”) has been postulated to bind the acceptor stem of the
tRNA carrying the aa substrate . We mutated the putative o helix of Afim and Yii
fDUF2156 proteins —that we delineated in the two predicted structures presented in Fig. 1C—
by changing positively charged R and K residues to E, thereby modulating the global charge of
the helix, with the expectation that negative charges brought about by E residues would “repel”
the negatively charged backbone of the tRNA’s acceptor stem. When expressed in Sce, Afm
ErgS o' (2 out of 4 positive residues are mutated to E), Afin ErgS R328E and Afm ErgS R335E
mutants failed to produce Erg-Gly, which mimicked the behavior of equivalent mutants in
bacterial MprFs (Fig. 64). However, because Erg-Gly levels are hardly appreciable even
in Sce expressing the wt Afm ErgS in comparison to the wt Y/i ErgS, we wonder if equivalent
mutations in the latter would completely abolish or only partially reduce Erg-Gly levels. To this
end, Y/i ErgS o, (all K and R residues are mutated to E), Y/i ErgS o and o mutants, in
which various combinations of R-to-E and/or K-to-E point mutations were introduced in the
o helix, were tested in Sce and showed no detectable amounts of Erg-Gly (Fig. 6B). Because
equivalent mutations have similar effects in bacterial MprFs , these results highlighted the

crucial role of this o™ helix in aa-tRNA transferases of the DUF2156 fold.

[Additional notes for the reader:

1) In the first part of my thesis I presented results obtained for ErdS mutants containing
equivalent mutations in the o/ helix found in the DUF2156 module of ErdS: all R and
K residues were mutated to E to generate an of? —negative— helix, and to A to obtain
an o” —neutral— helix. In both cases, o” and o/” mutations identically abrogated
Erg-Asp production in Sce expressing the mutants, or in vitro with the o/” mutant. These
results were not published for the moment but together with the herein presented results
they further demonstrate the essential role of the o™ helix.

2) In addition to a(+) mutants I performed together with Dr. N. Mahmoudi-Kaidi a
broader mutagenesis study on Afm ErgS that will not be presented here.

3) One important technical point that must be underlined is that the anti-ErgS antibody

synthesized during my thesis in collaboration with Covalab France, seems to be specific



to ErgS from Afm and failed to detect the expression of the Yli homolog. This is an
additional reason why results obtained with Afm and Yli Ergs mutants were necessary
at this state. In the future, recombinant versions of relevant Yli ErgS mutants will also
be tested in vitro, as it was done for Yli ErgS o). Tagged versions of this proteins should
also be expressed in Sce to test simultaneously ErgS expression and Erg-Gly synthesis
in each mutant.

4) Yli ErgS WT and o mutant will be purified to test interaction with tRNAY transcripts
(gel-filtration). Gly-tRNA®Y will be used as well, to determine whether the Gly moiety
is required for recognition by ErgS. Precisely, the goal is to determine if Yli ErgS o
fails to interact with its substrate (tRNAY or Gly-tRNA®Y). The same can be done on
the DUF2156 module of ErdS, deleted from the AspRS domain, to show the same thing,

if required and/or relevant.)

DISCUSSION

[Introducing remarks for the reader: As mentioned in the introducing remarks, the proposed
ErgS article draft is very preliminary and according to the results we will obtain in the few
coming month, the article might completely change. Similarly, I wrote the following discussion
regarding my thesis work while the final version will probably completely be revised. In
addition to that, I would like to aware the reader that in the following part I also included some
remarks concerning the technical issues that I encountered during the characterization of this
second lipid aminoacylation pathway. I will also provide an analogy between aminoacyl lipid
synthases (aalSs) from fungi and from bacteria which will highlight the main
similarities/differences. Thus, the present part should be considered as a general discussion on
the characterization of fungal aalSs and their associated aminoacylated sterols (AS), which

was the main task during my thesis.|

RNA dependent lipid aminoacylation factors (i. e. MprF-like proteins achieving their aa-tRNA
transferase (ATT) activity through a DUF2156) were thought for a long time to be restricted to
bacteria. However, in our recent work we detected an AspRS-DUF2156 fusion protein in most
higher fungi belonging to Ascomycota and Basidiomycota and showed it to synthesize
ergosteryl-3-B-O-L-aspartate (Erg-Asp) in an Asp-tRNA®® dependent manner . The

characterization of this Ergosteryl-aspartate Synthase (ErdS) was to our knowledge the only



RNA dependent lipid aminoacylation factor described in eukaryotes. In our initial study we also
characterized an Erg-Asp hydrolase (ErdH) as being responsible to regulate the homeostasis of
Erg-Asp, thereby highlighting a novel sterol derivate synthase/hydrolase mechanism . In
the continuity if this work, we aimed to further investigate the landscape of fungal DUF2156
proteins in eukaryotes. Indeed, in the present study we detected through in silico analyzes a
second fungal DUF2156, which, in contrast to ErdS, is mostly restricted to Ascomycota and
importantly is not fused to an aaRS. We demonstrated that this so far uncharacterized
freestanding fDUF2156 is a genuine ATT that transfers Gly onto the 3-B-O-hydroxyl of Erg in
a tRNA dependent manner, making it an Ergosteryl-3-B-O-glycine synthase (ErgS). To our
knowledge, Erg-Gly was never described before and its discovery enlarges the repertoire of 3-
B-O-modified sterols in fungi. Importantly, the physiological function of fungal aminoacylated
sterols (AS) remains to be discovered but it is noteworthy that for the moment we dramatically
failed to delete ergsS in Afim and our collaborators from Pr. T. Kushiro’s team, are confronted to
the same issues in the context of Aor. Therefore, we question ourselves if this gene is essential
at least in Aspergillus spp. In order to circumvent this issue, ongoing experiments in our lab
aim to replace ergS$ by inducible versions but we also undertake to verify if the ergS can more
easily be deleted in the Afim AerdsS strain. Establishing that Afin AerdS AergS double deletant is
viable but not Afim AergS would indicate a strong functional correlation between both encoded
enzymes and could indicate that in addition to ErdH, the balance between Erg-Asp and Erg-Gly

is crucial for Erg-aa homeostasis.

1) Main issues encountered during the identification of the ErgS dependent lipid and
strategy adaptations to overcome them.

The functional characterization of ErgS was much more complex, even using Sce as a model
organism. First the detection of an additional lipid in Sce expressing Ergs.s» in comparison to
Sce wt through TLC failed for a long time and the main reason for that was that the ErgS
dependent lipid is more apolar than Erg-Asp. Consequently, the ErgS dependent lipid was often
stacked in the migration front of the TLC and was therefore difficult to appreciate. Furthermore,
for a yet undetermined reason, the level of ErgS dependent lipid was much lower than Erg-Asp
levels in Sce strains expressing ErdS. Fortunately, we realized this and optimizations of TLC

conditions, in particular the migration solvent and the visualization method, enabled finally the



unambiguous detection of a fDUF2156 dependent lipid that, importantly, behaved
distinctly to Erg-Asp with regard to its migration by TLC. In contrast, this modified lipid was
stained similarly to Erg-Asp i. e. both lipids shared the distinguishable coloration observed for
Erg and Erg sterols under UV light in comparison to phospholipids. This observation was

indicative for that the lipidic part of the fDUF2156 dependent lipid corresponds also to Erg.

The fact that ErgS is not fused to the aaRSfurther complexified its characterization mainly for
3 reasons. First, the eventuality that this protein modifies the lipid through another modification
than aminoacylation could not be excluded, even if the in-silico detection of the DUF2156
strongly suggested that the protein might have an ATT activity. Second, even if ErgS achieves
ATT activity, the hypothesized aa moiety was not predictable. Third, in contrast to ErdS for
which the AspRS domain served as “quality control” to confirm that the purified protein or the
crude extract tested through in vitro experiments contain an ErdS at least partially active,
nothing could attest that ErgS (purified or from crude extracts) was active in the tested sample.
In an attempt to identify the supposed aa esterified on the ErgS dependent lipid, we performed
several in vitro assays (LAA) notably with the recombinant ErgSs. (e. g. Fig. S6), as well as
crude extracts from Sce expressing or not ErgSs,. However, despite many trials, we failed to
detect the expected lipid aminoacylation activity of fDUF21564s, in vitro. We also tried to
identify the lipid by MS. As for Erg-Asp, we aimed to purify the fDUF2156 dependent lipid
from Sce expressing ErgS from Afm [refer to the material & methods section of the thesis
manuscript]. The procedure for silica column chromatography was optimized but even though
the modified lipid was successfully enriched, MS analysis failed dramatically to identify the
lipid, probably due to the apolar nature, the low ionization rate, and the insufficient amount of
the targeted lipid. Finally the situation was unlocked by switching to the ErgS homolog from
Y. lipolytica (Yli), which to our knowledge is the sole saccharomycotina encoding a DUF2156
protein and the sole species in which the fDUF2156 (ErgS) version was detected but not the
AspRS-DUF2156 (ErdS). This strategy adaptation was promising due to that levels of the
modified lipid are severally increased in both, Sce expressing heterologously ErgSy; and in Y7i.
This suggested that the fDUF2156 homolog found in Y7i is either more stable, more active, or
more efficiently expressed when present in Sce in comparison to the fDUF2156 homolog found

in Afm. Following these observations, the unknown lipid was purified from Y7/i by silica column



chromatography which was then again submitted to MS analysis (LC-MS/MS/MS). Hervé Roy
also considered synthetic aminoacylated-Erg (Erg-aa) derivates that were synthesized by
another one of our collaborators, Pr. Tetsuo Kushiro. Comparison of spectra obtained from MS
analysis finally strongly supported that Y/i contains ergosteryl-3-B-O-glycine (Erg-Gly).
While m/z corresponding to Erg-Gly and (Erg-Gly): were detectable in MS1 spectra and
expected Erg ions were detected in MS2/MS3 spectra, no Gly ions were detectable nor in MS2
nor in MS3. This might be due to the known limitations of using iontrap MSs for which relative
signal intensities corresponding to low masses significantly decreases with the number of MS
rounds (MSn). The identification of Gly as being the aminoacylated lipid was indirectly
deduced from MS data according to the m/z differences, as regularly done for proteomics but
also in some cases in lipidomics . Therefore, it was even more necessary to confirm the
lipid identity through biochemical experiments. To this end we adapted the LAA and confirmed
in vitro that the ErgS homolog from Y/i transfers specifically Gly onto Erg in a tRNA and
DUF2156 dependent manner. Surprisingly, this activity remained undetectable when the
recombinant fDUF2156 form Afm was assayed (Fig S6) which was surprising since Erg-Gly
was also detected by TLC and by MS data in Sce expressing fDUF2156 45, but not in the Sce
wt strain. Nevertheless, Erg-Gly was detected by TLC in several other fungi and its presence
will also be verified in the future by other approaches including MS analyses. Taken together,
our data demonstrated that fungal fDUF2156 are Erg-Gly synthase, abbreviated ErgS, and
this enzyme as well as the synthesized Erg-Gly lipid were to our knowledge never described

before.

2) AaRS fused- and freestanding- aal.S are encoded by bacteria and fungi but their
distribution/occurrence differ

It is striking to note that as in bacteria, fungal species encode two distinct aalLS that differ in
that they are either fused or not with an aaRS. However, their occurrence differs importantly,
since, in bacteria aaRS-fused MprF are restricted to only one bacteria phylum (i. e.
actinobacteria) while “freestanding” MprFs are majorly found in bacteria . In contrast, the
main eukaryotic aalS is the aaRS fused one (i. e. ErdS) which is found in almost all filamentous
fungi, while the freestanding version (i. e. ErgS) is less widespread and restricted to

Ascomycota (Fig. S7). Concerning their co-occurrence, fungi encode either both aal.Ss or only



the bifunctional ErdS while species harboring only the freestanding ErgS protein are very rare.
Furthermore, species from both kingdoms can harbor more than one aminoacylated lipid (aaL),
but in bacteria distinct aalLs are produced either by aal.S that contain broad range specificities
or by expressing distinct aal.Ss, each containing strict substrate specificities .In
comparison, our results showed that in fungi, ErdS and ErgS have strict substrate specificities
for Asp-tRNA* and Gly-tRNASYY, respectively (Fig. 5C and 5D). The mechanism by which
aal.S restrict their specificities for the aa-tRNA is not known nor in bacteria neither in fungi. In
fact, Hebecker and colleagues showed that AlaPGS from P. aeruginosa and LysPGS from B.
licheniformis only use Ala-tRNA*® and Lys-tRNAY, respectively but no marked differences
explaining the recognizing mechanism were evidenced . In accordance, the phylogenetic
study performed by Smith and colleagues did not reveal phylogenetic discriminations between
bacteria MprF-homologs harboring distinct substrate specificities . In our lab, F. Fischer
and G. Grob aimed to study the phylogeny of fungal DUF2156 domains and to this end they
recovered erdS and ergS sequences cleared from their AspRS domain and their N-terminal
extensions. Without going into details their result indicates that fungal DUF2156 form ErdSs
and from ErgSs are phylogenetically related but, in contrast to bacterial aal.Ss, they are
separated in distinct clusters according to their experimentally demonstrated or predicted
substrate specificities (Fig. 1). Because this study also included DUF2156 sequences from
bacteria species, F. Fischer and G. Grob also showed that fungal and bacterial DUF2156

domains are phylogenetically related.

3) Implementing aa-tRNAs for lipid aminoacylation in addition to protein biosynthesis: A
poorly understood issue.

In the cases of actinobacteria encoding bifunctional LysPGSs proteins that are directly fused to
a LysRS it is assumed that Lys-tRNAMS might be directly channeled from the aaRS to the
MprF-like domain. Notably, LysX from M. tuberculosis (encoded by RvI640c gene)
synthesizes LysPG and both functional domains, i. e. the LysRS and the MprF-like domain,
were shown to be essential for lipid aminoacylation . Importantly, the RvI640c gene is not
essential for viability and can be deleted since this species encodes a distinct housekeeping
LysRS (Rv3598c) to provide Lys-tRNADY for protein biosynthesis. Because the housekeeping

LysRS is essential it is assumed that LysX cannot supply Lys-tRNAY® for protein



biosynthesis and that its LysRS activity is strictly restricted for LysPG synthesis
Consequently, both LysRS homologs found in M. tuberculosis are restricted to their distinct

functions.

In comparison, we showed ErdS from filamentous fungi to be a bi-functional protein that
synthesis Erg-Asp in an Asp-tRNAA® dependent manner and as for LysX from M.
tuberculosis, the erdS gene is (at least in Afm, Aor and Ncr) not essential. This correlates with
the fact that, in addition to ErdS (AFUA_1G02570), Afm encodes for 3 additional AspRSs;
AFUA_2G02590 is predicted to encode the cytoplasmic AspRS that synthesizes Asp-tRNAASP
for protein biosynthesis while AspRSs encoded by AFUA 8G00100 and AFUA_4G08330 are
annotated as being implicated in mitochondrial biogenesis (at least one of them might ensure
Asp-tRNA®P  synthesis for mitochondrial protein biosynthesis). The essentiality of
AFUA _2G02590 gene, encoding the cytoplasmic AspRS, was not verified in our recent study
and because ErdS was shown to complement the loss of the housekeeping AspRS from Sce it
would be interesting to clarify this matter . Even though it was not clearly demonstrated,
we proposed that Asp-tRNA”® synthesized by the AspRS moiety of ErdS might be directly
channeled to its fused DUF2156 for Erg-Asp synthesis. [Note for the reader: It is important
to remind that in our published study, ErdS was constitutively overexpressed in Sce (p415
plasmids with GPD promoter) which seemed not be the case in Afm. Therefore, it is tempting
to speculate that in physiological conditions the cytoplasmic AspRS encoded by

AFUA _2G02590 might be essential for protein biosynthesis].

In contrast, the fungal freestanding DUF2156 (ErgS), can be compared to the bacterial
freestanding MprF, and fungi expressing ErgS might somehow deal with a pool of Gly-tRNASY
for cytoplasmic protein biosynthesis and for lipid modification. Very little is known concerning
how cells deal to provide aa-tRNA substrates for both, translation and ATT pathways, from a
single aa-tRNA pool. In very few cases it was shown that some tRNA isoacceptors are
specifically used for the ATT activity but not for translation . This is notably the case for
S. aureus FemABX protein, involved in the tRNA-dependent remodeling of the peptidoglycan
sacculus found in the bacterial cell wall . S. aureus encodes five tRNASY isoacceptors but

three of them were shown to be used for cell wall remodeling but not for translation



In bacteria, the DUF2156 domain of freestanding MprFs is assumed to hijack aa-tRNAs
synthesized by the housekeeping aaRS to transfers the aa-moiety onto the lipid (V). In
accordance, studies suggested that bacteria do not use specific tRNA species to discriminate
aa-tRNA for protein biosynthesis or for lipid aminoacylation ( /). Thus, it is assumed that aaRSs
from bacteria provide a single pool of aa-tRNA suitable for both aa-tRNA utilizing pathways,

but this aspect remains largely to be investigated.

In the case of the herein characterized fungal ErgS, one basic possibility is that the cellular
machinery provides sufficient Gly-tRNA®Y levels to ensure both mechanisms without
specifically discriminating distinct pools. This might be possible by finely regulating ErgS
expression so that basal levels of Gly-tRNA®Y are highjacked from the translation machinery.
Alternatively, ErgS could be overexpressed in specific conditions during which protein
biosynthesis is down-regulated, thereby bearing higher levels of Gly-tRNASY for Erg
glycylation. However, several fungal species (if not all) encoding ErgS, encode at least two
tRNASY isoacceptors and therefore it cannot be excluded that some of them are specifically

dedicated to provide a Gly-tRNA®Y pool dedicated to ErgS activity.

Finally, another possibility, is that GlyRS interacts directly with ErgS, enabling thereby Gly-
tRNASY channeling from the aaRS domain to the DUF2156 protein. Formation of similar
ternary complexes involving aaRS.tRNA was demonstrated in other mechanisms. For example,
selenocysteine (Sec) is an amino acid that is incorporated during protein biosynthesis into so-
called selenoproteins, which are involved in oxidoreductions, redox signaling and antioxidant
defense . To this end Seryl-tRNA synthetase catalyzes the formation of a non-cognate
Ser-tRNAS® intermediate. In bacteria, the selenocysteine synthase SelA achieves subsequently
Ser to Sec conversion in the presence of selenophosphate, yielding cognate Sec-tRNAS which
is carried to the ribosome by SelB factor . Importantly, OH. Thiemann’s team demonstrated
recently that the synthesis of Sec-tRNAS involves the formation of a SerRS.tRNAS.SelA
ternary complex in E. coli . Another case of ternary complex formation was also shown to
occur during indirect Asn-tRNAA" synthesis pathway in H. pylori. In this pathway tRNAA is
mis-aspartylated by a non-discriminating AspRS (ND-AspRS), and the mis-charged Asp is

converted to Asn though a trimeric amidotransferase complex, called GatCAB. F. Fischer and



colleagues demonstrated that the formation of GatCAB.tRNA® is a prerequisite for the
recruitment of the ND-AspRS and consequently for synthesis of non-cognate Asp-tRNAAS
immediately followed by its conversion to Asn-tRNA”" through transamidation . The
GatCAB.tRNAA ND-AspRS complex is called transamidosome and enables channeling of the
aa-tRNA from one active site to the other, thereby preventing mis-incorporations of Asp at Asn
codons during protein biosynthesis . In H. influenza mis-charged Cys-tRNAP™ is edited by
Ybak which also requires the formation of ProRS.Ybak.tRNA ternary complex . Note
also that beside aaRS.tRNA containing ternary complexes that are involved in translation (i. e.
indirect aa-tRNA synthesis/editing of non-cognate aa-tRNAs) similar complex formations were
also shown to occur between aaRS.tRNA and metabolic factors. Notably, tRNA dependent Glu-
1-semialdehyde formation during heme synthesis in bacteria and chloroplasts involves

GIuRS.tRNA™ interaction with the metabolic glutamyl-tRNA-reductase (GluTR)

With regard to the available literature, we question ourselves about the potential interactions
between GIlyRS, (Gly-)tRNA and ErgS and if they form a ternary complex. To this end a
recombinant version of the Y/i GlyRS will be purified and a transcript tRNAY will be
produced. Binary or ternary interactions will also be tested using colP with Sce strains
expressing tagged versions of Y/i ErgS and Y/i GlyRS. RNA-dependency of the interaction can
be tested by adding tRNA in total protein extracts, or by adding RNase A. In combination to

these approaches, two hybrid assays in Sce will be attempted if required/relevant.

Another important point that we revealed in the present work is the essentiality of the positively
charged o helix found in the DUF2156 domain of ErgS for lipid aminoacylation activity. As
explained in the introduction, this helix, found in all Dupli-GNAT/ATTs, is assumed to
participate to aa-tRNA binding and was also shown in bacterial aalL.Ss to be essential for
their activity . However, the formation of the protein-tRNA complex was never
experimentally demonstrated to be a*) helix dependent. To shed light on the functional role of
this helix, we also plan assay the formation of ErgS.tRNA complexes in o) helix mutants with
similar strategies cited in the previous paragraph, including size exclusion, ColPs and also

Electrophoretic mobility shift assays (EMSA).

4) Erg-Gly catabolism seems not to be regulated by ErdH



In our recent work we reported that the divergent gene located immediately upstream to Afm
erdS gene encodes for a genuine ergosteryl-aspartate hydrolase (ErdH). Investigations of the
synteny of both genes revealed that the ErdH o/ hydrolase is specifically present in species
encoding erdS and that the erdH-erdS cluster is conserved in most species. Even though, ErdH
might regulate Erg-Asp homeostasis, it remains to be established how is ErdS/ErdH enzymatic
pathway is regulated and integrated in fungal cells physiology. Importantly, no ergosteryl-
glycine hydrolase (ErgH) was detected for the moment but we suppose that such Erg-Gly might
be regulated somehow. This is notably supported by the facts that /) aalLs homeostasis was
shown to be essential for cellular processes as well as for virulence in bacteria , 2) other
sterol 3-B-O modifications, including glycosylation , acylation by fatty acids and

acetylation were all shown to be regulated by reversible mechanisms

One possibility was that ErdH has dual-specificities with regard to the aa-moiety and could
hydrolyze Erg-Gly in addition to Erg-Asp. To verify this, we synthesized Erg-Gly in vitro and
tested its ability to be degraded by ErdH by performing a lipid deacylation assay (as described
in ). The preliminary result presented in Fig. S8 however suggest that Erg-Gly is not
substrate of ErdH, suggesting that a specific ErgH remains to be discovered. This result gave
already an important indication concerning the substrate specificity of ErdH since the only
difference between both Erg-aa species is the lateral chain of the aminoacid (R(L-Asp): -CHa-
COOH; R(Gly): -H). Thus, the lateral chain of the aa-moiety of Erg-aa seems to be determinant
for hydrolysis by ErdH. Furthermore, we also tested ErdH in the presence of commercially
available Cholesteryl-hemisuccinate (Cho-HS). Erg and cholesterol (Cho) are structurally very
similar and Cho-HS is composed by a Cho molecule esterified on its 3-3-OH group with
succinate. Importantly the latter is identical to Asp with notable difference that it does not
contain the amine group (-NH3") on the Cq, which is consequently no more chiral. According
to our very preliminary result, Cho-HS was at least partially hydrolyzed by ErdH (not shown),
which further indicates that the lateral -CH2-COOH, but not the -NH3" group of the modified

sterols, is important for substrate recognition or hydrolysis by ErdH.

[Note to the reader: Those results lack important controls and must be taken with great

hindsight. Experiments will be repeated in the lab to clarify these preliminary results.]



5) aaLS from bacteria and from fungi differ in their substrate specificity for the lipid
In addition to the unexpected discovery that aalLS are also found in fungi species we were very
surprised that fungal aalL.Ss modify Erg since bacteria aalLSs were shown to only modify
glycerolipids. In facts, even if their synthesis pathway remains in some cases not totally
established, aaPG, aaCL and aaDAG were described in bacteria (©). However, Hebecker and
colleagues showed that aalLS from bacteria have in vitro broad specificities for the lipid
substrate and the molecular recognition mechanism remains largely to be determined Lt
must also be taken in consideration that eukaryotes have a larger repertoire of lipid species and
classes when compared to bacteria and therefore might use other lipids than glycerolipids to
modulate their membrane properties. Furthermore, in bacteria it is assumed that remodeling the
PM through lipid aminoacylation pathways, in particular through the synthesis of the cationic
LysPG, reduces the global negative charge of the cell surface, thereby increasing bacterial
resistance to CAMPs by charge repulsion (©). Lipid aminoacylation was also involved in several
other pathways and it was largely suggested that other mechanism beyond charge repulsion
might be involved (V). Importantly, cytoplasmic membranes of eukaryotes are enriched in
zwitterionic and apolar lipids while anionic PG levels for example are very low, explaining that
they are less susceptible to CAMPs. Therefore, we speculate that fungal DUF2156 proteins
might be involved in other mechanism than CAMP resistance. Nevertheless, it is interesting to
note that as commonly described in bacteria, fungal aals are either zwitterionic (Erg-Asp

between pH 3.86 and 9.82) or cationic (Erg-Gly [+1] below pH 9.6) under physiological pH.
Concluding remarks

Beside the several points that I discussed here and notably the comparison with bacterial aaL.S,
they’re other points that can be further discussed. Notably, bacteria MprFs contain a variable
number of TMH at their N-terminal extremity which anchors the protein to the membrane

In few species it was demonstrated that aminoacylated glycerolipids, synthesized by the C-
terminal cytoplasmic synthase domain (i. e. the DUF2156 domain), are translocated from the
inner leaflet of the plasma membrane to the outer leaflet . The molecular basis of this
flippase activity is poorly understood but it was nevertheless was shown to be mediated by the

membranous N-terminal domain. It is striking to note that fungal ErdS and ErgS contain N-



terminal extensions for which no domain were predicted but more surprisingly, no
transmembrane helices (TMH) were predicted. This important difference raises the question of
how fungal DUF2156 proteins are associated to membranes were their lipidic substrate is
thought to be found. Even though the localization of ErdS and ErgS remains to be investigated,
we reported already some evidences that that ErdS is associated to membranes . Similar
preliminary experiments suggest that this might also be the case for ErgS (Fig S9), thereby
comforting the expectation that eukaryotic lipid aminoacylation factors are associated to

membranes, even if their identity remains to be determined.

Even though we are relatively advanced in the functional characterization of fungal lipid
aminoacylation activities and, in a lesser extent, of fungal aal.s homeostasis, we are still only
at the beginning of the “fungal DUF2156” project and several aspects surrounding the topic
remain poorly investigated. One of them, the most obvious and probably the most important
one, is the physiological function of Erg-Asp and Erg-Gly. More globally, how are ErdS/ErdH
and ErgS pathways integrated in cell’s physiology? [Note for the reader: this point will be

discussed in the next part of the manuscript|

MATERIALS AND METHODS
Media and growth conditions

For the routine growth and maintenance, Y. lipolytica (Yli) and S. cerevisiae (Sce) wt were
grown in YPD agar (Yeast Peptone Dextrose, MP). Sce strains BY4742 (MATa his341 leu240
lys240 ura340) carrying vectors (with the LEU marker) expressing Y/i, Beauveria bassiana
(Bba) or Afim ErgS were grown in SC-Leu (MP™ Biomedicals) agar. Cultures were incubated
at 30°C overnight under agitation (220 rpm) and cells were harvested by centrifugation at 5000

x g for 5 min at 4 °C when ODsoo was 0.6-1, depending on the experiment.

Concerning Aspergillus spp., the CEA17 AakuBXY®° strain of Afin and the RIB40 strain of
Aor have been used as wild-type strains. Aspergillus spp. were maintained as follows: fresh
conidia (asexual spores) were spread on Malt extract agar (Thermoscientific) plates or slants
and incubated in the dark at 37 °C for 7 days until they produced enough mature conidia.

Standard Aspergillus minimal medium (MM) was composed (for one liter) of glucose (1% w:v),



10 mM ammonium tartrate dibasic, 20 mL of salts (50X solution containing KCl 26 g/L,
MgSOs, 7 H20 26 g/L, KH2PO4 76 g/L) and 1 mL of trace elements (1000x solution containing
FeSOs4, 7 H2O 1 g, CuSOy4, 5 H20 0.32 g and Na2Mo0O4 0.8 g for 200 mL adjusted at pH 6.5).
Solid media contained 1.5 % (w/v) agar. Agar plates or slants were incubated at 37 °C (Afm) or
30°C (Aor) in the dark for indicated periods of time. Liquid cultures were incubated in glass
flasks at 37 °C (Afm) or 30°C (Aor) under shaking (220 rpm) for 24 (Afm) to 48 hrs (4or), until

enough mycelia were produced.

Plasmid constructions for heterologous expression in Sce and E. coli, and site directed

mutagenesis [performed by N. Yakobov and Dr. N. Mahmoudi-Kaidi|

The Afm ORF encoding ErgS (AFUA 8g01260) was synthetized with codon optimized
sequences for expression in Sce, flanked by attB1 and attB2 sequences and cloned into pUC57
(Genscript®). All other ORF’s described here, including ErgS from Y/i CLIB 99 (ORF identical
to YALIO E00330g from CLIB122 strain) and from Bba 80.2, were recovered from the
corresponding genomic DNA by PCR. ORF’s were then cloned into Sce expression plasmids
(p415GPD-ccdB) either by Gateway technologies or by the isothermal Gibson assembly
method (isoT) . For overexpression in E. coli, ORF’s were cloned by isoT into pMtevGWA
plasmid as previously described , thereby leading to the expression of a maltose-binding
protein (MBP)-fused recombinant proteins. For ergS mutagenesis, we applied the isoT
mutagenesis method previously described . All described plasmids were transformed in
E. coli DH5a and selected on Luria-Bertani (LB) medium supplemented with 100 pg/mL
ampicillin (LB-Amp). The p415GPD- ergS Yli and p4l15- ergS Afm plasmids were
transformed in Sce strain as described previously for heterologous expression of the
fDUF2156/ErgS proteins. The pMtev-ergS Yli and pMtev-ergS Afim plasmids were transformed
in E. coli Rosetta-2 strains for expression and purification of recombinant MBP-tagged ErgS

proteins.

[For more details please refer to the Materials & Methods sections of the thesis manuscript.
Primers, templates, and final constructs used in this study are summarized in Table MMX of
the thesis manuscript. Note also that during my thesis I constructed cassettes for the deletion
and the complementation of ergS gene in Afm (detailed in Materials & Methods sections of the
thesis manuscript). These cassettes were then used by Dr. N. Mahmoudi-Kaidi and Dr. F.

Fischer for the several attempts to constructs recombined Afm strains].

Overexpression of recombinant MBP-ErgS [performed by N. Yakobov]



[Please refer to the Materials & Methods sections of the thesis manuscript]. Briefly,
overexpression of MBP-ErgS (and mutants) was performed by transforming pMtev-ergS Yli
pMtev-ergS Afm plasmid in the E. coli Rosetta-2 strain. A single colony was inoculated in 50
mL of LB containing 150 pg/mL ampicillin overnight (ON) at 37°C. Bacteria were diluted 200-
fold in 500 mL LB-Amp medium and incubated at 37°C, until ODgoo reached 0.5-0.6. The
culture was then incubated on ice (15 min) and overexpression of the MBP-ErgS protein
induced by adding IPTG at a final concentration of 0.3 mM. Cultures were incubated 3 h at 30
°C under agitation (200 rpm). Then, cells were harvested by centrifugation (4000 x g, 10 min,
4 °C), the pellet washed once in Phosphate Buffer Saline (PBS), and stored at -80°C until use.

MBP-ErgS variants purification [performed by N. Yakobov)
1. Purification of MBP-ErgS-Afm (Fig. S10)

The pellet resulting from 2L culture (around 4 g) was resuspended in 20 mL lysis buffer
composed of Tris-HCI pH 7 250 mM, NaCl 300 mM, KC1 30 mM, glycerol 5 % (v/v), Tween20
0.25 % (v/ v), TritonX100 0.1 % (v/v), B-mercaptoethanol 5 mM, Na2EDTA 10 mM, protease
inhibitor cocktail (Roche Complete, EDTA-free), benzamidine 2 mM, pMSF 0.5 mM. Cells
disruption is conducted by sonication (Bioblock Scientific, VibraCell; 8 x 1 min 1 sec on/ 1
sec off, amplitude 30 %, on ice) and the lysate is centrifuged at 10000 x g for 30 min at 4°C.
The supernatant is incubated with 2 mL amylose resin (NEB, E8021S), previously equilibrated
with lysis buffer, and placed on a rotating wheel for 2-3 h at 4°C. The flow-through is collected
using a 1.5 x 10 cm chromatography column (Biorad, Econo-Column® #7371512), beads are
washed several times (at least 5-15 column volumes) with wash buffer (Tris-HCI pH 7 50 mM,
NaCl 300 mM, KCl 30 mM, glycerol 5 % (v/v), Tween20 0.25 % (v/v), TritonX-100 0.1 %
(v/v), B-mercaptoethanol 5 mM). Elution is achieved with the wash buffer supplemented with
2,5 % maltose monohydrate (p/v). 0.5 mL fractions were collected and analyzed by SDS-page.
Eluted proteins were stored with glycerol 50 % (v / v) at -20°C or -80°C.

2. Purification of MBP-ErgS-Yli versions (Fig. S11)

ErgS-Yli wt and the ErgS-Y/i-a(0) mutant were fused to MBP and overexpressed in E. coli. The
pellet resulting from 1 L culture (around 3 g) was resuspended in 25 mL lysis buffer and
disrupted as described in the previous section. Sonicated cells were centrifuged at 9000 x g for
30 min at 4°C. Supernatants were transferred in a clean tube and centrifuged 30 min at 100,000

x g at 4°C. Clarified supernatants were then loaded on a MBPTrap™ HP (GE healthcare, 28-



9187) mounted on an Akta Pure FPLC system, equilibrated with wash buffer (composition
detailed in the previous section), at a flow rate of 1 mL/min. Sample application was performed
at 0.5 mL/min and the column was washed with 10 column volumes of wash buffer. MBP-
tagged proteins were then eluted using a maltose-monohydrate gradient (0% - 3% p/v) in wash
buffer at a flow rate of 0.5 mL/min. Fractions (0.8 mL) were collected and analyzed by SDS-
PAGE 10%. The total protein amount in the eluted peak was 3.3 mg and 5 mg for MBP-ErgS-
Yli wt and MBP-ErgS-Y/i-0(0) respectively. Chromatograms, SDS-PAGE and their description

are found in the supplementary materials.

Spores preparation of Aspergillus fumigatus [performed by Dr. N. Mahmoudi-Kaidi]

Conidia from 7 days-old (4fm) Malt agar slants were resuspended in 5 mL sterile Tween 20-
H>0 (0.05 % v/v) using a vortex (3x30 sec), filtered using Cell Strainer filters (Grosseron,
EASY strainer™ Greiner Bio-One), and concentration of the suspension determined with a
hemacytometer. Conidia were stored in Tween 20-H20 (0.05 % v/v) at 4°C in the dark for up

to 1 week.

Liquid cultures for lipid extraction

For the lipid extraction of Y/i, Sce WT and Sce expressing ErgS, liquid cultures were performed
in YPD or SC-Leu (MP™ Biomedicals) for 24 hrs at 30°C under agitation (220 rpm), then
harvested by centrifugation (5000 x g, 5 min, 4°C), either directly used for lipid extraction or
stored at -20°C until used. For Afin, liquid cultures were inoculated with 10°conidia/mL in 50
mL liquid MM and incubated for 24 hrs at 37°C in the dark under agitation (220 rpm). Mycelia
were then filtrated through two layers of gauze, rinsed twice with 50 mL sterile H>O, and
squeezed to eliminate excess water. Mycelia were either directly used to extract total lipids or

stored at -20°C until used.

Total lipid extraction from Sce, Yli and Afm. [mainly performed by N. Yakobov. N.
Mahmoud-Kaidi and F. Fischer participated]

Lipid extraction protocol for fungi (Sce, Sce expressing ergS of Yli or Afm, Afm and Yli) was
adapted from the Bligh and Dyer procedure and as previously described . Briefly, 50
DOeoo of Sce cells or an equivalent amount of Y/i cells were resuspended in 500 uL of 120 mM
Na-Acetate pH 4.5. Then, 1.875 mL of CHCIz:MetOH (2: 1) and 1.5 mL of glass beads (¢ 0.25-

0.5 mm, Roth) were added for mechanical cell lysis in a FastPrep Instrument (MP™



Biomedicals, Serial N° 10020698) at 1 min 5.5 m/s repeated 6 times. To improve lipid
extraction, cells were put on a rotating wheel ON. Finally, 625 pL of CHCl; and 120 mM Na-
Acetate pH 4.5 were sequentially added, the samples were vortexed 1 min between each step.
Then, phases separation was performed by centrifugation (9000 g; 30 min; 4°C). The organic
lower phase containing lipids was transferred into a clean tube and dried by using a SpeedVac
vacuum concentrator. To avoid oxidation, it is recommended to complete this drying step under
argon flow. Lipids are finally stored at -20°C or resuspended in 50-100 uL of CHCl3:MetOH
(1:1) for lipid analysis by Thin Layer Chromatography (TLC) by depositing 25 pL on a TLC
silica plate for TLC analysis.

For Afm, the mechanic cell lysis is performed as described by elsewhere by using FastPrep
(6 times 1 min at 5.5 m/s) and then incubated ON in rotating wheel. Briefly, 2g of fresh dried
on towel paper of mycelia was resuspended in 1 mL of 120 mM Na-Acetate pH 4.5 as the first
step of the above described procedure. The rest of the above described procedure stays

unchanged.

Lipid analysis by Thin layer chromatography (TLC) [mainly performed by N. Yakobov. N.
Mahmoud-Kaidi and F. Fischer participated]

TLC plates were developed in a chamber saturated either with CHClz: MetOH : H>O 130 : 16 :
1 or 130 : 50 : 8 (v : v : v). The migration of total lipids was performed for 10 min, then the
TLC plates were dried. To visualize total lipids species, we used routinely the Sulfuric acid /
MnCl staining method (Sulfuric acid 9 mL, MnCl2.4H>O 0.8 g, Methanol 120 mL, H>O 120
mL) which is particularly interesting because of its differential sterol coloration . With this
coloration, the lipids appear yellow under white light while the sterols are dark brown. When
specified, TLC were also stained either with ninhydrin for the primary amines detection.
Ninhydrin 0.4 % (w/v) (Sigma-Aldrich) was prepared in absolute ethanol. Reagents were
sprayed on plates that were air-dried. In the case of MnCly/sulphuric acid and ninhydrin stains,
plates were heated at 100°C until coloration developed and imaged under natural light or under

UV light (254 or 315 nm).

Lipid Y (Erg-Gly) purification by silica column chromatography (Fig. 3 and Fig. S12)
[performed and adapted by N. Yakobov]

Yli and Sce wt were grown in YPD and Sce expressing ErgS-Y/i is grown in SC-Leu. Cultures

were diluted to OD600 = 0.1, grown O/N and the next morning cells were harvested by



centrifugation at 5000 % g for 15 min at 4°C. 5 g of cells were obtained from a 500 ml culture
of Y1i; 3.5 g of cells were obtained from a 500 ml culture of Sce wt; 4 g of cells were obtained
from a 1 L culture of Sce expressing Y/i ErgS. In all cases, cells are resuspended in 15 ml Na-
acetate 120 mM pH 4.5 and mechanically lysed with a FastPrep-24 apparatus in the presence
of glass beads (o 0.25 mm to 0.5 mm, Roth) at 6 m/s, for 1 min repeated 5 times, with cooling
on ice between each step. 28.125 mL of MetOH : CHCI3 2 : 1 are added, then 3 additional
shacking runs are performed and another 28.125 ml of MetOH : CHCI3 2 : 1 is added (Total
volume of MetOH : CHCI3 2 : 1 added = 56.25 mL). Tubes are placed on a rotating wheel at 4
°C for 3 h. Finally, 18,75 mL of CHCI3; and 120 mM Na-Acetate pH 4.5 were sequentially
added, the samples were vortexed 1 min between each step. Then, phases separation was
performed by centrifugation (9000 x g; 30 min; 4°C). The organic lower phase containing lipids

was transferred into a clean tube and dried by using a SpeedVac vacuum concentrator.

To purify the lipid of interest from total lipid fractions, obtained as described in the previous
section, we built a silica gel column as in . However, the size of the column was increased
since 8 mL of Silica Gel were poured into a 1 cm x 20 cm chromatography column. The
stationary phase was washed with 4 column volumes of CHCI3 and total lipids, resuspended in
500 pl ultrapure CHCls, were injected manually on the top of the silica gel. Volumes used to
elute lipids are increased so that each collected fraction corresponds to 1 column volume. In
this way lipids were then gradually eluted as follow: 4 x 8 mL CHClI3; 3 x 8 mL CHCl;. MetOH
(144:1); 3 x 8 mL CHCI3: MetOH (72:1) and 2 x 8 mL CHCls: MetOH (36:1). Lipids were
dried as previously described, resuspended in 200 pL CHCIl3: Methanol (1:1) and analyzed by
TLC.

[Note for the reader: Initially I used this protocol to purify Lipid Y from total Yli wt total lipids.
However, for the moment we have not obtained the Yli AergS strain and therefore, determining
the ErgS dependent lipid was challenging. Comparing the lipid profiles to this of Sce expressing
Yli ErgS was helpful but not sufficient. Therefore, I decided to repeat the experiment on total
lipids extracted from Yli wt, Sce expressing Yli ErgS and from Sce wt which does not produce
Lipid Y (Fig. S12). Comparing the profiles obtained in these three cases greatly facilitated the
determination of the ErgS dependent lipid in Yli even if, being rigorous, the deletant strain
remains essential to conclude. The reproducibility of the elution profiles obtained here also
shows the suitability for Lipid Y purification, which will probably be important in further steps
of the topic.]



Identification of Ergosteryl-3p-0O-glycine (lipid X) by mass spectroscopy [performed by Dr.
H. Roy’s team]

LCMS analyses of total lipid extracts were performed on a liquid chromatograph Surveyor Plus
with autosampler connected to a LTQ-XL ion trap analyzer mounted with an Ion Max ESI
probe (Thermo Finnigan). Lipid sample were resuspended in chloroform/methanol 2/1 and
diluted three times with injection solvent (isopropanol/acetonitrile/water, IPA/ACN/water,
6.5/3/0.5). 10 uL were injected on a Ascentis Express C18 (10 cm X 2.1 mm, 2.7 um, Sigma-
Aldrich) HPLC column at a temperature of 45°C as described in with minor modifications.
Elution was performed at a flow rate of 260 uL/min with a binary gradient where A was 60:40
water: ACN and B was 90:10 IPA:ACN. Both solutions contained 0.1% formic acid and 10
mM of aqueous ammonium formate. Elution was performed with a 16 min gradient; from 0 to
1 min B was maintained at 32%, from 1 to 2.5 min B was increased to 62%, from 2.5 to 14 min
to 99%, and B was maintained at 99% for 2 min. Before identification of Gly-Erg, the
instrument was tuned with cholesterol in solvent B (Sigma Aldrich, [M-H20+H]+ m/z = 369).
The LC-MS experiment shown in this manuscript and in the supplemental section were
acquired with the instrument tuned with synthesized Gly-Erg in solvent B ([2M +H]+ m/z =
907). Drying gas flow rate was 20 units and temperature of the ESI was 380°C. Full-scan spectra
were collected in the 110-2000 m/z range in positive mode, and data-dependent MS2 spectra
were acquired on the 15 most intense MS1 peaks. MS3 spectra were acquired on the MS2 peak
at m/z=379. MSn data was acquired with a Collision-induced dissociation energy set at 35. Data

were analyzed with Xcalibur Qual Browser.

Preparation of soluble Sce extract fraction (S100) [performed by N. Yakobov]

Cells were grown in 500 mL YPD on a rotary shaker at 30 °C and harvested when OD600 = 1
by centrifugation at 5000 x g for 5 min at 4 °C. The pellet was resuspended in 5 mL of lysis
buffer containing 50 mM Na-HEPES pH 7, 30 mM KCI (or 140 mM NacCl), 10 % glycerol,
0.1 mM EDTA, 1 % (w/v) Triton X100, 0.3 % (w/v) NP40, SmM B-mercaptoethanol and
protease inhibitors tablet (Roche). 1 volume of glass beads (© 0.25-0.5 mm, Roth) was added
and cell lysis was performed with a FastPrep®-24 apparatus (6 x 1 min at 6.5 m/s, with 1 min
on ice between each cycle). Cells debris were removed by centrifugation at 500 x g for 10 min

at 4 °C and the supernatant is centrifuged at 100000 x g for 1 h. The resulting soluble fraction



(S100) is recovered, then dialyzed O/N against the storage buffer (50 mM Na-HEPES pH 7, 30
mM KCl (or 140 mM NaCl), 50 % glycerol, 0.1 mM EDTA) and kept at — 20 °C.

Aminoacylation assay [adapted and performed by N. Yakobov]

tRNASY aminoacylation was performed in the presence of 100 mM Na-HEPES pH 7, 10 mM
MgClz, 30 mM KCI, 0.1 mg/mL BSA, 10 mM ATP, radiolabeled [C'*]-glycine 70 uM (AS =
89 cpm/pmol), 5 uL of soluble Sce S100 fraction (3 mg/mL) and either 4 mg/mL unfractionated
tRNA from Sce or 10 uM of tRNAYY resulting from the countercurrent fractionation

Alternatively, the radiolabeled [C'*]-glycine was replaced by a mixture of 15 radiollabelled
amino acids that includes notably [C!*]-glycine. The reaction volume was set up to 50 pL and
the temperature to 30°C. To assess rates of aminoacylated tRNASY we performed kinetics as
described . [Some additional specification concerning this procedure are found in the

Materials & Methods sections of the thesis manuscript].
Lipid aminoacylation assays (LAA) [adapted and performed by N. Yakobov)

An aliquot of commercial Erg, (solubilized in EtOH 100 % and stored at 20 mg/mL at -20 °C),
was dried by evaporation at 60 °C and solubilized by sonication in an adequate volume of R
buffer (100 mM Na-HEPES, 30 mM KCI, 10 mM MgCl2) to yield a 5 mg/mL preparation. The
principle of LA assay used in this study is similar this one described in our recent work ,
but in the present case, Gly-tRNASYY was synthesized in a reaction volume of 50 pL for 1 hour
(as described in the precedent section), then 10 puL of Erg (final concentration, 0.5 mg/mL) and
5-7 ng of MBP-ErdS enriched fractions were added to the reaction mixture. The volume was
completed to 100 pL with R buffer and the assay was further incubated at 30 °C for 40 min
(Fig 5A). Then, the reaction was stopped by adding 500 uL of CHCl; : MetOH : 120 mM Na-
Acetate pH 4.5 (1 : 2 : 0.8). The samples were mixed, vortexed for 1 min and then 130 pL of
CHCI;z and 120 mM Na-Acetate pH 4.5 were sequentially added. The samples were vortexed
20 secs for each step. Phases separation was performed by centrifugation (13000 g; 3 min; room
temperature). The organic lower phase containing lipids was transferred into a clean tube and
dried by using a SpeedVac vacuum concentrator. Lipids were resuspended in 50 uLCHCI; or
CHCIz : MetOH (2 : 1) and 25 pL were spotted on a TLC silica gel plate. Finally, radiolabeled
lipid species were revealed by exposing the Silica plates to a storage phosphor screen and
submitted to a phosphoimager (Typhoon). [Some additional specification concerning this

procedure are found in the Materials & Methods sections of the thesis manuscript|



Protein extraction and Western blots [performed by N. Yakobov)

Sce WT and Sce expressing ErgS of Afm were grown at 30°C until ODsoo reached 1. 1 ODsoo
of Sce cells were resuspended in 500 pL of pre-cooled NaOH 0.185 N for alkaline lysis. After
10 min, proteins were precipitated by adding 50 pL. of TCA 100% for another 10 min. Finally,
the precipitate was harvested by centrifugation (13000 x g, 15 min, 4°C) and resuspended in
100 pL of Laemmeli sample buffer. For the Western-Blot, 8 uL of each crude extract were
resolved/separated using SDS-PAGE 10 %. The proteins were transferred onto PVDF
membranes, then the membranes blocked with 5% (w/v) skimmed milk in TBS-Tween (TBS
1X, Tween-20 0.3% (v/v)) for 1h at RT. Primary antibodies (anti-ErgS, anti-PGK) incubation
was performed ON at 4°C, followed by several TBS-Tween washing steps. Membranes were
then incubated 1 h with an HRP-conjugated secondary antibody (goat anti-rabbit for anti-ErgS,
and goat anti-rabbit for anti-PGK antibodies) at RT. Revelation was performed with the BioRad
clarity western ECL Kit and monitored in a BioRad ChemiDoc Touch® apparatus. The anti-
ErgS polyclonal antibody was obtained from the serum of a rabbit immunized with the purified

recombinant ErgS protein from Afm (Covalab, France, https://www.covalab.com/).

Phylogenetic analyses [performed by F. Fischer an G. Grob]

The amino acid sequence of Afm ErdS (AFUA 1g02570), annotated in the KEGG database
(https://www.kegg.jp/) was used to extract the sequence of the DUF2156 domain (4. fumigatus
Af293, residues 588-946) and the latter was used for a PSI-BLAST search (default
parameters) (National Center for Biotechnology Information, NCBI,
https://www.ncbi.nlm.nih.gov/) in A. fumigatus strains Af293 and A1160 and in A. oryzae
RIB40. As expected, 3 proteins, corresponding to full-length ErdS (946 aa, identity 100 %,
E=0), matched the query in the 3 strains. However, 3 others proteins, shorter than ErdS (549 aa
in Afim Af293, 492 in Afm A1160 and 379 in Aor RIB40), with only low sequence identity
(20.25 % for Afm strains and 22.88 % in Aor, E=6E-10 and E=0.004, respectively), were also
detected. Interestingly, those 3 sequences were not detected using classical BLAST searches,
using the BlastP program . Sequence analysis using the Protein Family Database (PFAM,
https://pfam.xfam.org/) showed that they all contained a DUF2156 domain (E=2.1E-24 for
Afm Af293, E=7.7E-25 for Afm A1160 and E=3E-15 for 4or), but no other identifiable domains,
reason for which we named them free-standing DUF2156 (fDUF2156). Given the low sequence
identity between ErdS and fDUF2156, we first used the fDUF2156 sequence from Afm Af293
(549 aa, the longest form) and performed a BLAST search across non-redundant protein

sequences in all Eukaryotes (taxid:2759) with default parameters and a maximum of 5,000



sequences. A set of 42 sequences with identity >20 % and E<0.004 was retrieved and added to
a list of 99 sequences of DUF2156 domains from bona fide ErdSs and 29 sequences of
DUF2156 sequences from bacterial MprFs, representative of the major clades described in
Smith et al . The 170 sequences were aligned using the MUSCLE software in the
Seaview package and the resulting alignment trimmed using the BMGE software , with a
BLOSUM 30 substitution matrix. Maximum likelihood (ML) tree of DUF2156 sequences was
then reconstructed using IQ-TREE and the LG+G4 model. The resulting tree was
visualized using the FigTree software (http:/tree.bio.ed.ac.uk/software/figtree/). Since a
limited number of fungi (only Dikarya) possess DUF2156 proteins, while they are abundant
and widespread in bacteria , we chose the bacterial DUF2156 (MprF) sequences as a

root, when necessary.

Sequence alignments [performed by F. Fischer an G. Grob]

Sequences used were identified as described above. Eleven fDUF2156/ErgS sequences were
chosen: Aspergillus fumigatus (Afm), Aspergillus oryzae (Aor), Aspergillus flavus (Afv),
Penicillium expansum (Pex), Penicillium camemberti (Pac), Beauveria bassiana (Bba),
Yarrowia lipolytica (YIi), Aspergillus fischeri (Afi), Exophiala sideris (Esi), Exophiala
oligosperma (Eol) and Aspergillus lentulus (Ale) [NCBI IDs: gi 66844705, XP_ 023093537,
XP 002377810, gi_700469555, gi 902275081, gi 701770216, gi 49649238, gi 119409904,
gi 759204124, gi_ 759263934, gi 952546312, respectively]. In the case of the fDUF2156/ErgS
sequence from Aor, the protein was shorter (379 aa) compared to others and truncated in the
GNAT II domain. We used the cDNA-amplified sequence of Aor’s gene and noticed that the
intron annotated in the second part of the gene (see FungiDB, the AO090011000521 gene, link:
https://fungidb.org/fungidb/app/record/gene/AO09001100 0521) actually did not exist, since it
was not spliced out in the cDNA sequence. This is identical to the situation found in 4or’s
closest relative Afv (FungiDB, gene: AFLA 043480, link: https://fungidb.org/fungidb/
app/record/gene/AFLA 043480#Sequences). Translating the ORF from the start (ATG) codon
to the next stop codon (with the intron in the sequence) resulted in a full-length fDUF2156/ErgS
sequence identical to that of Aspergillus flavus, the closest relative of Aor. Therefore, the intron
was considered misannotated. This full-length sequence was used for Aor ErgS. Alignments

were performed using MUSCLE

Structure predictions [performed by F. Fischer, N. Yakobov and G. Grob]



The full-legnth fDUF2156/ErgS sequences from A. fumigatus, A. oryzae, B. bassiana and Y.
lipolytica were used in the Phyre2 software (http://www.sbg.bio.ic.ac.uk/~phyre2/
html/page.cgi?id=index) with default parameters in the normal and intensive mode to
obtain structure prediction of the proteins. Results were identical in both modes. Resulting
predictions were visualized using PyMol (https://pymol.org/2/) and compared to Phyre2-
predicted structure of the DUF2156 module of Afim ErdS (residues 588-946) and to the
crystal structure of the DUF2156 domain of Bacillus licheniformis MprF (PDB: 4V36).
Predicted structures were used, together with alignments (see above), to map the o") helices,

GNAT I and GNAT II of fDUF2156/ErgS proteins, by comparison with MprF’s structure.

Phylogenomics [performed by F. Fischer an G. Grob]

Sequences of fDUF2156/ErgS proteins were searched across all Eukaryotes (Non redundant
protein  sequences) using the BlastP program , hosted at the NCBI
(https://www.ncbi.nlm.nih.gov/). As ErdS, they were detected only in Fungi (kingdom). More
specifically, fDUF2156/ErgS were detected only in division Ascomycota (whereas ErdS was
present in both Ascomycota and Basidiomycota), which included the subdivisions
Pezizomycotina and Saccharomycotina. Only one species in Saccharomycotina (Yarrowia
lipolytica) possessed fDUF2156/ErgS, while all others were Pezizomycotina. fDUF2156/ErgS
were searched in all classes of Pezizomycotina: Eurotiomycetes, Lecanoromycetes,
Xylonomycetes, Dothideomycetes, Sordariomycetes, Leotiomycetes, Pezizomycetes,
Orbiliomycetes, and representative organisms of each class were used to illustrate the diversity
of species having fDUF2156/ErgS. The presence/absence of ErdS was also indicated in each
selected species using the same approach, as in Yakobov & Fischer et al . Results
(presence/absence of ErgS and/or ErdS) were mapped onto the phylogenetic tree of
Ascomycota provided at the JGI Genome Portal , together with information on the detection

of Erg-Asp (from our previous work ) and Erg-Gly (this sudy).
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Figure 1: In silico characterization of a novel type of fungal free-standing DUF2156 proteins. (A) Architecture
of bacterial MprFs, with the N-terminal flippase (14 TMH represented by grey squares) and the DUF2156/aa-tRNA
transferase domain. Fungal ergosteryl-aspartate synthases (ErdS) have an aspartyl-tRNA synthetase (AspRS)
domain and a DUF2156/Asp-tRNA transferase domain. Fungal free-standing DUF2156 (fDUF2156) proteins have
neither flippase nor aminoacyl-tRNA synthetase domains. (B) Examples of fDUF2156 proteins from Afm, Aor, Afv,
Bba and YIi. The two Gen5-N-acetyltransferase (GNAT) domains separated by the positively charged a(+) helix,
that constitute the DUF2156 fold, are detailed (boundaries indicated, with the length of the proteins indicated on the
right). Positively charged residues (K, R) are shown in red. (C) Structure of the DUF2156 of MprF (LysPG synthase
from Bacillus licheniformis, PDB: 4V36) and predicted structures of the DUF2156 domain of Afm ErdS and of Afin
and Y/i fDUF2156 (Phyre2 predictions). (D) Maximum likelihood phylogenetic reconstruction of bacterial (MprF)
and fungal (ErdS, fDUF2156) DUF2156 domains. Three clades are visible, that match bacterial MprF- (purple
background), ErdS- (yellow background) and fDUF2156- (blue background) specific architectural groups. Posi-
tions of Afin, Aor, Bba and Yli fDUF2156 proteins are indicated by a red asterisk. Several example organisms are
presented for other clades. Modified lipids produced by the proteins are indicated, when known.Afm: Aspergillus
fumigatus, Aor: Aspergillus oryzae, Afv: Aspergillus flavus, Bba: Beauveria bassiana and Yli: Yarrowia lipolytica,
Tol: Trichosporon oleaginosus, Sco: Schizophyllum commune, Aal: Alternaria alternata, Ncr: Neurospora crassa,
A+P: Aspergillus and Penicillium spp., Efa: Enterococcus faecium, Cpr: Clostridium perfringens, Bsu: Bacillus

subtilis, Sau: Staphylococcus aureus, Atu: Agrobacterium tumefaciens.
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Figure 2: Ascomycetes possess a free-standing DUF2156 protein (fDUF2156) whose heterologous expres-
sion in S. cerevisiae enables the production of a possible aminoacylated lipid.(A) Heterologous expression
of Afin ExdS (Erg-Asp synthase) and fDUF2156 in Sce. TLC analysis of total lipids extracted from the indicated
Sce strains: lipids were separated with a CHCI3:MeOH:H2O0 solvent with the indicated composition (130:50:8,
v:viv), stained with an MnCI12/H2SO4 solution and visualized under white light (vis.). Below, control lipid
bands (PE: phosphatidylethanolamine, Erg, Erg-Asp) were stained with the same solution to illustrate the
brown staining of sterols. LY: lipid Y, EA: Erg-Asp. * Indicates the position of EA and LY. (B) Lipids extracted
from a wt and Afin fDUF2156 strains and separated by TLC using the CHCl3:MeOH:H20 (130:16:1, v:v:v)
solvent to better resolve the LY band. TLC was visualized under UV light. (C) TLC analysis of total lipids
extracted from Sce strains expressing the indicated proteins: ErdS (control of Erg-Asp production), Afin, Bba,
Yli and Aor fDUF2156. (D) Separation on HP-TLC plates, with the CHCl3:MeOH:H20 (130:16:1, v:v:v), of
total lipids from the indicated wt strains (4Afm, Aor, Bba and YIi) compared to the control Sce wt, ErdS- and
fDUF2156-expressing strains. A lipid band similar to lipid Y (LY) is present in those fungi, and is indicated by

an asterisk (*) in each case.
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Figure 3: Enrichment of Lipid Y from Y/i. (A) Lipid Y was purified from Y/i by Flash chromatography
(FC). Total lipids were loaded on a silica gel 60 glass column, washed with CHCl3, and lipids were eluted
using CHCI3/MeOH mixture varying from 144 : 1 to 36 : 1 ratios (v : v). A final elution step was perfor-
med with CHCI3/MeOH 1 : 1 (v : v). (B) An aliquot of fraction A was submitted to alkaline treatment
(KOH 1 M at 37°C for 1h) which hydrolyzes ester bonds. As a negative control an aliquot was treated
equally but KOH was replaced by Na-Acetate pH 4.5 24 mM (lane 1). Through alkaline treatment Lipid
Y disappears and a dark brownish spot (indicated by the dark arrow), probably corresponding to free
ergosterol appears near the front. Another aliquot of fraction A separated by TLC but instead of the routi-
nely used MnCl2/Sulfuric acid staining method, lipids were stained with ninhydrin (lane 3). Asterisks
indicate Lipid Y. Fractions enriched in Lipid Y (indicated by the dash rectangle in (A)) were collected
and analyzed by LC-MSn (Fig. 4 and Fig. S5).
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Figure 4: LC-MSn analysis of Lipid Y, enriched from Y/i total lipids by Flash chromatography (FC) . (A)
MSI1 spectrum between 5.2-6.2 min (B). MS2 spectrum of ergosterol [Erg-H20+H]+ at m/z=379 (C). MS2
spectrum of glycyl-ergosterol [Erg-Gly+H]+ at m/z=454 (D), and its MS3 spectrum at m/z=379 (454—379).
(E) MS2 spectrum of the ion complex glycyl-ergosterol [2Gly-Erg+H]+ at m/z=907, and (F) its MS3 spectrum
at m/z=379 (907—379). (G) Structure of the ions of ergosterol [Erg-H20+H]+, ergosteryl-33-O-glycine
[Erg-Gly+H]+ and MS2 fragmentations. MSn data are shown for peaks annotated in red. MS2 fragmentation
of ergosterol is identical to that previously described (e.g. ).



A Glycyl-tRNA synthetase : Ergosteryl-glycine synthase (ErgS) Ergosteryl-aspartate synthase (ErdS)

[“C]Gly + ATP 5 Erg [“C]Asp + ATP Erg

\ ! \ \ \
(RNASY — GIyRS— ["C]Gly—tRNAGly_ ErgS —— Erg-["C]Gly RNAASP — ErdS\—> [”C]Asp—tRNAASp— Erd\S — Erg-[“C]Asp
Y i Y

AMP + PPi E RNASY AMP + PPj {RNAMP
B N C D
% & & . S &
OV S & NN Ergs Erds
L W (fDUF2156) (AspRS-DUF2156)

; - S T LR P
Erg-[CIGly ,L. | Erg-[“C]Gly = i Erg-[“Claa = ﬁ;ﬁ e

+ +

Yli ErgS a(t) + - -+ o+ Afin ErdS + -

Yii E;ggs al) -+ - - - lei ErgS - 4 [14C]-aa mixture + +
[4C]-Gly + + + + + [14C]-Gly + + ATP + + + +
Sce total tRNA + + + +
e orTT N ATP o cold Gly + - -
Sce total tRNA + 0+ + + o+ Sce total tRNA + o+ coldAsy - i . -

Ergosterol + + + - + Ergosterol + o+ Erg + + +

RNase - - - - +

Figure 5: In vitro characterization of ergosteryl-glycine synthases (ErgS). (A) Schematized reaction
performed for the LA assay. Left: glycyl-tRNA synthetase (GlyRS, provided by crude extracts from Sce) is
used to produce [4C]Gly-tRNAGly from [14C]Gly, ATP and tRNASY (provided by total tRNA from Sce).
[14C]Gly-tRNASY is used in a second reaction in the presence of Erg and ErgS to produce Erg-[!4C]Gly. Right:
in the case of ErdS, the aspartyl-tRNA synthetase activity (Asp-tRNAASP production from [14C]Asp, ATP and
tRNAAsp in total tRNA from Sce) and the Erg-[!4C]Asp synthase activity are carried by the same bifunctional
protein and no extraction step is required to isolate Asp-tRNAASP, that is used directly by the DUF2156 module
of ErdS upon synthesis. (B) The Erg-['4C]Asp synthesis was measured by LA assay in the presence of purified
Yli ErgS, Sce total tRNA, radiolabeled [!*C]Gly in the presence (+) or absence (—) of the indicated enzyme
(WT or a(-)), or of the indicated substrates. Tests included addition (+) or not (—) of RNase A to verify the
tRNA-dependency of the reaction. (C) The same LA assay allows to visualize that only ErgS is capable of
Erg-[14C]Gly synthesis from [14C]Gly-tRNASY, while ErdS cannot use this aa-tRNA. (D) Isotopic competition
assay. A mixture of 15 [14Claa-tRNAs was first synthesized using total tRNA, ATP and 15 [!4C]aa in the
presence of the 15 corresponding aaRSs of an Sce crude protein extract. After extraction, the 15 [4Claa
—tRNAs were provided to either ErgS or ErdS to produce Erg-[!4C]Gly and Erg-['*C]Asp, respectively. The
same was performed in the presence of excess (5 mM) cold L-Gly or L-Asp to produce isotopically diluted
[!4Claa-tRNAs. In this case, no Erg-[!*C]Gly was observed in the presence of cold Gly for ErgS, and no
Erg-[14C]Asp in the presence of cold Asp in the case of ErdS demonstrating that both ErgS and ErdS are speci-
fic towards one aa for the synthesis of Erg-Gly and Erg-Asp respectively.
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Figure 6: The positively charged o helix of ErgS is essential for Erg-Gly synthesis. On the basis of struc-
ture predictions and sequence alignments, the positively charged a helix of ErgS was delimited as described in
Fig 1B. a(+) variants correspond to the wt versions where the helix was not mutated. Positively charged
residues within this helix, indicated in dark and bold in lower panels of (A) and (B), were mutated to negatively
charged residues (in red) and transformed in Sce. Total lipids from Sce wt (negative control), Y/i wt and Sce
expressing indicated Afin ErgS (A) or Y/i ErgS (B) were extracted and in vivo activities of ErgS variants were
analyzed by TLC. The eluent was ChCl13 : MeOH : H20 130 : 16 : 1 (v : v : v), plates were stained with the
MnCI2 / Sulfuric acid solution and results were captured either under UV- or white light. Total protein extracts
were prepared from each indicated strain and ErgS variants expression was analyzed by Western blot with an
anti-Afm ErgS polyclonal antibodies (IB:ErgS 44,). The SDS-PAGE was used as loading control (LC) before

the protein transfer onto PVDF membranes.



Supporting informations
Supplementary Materials & Methods
Sub-cellular fractionation on Sce cells [performed by N. Yakobov]

Cells are inoculated O/N in the appropriate medium on a rotary shaker at 30 °C and the obtained
pre-culture is diluted to OD600 = 0.1. The culture is incubated at 30 °C under rotation until
OD600 reaches 0.8-1 and 20 OD600 equivalent units of cells are harvested by centrifugation
at 5000 x g for 5 min at 4 °C. The following steps must all be done at 4 °C. Cells are washed
twice with ice cold 1 x PBS (Phosphate-Buffered Saline) supplemented with 0.2 M sorbitol.
The pellet is resuspended in 800 pl lysis buffer (1 x PBS, 0.2 M sorbitol, protease inhibitors
tablet (Roche)), 1 volume of beads (@ 0.25-0.5 mm, Roth) are added and cells are broken with
a FastPrep®-24 apparatus (6 x 30 sec at 6.5 m/s, with 1 min on ice between each cycle). Cell
debris are removed by centrifugation at 300 x g for 5 min at 4 °C, and the supernatant subjected
to another centrifugation at 13000 x g for 15 min at 4°C. The resulting P13 pellet is resuspended
in an equal volume of lysis buffer whereas the S13 supernatant is further fractionated by
ultracentrifugation at 100000 % g for 1 h at 4°C. The soluble fraction is transferred in a fresh
tube and the P100 is resuspended in an equal volume. For protein analysis, aliquots of obtained
P13, P100 and S100 fractions are supplemented with 1 x Laemmli buffer and 10 pl are analyzed
by SDS-PAGE and eventually subsequent immunoblots.

Ergosteryl-33-0-glycine synthesis [performed by Pr. T. Kushiro’s team]

Esterification of ergosterol and amino acid: Ergosterol (1 mmol) and 1 eq. of N-(tert-
butoxycarbonyl)-glycine in CH>Cl, (30 mL) at room temperature was added NN’
Dicyclohexylcarbodiimide (300 mg) and N,N-dimethyl-4-aminopyridine  (amount of
catalyst) and stirred for 3 h at room temperature. The mixture was extracted with CHCl3 and

washed with 1N-HCI, sat. NaHCOs3 and sat. brine. The organic layer was dried over Na>SOs.
Removal of the organic solvent in vacuo gave the crude product. Purification by silica gel

column chromatography (hexane/ethylacetate = 5:1) gave the product in 48% yield.

Deprotection: 1-Ergosteryl N-(tert-butoxycarbonyl)-glycine (0.24 mmol) in CH2Cl, was
added Et3N (1 mL). The mixture was added TMSOTTf (excess) and stirred for 20 h at room
temperature. The mixture was extracted with CHCI3 and washed with cold sat. NH4ClI and sat.

NaHCOs. The organic layer was dried over Na>xSOs. Removal of the organic solvent in vacuo



gave the crude product. Purification by silica gel column chromatography (CHCls/MeOH =
100:1 ~ 10:1) gave the product in 88% yield. A schematic representation of the 2-step synthesis
of Erg-Gly is shown in Fig S4.

1-Ergosteryl N-(tert-butoxycarbonyl)-glycine: 'H NMR (300 MHz, CDCls): § 0.605 (s, 3H),
0.801 (d, J=6.97 Hz, 3H), 0.816 (d, J = 6.6 Hz, 3H), 0.895 (d, J = 6.6Hz, 3H), 0.927 (s, 3H),
1.105 (d, J = 6.6 Hz, 3H), 1.432 (s, 9H), 3.864 (d, J = 5.5, 1H), 4.75 (m, 1H), 5.177 (m, 2H),
5.356 (m, 1H), 5.544 (dd, 1.83 Hz, 5.5 Hz).

3C NMR (75 MHz, CDCl3): §12.587, 14.733, 16.664, 18.152, 20.182, 20.495, 21.555, 21.646,
23.520, 28.575, 28.855, 32.126, 33.614, 37.083, 37.584, 38.365, 39.549, 40.988, 43.330,
43.355, 46.544, 55.052, 56.244, 60.897, 74.485, 80.387, 116.826, 120.953, 132.510, 136.078,
138.651, 142.103, 156.258, 170.298.

1-Ergosterylglycine: 'H NMR (300 MHz, CDCls): § 0.620 (s, 3H), 0.820 (d, J= 6.6 Hz, 3H),
0.836 (d,J=6.97 Hz, 3H), 0.915 (d, /= 6.6 Hz, 3H), 0.941 (s, 3H), 1.032 (d, /= 6.23 Hz, 3H),
3.987 (s, 1H), 4.751 (m, 1H), 5.192 (m, 2H), 5.37 (m, 1H), 5.558 (dd, /=2.2 Hz, 5.5 Hz 1H).

BCNMR (75 MHz, CDCl): § 12.645, 16.705, 18.218, 20.248, 20.552, 21.605, 21.720, 23.586,
28.608, 33.680, 37.108, 37.650, 38.423, 39.615, 41.062, 42.169, 43.018, 43.043, 43.388,
43.421, 46.602, 55.110, 56.310, 74.715, 116.892, 121.010, 132.593, 136.127, 138.741,
171.342.



Supplemental Figures
Figure S1 [in preparation. The reader may refer to Fig. S7]
Figure S2 [in preparation]

Figure S3 [in preparation]

N-(tert-butoxycarbonyl) Ergosterol Ergosteryl-3B-O-N-(tert-butoxycarbonyl)-Gly
-Gly

HiG

TMSOTf
Et3N

Ergosteryl-33-O-Gly
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Figure S4: Chemical synthesis of Erg-Gly. Two-step synthesis scheme of Erg-Gly (Ergosteryl-3-O-Glycine)
from Erg and 4-tBu-N-(Boc)-Gly. For more details see the supplementary Materials & Methods section.
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Erg-[“C]Gly =

' . Figure S6: Afm ErgS is inactive in vitro for the synthesis of Erg-Gly. (A)
' GlyRS, provided by the soluble extracts from Sce (S100), is used to produce

YIi ErgS - - - +
AfmErgs - + + - [l4C]Gly-tRNASY from [!4C]Gly, ATP and tRNASY (provided by total
[4Cl-Gly  + + + o+ ) ) . .
SceSI00 + + 4+ 4 tRNA from Sce). After 1 h incubation enriched Afm ErgS, Y/i ErgS and/or
ATP + + + +  Erg were added in the appropriate assays (as indicated) and Erg-[!4C]Gly
Sce total tRNA + +  + + . . ..
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Figure S7: Distribution and co-occurrence of Erg-Asp and Erg-Gly pathway among fungi.
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Figure S8: Assaying Erg-Gly hydrolysis activity of ErdH. Erg-[!14C]Gly
was synthesized as in Fig. 5 (LA assay) in the presence of purified Y/i ErgS,
Sce total tRNA from Sce, radiolabeled [1*C]Gly, ATP, Sce S100 and Erg
(lanes 3 & 4). At the end of the LA assay, synthesis of Erg-Gly was stopped
in assays 3 and 4 by adding RNase A, and 0.1 uM of purified recombinant
ErdH were added in assay 4 but not in assay 3. Both assays were further
incubated for 30 min at 30 °C to test ErdH dependent Erg-Gly hydrolysis.
Note that the TLC presented here correspond to the uncropped result of Fig
5C. Thus, lane 1 (LA assay without added enzymes) and 2 (LA assay in the
presence of ErdS) are negative controls for the synthesis of Erg-Gly.

[Please note that the activity of the recombinant ErdH assayed here was
tested the day before the experiment by performing a Lipid deacylation
assay on in vitro synthesized Erg-Asp. Consequently, the present result
strongly suggests that Erg-Gly is not a substrate of ErdH. However, for more
rigor, it is essential to repeat the experiment by using the same reaction
mixture (including enzymes and substrates) at the same time for the positive

control (i. e. lipid deacylation assay on Evg-Asp). Ongoing.]

Afm ErgS-HA Figure S9: Afm ErgS colocalizes with membrane fractions. 4fin ErgS was

fused to a HA-tag and expressed in Sce. Sub-cellular fractionation was

MW P13 P100 S100

performed and provided P13, P100 and S100 fractions which were then
100 — separated by SDS-PAGE and analyzed by WB using anti-HA antibodies
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Figure S10: Enrichment of full-length MBP-Ergs Afin by amylose resin affinity. £. coli Rosetta 2
harboring pMtev-ErgS Afin were grown and the construct of interest was overexpressed. Cells were
resuspended in lysis buffer, disrupted by sonication, and cleared by centrifugation (see the Materials &
Methods sections). The soluble fraction of the crude extract obtained from a 2 L pellet was put in the presence
of 2 mL of equilibrated amylose resin and incubated on a rotating wheel for 2-3h at 4°C. The batch was poured
into a column and the flow through (FT) was collected. Beads were washed with wash buffer several times and
elution was performed with the same buffer supplemented with 3 % maltose. 10 elution fractions (E1-E10) of
0.5 mL were initially collected. Then beads were incubated O/N with 3 mL of elution buffer at 4°C and the
next morning, two additional fractions (E11, E12) of 1 mL were collected. The FT, the first (W1) and the last
wash fraction (Wf), the eluted fractions (E1-E10) and an aliquot of beads were analyzed by SDS-PAGE. MW,
molecular weight in kDa; * indicate the band corresponding to the protein of interest.

Note that eluted fractions were enriched in MBP-ErgS ¢, but a major contaminant, probably corresponding to
free MBP (40 kDa), is present. The amount of eluted MBP-ErgS Afin decreased after 11 elution fractions but
surprisingly, important amounts of the protein were eluted after O/N incubation with the elution buffer.
Furthermore, analysis of proteins retained on the beads following the several elution steps clearly showed that
MBP-ErgS 5, was not fully eluted from amylose. These results indicate that MBP-ErgS 45, is strongly
retained on the amylose resin and suggest that MBP-ErgS,;, either partially precipitates during the
purification or has an affinity for the amylose resin. This might partially explain our failures to detect any in
vitro lipid aminoacylation activity of the recombinant ErgS Afin protein (Fig S6). Importantly, note that
fractions E1-E8 were polled together and the resulting fraction was used for the in vitro assay, presented in
Fig. Sé.
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Figure S11: Enrichment of MBP-ErgS YIi variants by MBPtrap affinity column. E. coli strains
harboring the adequate plasmid were treated as described in legend of (Fig. S10) but the volume culture
was lowered to 1 L. The soluble fraction was injected onto a MBPtrap 1mL affinity column, conducted
by an Akta pure HPLC system (for more details see the Material & Methods section). Wash steps were
performed with 10 column volumes of Wash buffer and elution was achieved with a gradient of maltose
(0% - 3% p/v) in Wash buffer. The flow rate was 1 ml/min during equilibration and column wash and
was decreased to 0.5 ml/min for sample application and elution. Elution fractions were collected per 0.5
mL. The chromatograph for MBP-ErgS YIi wt is represented in (A) and those for the MBP-ErgS Yli
mutant yield similar profile (not shown). Total amounts of protein recovered in the elution peak are
summarized below the chromatograph. (B) The flow through (FT), the single wash fraction collected
(W), as well as eluted fractions of both enriched proteins were analyzed by SDS-PAGE.*

Even though eluted fractions are enriched in recombinant ErgS protein it is clear that the purity of the
protein remains largely to be improved. However, the aim of purifying recombinant Y/i ErgS versions
was at this state mainly to detect and to confirm the ErgS activity. Since no Y/i deletant strain was
available to confirm ErgS dependency for lipid Y (Erg-Gly) synthesis we used the enriched fraction of
Yli ErgS o) KO mutant as a negative control.
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Figure S12: Enrichment of Erg-Gly by Silica column chromatography. Total lipids from Sce, Sce
expressing Y/i ErgS and Y/i wt were extracted, then fractionated by Silica column chromatography with
CHCIl; and CHCI5 : MeOH (v : v) mixtures ranging from 144 : 1 to 36 : 1. Finally fractions collected through
elution with CHCI;5 : MeOH mixtures were analyzed by TLC using CHCl3 : MeOH : H,O 130:16: 1 (v:v:
v). Plates were stained with the MnCl, / Sulfuric acid method and visualized either under white light or under
UV light. Asterisks indicate Erg-Gly. Note the absence of the dark-brownish spot (Erg-Gly) in fractions
obtained from total lipids extracted from Sce wt.
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Figure CP-1: Graphical summary of both fungal Erg-aa pathways discovered during my thesis. (A) The
bifunctional ErdsS protein synthesizes Asp-tRNAASP assumed to be directly channeled from the AspRS domain
to the DUF2156 domain for Erg aspartylation. (B) In contrast, ErgsS is not fused to the cognate GlyRS and
might therefore compete with the translational machinery for the Gly-tRNAG!Y substrate to synthesize
Erg-Gly. Green arrows indicate ATT activities of ErdS and ErgS while the blue arrow highlights Erg-aa hydroly-
sis, only discovered for the Erg-Asp pathway so far.



I. Conclusion of my thesis work: The DUF2156 domain is a tRNA-
dependent ergosteryl-amino acid (Erg-aa) synthase in
filamentous fungi

The study described in this manuscript describes the functional characterization of a
domain of unknown function called DUF2156 widespread among filamentous fungi. Through a
combination of approaches we were able to attribute a role to this domain that lead to major

changes of paradigms in the fields of tRNA aminoacylation and fungal sterol metabolism.

The results | obtained concerning the identification of enzymatic activity of the AspRS-
DUF2156 protein allowed me to prove that this bifunctional enzyme is an ergosteryl-aspartate
synthase (ErdS) which combines an aspartyl-tRNA synthetase that produces an Asp-tRNA*P, to an
aminoacyl-tRNA transferase (ATT) that transfers the tRNA-bound Asp onto ergosterol releasing
ergosteryl-aspartate (Erg-Asp) (Figure CP-1A). This work also shows that sterol aminoacylation is
dynamic since we identified a dedicated Erg-Asp hydrolase (ErdH) that removes Asp from Erg
(Figure CP-1A). Although we concentrated our efforts on two species of filamentous fungi, our
study suggests that most of the higher fungi use this novel tRNA-dependent ergosterol-modifying
pathway. The widespread distribution of this pathway among fungi insinuates that it might play
an important physiological role despite the fact that ErdS is not essential to the viability in the

species in which we knocked out the gene, at least in the phenotypic conditions we screened.

The study of the free-standing DUF2156 (fDUF2156) enzyme shows that, again, the
DUF2156 protein is an ATT responsible for the aminoacylation of ergosterol. However, it transfers
Gly from Gly-tRNA®Y onto Erg thereby generating ergosteryl-glycine (Erg-Gly); we therefore
named it ergosteryl-glycine synthase (ErgS) (Figure CP-1B). Unlike Erg-Asp, Erg-Gly isn't
deacylated by ErdH and we haven't yet characterized the hydrolase that would remove Gly from
Erg-Gly, but we still don't know whether production of Erg-Gly is, like that of Erg-Asp, dynamic and
involves a dedicated Erg-Gly hydrolase. However, like our Japanese collaborator, Pr. T. Kushiro
(Meiji University), we failed in isolating ergsS deletion mutants suggesting that there is a possibility
that Erg-Gly synthesis could be essential at least in the two fungal species in which we tried to
delete the genes, Afm and Aor. | started to map, by site-directed mutagenesis, the residues of the

double GNAT domain of ErdS that might be important for aa-tRNA and ergosterol binding; | could
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identify several residues putatively involved in aa-tRNA- or ergosterol-binding that upon
mutagenesis severely decreased Erg-aa synthesis, but ran out of time to fully characterize the

mutants.

Like probably most of my fellow PhD student, I'm left with the feeling that the most
important discoveries to be made on these tRNA-dependent ergosterol aminoacylating pathways
are ahead of us and | have outlined in the next part of my manuscript, the leads | would follow if |
were given more years to continue on this project. For me, the obvious most crucial question that
needs to be answered is what physiological role these new sterol conjugates play in fungi and
especially in pathogenic species. However, before detailing those perspectives | will first briefly
introduce the life cycle of Afm and give and overview about Erg biosynthesis and its physiological

functions.
Il. The life cycle of A. fumigatus

Fungi species are found in almost all ecological niches which allowed them to learn how to
adapt to several environmental and stress conditions . A. fumigatusis a
saprotrophic fungus that adopts various morphological states during its life cycle (Figure CP-2). As
a common feature of filamentous fungus, its vegetative form is composed of a network of
branched hyphae and is called mycelium . Conidiophores are specialized
hyphae that emerge from the mycelium and produce separate phialides at their extremities
. Phialides are vase-shaped cells specialized and responsible to produce asexual
spores called conidia. Conidia from Afm are pigmented (dark green) and are defined as propagules
since they correspond to the form by which they spread . Afm was believed for
a long time to reproduce only by asexual sporulation and genetic diversity was proposed to be
generated through hyphal fusion in the absence of meiosis
However, since the 70's, evidences arguing for the existence of a cryptic sexual cycle were brought
. Production of asci containing sexual propagules (ascospores) occur in
specialized structures, namely cleistothecia, emerging at hyphae junctions between two parental
isolates . This sexual reproduction involves MAT1-1 and MAT1-2 genes

from the heterothallic Afm species .toform

269



Conidia dispersal

Vs
Mycelium
self-propagation ol
propag Vesicle Dhlalldes
Stalk
] & =y — —
Conidium  Swollen Germinated Branched Hyphae Foot cell Mature
conidium conidium (vegetative growth) conidiophore

Figure CP-2: The asexual life cycle of Afm.



sexual propagules called ascospores. However, sexual reproduction occurs under very specific

conditions that are rarely encountered in nature
lll.Introduction to Erg, the main fungal sterol
n.1. Erg biosynthesis

Erg, a 5,7-diene oxysterol, is the functional fungal analog of cholesterol (Cho) and is the
most abundant sterol in fungal cell membranes
. Most erg biosynthesis steps are assumed to be conserved but some species-
specific deviations were described. Notably, lanosterol, the first sterol synthesized during erg
biosynthesis, is converted either to eburicol in Afm or to zymosterol in Sce (Figure CP-3). Both
pathways converge then to the synthesis of fecosterol which is successively transformed to
episterol, Ergosta-5,7,24(28)-trienol, Ergosta-5,7,22,24(28)-trienol and finally Erg
. Successive reactions catalyzing the transformation of squalene to the final Erg
occur mainly in the endoplasmic reticulum where Erg biosynthesis enzymes are mostly located but
some of the latter can be multi-localized and be found for example in lipid particles which is the
universal lipid storage compartment
. Once synthesized in the ER Erq is distributed to its final destinations, mainly the PM, but Erg
significant amounts were also detected in mitochondria, endoplasmic reticulum, vacuoles, and
peroxisomes . Erg is
distributed all along the PM, mainly in the cytoplasmic leaflet
, but enriched features, called sterol-rich domains (SRD) are located at hyphal tips and
septa in filamentous fungi, or at bud and mating projection tips in various yeast species
. Sphingolipids are also enriched in those structures and were suggested to have

important roles in membrane organization, fungal cell polarization and other important processes
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n.2. The central role of Erg in fungal species illustrated by its

implication several processes

Erg is critical to regulate the permeability, the fluidity and the thickness of the PM
and is involved in several
cellular process, including growth ,
regulation of membrane associated proteins activities (V-ATPase , G-protein-
coupled receptor (GPCR) and Multidrug Resistance Pumps
), sporulation, pheromone signaling, endocytosis
mitochondria DNA maintenance . Beside its critical role in several
cellular processes, Erg has been reported to be important for adaptation to several stressors since
increased amounts of Erg raise the resistance to low temperature, low sugar, alcohol and oxidative
stresses while osmotic stresses were associated to decreased Erg levels. The importance of Erg
was also pointed out during hypoxia, iron and salt stresses
. Numerous studies investigated
the effect of sterol levels on drug susceptibility notably by deleting erg genes. M. Kodedova and
colleagues showed that most deletion strains were more susceptible to cationic drugs (hygromycin
B and tetramethylammonium) while resistance to antifungal drugs (cycloheximide, nystatin and
several azole derivates) was either increased or decreased according to the deletion strain and to
the tested component . In addition, S. Bhattacharya and colleagues
used Sce strains overexpressing erg genes and tested their susceptibility in the presence of a large
range of drugs. They confirmed that deletion strains show various susceptibilities to drugs, a fact
that was also true when overexpressing erg genes. For example, ERG6 overexpression lead to
higher susceptibilities to polyenes targeting Erg (Nystatin and Amphotericin B (AmB)) while the
corresponding deletion strain was more susceptible to lovastatin (targeting Hmg1p protein) and
more resistant to fluconazole (targeting €RG11) . Finally, Erg has
recently been shown to trigger the NLRP3-Caspl/11-mediated pyroptosis of macrophages, an

inflammatory programmed cell death pathway

The very brief and non-exhaustive report of the plethora of processes in which Erg is

implicated, demonstrates the essentiality of this metabolite in fungal cells. Moreover, the impact
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of sterol variation on several cellular, adaptative and resistance pathways perfectly illustrates the
importance of maintaining accurate sterol levels in fungal cells and thus their homeostasis.

Moreover, fungal sterols like Erg can be esterified thereby enlarging their functional repertoire.
n.3.  3f-0-modified sterols in fungi

Sterol esterification with acyl chains is widely found in eukaryotic species and contributes
to its homeostasis . Sce uptakes exogenous sterols, which are transported by
Aus1p and Pdr11lp (ABC transporters) from the PM to the ER . At this location,
acyl-CoA:sterol acyltransferases (Arelp and Are2p) were shown to esterify mainly Erg and its
precursor Lanosterol . Acylated sterols are
then stored in lipid droplets, the universal lipid storage compartment . Homeostasis
of acylated sterols is ensured by steryl ester hydrolases that mainly belong to the a/f3 hydrolase
family and their activity releases free fatty acids and non-esterified sterols
In Sce three steryl ester hydrolases were identified, namely, Yeh1p and Tglip, located at lipid
droplets, and Yeh2p, located at the PM . [For review refer to

]

Another sterol esterification mechanism participating to sterol homeostasis was described
in Sce (but not in Afm) and consists of sterol acetylation (Figure CP-3). Beside Erg, Sce can uptake
exogenous sterols including cholesterol. Furthermore, under certain conditions Sce must deal with
accumulated amounts of sterols, including Erg, which became toxic for the cell. In order to
detoxify, Sce has inherited an alcohol acetyltransferase, Atf2, which acetylates sterols

that are then transported from the ER to the PM and subsequently exported from the
cell by Pry1p and Pry2p . This esterification is reversible through
the action of Say1 that also harbors an a/f3 hydrolase fold . Importantly, Atf2-
acetylated sterols such as Erg intermediates or analogs are not deacetylated by Sayl and are
therefore efficiently removed from membranes. In contrary, Erg is efficiently deacetylated and
transported to the PM but not exported . This
detoxification mechanism regulated by Atf2/Sayl cycle participates also to the removal of
damaged lipids and was shown to confer resistance and growth advantage in the presence of

eugenol
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Another interesting class of modified sterols are steryl-glucosides (SG) that are found in bact-
eria, plants, fungi, and animals. Here, modification of sterols is achieved by a UDP-sugar:sterol
glycopyranosyltransferases or NDP-sugar:steryl glycoside glycosyltransferases. As for the above
reported examples, this mechanism can be reversed by the antagonist action of SG hydrolases [For
reviews refer to 1. In fungi the most abundant SG is ergosterol-3-glucoside
and UDP-glucose:sterol glycosyltransferases (Atg26),
were described in various species including Sce, P. pastoris, C. albicans and D. discoideum
. In some of them, steryl-
B-glucosides were shown to be important for peroxisome degradation and are thus implicated in
macroautophagy, most likely through the recruitment of protein partners onto the nascent
autophagosome . Notably, a recent study investigated
the physiological relevance of Atg26 in the filamentous fungi, A. oryzae and showed its
requirement for autophagy of peroxisomes, mitochondria, and nuclei . SG
hydrolases were described more recently in fungi, notably, Sgl1 from C. neoformans and Egh1
from Sce. In recent years, SGs have attracted much interest because of their implication in fungal
virulence notably as regulators of the host immune response . Deletion of the
sterylglucosidase sgl/1 in C. neoformans lead to SGs accumulation which abolished the
pathogenicity of this strain, but even more remarkable is the fact that high levels of SG act as a
vaccine against C. neoformans in murine mice models . Thus, Sgl1is animportant
virulence factor and the SG synthesis/degradation cycle further illustrates the importance of finely
regulating sterol homeostasis in fungi. Beyond fungal infections, administration of SG was
suggested to confer a beneficial effect in patients with allergic issues, pulmonary tuberculosis

and the effect of SGs on cancer are under investigations

The three examples of Erg modification further illustrate the multifunctionality of Erg and
the difficulty to predict the physiological functions of aminoacylated lipids that we discovered.
Even though each of those 3 mechanisms shows specific features, they share important features
not only between them but also with the ErdS/ErdH pathway that | described during my thesis.
Notably, they all modify ergosterol on its hydroxyl group (at position 3) and more importantly they

all include hydrolases to regulate lipid homeostasis which is was undoubtedly an essential aspect.
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The important role of such hydrolases was also demonstrated in the context of bacterial MprFs
notably for the virulence of M. tuberculosis. This also strongly suggests that a yet unidentified Erg-

Gly hydrolase might be present in species encoding Ergs.

Regarding this brief overview, my thesis work not only enlarges the repertoire of 3-b-0

sterols but introduces a new class of modified lipids, namely aminoacylated sterols.

IV.Perspectives aiming to uncover the physiological function of
aminoacylated sterols (AS)

Iv.1. How are fungal DUF2156 proteins and ASs integrated in Afm cell’s
physiology?

With regard to the available literature and the knowledge about sterols and modified
sterols, the Erd-aa pathways discovered during my thesis can potentially be involved in several
physiological processes including trafficking, signaling, autophagy, drug resistance, cell wall
remodeling, pathogenesis and virulence among others. One critical point that must be taken in
consideration is the regulation of AS homeostasis. The imbalance of Erg-aa species might be toxic
and this is supported by our preliminary experiments performed on the complemented Afm strain
in which overexpression of erdS (induced with xylose) triggers high accumulation of Erg-Asp and
strongly reduces growth rate (not shown). Similarly, Sce strains expressing Yli ergS show reduced
growth under standard conditions. Because such a growth defect was not observed for Sce
expressing Afm ergs, producing relatively low amounts of Erg-Gly, it is tempting to speculate that
the observed phenotype is directly correlated to the AS levels (not shown). These results further

support that Erg-aa might be involved in central cellular processes.

Because little is known about AS physiological role, it will be necessary to start with
approaches to decipher the physiological landscape in which those modified lipids are involved in.
In the coming sections | will present some questions that the lab aims to investigate and some

strategies that we plan to use.

IV.1.1. Determining the sub-cellular localization of Erg-aa synthases and

hydrolases
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Because co-expression of erdS and erdH would lead to futile synthesis/degradation cycle,
we suspect that both genes might be differentially expressed under defined conditions. Another
possibility is that both genes are co-expressed, but Erg-Asp synthesis and degradation might occur
at different locations or their activity might be controlled, for example, by a specific kinase. Sub-
cellular fractionation indicated that ErdS and ErgsS (ErgS draft article) are
associated with membranes and wherever they are located, they might point toward the cytoplasm
where their (aa-)tRNA substrates are available. Accordingly, ErdS was predicted to be cytoplasmic
while ErdHasm contains a putative mitochondrial targeting sequence (Wolf PSort, MitoProt I1). Note
that, mitochondria contain also aa-tRNA for organellar protein biosynthesis and to date it is not
possible to exclude that Erg-Asp synthesis occurs in mitochondria, given that substantive amounts
of Erg are also present in this organelle. In order to clarify ErdS and ErdH location the lab plans to
use a integrative cassette to replace the endogenous erdS-erdH locus by a synthetic locus from
which ErdS-GFP and ErdH-mCherry will be expressed in Afm under their endogenous promoters
(the cassette is already available). In a first approach, the recombined strain will be grown under
various conditions, including stressors, and the localization of both proteinswill be analyzed by
fluorescence microscopy. Fluorescent probes targeting specific compartments will then be used
for co-localization experiments. Additionally, subcellular fractionations and purification of specific

organelles can be performed, and their ErdS/H content analyzed by WB.

Similar approaches will be used to investigate the localization of ErgS. During my thesis |
aimed to study the localization of ErgSsm-CFP, heterologously expressed in Sce, by fluorescence
microscopy. In this case results indicated that ErgSsm-CFP co-localizes with Sec7-GFP which is a
specific marker of the Golgi apparatus (not shown). ErgsS localization at Golgi vesicles is surprising
with regard to its activity since to our knowledge Erg is not located in this compartment and the
transport of Erg from the ER to the PM is assumed to be performed by lipid binding/transport
proteins rather than vesicular transport . However, it
cannot be excluded that ErgS localization at Golgi vesicles is transitory and that the vesicular

transport is used to reach its final destination where the Erg substrate is located.

IV.1.2. Determining ErdS/ErdH/Ergs interacting partners
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Another important task that will help to understand how the whole fungal lipid
aminoacylation/deacylation system is integrated in cell’'s physiology will be to determine
ErdS/ErdH/ErgS interacting partners. To this end the lab plans to use an integrative cassette to
replace the endogenous erdS-erdH locus by a synthetic locus from which TAP-tagged ErdS and
ErdH-HA; will be expressed in Afm under their endogenous promoters (the cassette is already
available). The tandem affinity purification (TAP) strategy was initially described to purify
interacting partners in Sce but the strategy was adapted and is suitable for experiments on
filamentous fungi . Interactants will be identified by MS and should deliver
hints with respect to the cellular pathway in which ErdS/ErdH are involved. Most relevant
interactions will then be validated through other experiments including co-immunoprecipitations

(co-IP).

IV.1.3. Investigating the transcriptional regulation of the erd locus

In our recent publication we showed that under standard growth conditions, Erg-Asp
synthesis surpasses degradation (by ErdH) in Afm wt and Aor wt while the tendency seems to be
reversed in Ncr wt were Erg-Asp was absent from total lipids. Nevertheless, ErdS activity was
detectable in crude extracts prepared from Ncr wt and more importantly high Erg-Asp levels
accumulated in Ncr AerdH. Analysis of erdS-erdH synteny also revealed that both genes tend to
cluster, as frequently found for other genes with metabolically-related functions in fungi

. This suggests that erdS and erdH expressions are regulated at the
transcriptional level and it is tempting to speculate that they might be differentially regulated with

regard to their antagonist activities.

Monitoring the expression of genes in fungi can be achieved by using firefly and Gaussia
princeps luciferases as reporters . In this way we plan to use
an integrative cassette to replace the endogenous erdS-erdH locus by divergent luciferases under
the control of the common erd promoter. However, the genomic sequence separating both
divergent genes is less than 1 kb. There is a risk of truncating some important regulatory elements
that overlap erdS and ergS ORF's. Therefore, the herein proposed approach must be combined to
other transcriptomic analysis strategies, notably RNA-seq or qRT-PCR. Expression patterns will be

determined under several growth conditions including variations of carbon and nitrogen sources,
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hypoxia, liquid or solid growths, nutrient-rich or nutrient-depleted media, autophagy-inducing
conditions, etc. Response to stresses (osmotic, oxidative) including to the presence of antifungals,
cell wall or membrane disrupting agents, etc. will also be tested. Finally, we will also test the
activity of the erd promoter at growth stages: conidia, swollen or germinating conidia, mycelia,
conidiation/sporulation. Obviously, ergS promoter will also be integrated in this study and it would
be particularly interesting to verify transcriptional correlations between the erd locus and ergs.
Anti-ErdS and -ErgS antibodies developed during my thesis will also be used to correlate
transcriptional effects to the expression of ASSs at the protein level. Finally, lipid analyzes will be
done to verify if AS and protein levels correlate (analytical analysis by TLC and if needed

quantitative analysis by MS (lipidomics))
IV.1.4. Genome-wide analysis of transcriptional changes induced by ASs.

As mentioned above, AS could be potentially implicated in several pathways including
central regulatory processes known to be regulated by sterol metabolism. To screen the largest
range of pathways potentially affected by AS, we plan perform whole genome transcriptomics on
Afm strains in which AS levels are known to vary. The most obvious will be to start those RNA-seq
experiments with Afm wt and deletion strains (Aerds, AerdH) as well as with our recombinant
strain engineered to overexpress ErdS. Comparing data obtained for the different strains will
highlight genes whose expression is affected by the presence, excess or absence of Erg-Asp. Hits
will be ranked and confronted to databases to delineate the regulatory landscape of AS. RT-qPCR,
Northern-blots and luciferase reporter system will be used for data validation. Alternatively, and
only if relevant, global transcriptomic analysis will also be performed under growth conditions that

were determined in the previous section.
Iv.2. Do ASs participate in trafficking and signaling pathways

No obvious phenotypes affect Afm AerdS strain under standard growth conditions but
some preliminary results, obtained by Dr. F. Fischer and Dr. N. Mahmoudi-Kaidi, showed an
increased accumulation of autophagosomes in vacuoles which is typical of autophagy activation.
This was surprising because, when using a nutriment rich media, autophagy is normally repressed

This suggest that Erg-Asp might act as an autophagy repressor. As described
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above, another 3-B-0H modified sterol, namely Erg-Glc regulates the onset of macroautophagy
most likely through the recruitment of protein partners onto the nascent autophagosome.
Therefore, a potential crosstalk between glycosylated and aminoacylates sterols
exist. Furthermore, depleting the media from the nitrogen source reduced Erg-Asp levels in Afm
wt strain (not shown), indicative for a potential role of ASs as a signaling molecule for example by

being aa level indicators

Finally, Atf2/Say1 pathway, responsible for sterol and steroid export in Sce

, was not described in Aspergillus spp. and no evidences were brought for the presence of

an analogous detoxification pathway. Due to their similarities with the ErdS/ErdH pathway it will
be interesting to consider the hypothesis that sterol aminoacylation could play analogous function
to sterol acetylation. In a first attempt ASSs or AS hydrolase will be expressed in Sce Aatf2 and
Asay1 strains (available in the lab) to investigate if their reported phenotypes (e. g. susceptibility
to eugenol) are complemented. In vivo synthesis of radiolabeled sterols will be performed as in
and export of sterols will be assayed by analyzing radiolabeled species in the

cell media after culture.

To investigate the participation of ASs to trafficking and signaling pathways we propose

the following strategies in combination with tasks presented in § IV.1.
IV.2.1. Determination of AS interacting partners

One additional task that will probably be determinant to unwind these hypotheses is the
determination of Erg-Asp and Erg-Gly interacting partners. Resin-immobilized sterols were used
previously in pull-down experiments or for affinity purification of sterol-
binding proteins . As described in our published work and in the Ergs draft
article, our collaborators from Pr. T. Kushiro's team that have strong expertise in sterol chemistry
and synthesized a collection of AS (synAS) that already proved to be very useful for our work. In the
next future we will try to obtain chromatographic supports conjugated to AS or unmodified sterol
to perform pull-down experiments with crude extracts from Afm strains. The sterol backbone that
will be used is still a matter of debate since Cho for example might be more suitable than Erg due

to its higher stability . ASs interactants will be identified by proteomic
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analysis, hits will be ranked, and interactions validated through protein/lipid binding assays
and column affinity-binding assays with radiolabeled Ass
. Of note, the first known Erg-Asp interactant is ErdH that hydrolyses Erg-Asp

. However, the immobilized aminoacylated sterols should be non-hydrolysable.

IV.2.2. Determining Erg-Asp localization

A widely used marker of cholesterol and ergosterol
is filipin which binds to sterols in a 3-3-OH dependent manner and is
therefore not suitable to stain esterified sterols . An interesting strategy that will
be considered to study AS trafficking in living cells is to develop fluorophore labeled sterols as
previously proposed to study cellular dynamics of cholesterol (BODIPY-sterols)
. However, care must be taken because addition of a fluorophore to a
sterol can change its physiological behavior (e. g. distribution and dynamics)
and such dyes do not distinguish lipids from both membranous bilayers . On
another hand, sterol binding proteins/domain fused to fluorescent proteins were developed and
one valuable advantage is that they can either be directly added to the media to label sterols at
the cell surface, or expressed/microinjected into the cell, thereby labeling intracellular membrane-
associated sterols . For example, the D4 domain of Perfringolysin O fused to GFP
or mCherry was used in several studies but unfortunately this fusion protein recognizes the
hydroxyl group at the position 3 of cholesterol and might therefore not be suitable for esterified
sterols (e. g. AS) . Therefore, we aim to
develop our in-house fluorescent dye, specifically targeting Erg-Asp by fusing a catalytic null
mutant of ErdH (e. g. ErdH S153A) to a fluorescent protein. As described for the D4-GFp, the
fluorescent ErdH-GFP or ErdH-mCherry will have the advantage to specifically stain surface or
intracellular sterols. Similarly, the discovery of a specific hydrolase targeting Erg-Gly (if it exists)

would enable us to study the trafficking and the localization of both AS.
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IV.3. Do AS participate in resistance to antifungal drugs?

Changes in sterol composition were widely shown to modulate the resistance to antifungal
drugs. This was notably illustrated by the above-mentioned work of S. Bhattacharya and
colleagues, but several other studies demonstrated that dysregulations of the Erg biosynthetic
pathway leads either to resistance or to accurate sensibility to antifungal drugs

. Being eukaryotes, fungal cells resemble strongly
to its host cells and several physiological pathways were shown to be conserved between them,
thereby complexifying the task of establishing fungal-specific targets. Erg has attracted much
attention because it is essential, and its synthesis slightly differs from that of Cho in humans

. Accordingly, Erg and its biosynthetic pathway are often
considered as the target of choice for novel antifungal drugs and notably two out of the three
main antifungal classes used to combat fungal infections (including invasive aspergillosis), target
Erg or its biosynthetic pathway. Polyenes (e. g. AmB and nystatin) bind directly to Erg (Figure CP-
3) and despite their mode of action is not completely established, it is accepted that they act by
forming pores in the PM, leading to membrane permeabilization, inhibition of aerobic and
anaerobic respiration, accumulation of reactive oxygen species (ROS) and leakage of small
molecules
. Emergence of resistance mechanisms against AmB were reported in few cases, notably in
Candida spp. harboring low ergosterol levels

and the increased resistance observed in A. terreus was attributed to increased

expression of catalases . However, polyenes were also shown to interact with
Cho and induce cytotoxicity in host cells . Importantly, the 3-B-hydroxyl of Erg is
important for its interaction with AmB which is why Erg aminoacylation could

interfere with tolerance to polyenes.

Azole derivates constitute the other main class of clinically used antifungal drugs that
targets Erg11 (Figure-CP3) leading to depletion of ergosterol and accumulation of lanosterol and
toxic 14-a-methylated sterols in the plasma membrane

. Unfortunately, resistance to azole derivates were reported to

emerge through distinct mechanisms in several fungal species, including point mutations within
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erg11 leading to reduced affinity to azoles , overexpression of erg11 either
induced by tandem repeats in the 5'UTR or by point mutations of transcription
factors that bind to the 5'UTR CGAAT motif . Other
drugs exists, notably, Allylamines (inhibit the squalene epoxidase Ergl (Figure CP-3))

and Morpholines (targeting Erg2 and Erg24 (Figure CP-3)) are used as agricultural
fungicides ) but beside the Erg pathway additional fungal pathways/constituent
were also used as target of antifungal drugs. For example, the synthesis of -1,3-glucan, an
essential component of the fungal cell-wall, is inhibited by echinocandins and
recent advances in the characterization of the fungal sphingolipid biosynthesis pathway revealed

potential targets for the development of novel antifungal drugs

Due to the importance of Erg and Erg biosynthesis pathway and its strong relation with
resistance mechanisms we questioned if ASS and AS could participate to the tolerance/resistance
to antifungal drugs but also if they may be involved in cell-wall remodeling. To this end | performed
antibiograms in 96 well-plates in the presence of AmB or fluconazole and | tested the viability of
available Afm strains by using the colorimetric Alamar blue dye, as described elsewhere

. The results are very preliminary and may lead to erroneous conclusions and will
therefore not be presented here. Nevertheless they suggest that Afm AerdS has increased
tolerance to fluconazole and AmB and interestingly this tendency was supported by the fact that
the Afm Pyy-erds strain (in which Erg-Asp accumulation is severely increased in the presence of
xylose) had a marked increased susceptibility to antifungals when grown in xylose containing
media but not in the absence of xylose. However, xylose induced Afm P,y -erdsS strain also showed
strongly reduced growth in the absence of antifungals, indicating that Erg-Asp influences

developmental circuits rather than resistance.

In the future, we plan to perform several experiments by using resazurin based viability
tests (Alamar blue) and disk diffusion tests to assay drug sensitivities of Afm strains that vary in
their AS levels. The analysis of transcriptional patterns and the determination of interacting
partners will certainly also provide important information regarding AS function. Interestingly
global transcriptomic analyzes reported erdS regulation by calcineurin and decreased expression

of erdS through exposition to AmB and calcium . Given
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the central role of calcium and its binding proteins (including calcineurin) in Afm cell’s physiology
this data further suggest that Erg-Asp might somehow interfere with pathways involved in drug
tolerance/resistance . Strikingly, transcriptome
analysis revealed that ergS expression is strongly increased in the presence of azoles notably

voriconazole

The cell wall of fungi is another important barrier for those organisms and its integrity is
regulated by the central MAPK pathway . Therefore, it would be interesting
to see whether AS pathway interfere with the regulation or the synthesis of the cell-wall. Note that
preliminary data obtained by Dr. N. Mahmoudi-Kaidi suggest that Afm AerdsS strain, in contrary to
the WT, become sensitive to Congo Red, indicative of changes in the cell-wall composition, a

phenotype reversed to WT by re-complementation with ErdsS.
Iv.4. Implication of ASs in virulence and pathogenesis

As briefly mentioned in the introduction to Erg (§ 11L.3.), Erg has recently been shown to be
immunologically active. In response to pathogens, macrophages assemble the canonical
inflammasome, which results in pyroptosis, a necrotic and proinflammatory programmed cell
death induced by inflammatory caspases . The recent study of K. Koselny and
colleagues evidenced that Erg itself induces pyropotosis of macrophages in an NLRP3-Casp1/11-
dependent manner, and author proposed that cell-wall proteins interacting directly with Erg
(mannoprotein Dan1 and manosyltransferases) might be involved in this process

. During our interactome experiments (§ IV.1.2 and IV.2.1) it will be
therefore interesting to investigate ASSs and ASs interactions with proteins from the cell-wall and

factors involved in the immune response.
IV.4.1. Evaluating the immune response of macrophages to ASs

The ability of ASs to elicit or to inhibit pyroptosis and the inflammatory response inimmune
cells will be monitored as in by exposing macrophages to liposomes
containing free Erg, Erg-Asp or Erg-Gly. Evaluation of the immune response will be done by

analyzing casp1/11-dependent macrophage lysis (followed with the release of lactate
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dehydrogenase) and by quantifying the secretion of interleukins (e. g. IL1-3 and IL-6). If relevant,
similar experiments will be performed by exposing macrophages to conidia from our different
Afm strains. Moreover, our preliminary experiments indicate that Cho is aspartylated in vitro by
ErdS in comparable amounts to Erg and it is tempting to speculate that this broader substrate
specificity might also occur in vivo when cells uptake Cho from their environment. Interestingly, it
is well known that Cho induce NLRP3-mediated pyroptosis

which is why the proposed experiments will also be done with Cho-Asp or Cho-Gly.
IV.4.2. Monitoring phagocytosis of conidia

Conidia from WT or recombinant Afm strains will be stained by FITC and their phagocytosis
will be monitored by fluorescence, confocal and/or NANOLIVE microscopy in combination with flow
cytometry quantification. Preliminary experiments were already done on mouse macrophages by
Dr. N. Mahmoudi-Kaidi and the outcomes of future experiments will evidence if AS pathways are

involved in immune escape.
IV.4.3. Testing virulence using insect and/or mouse models of infection

G. mellonella is an insect model of infection that has been validated as a good alternative

to the mouse model to study some aspects of aspergillosis, including for clinical strains
. Spores from WT and mutant Afm strains will be injected into G. mellonella larvae and
the Lethal Doses (LDeo/LDso) will be measured to quantify their virulence. Various strategies are
planned to evaluate the response of the insect immunity, notably quantification of hematocytes

and monitoring phagocytosis of fluorescent labeled conidia.
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Materials & Methods
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I. Biological materials

€. coli, S. cerevisiae (Sce) and other fungal strains used during my thesis are listed at

the end of the Materials and Methods sections in Table MM-1.

Il. Molecular biology for gene amplification and cloning
1. Bacteria growth media

XL1 or DH50 strains were grown in liquid LB-Miller medium (peptone 10 g/L, yeast extract
5g/L, NaCl 5 g/L) supplemented with ampicillin 200 mg/L (LB + Amp) or kanamycin 50 mg/L (LB +
Kan). For growth on solid media, the same preparations were supplemented with 15 mg/L of Agar-

agar.
2. Preparation of competent bacteria cells

A single colony is incubated O/N at 37°C in LB medium. The next morning cells are diluted
10 ODegoo = 0.2 (250 mL) and grown at 18°C until OD600 reaches 0.6. All following steps must be
performed at 4 °C on ice. The culture is transferred in a precooled centrifugation vial and placed
on ice for 10 min. Cells are collected by centrifugation (2500 x g, 10 min at 4°C) and resuspended
in 80 mL cold TBjap buffer (10 mM Na-PIPES, pH 6.7, 15 mM CaCl2 , 250 mM KCl, 55 mM MnCI2 , 2
% (v/v) DMSO (added just before use)). The suspension is kept on ice for 10 min. Cells are harvested
by centrifugation (2500 x g, 10 min at 4°C) and resuspended in 20 mL TBjap buffer supplemented
with 7 % (v/v) DMSO and incubated for another 10 min on ice. Competent cells are aliquoted in 100

pl fractions and immediately flash-frozen in liquid nitrogen and stored at -80 °C until use.
1.3, Transformation of competent bacteria cells

Competent bacteria cells are thawed on ice and appropriate amounts of intact plasmid DNA
(around 1 ng) or ligation mixture are added to the cells. The tube is incubated on ice for 30 min,
then a heat-shock is performed at 42 °C for 45 sec and the mixture is put back on ice for 2 min.

For transformation of plasmids encoding the kanamycin resistance cassette it is recommended to
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incubate the mixture with 500 pl of LB at 37 °C to allow the resistance protein to be expressed
before adding the antibiotic. Finally, the mixture is spread out onto solid LB-medium supplemented

with the appropriate antibiotic by using glass beads. Plates are incubated O/N at 37 °C.
4. Plasmid extraction from bacteria cells
11.4.1. Minipreparation of plasmid DNA

Cells from a single colony are incubated O/N at 37 °C in 3 mL LB supplemented with the
appropriate antibiotic. Cells are harvested by centrifugation at 10000 x g for 2 min and plasmid
DNA is extracted with the EZ-10 Spin Column Plasmid DNA Miniprep kit (BIO BASIC) following

supplier's instructions.
11.4.2. Maxipreparation of plasmid DNA

€. coli XL1 transformed with the plasmid of interest, is inoculated in 250 mL of LB
supplemented with antibiotic at 37°C O/N. Bacteria are harvested by centrifugation (4000 x g, 10
min at 4°C) and the pellet is resuspended in 5 mL of solution | (Glucose 50 mM, EDTA 10 mM, Tris-
HCl pH8 25 mM). Cells are then lysed by adding 10 mL of freshly prepared lysis buffer (NaOH 0,2 N,
SDS 1 % v / v) for 10 minutes at room temperature and neutralization of alkaline lysis is achieved
through adding 7,5 mL of precooled neutralization buffer (AcNH4 pH6,5 7,5 M) for 7 minutes on
ice. Cell debris are removed by centrifugation (4000 x g, 15 min at 4°C) and the supernatant (SN)
is transferred in another clean tube. 0.6 volumes of isopropanol are added to the SN and incubated
for 10 minutes at RT. Upon centrifugation (4000 x g, 15 minutes, RT), the pellet is washed with 1
mL EtOH 70 %, air dried and resuspended in 500 pl of TE (Tris-HCl pH 8 25 mM, EDTA 10 mM). RNA
contaminations are removed by adding 1 pL of DNase-free RNase A (10 mg/mL stock solution) for
30 min at RT (in the meantime, the remaining debris are removed by centrifugation (13000 x g, 5
minutes, RT)). Then, DNA is precipitated by addition of 500 pl of a solution containing NaCl 1.6 M
and PEGeono 17.5 %. The tube is immediately vortexed and centrifugated at 13000 x g, for 5 min at
4°C. Finally, the pellet is resuspended in 400 pl TE buffer. To remove any protein contaminations,
the DNA sample is extracted once with phenol, twice with phenol/chloroform (1/1 v/v) and once

with chloroform. Nucleic acids within the resulting aqueous phase are precipitated with 250 mM
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NaCl and 2.5 volumes of ice-cold ethanol 100 %, either at -20°C O/N or at -80°C for 30 min. Finally,
nucleic acids are recovered by centrifugation (13000 x g, 15 min, 4°C), washed with ethanol 70 %,

driedand either stored at -20°C or resuspended in an adequate volume of TE buffer.

This purification yields high amounts of protein- and RNA-free plasmid DNA's, required for

example forin vitro transcription by T7 RNA polymerase or for filamentous fungi transformations.

IL5. Amplification of DNA fragments by polymerase chain reaction
(PCR)

DNA fragments were amplified by PCR using primer pairs designed according to the cloning
strategy. | used mainly the PrimeSTAR Max® kit (Takara, R045B) but in some cases were
amplification failed 1 changed to SapphireAmp® Fast PCR Master Mix (Takara, RR350B). PCR
amplification are performed with a thermocycler (C1000 Touch™ Thermal Cycler from Bio-Rad) and
protocols are described in tables from Figure MM-1. Primers and templates are listed in Table MM-

2 at the end of the Materials and Methods sections.
I1.6. Enzymatic restriction

| used FastDigest restriction enzymes purchased from Thermo Scientific. Around 1 pg of
plasmid DNA was digested in the presence of 0.5 pl of each restriction enzyme in a final volume of
20 pl. Depending on the restriction enzyme and the supplier’s indications, digestions were

incubated at the recommended temperature for 30-40 min.
I.7. Analysis of DNA fragments by agarose gel electrophoresis

1 9% (w/v) agarose was dissolved in TAE buffer (Tris-base 40 mM, acetic acid 20 mM, EDTA
5 mM) by heating in a microwave and gels were casted in an appropriate support. DNA fragments
resulting from PCR amplification or from enzymatic restriction are supplemented with 1x loading
buffer (Thermofisher, R0611) when needed loaded on the gel, and submitted to electrophoresis at
110 V for 20-30 min. The developed gel is placed in a BET bath (0.5pg/mL) for 15-20 min, washed
with water and DNA bands are visualized under UV light with an imaging system (Syngene, G:BOX

Chemi XT).
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A

PCR mix composition

PrimeStar Max /

Enzyme (kit
yme (ki SapphireAmp

Fwd primer (uM) 0.5
Rv primer (M) 0.5
plasmid DNA: 0.5-1
Template DNA (ng)
gDNA: 50-200
Enzyme Mix (pl) 10
H20 qsp 20 pl up to 20 pl

B

Cycling protocol

30 cycles

Initial denaturation

Denaturation

Annealing

Elongation

Final extension

Temperature (°C) Time
98 2 min
98 10 sec
55-65 depending
10 sec

on primer's Tm

PrimeStar Max 5 sec/kb*
SapphireAmp : 10 sec/kb

72 °C 2 min

Figure MM-1: PCR mix composition (A) and thermocycling protocol (B). * elongation time per kb doubled

when the template to amplify exceeds 4 kbs.



I.8. Cloning strategies

The Afm ORF's encoding ErdS (AFUA_1g02570) and ErgS (AFUA_8g01260) were synthetized
with codon optimized sequences for expression in Sce, flanked by attB1 and attB2 sequences and
cloned into pUC57 (Genscript®). All other ORF's described in the present manuscript, including ErdH
from Afm (AFUA_1902580) and ErgS from Y/i CLIB 99 (ORF identical to YALIO_E00330g from CLIB122
strain) and from Bba 80.2, were recovered from the corresponding genomic DNA by PCR.
Depending on the type of cloning and the material available in the laboratory I used two different
cloning strategies to design yeast and bacteria expression plasmids as well as recombination
cassettes for Afm: The Gataway strategy and the isothermal Gibson assembly
method . Constructs, PCR templates and primers are listed and

described in Table MM-2 found at the end of the Materials & Methods sections.
11.8.1. Gateway™ cloning

A gene of interest (GOI) is amplified by PCR using primers flanked by attB1 (forward; fwd)
and attB2 (reverse; rv) sites. The PCR product is cloned into pJET1.2 blunt plasmid using the
CloneJETRPCR Cloning Kit (Thermo Scientific) following supplier’s instructions. 1 pg of the resulting
PJET1.2-GOl is linearized in a 20 pl reaction assay and the restriction enzyme is heat-inactivated. 5
upl of this mixture are added to 150 ng of pDONR221 “donor vector” for the BP recombination with
the Gateway™ BP Clonase™ Il Enzyme mix (Thermo Scientific). After O/N incubation at 25 °C, 5 pL of
the recombination mix are transformed into competent bacterial DH5a cells (using LB+Kan plates).
The resulting “entry plasmid”, obtained through non-homologous recombination between aatB
sequences of the linearized plasmid (harboring the GOI) and attP sequences found in the donor
vector, is used to shuttle the GOl into several destination vectors (pDEST) through LR recombination
reaction without any additional cloning steps (Figure MM-2). For the LR recombination, 150 ng of
each plasmid (pDONR221-GOI and destination vector) are mixed in 10 pL of LR recombinase buffer
with the Gateway™ LR Clonase™ Enzyme mix (Thermo Scientific). After 2 h of incubation at 25 °C, 2
pL of the LR recombination mix is used to transform competent bacterial cells. Positive clones are

selected onLB agar plates supplemented with ampicillin (100 mg/L). This strategy is particularly
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P reaction entry plasmid
PDONR221-
ccdB mCMR GOl ccdB CmR
attp1 g | attP2 N’ ato1 f  \attB2
KanR LR expression
Donor vector reaction .
PDONR221 plasmid
PDEST-GOI
ccdB CmR
KanR AmpR
PDEST
destination
vector
AmpR

Figure MM-2: Schematic representation of the Gateway cloning strategy. GOI flanked by attB1/B2 sites is
cloned into pJET1.2 and the resulting plasmid is linearized. During BP reaction, attB1/B2 sites recombine with
attP1/p2 sites from the donor vector, thereby generating the entry plasmid in which the GOI is flanked by
attL1/L2 sites. Non-homologous recombination of those sites with attR1/R2 found in Gateway destination

vectors generates attB1/B2 sites.



convenient when starting the characterization of a new protein, since it provides rapidly a

collection of expression plasmids encoding native, recombinant, or tagged versions of this protein.

11.8.2. Isothermal Gibson assembly (isoT) method

The principle of the isoT cloning method consist of assembling DNA fragments through
complementary base pairing. As illustrated in Figure MM-3A, the gene of interest (GOI) is amplified
from genomic or plasmid DNA with primers that contain overlapping sequences of the destination
plasmid. The latter was in most cases amplified by PCR, but it can also be obtained by restriction
enzymes. Importantly, overlapping regions at 5’ and 3’ extremities of the amplified GOI and of the
linearized plasmid are at least 25 bp long. Assembling of DNA fragments is as described (Figure

MM-3B).

Experimentally, a 5x concentrated isoT buffer is prepared, diluted, and supplemented with
the 3 enzymes described in figure MM-3B to obtain an isoT reaction mix 2x (preparation detailed
in Figure MM-4A and B) . The latter is aliquoted in 11 pl fractions that can be stored
at-20 °C or -80 °C until use. Equimolar amounts of DNA fragments to be assembled are added to a
11 pl aliquot of isoT reaction mix 2x in a final volume of 20 pl and tubes are placed at 50 °C for 25
min (Figure MM-4C). The 1x isoT reaction mix is composed of Tris-HCl pH 7.5 100 mM, MqCl; 10
mM, DTT 10 mM, NAD* 1mM, 0.2 mM of each dNTP, PEGgoeo 5 % (w/v), T5 exonuclease 7.5 U/mL,
Phusion DNA polymerase 25 U/mL and Taq DNA ligase 4000 U/mL. When fragments were amplified
with similar efficiencies, 1 pl of each PCR product was simply added to the isoT reaction assay
without performing any DNA cleaning up steps. Amounts of added DNA fragments were adapted
in cases were PCR efficiencies differed importantly, according to the intensities of DNA bands
visually analyzed on agarose gels. However, the amount of each DNA fragment should be
comprised between 10 and 100 ng. DNA templates used for amplification should be specifically
degraded, either through Dpn I (Thermo Scientific, FD1703) treatment of PCR products prior to the
isoT reaction or by performing the Dpnl digestion on the final isoT reaction. Finally, Dpn I is
inactivated at 90 °C for 20 min and 5 pl of the mixture are transformed into competent bacteria

cells (Figure MM-4C). Additional DNA cleaning steps are optional.
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PCR 1

A ONA template Gibson assembly
(Genomic or plasmidic)
A PCR 1
N GO product
B
B / “
/4 N .
isothermal )
' ' reaction Final
%75 5 B A —_ plasmid
V[ AN (45 min, 50 °C)
Destination Destination S
plasmid plasmid PCR 2
product
e or e
AmpR AmpR
Enzymatic
restriction s
B | > 24 bp |
5 3 5' 3
/{:”””””””””” , T5 exonuclease / ,
3 5 o3 5
5 TTTTTTITITTT //3' (5'—39 5' 0%\ //3'
3 lLLLLLLIIILL 5’ 3 JLLLLLIILLL] g5
Complementary
base pairing
DNA pol &

: 3’ Taq DNA ligase

Figure MM-3: Overview of assembling DNA fragments by the isoT cloning method. (A) The gene of
interest (GOI) is amplified with primers A and B that contain isoT overhangs (dark blue) and yields a linear
DNA fragment flanked by homologous extremities present in the destination plasmid. The destination
plasmid is amplified with primers A" and B’ or cleaved by restriction enzymes, so that 5’ and 3’ extremities
of the linearized plasmid overlap with the 3" and 5' extremities of the amplified GOI, respectively. The
extremities of both linearized fragments are assembled by the isothermal Gibson assembly method (isoT),
detailed in B, and results in a final plasmid in which the GOl is cloned. (B) The 3’ and 5' extremities of the
linearized GOI and the destination plasmid, respectively, are colored in dark blue and the homologous
overlap is indicated by the transparent blue rectangle. The “chaw-back” step is achieved during the first
step of isoT assembly by the T5 exonuclease which releases 3’ single stranded extremities, thereby enabling
complementary base-pairing. The remaining gaps are filled in and sealed through the combined activities
of a thermostable DNA pol and the Taq DNA ligase. All these steps are combined in a single assay that leads
to the fact that the isoT assembly can be considered as a one-step reaction performed at 50°C for 25 min.



A | 5x isoT buffer (6 ml)
Component amount concentration supplier

Tris-HCI pH 7,5 1M 3mL 0,5M
MgCl, 2 M 150 pl 50 mM
dNTP 100 mM each 60 pl 1mM Promega, U1515
The resulting 5x isoT buffer is mixed until
DTT1M 300yl 50 mM ]
. . all components are completely dissolved.
NAD* (663.43 g/mol) 20 mg 5mM Sigma-Aldrich N1511 |
Aliquots of 320 pl (around 18 tubes) are
0,
PEGgg00 1.5¢g 25 % (w/v) Euromedex PB0433 prepared and can be stored at -20 °C or
[ H,0 qsp 6 mL J -80 °C for at least 1 year.

B [isoT reaction mix 2x

Component volume (pl)  concentration supplier

5x isoT buffer 320

T5 exonuclease (10 U/pL) 1.2 15U/ml NEB, M0363S The resulting 2x isoT reaction mix is
Phusion DNA pol (2 u/pl) 20 50 U/ml Finnzymes, F-530S| . od and aliquots of 10 pl (around 80
Taq DNA ligase (40 u/pl) 160 8000 U/ml NEB, M0208S tubes) are stored at -20 °C or -80 °C
 H.0 gsp 800 ul 300 until use.

C [isoT reaction assay

isoT reaction mix 2x 11l

PCR products 1 pl/fragment* 10 to 100 ng max

plasmid 1 pl/plasmid* 10 to 100 ng max | ¥ volumes can be increased up to 10 ul but the reaction
H,0 qsp 20 pl volume must not exceed 20 pl.

If all fragments to be assembled result from PCR
amplification: DNA template(s) degradation by Dpn
I treatment at 37 °C for 1 h.

Alternatively Dpn | treatment is performed on PCR
product prior to the isoT reaction.

v

-4—— Heat-inactivation of Dpn 1 (90 °C for 20 min)

Incubation at
50 °C for 45 min

5 pl are used for plasmid transformation into
competent bacteria cells

Figure MM-4: Procedure of the isothermal Gibson assembly (isoT) method: (A) Composition of the 5x
concentrated isoT buffer used for the preparation of the 2x concentrated isoT reaction mix described in
(B). (C) Step by step description of the isoT cloning assay. DNA cleaning up steps are optional and can be
performed on the PCR products and/or the linearized plasmid prior isoT cloning assay or on the assembled
product before to transformation in £. coli. For more details see

and https://wiki.med.harvard.edu/SysBio/Megason/MakinglsothermalAssemblyAliquots.
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11.8.3. Site directed mutagenesis

The procedure used for site directed mutagenesis can be considered as a direct application
of the above described isoT cloning strategy and was previously described to mutate several
residues within a sequence through a single cloning step . The principle of
the method that | used is to amplify the entire plasmid in 2 (or more) linear DNA fragments by
performing separate PCR reactions. As illustrated in Figure MM-5, PCR 1 and PCR 2 are performed
with primer pairs A (fwd)/B (rv) and B’ (fwd)/A’ (rv), respectively where primers A and A’ on one
hand and primers B and B’ on the other hand share at least 25 nt overlapping sequences that are
complementary with respect to WC base pairing. Primers A (fwd from PCR 1) and A’ (rv from PCR
2) anneal into the GOI to be mutated and encode reverse complementary primers with base
substitution(s). Primers A and A" were designed so that the mutated nt(s) is at least 17 nts
(generally 19) upstream to the last ntin 3" and the 5' sequence preceding the mutation is generally
11-13 nts. B (rv) and B’ (fwd) encode reverse complementary primers too and can be used to
incorporate mutation at another region of the plasmid. However, during my thesis, | used primers
B and B' (FFO60/FF061) that anneal into the gene encoding the Amp resistance protein (ampR)
without any base substitutions. In this way, the amplified PCR 1 product contains the 5'-sequence
of the GOI and the 3'-sequence of ampR while PCR 2 product contains the 5'-sequence ampR and
the 3'-sequence of the GOI. Moreover, both linear DNA's share homologous extremities which
enable the assembly of both truncated genes through the isoT assembly method and thus the
reconstitution of a full-length ampR, encoding for the corresponding resistance activity, and a
full-length GOI, nevertheless containing the incorporated mutation(s). This strategy achieving
simultaneous reconstitutions of the resistance gene and of the GOI might strongly favorize the
selection of positive clones on selective media. Finally, degrading the common PCR template with
Dpn | treatment (before or after isoT reaction) is even more crucial during mutagenesis to avoid
transformation of non-mutated plasmid which are mostly non distinguishable from the mutated
version by enzymatic restriction. Using this strategy for mutagenesis yields almost 100 % positive

clones which is why I generally tested only 3 clones of which at least 2 were always positives.
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Figure MM-5; Overview of site directed mutagenesis by the isoT assembly method. (A) Primers A (fwd)
and A" (rv) anneal in the GOI sequence (orange) and contain base substitution(s) (%) similarly as for
QuickChange primers described elsewhere . Primers B' (fwd; FF060) and B (rv; FF060) are
fully complementary and anneal into ampR (black). Inverse partnering of primers A/B and A/B’ during PCR
splits the GOI and the AmpR gene and results in the amplification of PCR 1 and PCR 2 products that share
homologous extremities (overlapping lines in the middle panel). Base substitutions are incorporated in the
homologous 5’ and 3’ extremities of PCR 1 and PCR 2 products, respectively. The isoT reaction (isoT), detailed
n (B) assembles homologous extremities of both PCR products and yields the final plasmid harboring the
inserted mutation. (B) Depiction of the assembly occurring during the isoT reaction between 5’ and 3'
homologous extremities (light orange box) of PCR 1 and PCR 2, respectively. For more details see the text
and Figure MM-3.
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11.8.4. Construction of deletion and complementation cassettes for Afm

Procedures used to construct erdS and ergs replacement cassettes for Afm are detailed in
the published article and the article in preparation, and the aim of this

section is to briefly describe the cloning strategies that | used.

11.8.4.1. Description of self-excising cassettes suitable for gene deletion and

re-complementation by homologous recombination

To delete genes from Afm we constructed recombination cassettes that contain a
resistance cassette flanked by 1kb upstream and downstream sequences of the ORF to be deleted.
The flanking sequences are termed here 5’ and 3' UTR's (untranslated regions) even if they overlap
on adjacent ORF's. The herein used resistance cassette, contains a selection marker (in the present
case hygR gene under the control of gpdA promoter confers resistance to hygromycin B) but in
addition it also comprises a [3-rec/six-site specific recombination system (Figure MM-6A). The [3-
rec gene is under the control of a xylose inducible promoter (Pxyl) and is followed by the trpC
transcriptional terminator from A. nidulans. Finally, the whole resistance cassette is flanked by
six-sites (required for self-excision of the cassette) as depicted in Figure MM-GA. The complete
deletion cassette (resistance cassette flanked by 1 kb UTR's) is transformed in Afm, as described
in the accompanying paper and recombines the targeted locus through
homologous recombination. Once the deletant is selected on the selective media, the
corresponding colony can be shifted onto hygromycin-free media in the presence of xylose to
induce the six-site specific recombination, achieved by the overexpressed [3-rec. In this way the
self-excised resistance cassette described here is recyclable and can be used for tandem deletions
within the same strain. The suitability of this ingenious self-excising cassette was described
elsewhere and the resistance cassette was obtained from pSK529 plasmid
(gift from J-P Latgé) through PCR. To construct complementation cassettes, the same strategy is
used but the b-rec gene is replaced by the GOI ORF. Consequently, when transformed and
recombined at the corresponding locus (deleted or not), GOI overexpression is inducible in media

containing xylose but the complementation cassette is no more excisable.
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Figure MM-6: Overview of isoT cloning strategies used to construct erds replacement cassettes for Afm. (A)
To construct the erdS deletion cassette, 5" and 3’ UTR's (light orange) were amplified by PCR with primer pairs
FF168/FF169 and FF170/FF171, respectively. FF169 and FF170 contain overhangs designed so that the
amplified 5" and 3" UTR's contain 3" or 5’ tags homologous to the 5’ or 3’ extremities of the resistance cassette
(grape), respectively. The later is amplified with primer pair FF166/FF167 and the three linear DNA fragments
are assembled by the isoT reaction. The resulting erdS deletion cassette is finally ligated into pJET1.2 plasmid.
The organization of the resistance cassette is depicted in the grey box and contains the P-rec/six-site
recombination system and the hygR gene which confers hygromycin resistance. Homologous sequences at the
extremity of linear DNA's that assemble are indicated by the light grape squares. (B) The PJET1.2-AerdS
deletion cassette described in (A) and the erdS ORF were reverse amplified with the indicated primer pairs and
assembled by isoT to obtain the pJET1.2-Pxyl-erdS plasmid. The core of the complementation cassette
(whithout flanking UTR's) is depicted in the gray box and shows the presence of erdS ORF replacing [-rec.
Primers are colored according to the DNA sequence to which they are complementary. trpC-t, trpC
transcriptional terminator; p-gpdA, gpdA promoter.



1.8.4.2. erdsS deletion and complementation cassettes

1 kb of the erdS 5'UTR (primers FF168/FF169) and of the 3'UTR (primers FF170/FF171) were
amplified with isoT overhangs at their 3’ and 5’ extremity, respectively. The sequence
corresponding to these overhangs are homologous to the 5' and 3’ extremities of the resistance
cassette, amplified from pSK529 plasmid with primers FF166/FF167. The three amplified
sequences were assembled by the isoT cloning method, then PCR templates were degraded by Dpn
I treatment and the resulting erdS deletion cassette was ligated into pJET 1.2 using the CloneJETPCR
Cloning Kit (Thermo Scientific) following supplier’s instructions (Figure MM-6A). To construct the
complementation cassette, the plasmid containing the obtained pJET1.2-AerdS was reverse
amplified (FF271/FF272) and the [-rec was replaced by the erds ORF (amplified from Afm gDNA

with primers FF273/FF274) through isoT (Figure MM-6B).
1.8.4.3. ergsS deletion and complementation cassettes

The ergs deletion cassette was also cloned by isoT but the strategy differs slightly. In this
case the 5'UTR (primers fD-5'UTR-fwd/rv) and the 3'UTR (primers fD-3'UTR-fwd/rv) 1 kb sequences
were amplified with isoT overhangs at their 3" and 5’ extremity, respectively, and both products
were separately ligated into pJET 1.2 plasmids. Clones where the 5'UTR and the 3'UTR were ligated
in the same orientation were selected for the next cloning step. Sequences from both plasmid
containing their respective UTR's and a truncated part of ampR were amplified with isoT overhangs
homologous to the amplified resistance cassette and the three sequences were assembled by isoT
(Figure MM-7A). To construct the complementation cassette, the pJET1.2-DergS plasmid was
amplified with primers NYO41/FF061 or with NY040/FF060 and both PCR products were assembled
through isoT with the ergS ORF amplified with NY042/NY043. The resulting complementation
cassettes contains the ergS ORF in place of the f-rec, in comparison to the deletion cassette

(Figure MM-7B).
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Figure MM-7: Construction of ergs recombination cassettes for Afm. (A) To construct the AergS deletion
cassette, 5' and 3'UTR's were amplified from Afm gDNA and ligated into separate pJET1.2 plasmids. Plasmids
containing the 5'UTR or the 3'UTR in the same direction were reverse amplified and the resistance cassette was
amplified from pSK529 plasmid. The 3 PCR products were assembled in a single isoT reaction to obtain

pJET1.2-Aergs. (B) The ergs complementation cassette was

obtained similarly as for the erdS complementation

cassette, described in the previous figure, but in the present case pJET1.2-AergS was reverse amplified in two
separate DNA fragments. Both resulting fragments and the ergS ORF, which was amplified from Afm gDNA with
isoT overhangs-containing primers, were assembled by isoT. The nomenclature is the same as in Figure MM-6.



lIl.Procedures used for Sce cells
In.1. Sce growth media

Sce can be grown in either in liquid media or on solid agar-agar plates. The composition of
the growth medium depends on the experiment and on the genetic background of the Sce strain.
Depending on their composition, two types of media are used for yeast cells growth: rich media
such as YPD (Yeast Extract-Peptone-Dextrose) or minimal media such as SC (Synthetic Complete).
YPD (Table MM-3) contains all aa and nucleotides (nt) and is therefore not suitable for auxotrophic
selection. SC contains also all aa and nt but auxotrophic selection can be performed by preparing
SC lacking specific aa or nt. In this way, non-transformed Sce strains that has autotrophies were
grown in YPD or SC media. In contrast, Sce strains transformed with plasmids encoding the LEU2
(p415- plasmids) or the TRP1 (p414- plasmids) marker were selected and grown on SC-Leu (SC
medium lacking Leu) and SC-Trp (SC medium lacking Trp), respectively. Accordingly, strains that
are co-transformed with two plasmids, one encoding the LEU2 marker and the other encoding the
TRP1 marker were selected on SC lacking Trp and Leu (SC-Leu-Trp). Finally, the 5-fluoroorotic acid

(5-FOA) containing media is used for plasmid shuffling experiments, assayed on Sce YAL3 Adps1

strains that were transformed with various ErdS variants, as detailed in our
published work . Media compaositions are described in Tables MM-3 and MM-
4,

2. Sce transformation

The lithium-based transformation procedure was adapted from
For this procedure, all steps must be performed in a sterile environment and all buffers are sterile.
Cells to be transformed are grown until the stationary phase is reached, then cells are collected by
centrifugation at 5000 x g for 5 min at 4°C and washed twice with sterile water. The pellet is
resuspended in an appropriate volume so that 50 pl contain 3 ODgoo equivalent units. For each
transformation 50 pl are transferred in a sterile tube, and 10 pl of boiled (95 °C) and sonicated
single-stranded DNA (10 mg/mL) is added to cells. Tubes are vigorously mixed (vortex), then 1-2
Hg of plasmid DNA and 350 pl of transformation mix (240 yL of PEG 4000, 36 L LiAc 1M, 70 pL

water) are added. Then the tubes are mixed again by vortex mixing and finally incubated at 42°C
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Components

Concentration

Comments

Peptone

YPD Yeast extract
Dextrose (D-glucose)

Agar-Agar (for solid media)

2 % (w/v)

1 % (w/v)
2 % (w/v)
2 % (w/v)

Source of nitrogen, carbon,
minerals and vitamins

Supplies vitamin-B complex
Fermentable carbon source

Table MM-3: Composition of YPD rich medium

Components Concentration ~ Comments
Common Yeast Nitrogen Base (YNB) 6.7 gL Source of nitrogen, salts, trace
components for with ammonium sulfate elements and vitamins
SC derived Dextrose (D-glucose) 2 % (w/v) Fermentable carbon source
media Agar-Agar (for solid media) 2 % (w/V)
+ Components specific to each media
o Complete Supplement 079 Gl supplies adeni i and all
. . upplies adenine, uracil and all aa
Mixture (CSM) g PP
. Supplies adenine, uracil and all aa
SC-Leu CSM minus Leu 0.69 g/L
except Leu
. Supplies adenine, uracil and all aa
SC-Trp CSM minus Trp 0.74 g/L
except Trp
. Supplies adenine, uracil and all aa
SC-Leu-Trp  CSM minus Leu & Trp 0.64 g/L
except Leu and Trp
. Used to select the loss of vectors
SC+5-FOA 5-Fluoroorotic Acid 2.5mM

carrying the URA3 marker

Table MM-4: Composition of SC derived media



for 45 minin a water bath. Cells are centrifuged at 10000x g for 30 sec, the supernatantis removed
and traces of LiAc and PEG4000 are washed away with 1 mL of water. Cells are resuspended in 150
pl water and spread onto the appropriate selective plates and incubated at 30 °C for 2-3 days.
Finally, transformants from single colonies are transferred onto fresh solid media and incubated

again for 2-3 days.
1.3, Drop tests on Sce cells

Appropriate liquid medium is inoculated with Sce cells O/N at 30 °C. The next morning the
ODgoo is measured (spectrophotometer DU® 730, Beckman Coulter), then the pre-culture is diluted
to ODggo = 0.1 in fresh media and cells are grown at 30 °C until ODsoe reaches 0.5-0.6. Cells are
centrifuged, washed with water, and adjusted to ODggo = 0.5. Ten-fold serial dilution are prepared
in water (10*-10°) and 7 ul of each dilution is spotted on solid medium. Plates are incubated at 25

°C, 30 °C or 37 °C for several days and photographed each day.
1.4, Preparation of Sce crude extracts (EB) for total protein analysis

Pre-cultures from Sce are performed in the appropriate media and cells are diluted the
next morning to 0D600 = 0.1. The culture is grown until ODeoo reaches 1.0 and 1-1.5 unit of cells is
collected in a fresh tube and centrifuged at 13000 x g for 1 min. Alkaline cell lysis is performed by
resuspending the pellet in 500 pl of ice cold NaOH 0.185 M and tubes are incubated on ice for 10
min. Total proteins are then precipitated by adding Trichloroacetic acid (TCA) to a final
concentration of 10 % and cells are incubated for another 10 min on ice. Finally, tubes are
centrifuged at 13000 x g for 10 min at 4 °C, the supernatant is removed properly and the resulting
EB is resuspended in 100 pl of 1 x Laemmli buffer (125 mM Tris-HCl pH 6.8, 2 % (w/v) SDS, 10 %
(w/v) glycerol, 2 % (v/v) B-mercaptoethanol, 0.0125 % (p/v) bromophenol blue). By doing so, the
coloration of the sample might turn to orange, due to remaining TCA traces. In these cases, 3-5 pl
of Tris base 1 M are added to re-equilibrate the pH. 10 pl of this preparation are loaded on

polyacrylamide gel for SDS-PAGE analysis and subsequent immunoblots.
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1L.5. Soluble protein extract (S100)

Cells were grown in 500 mL YPD on a rotary shaker at 30 °C and harvested when 0D600 = 1
by centrifugation at 5000 x g for 5 min at 4 °C. The pellet was resuspended in 5 mL of lysis buffer
containing 50 mM Na-HEPES pH 7, 30 mM KCl (or 140 mM Nacl), 10 % glycerol, 0.1 mM EDTA, 1 %
(w/v) Triton X100, 0.3 % (w/v) NP40, 5mM B-mercaptoethanol and protease inhibitors tablet
(Roche). 1 volume of glass beads (0 0.25-0.5 mm, Roth) was added and cell lysis was performed
with a FastPrep®-24 apparatus (6 x 1 min at 6.5 m/s, with 1 min on ice between each cycle). Cells
debris were removed by centrifugation at 500 x g for 10 min at 4 °C and the supernatant is
centrifuged at 100000 x g for 1 h. The resulting soluble fraction (S100) is recovered, then dialyzed
0/N against the storage buffer (50 mM Na-HEPES pH 7, 30 mM KCl (or 140 mM Nacl), 50 % glycerol,

0.1 mM EDTA) and kept at - 20 °C.
11.6. Sub-cellular fractionation

Cells are inoculated O/N in the appropriate medium on a rotary shaker at 30 °C and the
obtained pre-culture is diluted to ODggo = 0.1. The culture is incubated at 30 °C under rotation until
ODgoo reaches 1 and 20 ODgoo equivalent units of cells are harvested by centrifugation at 5000 x g
for 5 min at 4 °C. The following steps must all be done at 4 °C. Cells are washed twice with ice cold
1 x PBS (Phosphate-Buffered Saline) supplemented with 0.2 M sorbitol. The pellet is resuspended
in 800 pl lysis buffer (1 x PBS, 0.2 M sorbitol, protease inhibitors tablet (Roche)), 1 volume of beads
(0 0.25-0.5 mm, Roth) are added and cells are broken with a FastPrep®-24 apparatus (6 x 30 sec
at 6.5 m/s, with 1 min on ice between each cycle). Cell debris are removed by centrifugation at 300
x g for 5 min at 4 °C, and the supernatant subjected to another centrifugation at 13000 x g for 15
min at 4°C. The resulting P13 pellet is resuspended in an equal volume of lysis buffer whereas the
S13 supernatant is further fractionated by ultracentrifugation at 100000 x g for 1 h at 4°C. The
soluble fraction is transferred in a fresh tube and the P100 is resuspended in an equal volume. For
protein analysis, aliquots of obtained P13, P100 and S100 fractions are supplemented with 1 x

Laemmli buffer and 10 pl are analyzed by SDS-PAGE and eventually subsequent immunoblots.
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IV.Procedures used for Afm

As explained in the introduction to my topic, I focused my thesis work on the
characterization of fungal proteins by using mainly the yeast Sce as a model while experiments on
filamentous fungi were performed in almost all cases by Dr. Nassira Mahmoudi-Kaidi or by Dr.
Frédéric Fischer. Most of those procedures are detailed in our published article

but during my thesis | used and adapted few of them as described in the coming sections.
Iv.1. Routine growth conditions

Afm strains were grown in defined MMG media composed of 1 % (w/v) glucose, 0.92 g/L
ammonium tartrate dibasic, salts (10 mL of a 50 x solution containing KCl 26 g/L, MgS04.7H,0 26
g/L, KHP04 76 g/L) and trace elements (0.5 mL of a 1000 = solution containing: FeS04.7H,0 1 g,
Na,EDTA 10 g, ZnS0,4.7H;0 4.4 g, HsBOs 2.2 g, MnCl, 4H,0 1 g, CoCl, 6H,0 0.32 g, CuSO, 5H,0 0.32 g
and Na;Mo0, 0.8 g for 200 mL adjusted at pH 6.5). 50 mL liquid MMG was inoculated with 10° - 10’
conidia and incubated for 22 hours at 37 °C in the dark under agitation (220 rpm). When the Afm
Pxyl-ErdS strain was used, erdS overexpression was then induced by supplementing the media with
1 % xylose (w/v) for 1 additional hour. Mycelia were then filtrated through two layers of gauze,

rinsed twice with 50 mL sterile H,0, squeezed, and dried on towel paper to eliminate excess water.
Iv.2. Genomic DNA (gDNA) extraction

Mycelia equivalent to 200 - 250 pL was transferred in a screw cap microtube and 400 pL of
lysis buffer (2% TritonX100, 1 % SDS, 100 mM NacCl, 100 mM Tris-HCl pH 8 and 1 mM EDTA) were
added. 200 pL of phenol and 200 pL of CHCl; were then added and mechanical disruption was
performed with an FastPrep®-24 apparatus (6 x 1 min at 6.5 m/s, with 1 min on ice between each
cycle) in the presence of 200 pL of glass beads (0 0.25-0.5 mm, Roth). Tubes were centrifuged at
10000 g for 2 min at RT and the upper aqueous phase was transferred in a clean tube. DNA was
precipitated with 1.2 mL of ice cold EtOH 100 % and 40 pL of Na-Acetate 3M at -80 °C for 30 min.
After centrifugation at 10000 x g for 10 min at 4°C, the pellet is dissolved in 400 pL of TE (10 mM

Tris-HCl pH 8, 1 mM Na,-EDTA) and RNA contamination are removed through RNase treatment (add
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3 pl at 10 mg / mL and incubate at 37 °C for 20 min). Finally, DNA are precipitated again, as

described above, and the pellet is resuspended in 50 - 100 pl of TE buffer.
Iv.3. Preparation of crude extracts (EB)

4.5 -5 g of dried mycelia were frozen in liquid nitrogen and grinded with mortar and pestle
until the biological material became a fine powder. The latter is transferred to a Falcon 50 mL tube
together with 7 mL of lysis buffer (50 mM Tris-HCl pH 7,5, 30 mM KCl, 0.1 % TritonX100, 0.5 mM
Na.-EDTA, 2 mM phenylmethylsulfonyl fluoride (pMSF), 2 mM Benzamidine, protease inhibitors
tablet (Roche)) and 5 g of glass beads (0 0.25-0.5 mm, Roth). The mycelia is further disrupted with
a FastPrep®-24 apparatus (6 x 1 min at 6.5 m/s, with 1 min on ice between each cycle) and the
lysate is carefully transferred in a clean tube in order to remove most glass beads. If nothing is
specified, the obtained EB was cleared by centrifugation at 500 x g for 5 min and stored at -20 °C

with 30 % glycerol.
V. Protein analysis
V.1. SDS-PAGE

Polyacrylamide gels used for SDS-PAGE are composed of a lower layer (separating gel) and
an upper layer (stacking gel). The separating gel is composed of 10 % (v/v)
acrylamide:bisacrylamide (37,5:1 ROTIPHORESE®Gel 30, Roth), 375 mM Tris-HCl pH 8.8, SDS 0.1 %
(w/v). The stacking gel is composed of 5 % (v/v) acrylamide:bisacrylamide (37,5:1
ROTIPHORESE®Gel 30, Roth), 125 mM Tris-HCl pH 6.8, 0.1 % (w/v) SDS. Polymerization of both layers
are initiated with 1 % (v/v) of ammonium persulfate (APS) 10 % (w/v) and 0.1 % (v/v) of N,N,N’,N’-
tetramethylethylene-diamine (TEMED, Roth) and gels are poured between two glass plates (10 x 8

cm) separated by 1 mm integrated spacers (Mini-PROTEAN® Spacer Plates, BioRad).

If nothing is specified, protein samples were supplemented with 1 x Laemmli buffer (125
mM Tris-HCl pH 6.8, 2 % (w/v) SDS, 10 % (w/v) glycerol, 2 % (v/v) B-mercaptoethanol, 0.0125 %
(p/v) bromophenol blue), briefly mixed and boiled at 95 °C. 10 pl of each fraction was loaded on

gel and electrophoresis was performed in TGS buffer (25 mM Tris, 192 mM glycine, 0.1 % (w/v)
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SDS, pH 8.5) at 200 V for 30 - 45 min using MiniPROTEAN® Tetra Vertical Electrophoresis Cell

(BioRad).

Proteins are visualized either by staining gels with Coomassie blue or by using the stainfree
imaging technology available on our ChemiDoc™ Touch imager (BioRad). Note that for the second
option, 0.5 % of 2,2,2-Trichloroethanol (TCE) must be incorporated into polyacrylamide gels

before polymerization.
V.2, Immunoblotting (or western blots; WB)

Proteins were electroblotted to Polyvinylidene fluoride (PVDF) membranes using a Trans-
Blot Turbo™ transfer system (BioRad) (7 min at 25 V (2.5 A)) and the blot was then activated with
EtOH 100 % for a few sec. The blot was then briefly washed with TBS-Tween (TBS 1X, Tween-20
0.3 % (v/v)) and blocked with 5 % skimmed milk (p/v) dissolved in TBS-Tween at RT for 1 hour.
Incubation with primary antibodies, diluted in TBS-Tween buffer supplemented with in 5 % (w/v)
skim milk, were performed O/N at 4 °C (serum / antibody and dilutions are specified for each
presented blot). The next morning, the blot was washed 3 times for 10 min with TBS-Tween buffer
and incubated with the secondary antibody (rabbit anti-mouse or goat anti-rabbit horseradish
peroxidase (HRP) conjugate at 1 / 3000 dilution) at RT for 1 hour. Finally, the blot was washed as
described above, the Clarity Western ECL substrate kit was used according to supplier's instructions

chemiluminescence signals were captured with the ChemiDoc™ Touch imager (BioRad).
V1. Purification of recombinant fungal proteins

VL1, Construction of clones overexpressing recombinant DUF2156

related proteins fused to MBP.

ORFs encoding ErdS and ErgsS variants from Afm were amplified from the codon optimized
sequences, flanked with gateway attB sequences, and cloned into pDONR221 using Gateway
technologies (Gateway® BP Clonase™ Il Enzyme Mix) as described in previous sections (see §11.8.1).
The ORF was then shuttled through LR reaction into pHtevGWA corresponding to pGGWA in which
GST was replaced by an His6x tag followed by an TEV protease cleavage site (TevCS). To express

MBP-tagged versions, ErdSasm and ErgSasm were amplified from the entry plasmid (i.e. pDONR221-
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GOI) and cloned downstream to the MBP-TevCS ORF found in pMtevGWA vector (i. e. pMGWA
gateway vector in which we inserted an TevCS at the 3’ end of MBP) using the isoT cloning method.
The same procedure was employed to obtain plasmids for the expression of MBP-ErdHasm, MBP-
ErgSy; but in those cases ORFs were amplified from gDNAs. Primers, PCR templates and final
plasmids expressing recombinant proteins are listed in Table MM-2 at the end of the present
manuscript. £ coli Rosetta2 cells where transformed with pHtevGWA-X of pMtevGWA-X expression

plasmids, where X corresponds to the ORF of interest.
Vi.2. Solubility check of recombinant proteins

£ coli Rosetta2 cells expressing recombinant proteins were grown in liquid LB
supplemented with Amp (100 pg/ml) at 37°C until ODsoo reached 0.5. MBP- and His-tagged proteins
overexpression was induced with 0.3 mM IPTG and aliquots were collected at different times to
follow overexpression kinetics. Culture was stopped by centrifugation at 5000 x g for 10 min at 4
°C. Cells were resuspended in lysis buffer (Tris-HCl pH 7 250 mM, NaCl 300 mM, KCI 30 mM, Glycerol
5 % (v/v), Tween20 0.25 % (v/ v), B—mercaptoethanol 5 mM, Na,-EDTA 10 mM, protease inhibitor
cocktail (Roche Complete, EDTA-free), disrupted by sonication and the resulting lysate was
centrifugated at 10000 x g for 30 min at 4°C. The supernatant was transferred to a new tube and
the pellet was resuspended in an equal volume of lysis buffer. Finally, 10 pyL of each fraction,
supplemented with 1 x Laemmli buffer and boiled at 95°C, were analyzed by SDS-page. Further
informations and obtained data are presented and discussed elsewhere (Results & Discussions

Parti§Iv.1.).

VL.3. Purification of MBP-tagged ErdS and Ergs variants
VI.3.1. Culture and overexpression conditions

Cells were grown in liquid LB supplemented with Amp (100 pg/mL) and when ODgoo reached
0.5, flasks were placed on ice for 30 min. Overexpression of recombinant proteins was induced
with 0.3 mM IPTG for 3h at 30°C and the culture was finally stopped by centrifugation at 5000 x g

for 10 min at 4°C. Note that later during my thesis | tested various overexpression conditions and
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the results revealed that induction with 0.1 mM at 18 °C for 12 h yield higher amounts of the

recombinant proteins (Results & Discussions, Part |, § IV.4.1.).
VI.3.2. Enrichment of MBP-tagged proteins on amylose resin

The pellet resulting from 2L culture (around 5 g) was resuspended in 15-20 mL lysis buffer
composed of Tris-HCl pH 7 250 mM, NaCl 300 mM, KCl 30 mM, glycerol 5 % (v/v), Tween20 0.25 %
(v/ v), Tritonx100 0.1 % (v/v), B—mercaptoethanol 5 mM, NaEDTA 10 mM, protease inhibitor
cocktail (Roche Complete, EDTA-free), benzamidine 2 mM, pMSF 0.5 mM. Cells disruption is
conducted by sonication (Bioblock Scientific, VibraCell; 8 x 1 min 1 sec on / 1 sec off, amplitude 30
%, on ice) and the lysate is centrifuged at 10000 x g for 30 min at 4°C. The SN is incubated with 2
mL amylose resin (NEB, E8021S), previously equilibrated with lysis buffer, and placed on a rotating
wheel for 2-3 h at 4°C. The flow-through is collected using a 1.5 x 10 cm chromatography column
(Biorad, Econo-Column® #7371512), beads are washed several times (at least 5-15 column
volumes) with wash buffer (Tris-HCl pH 7 50 mM, NaCl 300 mM, KCl 30 mM, glycerol 5 % (v/v),
Tween20 0.25 % (v/v), TritonX-100 0.1 % (v/v), B-mercaptoethanol 5 mM). Elution is achieved with
the wash buffer supplemented with 2,5 % maltose monohydrate (p/v). 0.5 mL fractions are
generally collected and 10 pL of each is analyzed by SDS-page. Eluted proteins were stored with

glycerol 50 % (v / v) at -20°C or -80°C.

This protocol stands as the reference protocol and can be used for all MBP-tagged proteins
cited in the present manuscript. However, during my thesis | also used an MBPTrap™ HP (GE
healthcare, 28-9187) conducted by an Akta Pure HPLC system instead of the atmospheric amylose
resin chromatography. In those cases, equilibration and wash steps were performed at a flow rate
of 1 mL/min while sample application was performed at 0.5 mL/min and proteins were eluted with
a gradient of maltose (0-3 % maltose (w/v) at 0.5 mL/min. Note that the MBPTrap™ HP alternative
yield very low efficiencies for ErgSasm and ErdSasm purification (not shown). Consequently, | used
the MBPTrap™ HP only to purify recombinant versions of ErgS from Yli (ErgSy;) and of ErdH from
Afm (ErdHasm). In these cases, volumes of the culture and consequently of the lysis buffer used to

resuspend cells were modified as specified in the result sections.
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Further informations and obtained data are present and discussed elsewhere (Results &

Discussions Part 1 § IV.2. and Part Il (Ergs article draft)).
VI.3.3. TEV protease cleavage

Fractions eluted from the amylose resin that contain the protein of interest were pooled
to obtain a homogenous concentration and aliquoted into fractions of 190 pL to which 10 pL of TEV
buffer 20 x (1M Tris-HCl pH 7.5 and 10 mM Dithiothreitol (DTT)) were added. This concentrated
buffer can be stored at -20 °C or at -80 °C. 2 yL of DTT at 100 mM were added to the reaction tubes
and cleavage was started with 8-10 pg of purified TEV protease. Reaction tubes were incubated at
18°C for 5h or at 4 °C O/N. In some cases, when the rate of cleaved proteins was not satisfying, the
concentration of the protein was diluted to 1 mg / mL and the cleavage assay was repeated. This

was applied to show that both, the MBP-fused and the cleaved version of ErdS versions are active.
VI.3.4. Purification of ErdSas; by size exclusion chromatography

One goal during my thesis was to purify a version of ErdSam that would facilitate its
crystallization to resolve the tridimensional structure. As described in the accompanying paper,
the AspRS domain of ErdSasm is fused to a N-terminal (Nt) extension of 104 aa in which no domain
of known function was predicted. Furthermore, Phyre2 failed to predict structural features in the
Nt extension, which advocates for a labile region susceptible to hinder the obtention of X-ray
crystal structures of ErdS. In a first attempt | deleted 84 aa from the Nt extension by using
pMtevGWA-erdS-Afm plasmid as template and two purification strategies were tested. The

construct is termed (MBP-)ErdSaga.

In the first case, the usual culture, overexpression, lysis, amylose purification, and
proteolytic cleavage procedures described above were used. A homemade gel filtration column,
made of Superdex 75 resin casted in a 2.5 x 30 cm chromatography column (Biorad, Econo-
Column® #7372532), was mounted on an Akta purifier HPLC system. Column equilibration and size
exclusion chromatography were performed in the presence of buffer GF (50 mM Tris-HCl pH 7 and
30 mM KCl) and the flow rate was set to 0.2 ml / min. 1.8 ml of enriched and cleaved ErdSas. were

injected and fractions of 1.4 ml were collected.
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In the second case | brought several modifications to the purification protocol. The culture was
performed in 1 L and overexpression was induced with 0.1 mM IPTG for 12 h at 18 °C. The resulting
pellet (4 g) was resuspended in 20 ml of lysis buffer and sonication was performed as described
above. The lysate was centrifuged at 13000 x g for 30 min and the supernatant was incubated with
2 ml of amylose resin at 4 °C for 2 h on a rotating wheel. The batch was split into two fractions that
were separately poured into distinct Poly-Prep® Chromatography Columns (Bio-rad). The flow-
through was collected, beads were washed several times and proteins were eluted with 5 x 1 ml
of wash buffer supplemented with 3 % maltose monohydrate. A total of 4 fractions were pooled
and concentrated to 2 ml (Centricon Amicon Ultra-4, 10 kDa) and importantly, the MBP-tag was not
removed in this case. The concentrated fraction was subjected to a Hiload 16/600 Superdex 200pg
(GE healthcare) monitored by another Akta pure HPLC system (AKTA pure Chromatography System,
GE healthcare). The GF buffer was (50 mM Tris-HCl pH 7 and 30 mM Kcl), the flow rate was 1 mL /

min and fractions were collected in 0.8 mL fractions.

Further informations and obtained data are present and discussed elsewhere (Results &

Discussions, Part 1§ IV. and Part Il (ErgsS article draft)).
VIl. Purification of TEV-protease (Tobacco Etch Virus)

The procedure used here was adapted from . £ coli Rosetta 2 was
transformed with a plasmid pRK793 that encodes for TEV protease fused at the N-terminal
extremity to a MBP-tag. In addition, both sequences are separated by an internal Tev cleavage site
(TevCs) followed by a heptahistidine tag (His7X). During expression and purification, autocleavage
of the MBP-TevCS-His.x-TEV protein leads to an His7X tagged TEV protease (Figure MM-8) that can

be purified as described in the following sections.
VII.1.  Culture and overexpression

Liquid LB medium supplemented with 100 mg/L Amp and 34 mg/L Chloramphenicol (LB +
Amp + Chl) is seeded with €. coli cells carrying the expression plasmid. This pre-culture is incubated
O/N at 37°Cunder constant shaking at 200 rpm. The next morning, the preculture is diluted to ODsoo

= 0.05in 2 x 1L LB + Amp + Chl and the cultures are grown at 37°C until ODggo = 0.5 - 0.6. The flasks
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Figure MM-8: Representation of the pRK793 plasmid and its encoded self-cleavable MBP-TEV protein. pRK793
plasmid encodes for a recombinant MBP-TEV protein and was transformed in £ coli Rosetta 2. The N-terminal
MBP-tag and the C-terminal TEV protease are separated by a TevCS and a His7x-tag. During overexpression and
purification, the autocatalytic activity of the protein releases a free MBP and his-tagged TEV protease.



are then transferred at 30°C for 1 hour and overexpression of MBP-TevCS-His6X-TEV is induced
with 0.5 mM isopropyl [3-D-1-thiogalactopyranoside (IPTG). After 3h, cells are harvested by

centrifugation at 5000 x g for 10 min, washed once with PBS and stored at -20°C.

VIL2.  Enrichment of His7X-TEV by Ni-NTA by affinity chromatography

and purification by size exclusion chromatography

Each 1 L pellet is resuspended in 40 mL ice-cold lysis buffer (25 mM NaH,P04 pH 8.5, 300
mM Nacl, 10 % glycerol, 0.01 % NP40 and 7 mM [3-mercaptoethanol) and transferred in a glass
tube. Cell disruption is conducted by sonication (Bioblock Scientific, VibraCell; 1 min 1 s on/ 1 s off,
amplitude 30 %, on ice) and the lysate is centrifugated at 10000 x g for 30 min at 4°C. The
supernatant (SN) is incubated with 2 ml Ni-NTA beads (protino Ni-NTA Agarose, Machery-Nagel),
previously equilibrated with lysis buffer, and placed on a rotating wheel for 1h at 4°C. Beads are
washed with 50 ml lysis buffer supplemented with 15 mM Imidazole, elution is achieved with 12
ml lysis buffer supplemented with 300 mM Imidazole and the resulting eluted fraction is
concentrated to 2 ml by using an centrifugal filter unit (Centricon Amicon Ultra-4, 10 kDa). This
first purification step provides a fraction highly enriched in cleaved His6X-TEV (28,5 kDa) but an
important amount of uncleaved MBP-TevCS-His6X-TEV (72 kDa) is also present. The concentrated
fraction is therefore injected onto a Hiload 16/600 Superdex 200pg (GE healthcare) and monitored
by a High-Performance Liquid Chromatography (HPLC) system (AKTA pure Chromatography
System, GE healthcare) according to manufactured recommendations. GF buffer is composed of
25 mM NaHPO, pH 8,5, 200 mM Nacl, 10 % glycerol and 1 mM B-mercaptoethanol, the flowrate
during equilibration and elution was set to 1 mL/min and the volume of collected fractions was 1

mL.

As explained above, I performed the experiment on 2 x 1 L culture and both pellets were
treated successively at the same day. Surprisingly, the elution profile obtained by size exclusion
differed from one experiment to the other. In fact, chromatograms on Figure MM-9 clearly show
that the relative amount of peak 2 is severally increased in comparison to peak 1 during the second
experiment (compare Figures MM-9A and MM-9B). This might be due to the fact that the
percentage of cleaved protein was higher at the time when the second sample was submitted to

Ni-NTA or/and when it was submitted to size exclusion. In fact, the fraction eluted from Ni-NTA
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during the second experiment shows that MBP-TEV was almost completely cleaved (Figure MM-
9C). Unfortunately, SDS-PAGE analysis were not performed during the first experiment and
therefore no conclusions can be made. Anyway, fractions from peaks 1 and 2 obtained during the
second size-exclusion experiment were analyzed by SDS-PAGE and clearly show that the cleaved
TEV protease is separated in the second peak (Figure MM-9C). Consequently, fractions from peak
2 (form both experiments), containing pure and cleaved TEV protease are pooled together,
supplemented with 50 % glycerol (v / v), aliquoted and stored at -80 °C at a concentration of 0.5

mg/ml.

VIIl. Production of polyclonal antibodies against ErdS and ErgS from
Afm.

Vi1,  Preparation of ErdS and ErgS antigens

Developing antibodies that recognize specifically fungal DUF2156 proteins was another
important goal during my thesis. Antigen used for immunizations were either the full-length
ErgSam or the Erds-AaspRS. For the latter, the goal was in fact to obtain polyclonal antibodies
specifically recognizing the DUF2156 domain rather than the AspRS domain. One option that often

induce good antibody response is to elute protein antigens directly from SDS-page

MBR-ErgSam was purified as described above, but here a maltose gradient was used to
elute proteins (Figure MM-10A). The eluate (9,5 ml) was concentrated to 2 ml with a Centricon
(Amicon Ultra-4, 30 kDa). During this concentration step no precipitation was observed. The MBP-
tag was removed by performing proteolytic cleavage mediated by the TEV-protease, as described
above, with the notable difference that the reaction was incubated O/N at RT (Figure MM-10B). An
aliquot of the concentrated protein was incubated in the same conditions without adding TEV-
protease, which further confirmed that the cleaved version but not the MBP-tagged protein
precipitates (Shown ou not shown ?2?). Proteins were supplemented with Laemmli buffer 1 x, boiled
at 95 °C and mixed until no remaining precipitate was visible. As described later, the development
of polyclonal antibodies was performed in collaboration with Covalab which required at least 500

pg of the antigen (enclosed in polyacrylamide gel) to perform all immunization steps. Therefore,

321



MBP-Ergs (105 kDa) Figure MM-10: Preparation of the Ergs

MBP ¥ DUF2156 antigen for immunization. (A) Plasmid

pMtev-ErgS-Afm was transformed in €.

A 1 05 m B coli Rosetta2, cells were grown in 2 L
0-25 0> 1 3 70 (pIV) TEV - + - o+ culture until ODggg reached 0.5 and

FT E1 E2 E3 E4 ESEG E7 E8 E9 E10E11E12  O'WD _10 2  overexpression of MBP-ErgSum was

SR S SR induced with 0.3 mM IPTG for 3 h at 30

gg: °C. Cells were disrupted by sonication,

- and the recombinant protein enriched

55— on amylose resin on low pressure

40— column. The volume of eluted fraction

35—
and % (p / v) used for the maltose step

Amylose resin affinity ) TEV cleavage gradient are indicated. 10 pl of each
C fraction supplemented with Laemmli
buffer 1 x was analyzed by SDS-PAGE. (B) Fractions E2-E12 were
concentrated to 2 mL final, an aliquot of 100 pl was put to side as
control the rest was submitted to TEV protease. Aliquots of treated
) (+) or non-treated (-) fractions were analyzed by SDS-PAGE after O/N
incubation at RT. The black star indicates non-cleaved MBP-ErgS and
w the white star indicates cleaved ErgS. (€) 400 pl of TEV treated
MBP (40 kDa) fraction was loaded on a large 1 well polyacrylamide gel (15 x 15
= cm) 10 % and separated by SDS-PAGE. Note that due to the low
separation quality, | repeated the SDS-PAGE, which gave better
Iargé scale SDS-PAGE 15 x 15 cm resolution and the band corresponding to ErgS was cut out of the
gel (not shown). MW, molecular weight; FT, flowthrough; E, Elution

fractions

MBP-Ergs (105 kDa

GST-MBP-ErdS-AAspRS (108 kDa)

A GST MBP ¥ DUF2156 B
C————OoO————

El E2 E3 E4 E5 E6 E7 E8

130— 170— GST-MBP-ErdS-AAspRS
100— 130— (108 kpa)
70— 100—
70— GST-MBP (67 kDa)
e
55—
20— ErdS-AAspRS (40 kDa)
D
35—
TEV cleavage large scale SDS-PAGE 15 x 15 cm
D Figure MM-11: Preparation of the ErdS antigen for immunization. (A)

MBP-ErdS,fm, was enriched as for MBP-ErgS,sm, (see legend of the previous
figure) except that elution was performed continually with maltose 3 %.
Elution fractions were analyzed by SDS-PAGE. (B) Fractions E3 and E4 were
first pooled and then submitted to TEV protease. An aliquot was analyzed by
SDS after 4 h incubation at RT but the cleavage was not satisfying which is
why tubes were further incubated 0/N. (€) 250 pl of TEV treated fraction
was loaded on a large polyacrylamide (15 x 15 cm) 10 % gel and separated
by SDS-PAGE. (D) Cutting out the band corresponding to cleaved ErdS,fm.
Red arrows indicate the outlines of the excised band.

cuting out the band of interest



around 400 pL were loaded onto a large 10 % polyacrylamide gel (15 x 15 cm), proteins were
resolved by electrophoresis and the gel was finally stained with Coomassie Blue R-250 (Figure MM-
10C). The band corresponding to cleaved ErgSsm was cut out of the gel, sliced, grinded into fine

pieces, and submerged with 4 ml PBS buffer 1 x.

For the second antigen, the MBP-ErdS-AaspRS version was not suitable for this purpose
since ErdS-AaspRS and MBP have quasi identical MW (39.3 and 40.5 kDa respectively), thereby
hindering their separation on by SDS-PAGE. Therefore, | fused an additional tag at the N-terminus
of the constructions which increases the size of the tag (66.3 kDa). The resulting GST-MBP-Erds-
AaspRS (108 kpa) was purified on amylose resin (Figure MM-11A) and two elution fractions
containing the highest amount of the purified protein were submitted to TEV protease at RT
(Figure MM-11B). After 4 h incubation a fraction was analyzed by SDS-PAGE but the cleavage
efficiency was low and tubes were further incubated O/N. The partial cleavage might be due to the
high concentration of the target protein but for technical reasons | wanted to avoid dilutions.
Finally, proteins were separated by SDS-PAGE using on a large polyacrylamide gel and the band
corresponding to cleaved Erds-AaspRS was prepared as described above (Figure MM-11C and MM-
11D). Importantly, when cutting the band of interest from the gel it is recommended to not surpass

the band outlines.

VII.2. General protocol for the immunization of rabbits against antigens

(Covalab France).

ErdS and ErgsS antigens were prepared as described above and sent to Covalab France that
performed all immunization steps. The pipeline of the procedure is presented in Figure MM-12.
Note that at this stage of the project we aimed to develop antibodies mainly to detect ErdS and
ErgsS variants by Western blots (WB). Therefore, we assumed that it would be sufficient to produce
polyclonal antibodies and we decided to realize the immunizations against our antigens of interest
on New Zeeland White rabbits. One important step was to select the appropriate rabbits to inject
and in the present case the choice was done by testing pre-immunized serums by WB. These
serums are indicated as SXXX_PI, were XXX correspond to the 3 last numbers of rabbit's
identification matricula. At day 0 the serum is again collected and will be used as negative control

(indicated as SXXX_DO0). The first immunization step performed the same day through intradermal
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covalab LB

(In our lab)
Collecting 4-5 ml of pre-immune serums of 4 Testing the reactivity of SXXX_PI by WB and
New Zeeland White rabbits (SXXX_P1) choosing two rabbits to be immunized
Day O
Collecting control serums (SXXX_DO)
&

Intradermal injection (1 mL / rabbit)
0.5 mL antigen + 0.5 mL complete Freund's adjuvant

Day 14
Intradermal injection (1 mL / rabbit)
0.5 mL antigen + 0.5 mL complete Freund's adjuvant

Day 28
Intradermal injection (1 mL / rabbit)
0.5 mL antigen + 0.5 mL complete Freund's adjuvant

Confirming the induction of an immune response
against the antigen by testing SXXX_D39 through
WB. SXXX-DO are used as controls.

Day 39
Collecting 4-5 mL of test serums (SXXX_D39)

Day 42
Subcutaneous injection (1 mL / rabbit)
0.5 mL antigen + 0.5 mL complete Freund's adjuvant

Day 53 Evaluation of the immune response
Collecting 10-15 mL of test serums (SXXX_D53) Confirmation of the presence of primary antibodies
specifically recognizing the antigen
Day 67 validating the suitability of immunized serums for
Sacrificing rabbits and collecting final serums planned experiments.
(sxxx_final)

Figure MM-12: Pipeline of the procedure used for the production of polyclonal antibodies. The left side
describes the immunization steps performed by Covalab France and the abbreviation of the collected serums are
indicated in bold between brackets. XXX corresponds to the suffix of rabbit's identification numbers. At different
stages of this immunization protocol, Covalab provided us serum fractions that were tested by WB to evaluate the
production of primary antibodies against the antigen (right side).



injection of the antigen, and this injection is repeated after 14 and 28 days. A few mL of each
tested serum is sampled at day 39 (indicated as SXXX_D39) to verify whether an immune response
was triggered. If so, the latter is boosted by subcutaneous injection of the antigen at day 42 and
serums are again sampled at day 53 (indicated as SXXX_D53). The suitability of the obtained serum
to perform the whished experiments (i. e. mainly WB in the present case) is tested and the rabbits

are sacrificed at day 67 to collect the final serum (indicated as SXXX_final).
VIi.3.  Evaluation of the immunization against ErdS by immunoblotting

The ability of serums, collected at different stages of the immunization, to specifically
recognize ErdS was tested by WB. Preparation of Crude extracts (EB) from Sce strains, SDS-PAGE
and WB were performed as described in . Sera extracted from the rabbits
contain primary antibodies and dilutions that were assayed are specified in the following sections
and in the accompanying figures. The secondary antibody used for all WB presented, corresponds

to HRP-conjugated goat anti-rabbit and was diluted to 1 / 3000.

Pre-immune sera of 4 naive New Zeeland White rabbits (1831003, 1831005, 1831026 and
1831029) were collected and their reactivity was tested by WB in the presence of EB obtained from
Sce wt, Sce expressing ErdSasm and Afm wt (Figure MM-13). Pre-immune sera from rabbits 1831005
(S005_PI) and 1831029 (S029_pr1) showed less background signals, in particular at sizes neighboring

those of full-length Erds, and were finally retained for immunization with ErdS-AAspRS.

Sera were collected from both selected rabbits just before immunization (S005-D0 and
S029_D0) or after 39 days immunization (S005_D39 and S029_D39) and immunoblots were
performed on EB from Sce strains or on recombinant MBP-ErdsS purified from &. coli (Figure MM-
14). Blots performed with S005_D39 and S029_D39 (dilution: 1 / 3000) on EB from Sce revealed an
additional band, migrating at the expected MW which was specific to the presence of ErdSam
(Figure MM-14A). These results confirmed that both injected rabbits were successfully immunized
and produce antibodies specifically recognizing ErdSsm. However, the signal corresponding to
ErdSasm seemed to be more important with S005_D39 in comparison to S029_D39 which is why
further tests were performed with SO05_D39. Moreover, the intensity of the specific signal was

only slightly higher in comparison to non-specific bands revealed by S005_D39. The same result
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Figure MM-14: Evaluation of ErdS,¢,, immunized serums collected at days 0, 39, 53 and 67 (final) by WB. (A) WB were
performed on EB from Sce wt (1) or from Sce expressing ErdSssm, (2) and on purified MBP-ErdS (3). The tested serums are
indicated at the top of the result. (B) S005_D39 was tested in the presence of decreasing amounts of recombinant MBP-Erd-
Safm (indicated in pg at the top of the blot). (€) S005_D53 was tested in this case on EB obtained from Sce expressing one of
both DUF2156 proteins from Afm (i. e. ErdS and ErgS). Antibodies from this serum do not cross react with ErgS. Note the
increased intensity of the expected band in comparison to the contaminants (compare with S005_D39 in (A)). (D) With regard
to the results obtained in (C), the immunization procedure was stopped at day 67 and the final serum was collected. Testing
EB from the indicated Sce strains confirmed that antibodies from S005_final interact specifically with the DUF2156 domain
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shows also that MBP-ErdS is also detected by both tested sera but due to the loaded amounts it is
not possible to compare the efficiencies of both serums. In addition, amounts of MBP-ErdS ranging
from 1 to 0.016 pg were successfully detected by WB performed with S005_D39 and the acquired

signal decreased as expected proportionally to the amount of protein (Figure MM-14B).

A subcutaneous injection of the antigen injection was performed at day 42 and sera were
collected at day 53 (D53). EB from Sce expressing ErdSasm or ErgSasm were prepared to test potential
cross-recognition and serum S005_D53 obtained from rabbit 1831005 was tested by WB at 1/ 5000
dilution. Importantly, ErgSas was not detected in these conditions, which witnesses the specificity
of S005(-D53) antibodies for ErdSsm recognition. Moreover, this result also shows that the ErdS

specific signal is severely increased when compared to unspecific bands (Figure MM-14C).

At day 67 after immunization, rabbits were sacrificed and the final serums (S005_final and
S029_final) were collected. Figure MM-14D shows the result obtained by WB performed with
S005_final on EB that were obtained from Sce expressing distinct ErdS variants. As expected, ErdS-
AaspRs was also detected but not Erds-Aduf2156 which confirms the specificity of polyclonal
antibodies from S005_final for the DUF2156 domain of ErdS. In this experiment an EB obtained
from Sce expressing the homologous ErdS from Aor was also included. Antibodies from S005_final
recognized this homolog but surprisingly the intensity of the band was severally decreased.
Because the size of the corresponding band is similar to those obtained for ErdSam, it might be

that the avidity of the antibodies for ErdSa.r is weaker than for ErdSasm.

Finally, EB obtained from Afm strains were also tested but the detection of ErdS was much
more compromised. Here | selected two experiments where the signal suspected to correspond to
ErdS recognition was appreciable. Culture were grown as described in , EB
were prepared as described above (Materials & Methods, § IV.3.) and aliquots were clarified by
centrifugation at 1000 x g or 4000 x g for 10 min at 4 °C (S1). The resulting S1 and S4 supernatants
were supplemented with Laemmli buffer 1.5 x, boiled at 95 °C and vortexed until complete
solubilization, loaded on 10 % polyacrylamide gel and developed by SDS-PAGE. Proteins were
transferred onto a PVDF membrane and WB was performed with S005_final diluted at 1/1000. The

dilution of the HRP-conjugated goat anti-rabbit (secondary antibody) remains unchanged (1 /

327



328



3000). The result in (Figure MM-15A) shows that ErdS was specifically detected in EB from Afm wt
but the corresponding signal was very slight. In addition, an important non-specific band with size

between 70 and 100 kDa was revealed in all tested samples.

In the second experiment EB from Afm wt, Afm Aerds, and Afm Pxyl-erdS (Afm Aerds strain
complemented with the erdS gene under the dependence of a xylose promoter) were tested.
Overexpression of erdS in the latter strain was performed after 22 h culture at 37 °C by adding
xylose 1 % (w / v) and the culture was incubated at 37 °C for an additional hour. EB were prepared
and clarified by centrifugation at 500 g for 5 min. The pellet was removed, and 3 mL of each
supernatant was fractionated by ultracentrifugation at 100000 x g for 1 h at 4 °C. The soluble
fraction (5100) was transferred in a fresh tube and an aliquot was supplemented with Laemmli
buffer 1 x. The pellet (P100) was resuspended in 200 pL of lysis buffer supplemented with 1% N-
Lauroylsarcosine sodium salt. An aliquot of each P100 fraction is supplemented with Laemmli
buffer 1 x boiled at 95 °C and vortexed until total solubilization. 10 pl of each fraction are finally
loaded on SDS-PAGE for further analysis by WB treated with S005_final (Figure MM-15B). A slight
Erds signal was detected in the P100 fraction of Afm wt, but not in Afm Aerds. In contrast, ErdS
was not detected in the corresponding S100 fraction and one might speculate that this is due to
the poverty of the loaded protein amount. Strikingly, three intense bands were revealed in P100
from Afm pPxyl-erdS that were not present in the corresponding S100 fraction (Figure MM-15B).
The upper band is assumed to contain the full-length ErdS protein and the presence of both lower
bands might correspond to cleaved products that harbour the DUF2156 domain. As detailed in
(vakobov et al., 2020) this preliminary result advocates for the membranous localization of ErdS

and this point will be discussed in the conclusion and perspectives sections.

To conclude the S005_final, containing polyclonal antibodies specifically recognizing the
DUF2156 domain of ErdsS, is suitable for WB performed on Sce strains expressing ErdS in the tested
conditions. The situation is more complex when aiming to detect ErdS in Afm and it is not
determined if this is due to potentially low avidity of the antibodies or to the very low expression
level of erdS in the tested condition. Finally, some tests were also performed with S029_final

including WB on EB from Afm strains and results seem to be similar (not shown).
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Figure MM-15: Detecting ErdS in Afm with S005_final. (A) EBs
from Afm wt and Afm-AerdS were prepared as described in the
corresponding Materials & Methods section and were clarified
either with centrifugations at 1000 x g or at 4000 x g (10 min at
4 °(C). 10 pl of each fraction was separated by SDS-PAGE and
analyzed by WB. (B) In addition to both EB mentioned in (4), the
Afm strain overexpressing erdS under the xylose inducible
promoter (Pxyl-erdS) was also considered. In this experiment,
EB were fractionated by ultracentrifugation (100000 x g, 1 h, 4
°C) and aliquots of the pellet (P100) and of the supernatant
(5100) were analyzed by WB. * indicate the expected band; LC,
loading control. Serums dilutions are indicated at the bottom of
each result and the secondary antibody was in all cases
HRP-conjugated goat anti-rabbit used at 1/3000 dilution.



VilL.4.  Evaluation of the immunization against ErgS by immunoblotting

The same immunization protocol was applied to develop polyclonal antibodies against
ErgSarm and sera collected at different stages were assayed by WB mainly on EB obtained from Sce
expressing ErgSasm Or Sce wt. Prior to injection of the ErgS antigen, pre-immune serums from naive
New Zeeland White rabbits (1906008, 1906009, 1906012 and 1906014) were tested to select
serums presenting the lowest non-specific signals on WB (1 / 3000) (Figure MM-16). Serum from
rabbits 1906008 and 1906009 showed several non-specific bands in the presence of EB from Sce
and even in a fraction of partially purified ErgSam. The latter corresponds to the same fraction
used to prepare the antigen and contains non-cleaved MBP-ErdSasm (105 kDa), cleaved ErdSam (63
kDa) and free MBP (40 kDa). Intriguingly, the pre-immune serum from rabbit 1906008 (S009_PI)
contains antibodies against MBP since MBP-ErdSasm and MBP were revealed but not the cleaved
ErdSasm. In contrast, serum from rabbit 1906012 (S012_PI) seemed to be the most appropriate
choice and ErgSasm, cutted out from the resolved polyacrylamide gel, was injected in this rabbit. As
a second choice | selected rabbit 1906014 (S014_pI) even though this serum interacts with a band

that migrates at similar size than ErdSasm.

Sera were collected at D39 and D53 after immunization from rabbits 1906012 and 1906014
and at the beginning I planned to test the resulting S012_D39 and S014_D39 at dilution of 1/ 1000.
However, the membrane treated with S012_D39 completely burned when the revelation solution
(BioRad clarity western ECL Kit) was added (not shown) which is why dilutions were adapted.
S012_D39 and S012_D53 were used at 1 / 10000 or 1 /20000 which revealed the presence of an
additional band, migrating at the expected size, in EB sample from Sce expressing ErdSasm but not
in Sce wt (Figure MM-17A). Despite the high dilution, the corresponding band was quite intense
which advocates for the strong immune response against ErgSasm. Minor non-specific interactions
were also present but beside this there was always an important smear at the top of the blot when
EB from yeast were tested. The reason for that is unclear especially that when the final S012 serum
was collected, two independent clones of Sce + ErgSam and Sce + ErdSsm were assayed by WB
(1/10000) and the contamination was present in one experiment but not in the other (Figure MM-
17B). Using Sce + ErdSsm as a control showed that in this case too, S012_final recognizes

specifically ErgS and does not cross-interact with ErdS. Concerning the second immunized rabbit
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Figure MM-16: Assaying pre-immune serums
by WB for the selection of appropriate rabbits
to be immunized against ErgS,¢,. Serums were
tested as in Figure MM-13. Samples that were
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Figure MM-17: Evaluation of ErgS,¢, immu-
nized serums collected at different steps of
the procedure. (A) Serums from rabbits
1906012 (S012) and 1906014 (S014) were
collected at days 39 or 53 (indicated in grey
boxes) and tested by WB on Sce expressing
ErgSasm (1) or on Sce wt (2). S012 was used at
1/10000 or 1 /20000 dilutions and S014 was
diluted at 1 / 5000. (B) The final serum from
rabbit 1906012, collected at day 67 was
tested on Sce expressing one of both DUF2156
proteins from Afm (i. e. ErgS (1) or ErdS (2))
attesting that antibodies interacting with
ErgSafm do not cross-recognize ErdSasm. LC,
loading control; MW, molecular weight in kDa.
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(1906014), ErgsS was surprisingly not detected by WB incubated with S014_D39 even though the
dilution was 1/ 5000 (Figure MM-17A). In contrast, the injection performed at day 42 triggered an
immune response against the injected ErgSssm antigen as shown when using S014_D53 on WB.
However, important non-specific bands surrounding the ErgS band are present and in view of the
strong reactivity of immunized S012 serums | preferred to retain the latter for all experiments
done during my thesis. Finally, preliminary tests started to be done with EB obtained from Afm but
since for the moment we failed to construct the Afm Aergs strain the results are difficult to

interpret and are not shown here.

VIIL5. Conclusion

The strategy used here in collaboration with Covalab France was successful to immunize
rabbits against fungal DUF2156 proteins since specific polyclonal antibodies appeared during the
immunization process and were extracted in form of serums. The qualitative characterization
(affinity, avidity, and specificity) of those antibodies is difficult since they were not further
purified, and the corresponding sera undoubtedly also interacts with contaminants. However,
regarding the presented tests, the immunized sera are largely suitable for WB and give appreciable
results especially in the presence of EB obtained from Sce. Furthermore, sera immunized against
ErdS do not cross-interact with ErgS and vice versa, despite both contain a DUF2156 domain. For
immunoblots performed in the presence of EB prepared from Afm further investigations are
needed but from preliminary results it appears that fungal DUF2156 proteins may be present in
low amount in the tested conditions. Further tests should be performed to characterize the
selected serums and it is also probable that other strategies (e. g. monoclonal antibodies) will be
necessary in the future to develop improved antibodies. However, in the meantime, | retained
immunized S005 sera (S005_D53 or S005_final) as “primary antibody” against ErdS for all WB shown
in the present manuscript, while S012 sera (5012_D39, S012_D53 or S012_final) are used to detect

Ergs.
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IX.In vitro lipid aminoacylation assays (LAA)

In vitro tRNA aminoacylation assays, LAA by fungal DUF2156 proteins and lipid deacylation
assays by ErdH are fully described in and in the article in preparation. Thus,
the aim of the present section is to provide some practical precisions when assaying in vitro the

transfer of Asp or Gly onto Erg.
IX.1. Erg-Asp synthesis

In order to synthesize radiolabeled Erg-Asp species, we first adapted the LAA described
elsewhere , as follow: A 2 x concentrated reaction mix was prepared and
contained 200 mM Na-Hepes pH 7.2, 60 mM KCl, 24 mM MgCl2, 20 mM ATP, 0.2 mg/mL bovine
serum albumin (BSA), 20 UM pure yeast tRNA*P (46), 40 uM [U-14C]- Asp (280 cpm/pmol, Perkin-
Elmer, NEC268E050UC). Commercial sterols species and total lipids from yeast were first solubilized
in EtOH 100 % and CHCI3, respectively. Reaction tubes were prepared, 25 pg of commercial sterols
or 100 pg of total lipids from yeast were added and the organic solvent was evaporated by heating
tubes at 60 °C. 25 pl of the 2 x concentrated reaction mix was added and lipids were resuspended
by sonication for 30 sec in a sonicator bath at RT. Finally, 0.1 to 0.5 pg of purified (MBP-)ErdsS
variants or 20 pg of total proteins from crude extracts were added, the volume was completed to
50 pL with H,0 and assays were incubated at 30 °C for 40-60 min. In this way a reaction assay is
composed of 100 mM Na-Hepes pH 7.2, 30 mM KCl, 12 mM MgCl2, 10 mM ATR, 0.1 mg/mL bovine
serum albumin (BSA), 10 UM pure yeast tRNA*P (46), 20 uM [U-14C]-Asp (280 cpm/pmol, Perkin-
Elmer, NEC268E050UC), 0.5 mg/mL of total lipids from yeast or 2 mg/mL of commercial sterols and
2 - 10 yg/mL of purified (MBP-)ErdS or 0.4 mg/mL of total proteins from crude extracts. By doing
this, both involved reactions (i. e. tRNA*P aspartylation and the subsequent transfer of Asp onto

Erg) are coupled from the very start of the reaction.
IX.2. Erg-Gly synthesis

In contrast to ErdS, the other fungal DUF2156 protein, Ergs, is not fused to GlyRS. To

optimize our chances to synthesize Erg-Gly in appreciable amounts, | adapted the above described
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procedure. In this case, the LAA was performed in two steps: tRNA®Y was first aminoacylated and

Erg-Gly synthesis was initiated after the tRNA®Y aminoacylation plateau was reached.
IX.2.1. Step 1: tRNA®Y aminoacylation assay

The 2 x concentrated reaction mix was prepared and contained 200 mM Na-Hepes pH 7.2,
60 mM KCl, 20 mM MgCl2, 20 mM ATR, 0.2 mg/mL bovine serum albumin (BSA) and 140 pM [U-14C]-
Gly (100 cpm/pmol). Total tRNA from yeast was purchased from Sigma-Aldrich (R8759) and
dissolved in water to 46 mg/mL. 4.3 pL of total tRNA from yeast were added to 25 pl of 2 x
concentrated mix and the volume was completed to 45 pl. tRNA®Y aminoacylation was initiated by
adding 5 pl of a S100 soluble fraction, prepared from Sce, and the assay was incubated at 30 °C for
1 hour. Kinetics were performed as described in to confirm the synthesis of

Gly-tRNA®Y,
IX.2.2. Step 2: LAA

An aliquot of commercial Erg, (solubilized in EtOH 100 % and stored at 20 mg/mL at -20
°C), was dried by evaporation at 60 °C and solubilized by sonication in an adequate volume of R
buffer (100 mM Na-HEPES, 30 mM KCl, 10 mM MqCl2) to yield a 5 mg/mL preparation. As described
in the previous section, Gly-tRNA®Y was pre-synthesized in a reaction volume of 50 pL for 1 hour,
then 10 pL of Erg (final concentration, 0.5 mg/mL) and 5-7 ug of MBP-ErdSenriched fractions were
added to the reaction mixture and the volume was completed to 100 pL with R buffer. Finally, the

assay was further incubated at 30 °C for 40 min.

In all cases the reaction assays were thereafter stopped by extracting lipids and
radiolabeled species were revealed as described in
X. tRNA synthesis by in vitro transcription

X.1. Cloning Ribozyme-tDNA constructs for in vitro transcription

Several ribozyme-tRNA versions were designed in silico using the mfold web server and 3
of them, termed v4, v5 and v6, were experimentally cloned. 4 overlapping primers, encompassing

Asp

together the T7 promoter, the HMH.: ribozyme, and the tDNA®P,s, (corresponding to the DNA
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sequence encoding the tRNA) were designed (Table MM-5). One of them is specific to each
construction (NY183 for v4, NY184 for v5 and NY185 for v6) while the 3 remaining primers (NY186,
NY187 and NY188) are common to all constructs tested here. NY188 was designed so that a
dinucleotide GG is incorporated immediately downstream the 3'CCA of the tDNA, thereby
generating a BstNI restriction site (CC*AGG) for run-off transcription. Importantly, tRNA*Puzm,
contains an internal BstNI restriction site, which is why A50-U64 base-pair was mutated to G50-
C64. Plasmids containing HMHw-tDNA constructs were obtained by performing successively two
isoT cloning reactions (Figure MM-18). However, the T5 exonuclease activity was inactivated
before the first reaction (isoT 1) by pre-incubating the isoT mix 1 x at 50°C for 15 min. Then the
adequate primer combinations, detailed in Table MM-2, were added to the pre-incubated mix (1pl
of each primer at 10 pM) and primers were annealed at 50 °C for 45 min. The resulting HMHu~tDNA
constructs are amplified by PCR with primers NY189 and NY190 and inserted through a second isoT
step (isoT 2) into BamHI/HindlIl double-digested puC19 (Figure MM-18). Finally, isoT 2 products are
transformed in & coli XL1. The obtained HMH.-tDNA sequences and further important
information’s are detailed and discussed in the corresponding result sections (Results &

Discussions, Part 1, §11.2.).
X.2. In vitro transcription of ribozyme-tRNA constructs

For this procedure important amounts of template plasmid are needed. 150 pg of plasmid
pUC19 containing the transcription template downstream the T7 promoter, were digested O/N at
60 °C with BstNI (NEB Biolabs) (100 pl BstNI, 250 pl Buffer 3.1, 150 pyg of DNA in a final reaction
volume of 2.5 ml). Linearized nucleic acids are purified by phenol/chloroform extraction and
precipitated as described above. For each assay, 50 yg of DNA are transcribed in TMSDT buffer 1 x
(40 mM Tris-HCl pH 8.0, 30 mM MgCl2, 0.01 % (v/v) Triton X100, 0.2 mM spermidine, 1 mM DTT)
supplemented with 4 mM of each RiboNucleotides Tri-Phosphates (rNTPs) stabilized at pH 8.0 (ATP,
UTP, GTP and CTP) and 16 mM GMP in a total volume of 500 pL. The excess of GMP is important to
favorize 5'-monophosphate ended transcripts. Finally, around 5 pg of T7 RNA polymerase are
added and transcription is performed at 37°C for at 3 h. The appearance of a white precipitate,
corresponding to magnesium pyrophosphate, evidences tRNA T7 polymerase activity and can be

removed by adding 10 units of inorganic pyrophosphatase. Reaction assays are pooled together
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Name Sequence 5'to 3’ Used as/for

NY183 TAATACGACTCACTATAGGGTTAGCTACGCGAGGACTGACGAGTCTCTGAG Primer 1 for v4 (fwd)
NY184 TAATACGACTCACTATAGGGTTAGCCCTCGAGGACTGACGAGTCTCTGAG Primer 1 for (fwd)
NY185 TAATACGACTCACTATAGGGTTAGCTtCGCGAGGACTGACGAGTCTCTGAG Primer 1 for v6 (fwd)
NY186 GACTCTTCTTGCGAAGAGTTTCGTCTCATCTCAGAGACTCGTCAGTCCTC Primer 2 for v4, v5, v6 (rv)

NY187 aactcttcgcaagaagagtctcctcgatggTCTAACGGTCATGATTTCCGCTTGTCACGCGGGAG Primer 3 for v4, v5, v6 (fwd)

NY188 tattttCCTGGCTCCCCGACGGGGAGTCGAACCCCGGTCTCCCGCGTGACAAGCGGAAATC  Primer 4 for v4, v5, v6 (rv)

NY189 AATTCGAGCTCGGTACCCGGQgatcCTAATACGACTCACTATAGGG Amplification of isoT 1 product (fwd)
NY190 atgaccatgattacgccaagctTtattttCCTGGCTCCCCGACYG Amplification of isoT 1 product (fwd)

Table MM-5: List of primers used to construct HMH,,~tDNA transzymes. Primers NY183, NY184 and NY185 are
specific to v4, v5 and v6 respectively while the remaining primers are used for three constructs, either for the
annealing step (isoT 1) or to amplify isoT 1 products prior to isoT 2. The BstNI restriction site generated by
inserting dinucleotide CC in primer NY188 is shown in bold. Fwd, forward primer; rv, reverse primer.

Pre-incubation of isoT Mix 1 x

15 min, 50 °C
5 3 5 3
l;!.UJJJJ.LLLLLLLLLI;! 5 5
isoT 1 Construct primer combination in isoT 1
annealing, polymerisation,ligation va NY183 + NY186 + NY 187 + NY188
45 min, 50 °C NY184 + NY186 + NY 187 + NY188
v6 NY185 + NY186 + NY 187 + NY188
/
5 35 3
(NN NN RNN N
3 5 3 5
pUC19 PCR amplification
(BamHI, HindIll) &
cloning into digested puC19
by isoT assembly (isoT 2)
/

~

pUC19-HMH-tDNA

Figure MM-18: Constructing pUC19-HMH,,;-tDNA plasmids by two step isoT assembly method. Primer
combinations annealed in the presence of the preincubated isoT mix are indicated a for each construction. The
variable primer 1, specific for each construction is indicated in bold. Once assembled, the isoT 1 product is
amplified with primers NY189/190 and the PCR product is cloned into the linearized puC19.



and to favorize the ribozyme mediated autocatalytic cleavage, 5 volumes of transzyme buffer (50
mM Tris-HCl pH 8.0, 100 mM MgCl,) are added and incubated for 1 h at 60 °C. Finally, nucleic acids
are precipitated in the presence of 250 mM NaCl and 3 volumes ice-cold ethanol 100% O/N. The
pellet is washed with ethanol 70 %. Note that phenol/chloroform and chloroform extractions are
recommended but since the transcripts are further purified on gel (see below) these procedures

are not mandatory.

Aliquots of the reaction before and after cleavage are mixed to loading buffer (95 %
formamide, 1 mM EDTA, 0.025 % (w/v) bromophenol blue and xylene cyanol) and analyzed on 12

% (w/v) polyacrylamide gel containing 8 M urea.
X.3. Purification of tRNA transcripts

To separate and purify tRNA transcripts from other contaminants present in the
transcription reaction (DNA template, free nucleotides, cleaved ribozyme, remaining uncleaved
ribozyme-tRNA, abortive and extended transcripts), samples are mixed to the above mentioned
loading buffer, loaded on a large gel (33 cm x 40 cm x 0,2 cm) composed of 12 % (w/v)
polyacrylamide (acrylamide:bisacrylamaide 29:1) and 8 M urea, and electrophoresis is achieved at
550 V (75 mA) in TBE buffer until the upper migration indicator (xylene cyanol) reaches the bottom
of the gel. The gel is carefully unmolded, placed on a phosphorescent plate and observed under
UV light. Each band of interest is cut out of the gel, rigorously ground, and transferred in an
Schleicher & Schuell (Dassel, Germany) Biotrap in which 2 BT1 impermeable membranes delimit the
cell, while an additional BT2 semi-permeable membrane, inserted adjacent to one of both BT1
membranes forms as small chamber. The cell is then placed in a tank filled with TBE and
electroelution is achieved at 250 V (100 mA) for 4h at 4 °C. The transcript, which migrate between
the adjacent BT1 and BT2 membranes, is recovered, purified by phenol/chloroform and chloroform
extractions, precipitated, and finally resuspended in water. Note that at least a certain fraction of
the obtained transcripts might be in a denatured form. To recover the scaffold of the RNA,

transcripts are heated at 90 °C and slowly cooled at RT prior to in vitro assays.
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XI.Lipid analysis and purification of aminoacylated ergosterol
species

X1, Total lipid extraction from yeast and filamentous fungi
X1.1.1, The Bligh and Dyer method

Several lipid extraction protocols exist [reviewed in 1 but the "Bligh &
Dyer” and the “Folch” methods remain the most widely
used. A common point to all lipid extraction procedures is the employment of organic solvents.
According the Bligh & Dyer procedure, lipids are extracted in a solvent mixture, composed of
chloroform (CHCls) and methanol (MeOH), that must form a single homogenous phase together
with the aqueous phase enclosed in the biological sample. Consequently, volumes of organic
solvents that must be added are directly determined by the aqueous phase retained in the
biological tissue. E. G. Bligh and W. J. Dyer determined that to yield optimal extraction, the ratio of
CHCl; : MeOH : aqueous phase mustbe 1:2:0.8 (v:v:v).Once the extraction process is achieved,
the sample is diluted to obtain a final CHCl; : MeOH : aqueous phase ratioof 2:2:1.8 (v:v: V),
thereby enabling phase separation. The upper aqueous phase is removed, and the lower organic
phase encloses the extracted lipid content. Importantly, to avoid plastic contaminants in the lipid
sample, all steps should be performed using glass equipment’s, especially when preparing samples

for subsequent MS analysis.

XL.1.2. Adapting the Bligh and Dyer method to samples containing aminacylated

species

The standard procedure is detailed in the accompanying paper and
the aim of this section is to provide some additional precisions. When investigating aaLs, the
hydrolysis of the ester bond between the aa and the lipid must absolutely be prevented. This is the
reason why the introduction of an acidic buffer (e. g. Na-acetate pH 4.5) is critical during lipid
extraction. Furthermore, the aqueous phase of the biological sample was not taken in
consideration here and lipid extraction was performed in all cases by adding a mixture of CHC; :

MeOH : Na-acetate 120 mM pH 4.5 1:2 : 0.8 (v : v : V). In practice, Sce cells corresponding to 15
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equivalent ODggo are resuspended in 0.1 mL of Na-acetate 120 mM pH 4.5 and 3.75 volumes
(referring to the volume of Na-acetate added) of MeOH : CHCl; 2 : 1 (v : v) are then added.
Furthermore, the cell-wall surrounding the fungi cell renders them more resistant to cell lysis
which is why 1 volume of glass beads (¢ 0.25 mm to 0.5 mm, Roth) are added to the mixture and
mechanical cell disruption is performed in a FastPrep-24 apparatus at 6 m/s for 1 min, repeated
6 times with cooling on ice between each step. Tubes are then placed on a rotating wheel at 4 °C
for 2-3 h. Additions of 1.25 volume of CHCl; and of Na-acetate 120 mM pH 4.5 are each followed
by vigorous mixing (vortex for 30 sec), and phase separation is then achieved by centrifugation at
4000 x g for 10 min at 4 °C. Finally the lower phase is transferred in a clean tube, vacuum dried
and either stored at -20 °C or resolubilized in an adequate volume of CHCl; or CHCl; : MeOH 1: 1 (v
: v) prior to lipid analysis or lipid purification. Non-lipid contaminants can be extracted from the
lipid samples with H20, NaCl 0.5 M, KCl 0.12 M or Na-acetate 120 mM pH 4.5 added to the recovered
organic phase and followed by phase separation. However, such procedures were not taken to
consideration here. Importantly, as explained the volume of Na-acetate 120 mM pH 4.5 used to
resuspend the biological sample, determines all other volumes added during lipid extraction and
is therefore critical. This procedure was successfully scaled for the extraction of lipids from

samples ranging from 50 to 2000 ODesgo equivalent yeast cell pellets.

Similar procedures were applied to filamentous fungi, either to extract total lipids from
mycelia or from conidia, but early steps of the procedure was adapted due to difficulties
encountered when breaking the biological sample. After growth, mycelium is washed with sterile
water and rigorously dried with towel paper. Around 2 g of it are frozen with liquid nitrogen and
the mycelia is ground in a mortar with a pestle. The resulting fine powder is resuspended in 1 ml
of Na-acetate 120 mM pH 4.5, 3.75 mL of MeOH : CHCl; 2 : 1 (v : v) and 2 mL of glass beads are
added and the biological material is further disrupted with a FastPrep-24 apparatus (6 m/s, for 1
min repeated 8 times with cooling on ice between each cycle). The other steps of the procedure
remain unchanged. Finally, a sample of 10° conidia is resuspended in 500 pl of Na-acetate 120 mM

pH 4.5 and the following steps are adapted in consequence.
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X1.1.3. Adapting the Folch method to samples containing aminacylated species

The above described protocol, adapted from the Bligh and Dyer method, was used for all
lipid extractions performed during my thesis, except in one case where | wanted to test another
procedure, adapted from the Folch technique, which was successfully used by M. Atila, Y. Luo to
get maximal yields of aalLs . In this experiment, cell pellets equivalent to 80
ODgsoo Were resuspended in 0.53 mL of Na-acetate 120 mM pH 4.5 and 2 mL of MeOH : CHCl; 1: 2 (v
: v) and the mixture was vortexed for 1 min. Successive additions of 0.66 ml (0.53 mL x 1.25) of
MeOH and 0.66 ml of Na-acetate 120 mM pH 4.5 were each followed by 1 min vortexing. Tubes
were placed on a shaking table for 3h at 4°C and phase separation was then assisted by
centrifugation at 13000 x g for 5 min. The lower organic phase was transferred in a clean tube and
lipids remaining in the upper aqueous phase were further extracted by adding 0.66 ml of
chloroform followed by vortexing for 1 min and by phase separation (centrifugation at 13000 x g
for 5 min). Both organic phases recovered are pooled together and the sample is cleared from
contaminants as follows. 0.33 ml of H,0 is added to the organic phase, the mixture is vortexed for
1 min and the organic phase is transferred in a new tube after centrifugation. Finally, the sample
is dried in an argon stream. Note that in this case the amount of recovered lipids appeared me to
be very low when comparing to the material usually recovered with the adapted Bligh and Dyer

method. This is probably because mechanical cell disruption was omitted.

X1.2. Separation of lipids by Thin layer chromatography (TLC) and

analysis
X1.2.1. The principle of the technic

One important challenge to which biochemist are often confronted is the separation of
components from a complex molecular mixture. To overcome such challenges, several
chromatography techniques were developed and each of them are defined by specific
physicochemical properties, thereby enabling them to separate molecules according to a specific
feature. Depending on the employed technique, molecules can be discriminated through their size,
their affinity, their ionic charge, their solubility, or their polarity. However, the common point to

all chromatography techniques is the distribution of the molecular mixture between a stationary
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phase and a mobile phase. TLC belongs to this category and is widely used to separate lipids
according to their polarity and their solubility. The most widespread stationary phase is silica gel
(Si0,), coated on glass or aluminum foils, when separating lipids by TLC. The size of the coated
particles distinguishes TLC (10-50 pm) from High-performance TLC (HPTLC; 5 pm) which
consequently offers better resolution. Samples are spotted near to the bottom of the silica plate,
thereby defining the “starting line” (Figure MM-19A). Once loaded, the chromatographic support
is placed in a closed tank that contain a layer of the mobile phase, also called eluent or developing
solvent. The latter, which is highly apolar when analyzing lipid mixtures, raises up through
capillarity and the components of the sample are differentially partitioned between the polar
stationary phase and the apolar mobile phase. The more a lipid is polar, the less it is soluble in the
mobile phase, the more it is strongly adsorbed to the stationary phase and the less it migrates
from the starting point (Figure MM-19B). In contrast, apolar lipids that are even more soluble in
the mobile phase, bind less tightly to the stationary phase and migrate further. In this way, each
lipid has a defined retardation factor (Rf) that corresponds to the ratio between the migration
distance of the lipid and the migration front (Figure MM-19B). Obviously, the Rf of a given
compound depends on the solvent used but varies also according the ambient temperature and
the saturation inside the TLC chamber. Consequently, the developing solvent must be adapted for
each class of lipids and must be judiciously chosen according to the aim of the experiment. Those
and several other aspects related to lipid analysis by TLC are discussed in the excellent review by
B. Fuchs and colleagues . Finally, lipids that migrate in the same spot after one-
dimensional-TLC can be further separated through two-dimensional-TLC. In this case, the same
chromatogram is dried, turned at 90 ° and submitted to a second TLC run with another eluent

(Figure MM-19C).
XL.2.2. Monitoring TLC analysis of total lipids in the present work

Resolubilized lipids are spotted pl per pl onto 10 x 20 cm or 10 x 10 cm (height x width)
silica gel TLC Al foils (Sigma-Aldrich) at 2 cm from the bottom. The quantity of spotted lipid depends
to each case and must be adapted by the manipulator. It depends notably if the aim of the
experiment is analytical or preparative for further analysis e. g. by MS. Furthermore, the

abundance of each lipid or at least of each lipid class may vary depending on growth conditions.

343



10 cm

lipid polarity

10 cm

spotted lipids

* o o o l« Start

Figure MM-19; Schematic representation of lipid separation by thin
layer chromatography (TLC). (A) Aluminum foils coated with silica gel
were used. Resolubilized lipids are spotted pl per pl at 2 cm from the
bottom and define the starting line of lipid separation. Once spotted,
silica plates are placed in a closed tank containing a layer (< 2 cm) of the
developing solvent (or eluent; in light grey). (B) Solvent A, used for
1D-TLC, migrates through up the silica plate and separates lipids accor-
ding to their polarity. Each lipid has a Rf when separated with a given
developing system in defined atmospheric conditions. In this illustration
the Rf of lipid X is given by calculating the ratio between migration
distances a and f. {(€) Components that were not optimally separated by
1D-TLC (illustrated by green and red spots in (B)) can be further
separated by 2D-TLC. The chromatogram obtained by 1D-TLC is rotated
at 90 °C and 2D-TLC is achieved with a different solvent (light blue).

1D-TLC C 2D-TLC
(solvent A) (solvent B)
R = Front (1D) ~Front (2D)
I
- r '
- - = 90 ° rotation '
I’_\ |\3 . . . .
& E v Migration ' Migration
0 < of solvent of solvent
=i . L« Start (1D) L J
¢ - Start (2D)




In general, lipids from Sce samples equivalent to 50 ODgoo are rigorously resuspended in 50
Ml (CHCl; or CHCls : MeOH 1: 1 (v:v)) and 10 pl are spotted for TLC when targeting the Erg-Asp (=
lipids from 10 equivalent ODsoo). The situation is more complex when analyzing the ErgS dependent
lipid and depends on the origin of the overexpressed enzyme. In fact, the relative amount of Erg-
Gly recovered from Sce expressing ErgSy; or ErgSesq is high and lipids from 10 equivalent ODgqo are
largely sufficient to identify the lipid. In contrast the amount of Erg-Gly recovered from Sce
expressing ErgSasm is much lower and therefore the analyzed amount of total lipids is increased to
25 equivalent ODggo. This amount was not further increased because it hindered TLC migration and
resolution. Note that the quantities of spotted lipids indicated here are suitable when staining thin
layer chromatographs are revealed with the MnCl2 / sulfuric acid containing solution (see below).
When staining the chromatograms with other reagents, the lipids of interest (i. e. Erg-Asp and Erg-
Gly) were sometimes more difficult to visualize, which is why the amount of spotted lipids may

increase 3-4-fold.

Lipids are separated through 1D-TLCin a 20 cm x 20 cm TLC developing chamber previously
saturated with the developing system. Several solvent mixtures were assayed but the predilected
developing system to visualize Erg-Asp and Erg-Gly are CHCl; : MetOH : H20 130 : 50 : 8 (188 ml)
and 130 : 16 : 1 (147 ml), respectively. Other solvent systems used in this work are specified in
result sections. The spotted Silica plate is placed into the chamber and separation is stopped after
10 min at RT by removing the plate from the chamber. By doing this, the migration front is
optimally located about 8-8.5 cm from the bottom. Finally, thin layer chromatograms are dried.
For 2D-TLC, each sample is analyzed on a distinct silica plate and the developing system used for

the second elution is hexane : MeOH : CHCl5 : glacial acetic acid 60:20:10: 10 (v:v:v:v).
X1.2.3. Silica plates staining procedures

Obviously, choosing the adapted staining method is important, and during my thesis this
point came out to be critical as discussed in the results sections. The standard procedures are
detailed in the accompanying paper . Note that several lipid staining methods
exists with some of them considered as universal, while other reveal specifically a class of lipid
[main technics reviewed in and exhaustively listed in 1. For

example, Ninhydrin and Bromocresol green reveal specifically the presence of amine and carboxyl
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containing lipids while o-Naphthol, 5-Hydroxy-1-tetralone and orcinol are used to detect
glycolipids. Phosphomolybdate reveals phospholipids and iodine vapor stains unsaturated

compounds.

Interestingly, a staining solution containing acid ferric chloride and sulfuric acid, was
shown to stain Cholesterol (closely related to Ergosterol) in red to violet dots but free Cholesterol
is more rapidly stained than Cholesterol esters. This staining method does also reveal fatty acid
containing lipids but in distinguishable colors. A very similar staining method, based on manganese
chloride (MnCl;) and sulfuric acid was also described to stain distinctly cholesterol and bile acids
on TLC . Importantly, the MnCl; based technic stains Cholesterol and
Cholesterol esters in pink, Ergosterol and Ergosterol esters in dark brown and phospholipids light
brown under white light. Moreover, thin layer chromatograms stained with the latter technic can
be visualized under UV light (254 or 315 nm). In this case Ergosterol and esters of it become even

more distinguishable from other lipids and are revealed in orange.

The MnCl; / Sulfuric acid staining solution is composed of 0,8 mg MnCl; tetrahydrate, 9 ml
concentrated sulfuric acid, 120 ml MeOH and 120 ml H,0 and was predominantly used in this work.
Plates are dipped for few seconds in the solution and heated at 100 °C until the lipid spots appeared
appreciably enough. Overheating burns the lipidic spots, thereby rendering them unexploitable.
Alternatively, the plates can be sprayed with the solution and then heated. However, there was a
debate if the spraying and dipping methods give identical results . For enhanced
precision and reproducibility, it is recommended to privilege the dipping method especially when
samples are compared, but in this case particular care should be taken regarding the solubility of

analyzed compounds in the staining solution

X1.2.4. Additional remarks

The quantities of total lipids extracted from a biological sample, and thus the
standardization of TLC, are more difficult to determine in comparison to well-established methods
for protein and nucleic-acid analysis. One reason for that is the important heterogeneity of lipid
classes especially in eukaryotic cells. Some techniques exist to overcome this issue such as the

Sulfo-Phospho-vanillin assay (SPVA) which is a colorimetric technique commonly used to

346



determine relative amounts of unsaturated lipids in solution

. An important advantage of this technique is that the chromophore
produced during the colorimetric reaction absorbs at 535 nm and is therefore quantifiable with a
spectrophotometer. However, because the lipids of interest are sterols here and for other reasons
that will not be discussed, | did not quantify the amounts of extracted lipids prior to TLC analysis.
For comparative studies, such as analysis of lipids from strains expressing proteins with single or
domain mutations, total lipids were extracted at the same time from equivalent cell pellets. Lipids
were resuspended in equal volumes and spotted on the same silica plate. Despite this, TLC results
clearly showed heterogeneities in the amounts of extracted lipids. Consequently, variations of

modified Erg species are standardized once the chromatogram is stained as described below.

Separated lipids also can be quantified directly from the developed and stained
chromatogram. One possibility that will probably be very useful in the future of this project is to
use filipin, a strong fluorophore known to interact with sterols such as cholesterol and ergosterol

. In this case, developed plates are stained with a filipin solution and spots are
visualized and quantified under UV light at 365 nm. The quantification was reported to be linear
for cholesterol amounts ranging from 5 to 3000 ng. Both quantification method should be taken
in consideration in the future to determine the amount total lipids extracted and to estimate the
ratio of aminoacylated ergosterol. Note also that filipin is widely used as a marker of ergosterol

from conidia and mycelia membranes

In this work however we choose another alternative that allowed as encompass 1) the
above-mentioned issue concerning the difficulty to standardize the amount of lipids spotted on
TLC and 2) the relative variations of aminoacylated lipids with respect to the tested conditions or
the expressed enzyme versions (i. e. mutants). Quantification of spots containing DUF2156
dependent lipids (LX), PE, or PG was performed using the ImageJ software. Lipid spots signals
(number of pixels, N) were normalized to that of PE (Nw/Npe). Furthermore, in the absence of LX,
PG becomes visible at the same position; the PG/PE signal thus represents the background signal

in the absence of LX.
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XL3. Purification of aminoacylated lipids

Lipids of interest are purified by column chromatography with a stationary phase
consisting of Silica Gel and consequently, the separation principle is very similar to TLC. The mobile
phases used to elute successively different class of lipids are composed of CHCl; and MeOH which
are both volatile. Therefore, all solutions are prepared in glass bottles just before the experiments.
Before starting one should ensure that the glass column is free from any trace of aqueous liquids
and the empty column, including the sinter, is washed several times with CHCI3. The column is
placed on a support and all collecting tubes are annotated and placed on an adequate rack. An
adequate amount of Silica Gel is resuspended in CHCI3 100 % so that the initially white powder
becomes translucid, and volumes of this suspension are sequentially poured into a glass column
until the required volume of packed silica beads is reached. From then on, the stationary phase
should always be recovered by liquid mixtures since drying out the column would destabilize the
chromatographic procedure. Furthermore, to prevent the packed resin to be resuspended, all
added solutions are slowly flowed along the column wall. The resin is equilibrated with 5 column
volumes of CHCl; and the lipid sample, resolubilized in CHCI;, is slowly applied when the liquid level
of the last wash forms a thin meniscus above the stationary phase. Once the sample is absorbed
into the column, lipid classes are sequentially eluted with organic solvents according to their
polarity. Lipid fraction are vacuum dried, resuspended in CHCI3 or CHCI3 : MetOH (1 : 1), spotted
onto Silica plates, separated by TLC with the adequate developing system and finally revealed with
the MnCl2 / Sulfuric acid containing staining solution. Fractions are dried again and stored at -20

°C.
X1.3.1. Erg-Asp purification

Sce strains expressing ErdS are grown in 500 mL SC-Leu media and culture is stopped by
centrifugation (4,000 x g for 15 min at 4 °C) when the culture reaches 0Dgq = 1.0. Total lipids are
extracted as described above and resolubilized in 200 pl of CHCI; extemporaneously. The column
bed volume is 1.5 ml of Silica Gel, prepared and equilibrated as described above, and the total lipid
sample is then manually applied. Afterwards, nonpolar lipids and glycolipids are washed away by

adding 10 mL of CHCI3 followed by 10 mL acetone, respectively. 20 mL of CHCI3 : MetOH ratios
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ranging from9:1to5:5 (v:v) are then sequentially added and collected in 2 mL fractions. Finally,
the purification is achieved with 20 mL of MetOH also collected in fractions of 2 mL. A total of 60
fractions are vacuum dried, resuspended in 35 pl of chloroform and 10 pl is analyzed by TLC

performed with developing solution CHCI3 : MetOH : H20 130 : 50 : 8.

X1.3.2. Erg-Gly purification from Sce expressing ErgSasm

Sce wt and the strain expressing ErdSam are grown in 1 L SC-Leu media and culture is
stopped by centrifugation (4,000 x g for 15 min at 4 °C) when the culture reaches 0D600 = 1.0.
Total lipids are extracted as described above and in the present case it is extremely important to
completely dry the lipid sample, thereby removing any traces of methanol. The CHCl; : MetOH
mixtures used here contain very low proportions of methanol which gradually increases during
elution by a 2-fold factor. To avoid errors and to enhance de reproducibility of the results, CHCI3 :
MetOH mixtures with ratios going from 18 : 1 to 288 : 1 (v : v) are prepared by performing serial
dilutions from an initial CHCI3 : MetOH 9 : 1 (v : v) solution. The column is prepared identically as
for Erg-Asp purification (i. e. column bed volume: 1.5 mL) and the lipid sample, extemporaneously
resolubilized in 400 pl of CHCls, is applied onto the Silica resin. 15 mL of CHCl; are added and
collected in 3 fractions of 5 mL. The same procedure is sequentially repeated with CHCl; : MetOH
mixtures with ratios 144 : 1 to 72 : 1 (v : v). The resulting fractions, containing 5 mL eluates, are
vacuum dried, lipids are resuspended in 100 pl of CHCl; and an aliquot of each fraction is analyzed

by TLC (developing buffer CHCI3 : MetOH : H20 130: 16 : 1 (v : v)) (Figure MM-20A).

Fractions containing the highest amount of the modified lipid are pooled together and
subjected to a second Silica Gel chromatography round. The column is freshly prepared as
described above, lipids are absorbed onto the Silica resin, elution is performed successively with
15 mL of chloroform and 15 mL of CHCI3 : MetOH 288 : 1 (v : v) and eluates are collected into 1 mL
fractions. Dried lipids are resuspended in 50 pl of CHCI3 and 25 pl are analyzed by TLC (Figure MM-

20B).

349



X1.3.3. Erg-Gly extraction and purification from Yli and from Sce expressing ErgSyi

Yli and Sce wt are grown in YPD and Sce expressing ErgSy; is grown in SC-Leu. Cultures were
diluted to ODggo = 0.1, grown O/N and the next morning cells were harvested by centrifugation at
5000 x g for 15 min at 4°C. 5 g of cells were obtained from a 500 ml culture of Vii harvested at
ODgoo = 3.8; 3.5 g of cells were obtained from a 500 ml culture of Sce wt harvested at 0Dgqo = 4.5; 4
g of cells were obtained from a 1 L culture of Sce expressing ErgSy; harvested at ODegoo = 2. In all
cases, cells are resuspended in 15 ml Na-acetate 120 mM pH 4.5 and mechanically lysed with a
FastPrep-24 apparatus in the presence of glass beads (¢ 0.25 mm to 0.5 mm, Roth) at 6 m/s, for 1
min repeated 5 times, with cooling on ice between each step. In this cases the 3.75 volumes of
MetOH : CHCI3 2 : 1 (i. e. 56.25 mL) are added in two steps. First 28.125 ml ((15 x 3.75) / 2) of MetOH
: CHCI3 2 : 1 are added and 3 additional shacking runs are performed. Then, the 3.75 volumes of
MetOH : CHCI3 2 : 1 are completed by adding another 28.125 ml and tubes are placed on a rotating
wheel at 4 °C for 3 h. The following total lipid extraction step remain unchanged with respect to

the general procedure described in previous sections.

To purify the lipid of interest from total lipid fractions, obtained as described in the
previous section, we built a silica gel column as in . However, the size of the
column was increased since 8 mL of Silicia Gel were poured into a 1 cm x 20 cm chromatography
column. The stationary phase was washed with 4 column volumes of CHCI3 and total lipids,
resuspended in 500 pl ultrapure CHCI3, were injected manually on the top of the silica gel. Volumes
used to elute lipids are increased so that each collected fraction corresponds to 1 column volume.
In this way lipids were then gradually eluted as follow: 4 x 8 mL CHCI3; 3 x 8 mL CHCI3: MetOH
(144:1); 3 x 8 mL CHCI3: MetOH (72:1) and 2 x 8 mL CHCI3: MetOH (36:1). Lipids were dried as

previously described, resuspended in 200 pL CHCI3: Methanol (1:1) and analyzed by TLC.
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Xll. Appendix: Table MM-1: List of strains
Table MM-2; List of plasmids and primers
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Table MM-1: List of strains. All strains that were stored in the strain collection of Pr. H. Becker's Lab are listed (Labcol-
lector). Note that some strains, in particular E. coli strains used for overexpression and purification of proteins (i.e.
E. coli Rosetta-2 or Star-2 strains) and some S. cerevisiae strains, were not stored. To avoid any confusion, both
ergosteryl-aminoacid synthases are distinguished as ErgS and ErdS. Tags are highlighted with distinct colors. For
more information on those strains please refer to Labcollector of Pr. H. Becker's Lab.

Labcollector Genotype Comments
& coli XL-1Blue : endA1 gyrA96(nalR) thi-1 recAl relAl lac
gInv44 FT ::Tn10 proAB+ laclq A(lac2M15] hsdR17 (rK- mK+)
€. coli TOP10 : F- mcrA A(mrr-hsdRMS-mcrBC) @80laczAM15
Alacx74 nupG recA1 araD139 A(ara-leu)7697 gal€15 galK16
rpsL(Strr) endA1 A-

& coli DHS o : F- endA1 gInv44 thi-1 recAl relA1 gyrA96 deoR
nupG purB20 @80dlaczAM15 A(laczYA-argF)U169,

hsdR17 (rK-mK+), A~

€. coli DB3.1: F- gyrA462 endA1 glnv44 A(sri-recA) mcrB mrr
hsdS20(rB-, mB-) ara14 galK2 lacY1 proA2 rpsL20(Smr) xyl5

Aleu mtl1
702 & coli XL-1Blue + pUC57-€rdS
703 & coli XL-1Blue +pUC57-€rg S
719 & coli TOP10 + p415ADH-£rdS
720 & coli TOP10 + p415ADH-€Er g S
721 £. coli TOP10 + pDONR221-ErdS wo stop codon
722 €. coli TOP10 + pPDONR221-Er g S wo stop codon (clone 17)
723 &. coli TOP10 + pDONR221-Er g S wo stop codon (clone 18)
724 & coli TOP10 + pDONR221-€r g S (clone 25)
725 & coli TOP10 + pDONR221-Er g S (clone 27)
726 & coli XL-1 Blue + p415GPD-£rgS- HA (clone 14)
727 &. coli XL-1 Blue + p415GPD-Ergs- HA (clone 20)
728 €. coli XL-1 Blue +p415GPD-£rds- A duf2156- HA (clone 2) [KO] ) o
AspRS encoded by this plasmid is inactive and does not complement
Sce Adps1. For Erds-Aduf2156 active forms see: 1382-1389
729 &. coli XL-1 Blue +p415GPD-Erds- A duf2156- HA (clone 8) [KO]
730 &. coli TOP10 + pDONR221-€rds-Adrs (clone 2)
731 €. coli TOP10 + pDONR221-€rds-Adrs (clone 8)
732 €. coli TOP10 + pDONR221-ErdS-Aduf2156 (clone 2) [KO] AspRS encoded by this plasmid is inactive and does not complement
733 €. coli TOP10 + pDONR221-€rds-Aduf2156 (clone 5) [IK0] Sce Adps1. For Erds-Aduf2156 active forms see: 1382-1389
734 €. coli TOP10 + pDONR221-€rds-Adrs wo stop codon (clone 4)
735 £. coli TOP10 + pDONR221-Erds-Adrs wo stop codon (clone 5)
748 €. coli TOP10 + pDONR221-Erds-Aduf2156 wo stop codon . o
AspRS encoded by this plasmid is inactive and does not complement
€. coli TOP10 + pDONR221-ErdS-Aduf2156 wo stop codon .
Sce Adps1. For Erds-Aduf2156 active forms see: 1382-1389
749 (clone 15) [Ko]
751 &. coli TOP10 + pRS415-Erds-Adrs- HA (clone 2)
752 €. coli TOP10 + pRS415-€rds-Adrs- HA (clone 7)
753 €. coli TOP10 + pRS415-€rds-Adrs (clone 4)
754 & coli TOP10 + pRS415-£rdS-Adrs (clone 12)
755 €. coli TOP10 + pRS415-Erds-Aduf2156- HA (clone 1) [KO]
756 £. coli TOP10 + pRS415-€rds-Aduf2156- HA (clone 10) [KO] AspRS encoded by this plasmid is inactive and does not complement
757 £. coli TOP10 + pRS415-Erds-Aduf2156 (clone 1) [KO] Sce Adps1. For Erds-Aduf2156 active forms see: 1382-1389
758 &. coli TOP10 + pRS415-£rdS-Aduf2156 (clone 2) [KO]
761 €. coli TOP10 + pRS415-Erds-Aduf2156- HA (clone 4)
762 €. coli TOP10 + pRS415-Erds-Aduf2156- HA (clone 8)
766 & coli XL1 blue + pDONR221-¢€rdS (clone 8)
767 &. coli XL1 blue + pDONR221-€rdS (clone 11)
782 €. coli XL1 blue + pRS415GPD-£rds (clone 1)
783 €. coli XL1 blue + pRS415GPD-£rds (clone 2)

790 & coli XL1 blue + pRS414GPD-Er g S



Table MM-1 (continued)

791 €. coli XL1 blue + pRS414GPD-Erds- Adrs
799 & coli XL1 blue + pRS415GPD-Erds-
800 & coli XL1 blue + pRS415GPD-Er g S-
801 & coli XL1 blue + pGGWA-Erds ErdS with GST-tag at its Nt and His6x-tag at its Ct
802 & coli XL1 blue + pGGWA-Er g S ErgS with GST-tag at its Nt and His6x-tag at its Ct
875 & coli XL1 blue + pRS415GPD-Cer-€r g S (clone 5)
876 & coli XL1 blue + pRS415GPD-Cer-€r g S (clone 6)
883 £ coli DH5 + p His6x -tev-GWA-Erds-
884 & coli DH5 + p HisGx -tev-GWA-€r g S-
929 & coli DHS + pDONR221- A192-Er g S
930 &. coli DH5 + pDONR221- A192-&r g S wo stop codon
947 €. coli DHS + p HisGx -tev-GWA-A192-€r gs
948 €. coli DHS + p HisGx -tev-GWA-A192-¢r g S-
955 &. coli DHS + pRS415GPD-Erds- Adrs-
956 & coli DH5x + pRS4156PD-4192-£r gs-
990 &. coli DH5( + pRS415GPD- -&rds
1037 & coli XL1 blue + pJET-Nt192-€r g S wo stop codon Nt192: 192 first residues of ErgS protein
1038 & coli XL1 blue + pJET-Nt192-€rg S
1047 £. coli DH5 + pDONR221-Nt192-€r g S wo stop codon
1048 & coli DH5 + pDONR221-Nt192-€r g S
1053 & coli DH5 + pRS415GPD-Nt192-Er g S- HA
1054 & coli DH5 + pRS415GPD-Nt192-€r g S-
1055 & coli DH5 + pRS425GPD-ErdS-TAP
1056 &. coli DH5 + pRS425GPD-Er g S-TAP
1058 &. coli DH5 + pRS415GPD-Er g S-TAP
1059 &. coli DH5 + pRS415GPD-ErdS-TAP
1081 & coli DH5 + pDONR221-Nt139-€r g S wo stop codon Nt139: 139 first residues of ErgS protein
1082 & coli DH5 + pDONR221-Nt(139-163)-€r g S wo stop codon Nt(139-163): residues 139 to 163 of ErgS Nt extension
1084 &. coli DH5 + pRS414GPD- -Nt192-érg s
1085 £. coli DH5 + pRS414GPD- -Nt139-€r g S wo stop codon
1086 €. coli DH5SQX + pRS414GPD- -Nt(139-163)-€r g S wo stop
codon
1087 &. coli DH5 + pRS414GPD- -Nt(163-199)-€r g S wo stop
codon
1088 & coli XL1 blue + pRS415GPD-Nt139-€r g S-
1089 & coli DH5 + pRS415GPD-N1(139-163)-Er g S-
1090 & coli DH5 + pRS415GPD-Nt(163-199)-Er g S-
1120 & coli DH5 + p M GWA-Erds-
1021 & coli DH5 + p M GWA-Er g S-
1022 & coli DH5« + p M GWA- A192-¢€r g S-
1183 &. coli DH5 + p M tevGWA-ErdSs
1184 & coli DHS + p M tevGWA-€r g S
1372 &. coli DH5 + pRS415GPD- A192-€r g S
1377 & coli DB3.1 + p M tevGWA-ccdB
1383 £. coli DH5 + pDONR221-€rds- Aduf2156 wo stop codon

1384 & coli DH5x + pDONR221-484-£rdS- Aduf2156
1385 €. coli DHS + pDONR221-A84-€rds- Aduf2156 wo stop codon

1386 & coli DH5x + [JRS414GPD-AB4-ErdS- Aduf2156

1387 €. coli DH5QX + pRS414GPD-Erds-Aduf2156

1388 €. coli DH5 + pRS415GPD-ErdS-Aduf2156

1389 €. coli DH5( + pRS415GPD-A84-€rds- Aduf2156

1390 £. coli DH5 + pRS415GPD-ErdS ,p, ErdS with QSPQ signature sequence of AspRS mutated to AAPA
1391 & coli DH5 + pRS415GPD-ErdS-KR OL5A ErdS residues R749, K750, R752, R753 mutated to A

1392 & coli DH5 + pRS415GPD-ErdS-KR OL5€ ErdS residues R749, K750, R752, R753 mutated to E



Table MM-1 (continued)

1393 & coli DH5 + pRS415GPD-ErdS-W785A

1394 €. coli DH5 + pRS415GPD-ErdS-W785H

1395 & coli DH5& + pRS415GPD-ErdS-R789€

1417 & coli DH5« + pCcOLDI (from Takara)

1418 & coli DH5 + pCOLDI-ErdS_Aor

1421 & coli DH5& + pRS415GPD-ErdS ppp, - HA ErdS with QSPQ signature sequence of AspRS mutated to AAPA
1422 &. coli DH5 + pRS415GPD-ErdS-KR QL5A- HA ErdS residues R749, K750, R752, R753 mutated to A
1423 & coli DH5 + pRS415GPD-ErdS-KR OL5€- HA ErdS residues R749, K750, R752, R753 mutated to E
1424 & coli DH5& + pRS415GPD-ErdS-W785A- HA

1425 & coli DH5& + pRS415GPD-ErdS-W785H- HA

1426 & coli DH5 + pRS415GPD-ErdS-R789&- HA

1443 &. coli DH5 + pRS415GPD-Erds- Aduf2156- HA
1444 €. coli DH5at + pMtevGWA-Erds-Aduf2156

1447 &. coli DH5x + pDONR221-ErdS_Aor

1448 &. coli DH5 + pDONR221-ErdS_Aor wo stop codon
1449 &. coli DH5X + pRS415GPD-ErdS_Aor-

1450 & coli DH5& + pRS415GPD-ErdS_Aor- HA

1452 & coli DH5( + pDONR221-ErdS-NG677A

1453 & coli DHS& + pDONR221-€rdS-£712R

1454 & coli DH5& + pDONR221-€rdS-£731R

1455 & coli DH5« + pDONR221-ErdS-Q836R

1456 €. coli DH5( + pDONR221-€rdS-K838€

1457 & coli DH5« + pDONR221-ErdS-Q836-K838€E

1458 &. coli DH5 + pMtevGWA-ErdS_Aor

1464 & coli DH5 + pRS415GPD-ErdS-N677A

1465 & coli DH5x + PRS415GPD-ErdS-£712R

1466 & coli DH5 + pRS415GPD-ErdS-€731R

1467 & coli DH5 + pRS415GPD-ErdS-Q836R

1468 & coli DH5 + pRS415GPD-ErdS-K838€

1469 &. coli DH5 + pRS415GPD-ErdS-Q836-K838€

1504 & coli DH5 + pJet-DerdS K7 K7 for deletion of erdS in Afm
1513 & coli DH5« + pRS415GPD- A30-£rdS

1514 &. coli DH5 + pRS415GPD- AGO-ErdS

1515 €. coli DH5 + pRS415GPD- A84-Erds
1519 €. coli DH5at + pRS415GPD- A30-ErdS- HA

1520 & coli DH5 + pRS415GPD- AGO-ErdS- HA

1521 &. coli DH5 + pRS415GPD- A84-ErdS- HA

1522 €. coli DHS + pRS415GPD- A30-£rds-Aduf2156- HA
1523 €. coli DH5Qt + pRS415GPD- A60-ErdS-Aduf2156- HA
1524 & coli DH5 + pRS415GPD- A84-erds-Aduf2156- HA
1525 & coli DH5 + p M tevGWA-£rdS-Q836R

1528 & coli DH5« + pJET-er g S_Yli deletion K7 (clone 2)
1529 & coli DH5 + pJET-er g S_Yli deletion K7 (clone 3)

1530 €. coli DH5«t + pJET-5'[1.5kb]-er g S_VIi

1531 €. coli DH5 + pJET-3'[1.5kb]-er g S_Vli

1569 & coli DH5 + p M tevGWA- A84-Erds

1620 & coli DH5 + pJET-ATG1[-/+1kb] Afm (clone 4)
1621 €. coli DH5( + pJET-ATG1[-/+1kb]_Afm (clone 6)

1648 & coliDB3.1+p M tevGWA-ccdB

1649 & coli DHSX + p & M tevGWA-Erds-Adrs

1650 & coliDH5 +p M tevGWA-Erds

1651 & coli DH5« + pJET- -ATG8_Afm

1703 & coli DH5« + pPKS529a-5'[1kb]- -ATG8_Afm-K7 (clone7) 5'[1kb] = ATG8_Afm 1 kb upstream sequence

1704 & coli DH5 + pPKS529a-5'[1kb]- -ATG8_Afm-K8 (clone23)



Table MM-1 (continued)

1705
1707
1740
1749
1750
1831
1832
1833
1834
1835
1836
1837
1849
1850
1851
1852
1853
1854
1855
1856
1857
1858
1859
1860
1861
1862
1913

1914
1915
1937
1938
1939
1940
1941

1942

1961
1962

1963
1964
1965
1966
1967
1969
1970
1977
7N
1978
1979
1980

& coliDH5 +p M tev-Ergs

& coli DH5 + PKS529a

& coli DH5x + pPKS529a-5'[1kb]-

&. coli DH5 + pPTRI (from Takara)
& coli DH5 + pPTRII (from Takara)
& coli XL1 blue + pRS415GPD-£rdS-T643A

€. coli XL1 blue + pXyl-€r g S*R (clone 23)

€. coli X1 blue + pXyl-&r g S*R (clone 29)

€. coli XL1 blue + pRS415GPD-£rdS-Y637F

& coli XL1 blue + pRS415GPD-ErdS-T641A

&. coli XL1 blue + pRS415GPD-£ErdS-S642A (clone 3)
& coli XL1 blue + pRS415GPD-ErdS-S642A (clone 5)
& coli XL1 blue + pRS415GPD-£rdS-S644A (clone 5)
& coli XL1 blue + pRS415GPD-ErdS-WG645A

& coli XL1 blue + pRS415GPD-£ErdS-D647R

& coli XL1 blue + pRS415GPD-£ErdS-R649E

€. coli XL1 blue + pRS415GPD-£rdS_Aor(1-603)

& coli XL1 blue + pPTRII-ErdS[-/+1kb]

& coli XL1 blue + pRS415GPD-£ErdS-C728A

& coli XL1 blue + pRS415GPD-£rdS-K790€

£. coli XL1 blue + pRS415GPD-Erds-G791A

€. coli XL1 blue + pRS415GPD-£ErdS-Q793R

& coli XL1 blue + pRS415GPD-£ErdS-H795A

& coli XL1 blue + pRS415GPD-Erds-£798R

& coli XL1 blue + pRS415GPD-£rdS-W802A

& coli XL1 blue + pRS415GPD-ErdS-F913A

-ATG8_Afm-3'[1kb] K7

€. coli XL1 blue + puC-Ribozyme-tRNA*" ... [KO]

€. coli XL1 blue + pRS415GPD-ErdS-Y637F
& coli XL1 blue + pRS415GPD-ErdS-K916E
& coli XL1 blue + pRS414GPD-ErdH
&. coli XL1 blue + pRS414GPD-

& coli XL1 blue + pMtevGWA-ErdH
& coli XL1 blue + pJET1.2- -ATG8-hygR (pGA8H)

€. coli XL1 blue + pJET1.2- GFP -ATG8-hygR-AMA1 (pGASHA1)
(clone 9)

& coli XL1 blue + pJET1.2-

-&rdH

-ATG8-hygR-AMA1 (pGA8SHA1)
(clone 11)

& coli XL1 blue + pRS425GPD-£r g S-K321€-R322¢€

& coli XL1 blue + pRS425GPD-£r g S-Q326A-N327A-R328¢-
Q329A

& coli XL1 blue + pRS425GPD-£r g S-R368€

& coli XL1 blue + pRS425GPD-Er g S-Q375R

€. coli XL1 blue + pRS425GPD-£r g S-RA09E

& coli XL1 blue + pRS425GPD-£r g S-N332A-K335€

& coli XL1 blue + pRS425GPD-£r g S-D420R

& coli XL1 blue + pMtevGWA-Er g S-His6X (clone5)

& coli XL1 blue + pMtevGWA-Er g S-His6X (clone6)

& coli XL1 blue + pRS425GPD-Er g S

& coliXL1 blue + p M tevGWA-ErdH-S153A

€. coli XL1 blue + p M tevGWA-ErdH-D277A

& coli XL1 blue + p M tevGWA-ErdH-H307A

& coli XL1 blue + p M tevGWA-ErdH-K311D

pKS529 in which KanR was replaced by AmpR

A. fumigatus - E.coli shuttle vector

A. fumigatus - E.coli shuttle vector

early stop codon mutated to R

early stop codon mutated to R

ErdS_Aor-Aduf2156

Ribozyme sequence based on Fechter et al . 1998. Please take
care, some essential residues are lacking in the ribozyme sequence
(refer to the attached plasmid map). Not suitable for tRNA"P ..
transcript synthesis.

same than 1834

AMA1 amplified from pPTRII and subcloned into pGASH



Table MM-1 (continued)

1994
1995
1996
1997
2009
2010
2011
2012
2014
2017
2018
2041
2042
2043
2044

2060

2061

2098
2099
2112

2113
2114

2198
2199
2200

2201
2202
2203

2204
2205
2253
2403
2409
2410
2411
2432

2433

2437

2439
2440
2441

& coli XL1 blue + pRS415GPD- MBP -£r g S-

&. coli XL1 blue + pRS415GPD- MBP -€r g S

& coli XL1 blue + pRS425GPD-£r g S-W364A

& coli XL1 blue + pRS425GPD-Er g S-R365E

& coli XL1 blue + pRS425GPD-Er g S-R328¢€

€. coli XL1 blue + pRS425GPD-£r g S-N332A

& coli XL1 blue + pRS425GPD-Er g S-K335€

& coli XL1 blue + pRS425GPD-Er g S-R328E-K335¢E
& coli XL1 blue + pPKS529a-€r d S recomp K7

& coli XL1 blue + p M tevGWA-ErdS- Adrs-KRa5€
& coli XL1 blue + pRS415GPD-Er g S

& coli XL1 blue + pRS414GPD-ErdH-

& coli XL1 blue + pRS414GPD-ErdH-

& coli XL1 blue +p - M tev-€rds

& coliXL1 blue +p - M tev-grds

€. coli XL1 blue + puUC19-Ribozyme-tARNA*? ;.. - G50-C64 [KO]

(clone 1)

not pXyl overexpression

Ribozyme sequence based on Fechter et al. 1998. Please take

care, some essential residues are lacking in the ribozyme sequence

(refer to the attached plasmid map). Not suitable for tRNA™"

& coli XL1 blue + puC19-Ribozyme-tANA“*" ;. - G50-C64 [K0] transcript synthesis. A50-C64 mutated to G50-C64.

(clone 2)

&. coli XL1 blue + pRS415GPD-Er g S_Bba

€. coli XL1 blue + pRS415GPD-£r g S_VIi

€. coli XL1 blue + puUC19-Ribozyme V4 -tRNA ™" ,;,, - 650-C64
€. coli XL1 blue + puC19-Ribozyme V5 -tRNA ™" ,;,, - 650-C64

& coli XL1 blue + pUC19-Ribozyme VG -tRNA — afm - G50-C64
& coliDH5 o +p M tev-£r g S_Yli (clone 2)

& coliDH5 o +p M tev-£r g S_Yli (clone 4)

& coli XL1 blue + PRS415GPD-Er g s_vli-n217£-n221£-nzz4£-
K228€

& coli XL1 blue + pRS415GPD-Er g S_Yli-R217€-R221€

& coli XL1 blue + pRS415GPD-Er g S_Yli-R224€-K228€

& coli XL1 blue +p M tev-€r g S_VIi-R217€-R221€-R224€E-K228€

& coli XL1 blue + p M tev-€r g S_Yli-R217€-R221€
& coli XL1 blue +p M tev-£r g S_Yli-R224€-K228€
& coli DHS oL + pJET1.2- Der g S-K7

& coliDH5 a +p - M tevGWA-£r g S_Yli

& coli XL1 blue + pRS414-GlyRs_Yli-b11

£. coli XL1 blue + pRS415- HA -€r g S_Yli (clone 17)
& coli XL1 blue + pRS415- HA -€r g S_Yli (clone 26)
& coli XL1 blue + p&- SUMO -Erds

& coli XL1 blue + p&- A8G- SUMO -Erds

& coli DH5x + p441- -ULpP1

€. coli XL1 blue + pRS415GPD- HA -€r g S_Yli-R217€-R221¢-
R224€-K228¢

€. coli XL1 blue + pRS415GPD- HA -€r g S_Yli-R217€-R221¢€

€. coli XL1 blue + pRS415GPD- HA -€r g S_Yli-R224€-K228€

basic residues from the a(+) helix mutated to E

K7 for deletion of ergS in Afm

GlyRS ORF from Yli tagged with b11

plasmids for bacterial

overexpression of SUMO-tagged ErdS

versions. D86GErdS = ErdS deleted from its 86 N-ter residues. From

0. Nreki's Lab.

plasmid for bacterial overexpression and purification of His6x
tagged SUMO-protease (ULP1/YPL0O20C from Sce)



Table MM-1 (continued)

Bacterial strains for recombinant protein overexpression

& coli Rosetta-2: strain B F- ompT gal dcmlonhsdSB(rB-mB-)
A(DE3 [lacl lacuV5-T7p07 ind1 sam7 nin5]) [malB+]K-12(AS)),

& coli Star2: F- ompT hsdSB (rB-mB-) gal dcm rne131 (DE3),
carrying the pRARE2 plasmid

867 &. coli Rosetta-2 + pGGWA-ErdSs

868 & coli Rosetta-2 + pGGWA-Er g S

949 & colistar2 +p -tev-GWA-A192-€r g S
950 & colistar2 +p -tev-GWA-A192-¢€r g S-
2415 & coli Rosetta-2 + p M tevGWA-&r g S_Yli

2416 €. coli Rosetta-2 +p - M tevGWA-£r g S_Yli

S. cerevisiae (Sce ) strains

Sce strains for Adps1 complementation assays
Sce YAL3 Adpsi1: MATa ura3-52 lys2-801am trp1-63 his3-200
700 leuz2-1 Gift from G. Eriani
ade2-450 ade3-1483 dps1::HIS3 (clone 7)
Sce YAL3 Adps1: MATa ura3-52 lys2-801am trp1-63 his3-200

701 leu2-1 Gift from G. Eriani
ade2-450 ade3-1483 dps1::HIS4 (clone 8)
957 Sce YAL3 Adpsl + pPRS415GPD-ErdsS
958 Sce YAL3 Adps1 + pRS415GPD-ErdS- HA
959 Sce YAL3 Adps1 + pRS415GPD-€rds- A duf2156 [K0] AspRS encoded by this plasmid is inactive and does not complement
960 Sce YAL3 Adps1 + pRS415GPD-€rds-Aduf2156- HA [KO] Sce Adps1. For Erds-Aduf2156 active forms see: 1382-1389
961 Sce YAL3 Adps1 + pRS415GPD-ccdB
995 Sce YAL3 Adps1 + pRS415GPD-Erds-
996 Sce YAL3 Adps1 + pRS415GPD- -Erds
1408 Sce YAL3 Adps1 + pRS4156PD-€rds-Aduf2156
1409 Sce YAL3 Adps1 + pRS415GPD-A84-Erds-Aduf2156
1410 Sce YAL3 Adps1 + pRS415GPD-£rdS ,,p,

1411 Sce YAL3 Adps1 + pRS415GPD-€rdS-KRASA

1412 Sce YAL3 Adps1 + pRS415GPD-€rdS-KRASE

1413 Sce YAL3 Adps1 + pRS415GPD-ErdS-nW785A

1414 Sce YAL3 Adps1 + pRS415GPD-€rdS-W785H

1415 Sce YAL3 Adps1 + pRS415GPD-ErdS-R789A
Sce YAL3 Adps1 + pRS414GPD-Erds- Aduf + pRS415G6PD-Erds-
Adrs

1545 Sce YAL3 Adps1 + pRS414GPD-ErdS- N677A

1546 Sce YAL3 Adps1 + pRS414GPD-€rdS-£712R

1547 Sce YAL3 Adps1 + pRS414GPD-€rdS-€731R

1548 Sce YAL3 Adps1 + pRS414GPD-€rds- Q836R

1549 Sce YAL3 Adps1 + pRS414GPD-ErdS- K838E

1550 Sce YAL3 Adps1 + pRS414GPD-€rdS- Q836R_K838E

1559 Sce YAL3 Adps1 + pRS4156PD- A30-€rds-Aduf2156- HA

1560 Sce YAL3 Adps1 + pRS4156PD- A60-€rdS-Aduf2156- HA

1561 Sce YAL3 Adps1 + pRS4156PD- A84-Erds-Aduf2156- HA

1562 Sce YAL3 Adps1 + pRS415GPD-€rdS_Aor

1563 Sce YAL3 Adps1 + pRS415GPD- A30-€rds- HA

1564 Sce YAL3 Adps1 + pRS415G6PD- D60-€rdS- HA

1565 Sce YAL3 Adps1 + pRS415GPD- A84-ErdS- HA

1503




Table MM-1 (continued)

Sce BY4742/w strains

63 Sce BY4742: MATa ; his3A 1; leu2A 0; lys2A 0; ura34 o
602 Sce BY4742W: MATQ ; his34 1; leu2A 0; lys2A 0; ura34 o;
trp1::hygro

1998 Sce BY4742 atg 26::KanMX4 Euroscarf-116B10; YLR189C/ATG26
1999 Sce BY4742 egh1::KanMX4 Euroscarf-142D2; YIROO7W/EGH1
2000 Sce BY4742 atf2::KanMX4 Euroscarf-113D3; YGR177C/ATF2
2001 Sce BY4742 say1::KanMX4 Euroscarf-130A8; YGR263C/SAY1
2026 Sce BY4742 erg2::KanMX4 Euroscarf-104D5; YMR202W/ERG2
2027 Sce BY4742 erg3::KanMX4 Euroscarf-102D7; YLRO56W/ERG3
2028 Sce BY4742 erg4::KanMX4 Euroscarf-126D5; YGLO12W/ERG4
2029 Sce BY4742 erg5:KanMX4 Euroscarf-170A6; YMRO15C/ERG5
2030 Sce BY4742 erg6::KanMXx4 Euroscarf-103D6; YMLOO8C/ERG6

881 Sce RH4889 (Sec24ts) + pRS415GPD-Er g S-

882 Sce BY4742 + pUSE Sec7-GFP integrated at the genome with URA3 marker
951 Sce BY4742 + pUSE + pRS415GPD- -&rgs

952 Sce BY4742W + pRS415GPD-¢€r g S-

953 Sce BY4742W + pRS415GPD-Erds-

954 Sce BY4742W + pRS415GPD-ErdS + pRS414GPD-Er g S

962 Sce BY4742W + pRS415GPD-ErdS

963 Sce BY4742W + pRS415GPD-ErdS- HA

964 Sce BY4742W + pRS415GPD-Er g S- HA

965 Sce BY4742W + pRS415GPD-&r g S

966 Sce BY4742W + pRS415GPD-€rds-Aduf2156 [KO] AspRS encoded by this plasmid is inactive and does not complement
967 Sce BY4742W + pRS415GPD-€rds-Aduf2156- HA [K0] Sce Adps1. For Erds-Aduf2156 active forms see: 1382-1389
968 Sce BY4742W + pRS4ISGPD-£rcIS-Adrs

969 Sce BY4742W + pRS4ISGPD-£rdS-Adrs- HA

991 Sce BY4742W + pRS4156PD-A192-€r gSs-

992 Sce BY4742W + pRS415GPD-€rds-Adrs-
1396 Sce BY4742W + pRS414GPD-A84-£rdS-Aduf2156
1397 Sce BY4742W + pRS4156PD-£rdS-Aduf2156
1398 Sce BY4742W + pRS4156PD-A84-€rdS-Aduf2156
1399 Sce BY4742IW + pRS415GPD-ErdS ,,p, ErdS with QSPQ signature sequence of AspRS mutated to AAPA
1400 Sce BY4742W + pRS415GPD-ErdS-KR OL5€ ErdS residues R749, K750, R752, R753 mutated to E
1401 Sce BY4742W + pRS415GPD-€ErdS-W785A
1402 Sce BY4742W + pRS415GPD-ErdS-W785H
1403 Sce BY4742W + pRS415GPD-ErdS-R789A
1404 Sce BY4742WW + pRS414GPD-£rds- Aduf2156
1405 Sce BY4742W + pRS415GPD-ErdS-KR OL5A
1416 Sce BY4742W + pRS425GPD-&r g S
1493 Sce BY4742W + pRS425GPD-£r g S + pRS424GPD-DRS- 3 11
1494 Sce BY4742W + pRS425GPD-£r g S + pRS424GPD-RRS- 3 11

1495 Sce BY4742W + pRS425GPD-Er g S + pRS424GPD-TRS- 3 11
1496 Sce BY4742W + pRS425GPD-Er g S + pRS424GPD-GRS- 3 11
1497 Sce BY4742W + pRS425GPD-€r g S + pRS424GPD-YRS- 3 11
1498 Sce BY4742W + pRS425GPD-£r g S + pRS424GPD-QRS- 3 11
1499 Sce BY4742W + pRS415GPD-€r g S + pRS424GPD-ccdB
1500 Sce BY4742W + pRS425GPD-£r g S + pRS424GPD-SRS- 3 11
1501 Sce BY4742W + pRS425GPD-£r g S + pRS424GPD-KRS- 3 11
1502 Sce BY4742W + pRS425GPD-€r g S + pRS424GPD-ccdB
1516 Sce BY4742W+ pRS415GPD- A30-ErdS

1517 Sce BY4742W + pRS415GPD- AGO-Erds

1518 Sce BY4742W + pRS415GPD- A84-Erds
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1534 Sce BY4742W + pRS415GPD- A30-€rds- HA

1535 Sce BY4742W + pRS415GPD- AGO-£rds- HA

1536 Sce BY4742W + pRS415GPD- A84-Erds- HA

1537 Sce BY4742W + pRS415GPD-£rds-Aduf2156- HA
1538 Sce BY4742W + pRS415GPD- A30-£rds-Aduf2156- HA

1539 Sce BY4742W + pRS415GPD- A6O-Erds-Aduf2156- HA

1540 Sce BY4742W + pRS415GPD- A84-€rds-Aduf2156- HA

2062 Sce BY4742W + pRS425GPD-&r g S-K321E-R322¢&

2063 Sce BY4742W + pRS425GPD-&r g S-Q326A-N327A-R328E-Q329A
2064 Sce BY4742W + pRS425GPD-&r g S-N332A-K335€&

2065 Sce BY4742W + pRS425GPD-&r g S-R368€

2066 Sce BY4742W + pRS425GPD-&r g S-Q375R

2067 Sce BY4742W + pRS425GPD-&r g S-R409€

2068 Sce BY4742W + pRS425GPD-&r g S-R420€

2069 Sce BY4742W + pRS425GPD-&r g S-R365&

2070 Sce BY4742W + pRS425GPD-&r g S-R328€

2071 Sce BY4742W + pRS425GPD-€r g S-N332A

2072 Sce BY4742W + pRS425GPD-&r g S-K335&

2073 Sce BY4742W + pRS425GPD-&r g S-R328E-K335¢€
2074 Sce BY4742W + pRS415GPD-ErdS-N677

2075 Sce BY4742IW + pRS415GPD-€ErdsS-£712R

2076 Sce BY4742W + pRS415GPD-ErdS-£731R
2077 Sce BY4742W + pRS415GPD-ErdS-Q836R

2078 Sce BY4742W + pRS415GPD-ErdS-K838€
2079 Sce BY4742W + pRS415GPD-€rdS-T643A
2080 Sce BY4742W + pRS415GPD-€ErdS-Y637F
2081 Sce BY4742W + pRS415GPD-ErdS-T641A
2082 Sce BY4742W + pRS415GPD-€rdS-S642A
2083 Sce BY4742IW + pRS415GPD-£rdS-S644A
2084 Sce BY4742W + pRS415GPD-€ErdS-W645A
2085 Sce BY4742W + pRS415GPD-ErdS-D647R
2086 Sce BY4742W + pRS415GPD-ErdS-R649€
2087 Sce BY4742IW + pRS415GPD-£rdS-R649€
2088 Sce BY4742W + pRS415GPD-ErdS-K790&
2089 Sce BY4742W + pRS415GPD-ErdS-G791A
2090 Sce BY4742W + pRS415GPD-ErdS-Q793R
2091 Sce BY4742IW + pRS415GPD-€ErdS-H795A
2092 Sce BY4742W + pRS415GPD-ErdS-£798R
2093 Sce BY4742W + pRS415GPD-€ErdS-W802A

2094 Sce BY4742W + pRS415GPD-ErdS-K916€

A. fumigatus (Afm) strains

Afm cea17"®’ ; pyrG akuB::pyrG (A akuB 1o )
Afm cea17""*° Ae rds (hph): pyrG akuB:pyrG (Aakus'*°
ds-hoh thph): py uB:pyrG (doku ) erdS ORF deleted by homologous recomb. Del. K7 contains hygR.
erds::hp.
Kuso Kuso . B
Afm cea17 " Aerds: pyrG akuB::pyrG (AakuB ™ ) Aerds  Deletion K7 excised
Afm cea17"*° Aerds:p xyl ~€rds: pyrG akuB::pyrG kU0
8o Afm CEA17 Aerds complemented with an xylose inducible
(AakuB ) Derds:[5"-utr- P, erdS-trpCterm-hph-3"-utr]
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A. oryzae (Aor) strains (from T. Kushiro's Lab)

Aor RIB40 wt

Aor HiMe10: AligD::AnpyrG-300bp ApyrG

Aor HiDES: AligD::AnpyrG-300bp, ApyrG, AAorérds::AnpyrG-
300bp

Aor HIiDEC (Aerds + aspRS): AligD::AnpyrG-300bp, ApyrG,
AAorerdS::AnpyrG-300bp niaD::(AoaspRSniaDAnpyrG)

Aor HiDEC (Aerds + duf2156): AligD::AnpyrG-300bp, ApyrG,
AAorerds::AnpyrG-300bp niaD::(Aoduf2156niaDAnpyrG)
Aor HiDEC (Aerds + erds): AligD::AnpyrG-300bp, ApyrG,
AAorerds::AnpyrG-300bp niaD::(AoerdsniaDAnpyrG)

N. crassa (Ncr) strains (from the FGSC)

Neurospora crassa 74-0R23-1VA wt, matA FGSC #2489

Neurospora crassa Aerds: erdsS::hph, mata FGSC #20236
Neurospora crassa AerdH: erdH::hph, mata FGSC #20235
Aspergillus flavusCA14 : ApyrG Akugo FGSC #A1421
Beauveria bassiana NRRL 20698 wt ATCC 90517

Schizophyllum commune H4-8 wt FGSC #9210

Aspergillus niger wt Gift from Uds
candida albicans wt Gift from Uds
Candida parapsilosis wt Gift from uds
Geotrichum candidum wt Gift from Uds
Penicillium expansum wt Gift from uds
Penicillium camemberti wt Gift from Uds
Alternaria alternata wt Gift from Uds
Cryptococcus neoformans wt Gift from Uds

Yarrowia lipolytica Gift from Uds







Table MM-2; List of plasmids, and primers used to obtain them. The following table is organized in sections (black
rows) and sub-sections (light orange rows). The cloning method for each section is specified. The first column
describes the final plasmids, the second column lists templates for amplification by PCR and the last column details
the primer pairs that were used to obtain each construction. The first primer of each pair used for PCR amplification
corresponds to the forward primer and the second corresponds to the reverse primer. Plasmid descriptions contai-
ning “-X" correspond to a LR recombined destination plasmid. If not specified, the origin of the cloned genes corres-
ponds to Afm. For isothermal cloning, products from PCR 1 & PCR 2 (and in few cases PCR 3) were assembled as
described in the Materials and Methods sections. In cases where PCR 1 and PCR 2 involve primers FFO60/FF061, both
amplified products contain a truncated part of AmpR, reconstituted later during the isothermal Gibson assembly.
Replacement cassettes used for genomic recombination in Aspregillus spp. are described at the end of this table.
pJET1.2 in bold, indicate that the corresponding PCR product or the linear isothermally assembled intermediate was
cloned into pJET1.2 by using the CloneJET PCR Cloning Kit (Thermofisher, K1231). Please note that Afm erdS and ergs
genes were codon optimized for their expression in Sce. This is only specified in the first section of the present table
but note that all plasmids used for expression in Sce and €. coli contain those optimized sequences.

Final plasmid Template primers (5" --> 3')
Construction of donnor plasmids containing erds or ergs variants - Gateway BP reactions
pPDONR221-ErdS-Afm GW_s : GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATG
puUC57-ErdS-Afm (Sce _opt_seq)
(Sce _opt_seq) GW_as : GGGGACTTTGTACAAGAAAGCTGGGTC
pDONRZZl—ErdS-AdeZ 156 FF0O01 : GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGTCAATCAAGAGAGCATTATCC
pUC57-ErdS-Afm (Sce _opt_seq)
(Sce_opt_seq) FFOO03 : GGGGACCACTTTGTACAAGAAAGCTGGGTCTCAAGGTGGAAAAGATTTTGGATC
pDONRZZl-ErdS-AaSpRS dufssDRS_s : GGGGACAAGTTTGTACAAAAAAGCAGGCTTCatgAGACACCCTGAAAGTTCTACAATAGAACC
puUC57-ErdS-Afm (Sce _opt_seq)
(Sce _opt_seq) GW_as : GGGGACTTTGTACAAGAAAGCTGGGTC
GGGGACAAGTTTGTACAAAAAAGCAGGCTTCatgtccatcaaacgggecc
PDONR221-ErdS-Aor A. oryzae (Aor) gDNA
GGGGACCACTTTGTACAAGAAAGCTGGGTCttagtcttcgaaaaagtgaagg
pDONR221-ErgS-Afm GW_s : GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATG
pUC57-ErgS-Afm (Sce _opt_seq)
(Sce _opt_seq) GW_as : GGGGACTTTGTACAAGAAAGCTGGGTC

Construction of S. cerevisiae expression plasmids - isoThermal assembly

ErdS wt and mutatnts

#101 : gaactagtggatcccccatcacaagtttGTACAAAAAAGCAGGCTTC
#102 : cttgatatcgaattcctgcagcccatcaCCACTTTGTACAAGAAAGCTGGGTC
PRS415-GPD-X (LR recombined #104 : tgatgggctgcaggaattcgatatcaag

pPDONR221-ErgS-Aor (PCR 1)

PRS415-GPD-ErgS-Aor

plasmid) (PCR 2) #103 : aaacttgtgatgggggatccactagttc
#101 : gaactagtggatcccccatcacaagtttGTACAAAAAAGCAGGCTTC

pPDONR221-ErgS-Afm (PCR 1)
#102 : cttgatatcgaattcctgcageccatcaCCACTTTGTACAAGAAAGCTGGGTC

PRS415-GPD-ErgS-Afm
#104 : tgat: ctgcaggaattcgatatcaa

PRS415-GPD-X (PCR 2) gatgggctacagy g 9

#103 : aaacttgtgatgggggatccactagttc

#101 : gaactagtggatcccccatcacaagtttGTACAAAAAAGCAGGCTTC
PDONR221-ErdS-Aduf2156 (PCR 1)
#102 : cttgatatcgaattcctgcagcccatcaCCACTTTGTACAAGAAAGCTGGGTC

PRS415-GPD-ErgS-Aduf2156
#104 : tgat ctgcaggaattcgatatcaa

PRS415-GPD-X (PCR 2) 9e1999¢19€agg ? J

#103 : aaacttgtgatgggggatccactagttc

#101 : gaactagtggatcccccatcacaagtttGTACAAAAAAGCAGGCTTC
pDONR221-erdS-AaspRS (PCR 1)
#102 : cttgatatcgaattcctgcagcccatcaCCACTTTGTACAAGAAAGCTGGGTC

PRS415-GPD-erdS-AaspRS
PRSA15-GPD-X (CR 2) #104 : tgatgggctgcaggaattcgatatcaag
#103 : aaacttgtgatgggggatccactagttc
FF048 : TTTTAGCCGCTGCTCCTGCTTTGGCAAAGCAAATGGCCATC
FFO61 : TTTTCTGTGACTGGTGAGTACTCAACC
FFO60 : TTGAGTACTCACCAGTCACAGAAAAGC

FF049 : CTTTGCCAAAGCAGGAGCAGCGGCTAAAAATGCATCTCTACCG

PRS415-GPD-ErdS-Afm (PCR 1)

PRS415GPD-erdS-AAPA
PRS415-GPD-ErgS-Afm (PCR 2)



Table MM-2 (continued)

FFO50 : GCAGCAGCAATAGCAGCAGCCGAAAACGAAGGTATTAAAATCG
PRS415-GPD-ErgS-Afm (PCR 1)
PRS415GPD-erdS-a(0) FFO61 : TTTTCTGTGACTGGTGAGTACTCAACC

R749, K750, R751, R752 to A FFOGO : TTGAGTACTCACCAGTCACAGAAAAGC
PRS415-GPD-ErdS-Afm (PCR 2)
FFO51 : GCTGCTGCTATTGCTGCTGCAATTTCACCGTCAGAAGCGGCTTG
FF052 : GCAGAAGAAATAGAAGAAGCCGAAAACGAAGGTATTAAAATCG
PRS415-GPD-ErdS-Afm (PCR 1)
PRS415GPD-ErdS-ou(-) FFO61 : TTTTCTGTGACTGGTGAGTACTCAACC

R749, K750, R751, R752 to E FFOG60 : TTGAGTACTCACCAGTCACAGAAAAGC
PRS415-GPD-ErdS-Afm (PCR 2)
FFO053 : GGCTTCTTCTATTTCTTCTGCAATTTCACCGTCAGAAGCGGCTTG
NYO050 : GATCGCCAACTTTGGTGACGCTACAAGTACC

pRS415-GPD-ErgS-Afm (PCR 1)
FFO61 : TTTTCTGTGACTGGTGAGTACTCAACC

PRS415GPD-ErdS-Y637F
FFOG0 : TTGAGTACTCACCAGTCACAGAAAAGC

NY051 : TAGCGTCACCAAAGTTGGCGATCAAATGTTC
NY052 : CGGTGACGCTGCTAGTACCTCTTGGGGTGACG
FFO61 : TTTTCTGTGACTGGTGAGTACTCAACC

PRS415-GPD-ErdS-Afm (PCR 2)

PRS415-GPD-ErdS-Afm (PCR 1)

pRS415GPD-ErdS-T641A
FFOG60 : TTGAGTACTCACCAGTCACAGAAAAGC

NYO053 : AAGAGGTACTAGCAGCGTCACCGTAGTTGGC
NY054 : TGACGCTACAGCTACCTCTTGGGGTGACG
FFO61 : TTTTCTGTGACTGGTGAGTACTCAACC

PRS415-GPD-ErdS-Afm (PCR 2)

PRS415-GPD-ErgS-Afm (PCR 1)

PRS415GPD-ErdS-S642A
FFOGO : TTGAGTACTCACCAGTCACAGAAAAGC

NYO55 : CCCAAGAGGTAGCTGTAGCGTCACCGTAG
NY056 : CGCTACAAGTGCTTCTTGGGGTGACGAAAG
FFO61 : TTTTCTGTGACTGGTGAGTACTCAACC

PRS415-GPD-ErdS-Afm (PCR 2)

PRS415-GPD-ErdS-Afm (PCR 1)

PRS415GPD-ErdS-S643A
FFOG60 : TTGAGTACTCACCAGTCACAGAAAAGC

NYO57 : CACCCCAAGAAGCACTTGTAGCGTCACCG
NYO058 : TACAAGTACCGCTTGGGGTGACGAAAGATTC
FFOG1 : TTTTCTGTGACTGGTGAGTACTCAACC

PRS415-GPD-ErdS-Afm (PCR 2)

PRS415-GPD-ErgS-Afm (PCR 1)

PRS415GPD-ErdS-S644A
FFOG60 : TTGAGTACTCACCAGTCACAGAAAAGC

NYO059 : CGTCACCCCAAGCGGTACTTGTAGCGTCACC
NYOG60 : AAGTACCTCTGCTGGTGACGAAAGATTCAAG
FFO61 : TTTTCTGTGACTGGTGAGTACTCAACC

PRS415-GPD-ErdS-Afm (PCR 2)

PRS415-GPD-ErdS-Afm (PCR 1)

PRS415GPD-ErdS-W645A
FFOG0 : TTGAGTACTCACCAGTCACAGAAAAGC

NYO061 : TTTCGTCACCAGCAGAGGTACTTGTAGCGTC
NY0G62 : CTCTTGGGGTAGAGAAAGATTCAAGATTTGG
FFO61 : TTTTCTGTGACTGGTGAGTACTCAACC

PRS415-GPD-ErdS-Afm (PCR 2)

PRS415-GPD-ErgS-Afm (PCR 1)

PRS415GPD-ErdS-D647R
FFOGO : TTGAGTACTCACCAGTCACAGAAAAGC

NYO063 : TGAATCTTTCTCTACCCCAAGAGGTACTTG
NYO064 : GGGTGACGAAGAATTCAAGATTTGGAGAGAC
FFO61 : TTTTCTGTGACTGGTGAGTACTCAACC

PRS415-GPD-ErdS-Afm (PCR 2)

PRS415-GPD-ErdS-Afm (PCR 1)

PRS415GPD-ErdS-R649E
FFOG60 : TTGAGTACTCACCAGTCACAGAAAAGC

NYOG5 : AAATCTTGAATTCTTCGTCACCCCAAGAGG
NYO70 : ATCATTGTCCGCTATTGCTGAAGAAAGAGTAG
FFOG1 : TTTTCTGTGACTGGTGAGTACTCAACC

PRS415-GPD-ErdS-Afm (PCR 2)

PRS415-GPD-ErgS-Afm (PCR 1)

pRS415GPD-ErdS-C728A
FFOG0 : TTGAGTACTCACCAGTCACAGAAAAGC

NYO71 : CTTCAGCAATAGCGGACAATGATCTCCAACC
FFO054 : ATACAAGATGCTTTGGCAAACAGAAAGGGTACTCAAGTTC
FFO61 : TTTTCTGTGACTGGTGAGTACTCAACC

PRS415-GPD-ErdS-Afm (PCR 2)

PRS415-GPD-ErdS-Afm (PCR 1)

PRS415GPD-ErdS-W785A
FFOGO : TTGAGTACTCACCAGTCACAGAAAAGC

FFO55 : GTTTGCCAAAGCATCTTGTATTCTAGCGTCAATCTTTTC
FFO56 : ATACAAGATCATTTGGCAAACAGAAAGGGTACTCAAGTTC
FFO61 : TTTTCTGTGACTGGTGAGTACTCAACC

PRS415-GPD-ErdS-Afm (PCR 2)

PRS415-GPD-ErgS-Afm (PCR 1)

PRS415GPD-ErdS-W785H
FFOG0 : TTGAGTACTCACCAGTCACAGAAAAGC

PRS415-GPD-ErdS-Afm (PCR 2)
FFO57 : GTTTGCCAAATGATCTTGTATTCTAGCGTCAATCTTTTC
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FF058 : TTGGCAAACGCAAAGGGTACTCAAGTTCATTTGTCAGAAATAC

PRS415-GPD-ErdS-Afm (PCR 1)
FF061 : TTTTCTGTGACTGGTGAGTACTCAACC

PRS415GPD-ErdS-R789A
FFOGO : TTGAGTACTCACCAGTCACAGAAAAGC

FF059 : AGTACCCTTTGCGTTTGCCAACCAATCTTGTATTCTAGCGTC
NY072 : GGCAAACAGAGAAGGTACTCAAGTTCATTTG
FFOG61 : TTTTCTGTGACTGGTGAGTACTCAACC

PRS415-GPD-ErdS-Afm (PCR 2)

PRS415-GPD-ErgS-Afm (PCR 1)

PRS415GPD-ErdS-K790E
FFOGO : TTGAGTACTCACCAGTCACAGAAAAGC

NYO73 : CTTGAGTACCTTCTCTGTTTGCCAACCAATC
NYO74 : AAACAGAAAGGCTACTCAAGTTCATTTGTC
FF0G61 : TTTTCTGTGACTGGTGAGTACTCAACC

PRS415-GPD-ErdS-Afm (PCR 2)

PRS415-GPD-ErdS-Afm (PCR 1)

PRS415GPD-ErdS-G791A
FFOGO : TTGAGTACTCACCAGTCACAGAAAAGC

NYO75 : GAACTTGAGTAGCCTTTCTGTTTGCCAACC
NYO76 : AAAGGGTACTAGAGTTCATTTGTCAGAAATAC
FFOG61 : TTTTCTGTGACTGGTGAGTACTCAACC

PRS415-GPD-ErdS-Afm (PCR 2)

pRS415-GPD-ErgS-Afm (PCR 1)

PRS415GPD-ErdS-Q793R
FFOGO : TTGAGTACTCACCAGTCACAGAAAAGC

NYO77 : ACAAATGAACTCTAGTACCCTTTCTGTTTGC
NYO78 : TACTCAAGTTGCTTTGTCAGAAATACACCCTTG
FF0G61 : TTTTCTGTGACTGGTGAGTACTCAACC

PRS415-GPD-ErdS-Afm (PCR 2)

PRS415-GPD-ErdS-Afm (PCR 1)

PRS415GPD-ErdS-H795A
FFOGO : TTGAGTACTCACCAGTCACAGAAAAGC

NYO79 : TTTCTGACAAAGCAACTTGAGTACCCTTTCTG
NYO80 : TCATTTGTCAAGAATACACCCTTGGAGAGATTC
FFO61 : TTTTCTGTGACTGGTGAGTACTCAACC

PRS415-GPD-ErdS-Afm (PCR 2)

pRS415-GPD-ErgS-Afm (PCR 1)

PRS415GPD-ErdS-E798R
FFOGO : TTGAGTACTCACCAGTCACAGAAAAGC

NY081 : AAGGGTGTATTCTTGACAAATGAACTTGAGTAC
NY082 : AATACACCCTGCTAGAGATTCCGAACATAGATG
FF0G61 : TTTTCTGTGACTGGTGAGTACTCAACC

PRS415-GPD-ErdS-Afm (PCR 2)

PRS415-GPD-ErdS-Afm (PCR 1)

PRS415GPD-ErdS-W802A
FFOGO : TTGAGTACTCACCAGTCACAGAAAAGC

NY083 : CGGAATCTCTAGCAGGGTGTATTTCTGACAAATG
NY084 : AAAATCAGAGGCTAGAGCCAAGTTAGGTGCTC
FFO61 : TTTTCTGTGACTGGTGAGTACTCAACC

PRS415-GPD-ErdS-Afm (PCR 2)

PRS415-GPD-ErgS-Afm (PCR 1)

PRS415GPD-ErdS-F913A
FFOGO : TTGAGTACTCACCAGTCACAGAAAAGC

NYO085 : ACTTGGCTCTAGCCTCTGATTTTCTAACCAAG
NY086 : ATCAGAGTTTGAAGCCAAGTTAGGTGCTCATG
FF0G61 : TTTTCTGTGACTGGTGAGTACTCAACC

PRS415-GPD-ErdS-Afm (PCR 2)

PRS415-GPD-ErdS-Afm (PCR 1)

PRS415GPD-ErdS-R914E
FFOGO : TTGAGTACTCACCAGTCACAGAAAAGC

NY087 : CTAACTTGGCTTCAAACTCTGATTTTCTAACC
NY088 : GTTTAGAGCCGAATTAGGTGCTCATGAAGAAC
FFO61 : TTTTCTGTGACTGGTGAGTACTCAACC

PRS415-GPD-ErdS-Afm (PCR 2)

PRS415-GPD-ErgS-Afm (PCR 1)

PRS415GPD-ErdS-K916E
FFOGO : TTGAGTACTCACCAGTCACAGAAAAGC

NY089 : GAGCACCTAATTCGGCTCTAAACTCTGATTTTC

PRS415-GPD-ErdS-Afm (PCR 2)

ErdH wt and mutants

. NY119 : AAGCAGGCTTCATGGCCTCTCATGCCCCTC
Afm Genomic DNA (PCR 1)

PRS414GPD-ErdH or NY120 : gAAAGCTGGGTCCTATCTGTCAAAAATCGC
PRS414GPD-EGFP-ErdH PRS414GPD-X or pRS414GPD-EGFP-X NY121 : GACAGATAGGACCCAGCTTTcttgtacaaagtgg
(PCR 2) NY122 : ATGAGAGGCCATGAAGCCTGCTTTTTTGTACaaac

NY169 : TGAAAGCGATTTTTGACAGAGACCCAGCTTTcttgtacaaagtgg
FFOG61 : TTTTCTGTGACTGGTGAGTACTCAACC

PRS414GPD-X-EGFP (PCR 1)

PRS414GPD-EGFP-ErdH
NY170 : gtacaagAAAGCTGGGTCTCTGTCAAAAATCGCTTTCATGTCCG

FFOGO : TTGAGTACTCACCAGTCACAGAAAAGC

PRS414GPD-ErdH (PCR 2)
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ErgS wt and mutants

#101 : gaactagtggatcccccatcacaagtttGTACAAAAAAGCAGGCTTC
pPDONR221-ErgS-Afm (PCR 1)

PRS415-GPD-ErgS-Afm or #102 : cttgatatcgaattcctgcageccatcaCCACTTTGTACAAGAAAGCTGGGTC
PRS414-GPD-ErgS-Afm PRS415-GPD-X or pRS414-GPD-X (PCR #104 : tgatgggctgcaggaattcgatatcaag
2) #103 : aaacttgtgatgggggatccactagttc
NY125 : AACTTCAGGTGAAGAAATATTAACACAAAACAGAC
PRS415-GPD-ErgS-Afm (PCR 1)
PRS415-GPD-ErgS-Afm -0i(-) FFO61 : TTTTCTGTGACTGGTGAGTACTCAACC
K321, R322t0 E FFO60 : TTGAGTACTCACCAGTCACAGAAAAGC

PRS415-GPD-ErgS-Afm (PCR 2)
NY126 : GTGTTAATATTTCTTCACCTGAAGTTTCTAACAAAAC

NY127 : AATATTAACAGCTGCTGAAGCTTTGTTGAACCCTTCAAAAG
PRS415-GPD-ErgS-Afm (PCR 1)
PRS415-GPD-ErgS-Afm FFO61 : TTTTCTGTGACTGGTGAGTACTCAACC

Q326A, N327A, R328E, Q329A FFO60 : TTGAGTACTCACCAGTCACAGAAAAGC
PRS415-GPD-ErgS-Afm (PCR 2)
NY128 : GGTTCAACAAAGCTTCAGCAGCTGTTAATATTCTTTTACCTG
NY129 : ACAATTGTTGGCTCCTTCAGAAGGTGGTATAACTTTGCATATC
PRS415-GPD-ErgS-Afm (PCR 1)
PRS415-GPD-ErgS-Afm FFOG1 : TTTTCTGTGACTGGTGAGTACTCAACC

N332A, K335E FFOGO : TTGAGTACTCACCAGTCACAGAAAAGC
PRS415-GPD-ErgS-Afm (PCR 2)
NY130 : TTATACCACCTTCTGAAGGAGCCAACAATTGTCTGTTTTGTG
NY157 : TAACACAAAACGAACAATTGTTGAACCCTTCAAAAG
PRS415-GPD-ErgS-Afm (PCR 1)
PRS415-GPD-ErgS-Afm FFO61 : TTTTCTGTGACTGGTGAGTACTCAACC

R328E FFO60 : TTGAGTACTCACCAGTCACAGAAAAGC
PRS415-GPD-ErgS-Afm (PCR 2)
NY158 : GTTCAACAATTGTTCGTTTTGTGTTAATATTCTTTTAC
NY159 : GACAATTGTTGGCTCCTTCAAAAGGTGGTATAAC
PRS415-GPD-ErgS-Afm (PCR 1)
pRS415-GPD-ErgS-Afm FFO61 : TTTTCTGTGACTGGTGAGTACTCAACC

N332A FFOGO : TTGAGTACTCACCAGTCACAGAAAAGC
PRS415-GPD-ErgS-Afm (PCR 2)
NY160 : CCTTTTGAAGGAGCCAACAATTGTCTGTTTTGTG
NY161 : TGAACCCTTCAGAAGGTGGTATAACTTTGCATATC
PRS415-GPD-ErgS-Afm (PCR 1)
PRS415-GPD-ErgS-Afm FFO61 : TTTTCTGTGACTGGTGAGTACTCAACC

K335E FFOGO : TTGAGTACTCACCAGTCACAGAAAAGC
PRS415-GPD-ErgS-Afm (PCR 2)
NY162 : GTTATACCACCTTCTGAAGGGTTCAACAATTGTC
NY163 : GAACAATTGTTGAACCCTTCAGAAGGTGGTATAACTTTGCATATC
PRS415-GPD-ErgS-Afm (PCR 1)
PRS415-GPD-ErgS-Afm FFO61 : TTTTCTGTGACTGGTGAGTACTCAACC

R328E, K335E FFO60 : TTGAGTACTCACCAGTCACAGAAAAGC
PRS415-GPD-ErgS-Afm (PCR 2)
NY164 : TTCTGAAGGGTTCAACAATTGTTCGTTTTGTGTTAATATTCTTTTAC
NY143 : CTATGACGAAGCTAGAATGGCCAGAAATAAGTC
PRS415-GPD-ErgS-Afm (PCR 1)
PRS415-GPD-ErgS-Afm FFO61 : TTTTCTGTGACTGGTGAGTACTCAACC

W364A FFO60 : TTGAGTACTCACCAGTCACAGAAAAGC
PRS415-GPD-ErgS-Afm (PCR 2)
NY144 : CTGGCCATTCTAGCTTCGTCATAGATTGCACATAATTC
NY133 : TGACGAATGGGAAATGGCCAGAAATAAGTCTG
PRS415-GPD-ErgS-Afm (PCR 1)
PRS415-GPD-ErgS-Afm FFOG1 : TTTTCTGTGACTGGTGAGTACTCAACC

R365E FFOGO : TTGAGTACTCACCAGTCACAGAAAAGC
PRS415-GPD-ErgS-Afm (PCR 2)
NY134 : TTCTGGCCATTTCCCATTCGTCATAGATTGCAC
NY135 : GAGAATGGCCGAAAATAAGTCTGGTAGATTGC
PRS415-GPD-ErgS-Afm (PCR 1)
PRS415-GPD-ErgS-Afm FFO61 : TTTTCTGTGACTGGTGAGTACTCAACC

R368E FFOG60 : TTGAGTACTCACCAGTCACAGAAAAGC
PRS415-GPD-ErgS-Afm (PCR 2)
NY136 : CAGACTTATTTTCGGCCATTCTCCATTCGTC
NY137 : GGTAGATTGAGAGCCTTTATTACAGAATACG
PRS415-GPD-ErgS-Afm (PCR 1)
PRS415-GPD-ErgS-Afm FFO61 : TTTTCTGTGACTGGTGAGTACTCAACC

Q375R FFOGO : TTGAGTACTCACCAGTCACAGAAAAGC
PRSA415-GPD-ErgS-Afm (PCR 2)
NY138 : TAATAAAGGCTCTCAATCTACCAGACTTATTTC
NY139 : TGCTGCATTAGAATGGATAGGTGAAAAGAATG
PRS415-GPD-ErgS-Afm (PCR 1)
PRS415-GPD-ErgS-Afm FFO61 : TTTTCTGTGACTGGTGAGTACTCAACC

R409E FFO60 : TTGAGTACTCACCAGTCACAGAAAAGC
PRS415-GPD-ErgS-Afm (PCR 2)
NY140 : CACCTATCCATTCTAATGCAGCAAAACCGTTTAC
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PRS415-GPD-ErgS-Afm

D420R

PRS415GPD-ErgS-Bba

PRS415GPD-ErgS-Yli

PRS415GPD-ErgS_Yli -o(-) 1

R217, R221, R224, K228 to E

PRS415GPD-ErgS_Yli -a(-) 2

R217,R221 to E

PRS415GPD-ErgS_Yli -a-) 3

R224, K228 to E

NY141 : TTATCACGTCAGACCTTGCATCGCCGCTCCTAG
PRS415-GPD-ErgS-Afm (PCR 1)
FFOG61 : TTTTCTGTGACTGGTGAGTACTCAACC
FFOGO0 : TTGAGTACTCACCAGTCACAGAAAAGC
PRS415-GPD-ErgS-Afm (PCR 2)
NY142 : CGATGCAAGGTCTGACGTGATAACCATTCTTTTC
. . NY177 : AAGCAGGCTTCATGATGCTGAGAAACTATC
B. bassiana genomic DNA (PCR 1)
NY178 : gAAAGCTGGGTCCTATACCCGTTTCCGAGAG
PRS415-GPD-X (LR recombined NY179 : ACGGGTATAGGACCCAGCTTTcttgtacaaagtgg
plasmid) (PCR 2) NY180 : TCAGCATCATGAAGCCTGCTTTTTTGTACaaac
X X X NY173 : AAGCAGGCTTCATGTGGTTCAACTGCTGCC
Y. lipolytica genomic DNA (PCR 1)
NY174 : gAAAGCTGGGTCTTATGCGGCGACAGGAGGG
PRS415-GPD-X (LR recombined NY175 : CGCCGCATAAGACCCAGCTTTcttgtacaaagtgg
plasmid) (PCR 2) NY176 : TTGAACCACATGAAGCCTGCTTTTTTGTACaaac
. NY201 : GAAACCATCAACGAATGGAACGAAAACCTGCAGGAAGAGGGCGTCAGCCTCAATGTG
PRS415GPD-ErgS_Yli (PCR 1)
FFOG61 : TTTTCTGTGACTGGTGAGTACTCAACC
. FFOG60 : TTGAGTACTCACCAGTCACAGAAAAGC
PRS415GPD-ErgS_Yli (PCR 2)
NY202 : TTCCTGCAGGTTTTCGTTCCATTCGTTGATGGTTTCGCCAAAACCGGGGTTGGTCTG
. NY203 : TTGGCGAAACCATCAACGAATGGAACCGAAACCTGCAGAAGGAGG
PRS415GPD-ErgS_Yli (PCR 1)
FFOG61 : TTTTCTGTGACTGGTGAGTACTCAACC
. FFOGO0 : TTGAGTACTCACCAGTCACAGAAAAGC
PRS415GPD-ErgS_Yli (PCR 2)
NY204 : TTCCATTCGTTGATGGTTTCGCCAAAACCGGGGTTGGTCTGGGGG
. NY205 : GGAACGAAAACCTGCAGGAAGAGGGCGTCAGCCTCAATGTGTACTC
PRS415GPD-ErgS_Yli (PCR 1)
FFOG61 : TTTTCTGTGACTGGTGAGTACTCAACC
. FFOG60 : TTGAGTACTCACCAGTCACAGAAAAGC
PRS415GPD-ErgS_Yli (PCR 2)
NY206 : CCCTCTTCCTGCAGGTTTTCGTTCCATCGGTTGATGGTTCGGCC
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Construction of & coli overexpression plasmids - isoThermal assembly

Constructions for protein purification of recombinant ErdS variants

#142 : GGTACCGGATCTTACATCACAAGTTTGTACAAAAAAGCAGGCTTC
#134 : GTGGTGGTGGTGCTCGAGGTACATCAACTTTGTACAAGAAAGCTGGGTC
#114 : TGATGTACCTCGAGCACCACCACCAC

#135 : AAACTTGTGATGTAAGATCCGGTACC

#142 : GGTACCGGATCTTACATCACAAGTTTGTACAAAAAAGCAGGCTTC
#134 : GTGGTGGTGGTGCTCGAGGTACATCAACTTTGTACAAGAAAGCTGGGTC
#114 : TGATGTACCTCGAGCACCACCACCAC

#135 : AMACTTGTGATGTAAGATCCGGTACC

#142 : GGTACCGGATCTTACATCACAAGTTTGTACAAAAAAGCAGGCTTC
#134 : GTGGTGGTGGTGCTCGAGGTACATCAACTTTGTACAAGAAAGCTGGGTC
#114 : TGATGTACCTCGAGCACCACCACCAC

#135 : AMACTTGTGATGTAAGATCCGGTACC

PDONR221-ErdS-Afm (PCR1)

pMtevGWA-ErdS-Afm
pMtevGWA-X (PCR2)

pDONRZZl-ErdS-AdufZlSG (PCR1)

pMtevGWA-ErdS-Aduf2156
pMtevGWA-X (PCR2)

PDONR22 l—ErdS—AaSpRS (PCR1)

pMtevGWA-ErdS-AaspRS
pMtevGWA-X (PCR2)

DN_84 : GCCAACTTTGTACAAAAAAGCAGGCTTCATGTCAGATGACTCCGA
FFOG1 : TTTTCTGTGACTGGTGAGTACTCAACC
FFO60 : TTGAGTACTCACCAGTCACAGAAAAGC
DN_rv : GAAGCCTGCTTTTTTGTACAAAG
FF048 : TTTTAGCCGCTGCTCCTGCTTTGGCAAAGCAAATGGCCATC
pMtevGWA-ErdS-Afm (PCR1)
pMtevGWA-ASPRSapa™ FFO61 : TTTTCTGTGACTGGTGAGTACTCAACC
DUF2156 FFO60 : TTGAGTACTCACCAGTCACAGAAAAGC
pMtevGWA-ErdS-Afm (PCR2)
FF049 : CTTTGCCAAAGCAGGAGCAGCGGCTAAAAATGCATCTCTACCG
FF050 : GCAGCAGCAATAGCAGCAGCCGAAAACGAAGGTATTAAAATCG
thevGWA—ErdS—Afm (PCR1)
thevGWA—ErdS-O((O) FFO61 : TTTTCTGTGACTGGTGAGTACTCAACC
R749, K750, R751, R752 t0 A FFO60 : TTGAGTACTCACCAGTCACAGAAAAGC
thevGWA—ErdS—Afm (PCR2)
FFO51 : GCTGCTGCTATTGCTGCTGCAATTTCACCGTCAGAAGCGGCTTG

pMtevGWA-ErdS-Afm (PCR1)

pMtevGWA-ErdsA84-Afm
pMtevGWA-ErdS-Afm (PCR2)

. . . His_fwd : ATGCACCACCACCACCACCACCACCACATGGGTACCAAAACTGAAGAAGGTA
pHisMtevGWA-ErdS variant pMtevGWA-ErdS variant (PCR 1)
FFO61 : TTTTCTGTGACTGGTGAGTACTCAACC

(insertion of His8x-tag at the
Nt of the encoded MBP-ErdS) pMtevGWA-ErdS variant (PCR 2)

FFOGO0 : TTGAGTACTCACCAGTCACAGAAAAGC

His_rev : GTGGTGGTGGTGGTGGTGGTGGTGCATGGTATATCTCCTTCTTAAAGTTAAA
NY011 : GTTTAACTTTAAGAAGGAGATATACCATGGGTACCTCCCCTATACTAGGTTATTG
NY012 : CCTTCTTCAGTTTTGGTACCCATATCCGATTTTGGGGGATGGTCGCCAC

NY013 : ATGGGTACCAAAACTGAAGAAGG

NY014 : GGTATATCTCCTTCTTAAAGTTAAAC

pGMtevGWA-erdS-AaspRS PGGWA (PCR 1)
(insertion of GST-tag at the Nt
of the encoded MBP-ErdS) pMtevGWA-ErdS-AaspRS (PCR 2)

Constructions for protein purification of recombinant ErdH variants

NY119 : AAGCAGGCTTCATGGCCTCTCATGCCCCTC
NY120 : gAAAGCTGGGTCCTATCTGTCAAAAATCGC
NY121 : GACAGATAGGACCCAGCTTTcttgtacaaagtgg
NY122 : ATGAGAGGCCATGAAGCCTGCTTTTTTGTACaaac
NY145 : TGAGTGGTTTCGCTGCGGGCGGCAACCTCGCTG
FFOG61 : TTTTCTGTGACTGGTGAGTACTCAACC

FFO60 : TTGAGTACTCACCAGTCACAGAAAAGC

NY146 : TTGCCGCCCGCAGCGAAACCACTCAGAGCAATTC
NY147 : TCTGCGAATGGGCTATGCTGATGAACGAGGGC
FFO61 : TTTTCTGTGACTGGTGAGTACTCAACC

FFOGO : TTGAGTACTCACCAGTCACAGAAAAGC

NY148 : TTCATCAGCATAGCCCATTCGCAGATGTACAG
NY149 : AAAAAGCCCGAGCTGCCTGGGACAAGTCCCCG
FFO61 : TTTTCTGTGACTGGTGAGTACTCAACC

FFOGO : TTGAGTACTCACCAGTCACAGAAAAGC

NY150 : TGTCCCAGGCAGCTCGGGCTTTTTCAATCATC
NY151 : TGCCTGGGACGATTCCCCGAATCCCTTCCGAG
FFOG61 : TTTTCTGTGACTGGTGAGTACTCAACC

FFOGO : TTGAGTACTCACCAGTCACAGAAAAGC

NY152 : GGATTCGGGGAATCGTCCCAGGCATGTCGGGC

Afm Genomic DNA (PCR1)

pMtevGWA-ErdH
pMtevGWA-X (PCR2)

pMtevGWA-ErdH (PCR 1)

pMtevGWA-ErdH-S153A
pMtevGWA-ErdH (PCR 2)

pMtevGWA-ErdH (PCR 1)

pMtevGWA-ErdH-D277A
pMtevGWA-ErdH (PCR 2)

pMtevGWA-ErdH (PCR 1)

pMtevGWA-ErdH-H307A
pMtevGWA-ErdH (PCR 2)

pMtevGWA-ErdH (PCR 1)

pMtevGWA-ErdH-K311D
pMtevGWA-ErdH (PCR 2)



Table MM-2 (continued)

Constructions for protein purification of recombinant ErgS variants
#142 : GGTACCGGATCTTACATCACAAGTTTGTACAAAAAAGCAGGCTTC
#134 : GTGGTGGTGGTGCTCGAGGTACATCAACTTTGTACAAGAAAGCTGGGTC
#114 : TGATGTACCTCGAGCACCACCACCAC
#135 : AAACTTGTGATGTAAGATCCGGTACC
NY173 : AAGCAGGCTTCATGTGGTTCAACTGCTGCC
NY174 : gAAAGCTGGGTCTTATGCGGCGACAGGAGGG
NY175 : CGCCGCATAAGACCCAGCTTTcttgtacaaagtgg
NY176 : TTGAACCACATGAAGCCTGCTTTTTTGTACaaac
. NY201 : GAAACCATCAACGAATGGAACGAAAACCTGCAGGAAGAGGGCGTCAGCCTCAATGTG
. pMtev-ErgS_vli (PCR 1)
PRS415GPD-ErgS_vYli-a(-) 1 FFO61 : TTTTCTGTGACTGGTGAGTACTCAACC
R217, R221, R224, K228 to E . FFO60 : TTGAGTACTCACCAGTCACAGAAAAGC
pMtev-ErgS_vli (PCR 2)
NY202 : TTCCTGCAGGTTTTCGTTCCATTCGTTGATGGTTTCGCCAAAACCGGGGTTGGTCTG

Deletion and complementation cassettes for Afm strains - isoThermal assembly & ligation in pJet

pDONR221-ErgS-Afm (PCR1)

pMtevGWA-ErgS-Afm
pMtevGWA-X (PCR2)

Y. lipolytica genomic DNA (PCR 1)

pMtev-ErgS_vli
pMtevGWA-X (PCR2)

PSK529 FF166 : TATAGGTCAATAGAGTATACTTATTTG

(PCR 1) FF167 : TATTATGCTCAACTTAAATGACCTAC
pJET1.2-erdS deletion Afm CEA17AakuBKU8O gDNA FF168 : cccgggTACGTTGGTACGTGAAAGAAATGG
cassette Afm (5'-UTR) (PCR 2) FF169 : TAAGTATACTCTATTGACCTATAGGTGACGGATGAGAGACCACC
Afm CEA17AakuBKU8O gDNA FF170 : GGTCATTTAAGTTGAGCATAATAAGTGGCAGATGTACCAAGCCC
(3'-UTR) (PCR 3) FF171 : cccgggTACGCCGCCTCCCTTCCCATTGC
pJET1.2-erdS deletion cassette Afm FF271 : CAMAGCACGTTTGATCGACATCTGCAgttggttcttcgagtcgatgaatg

(PCR1) FF272 : TGCACTTCTTTGAAGACTAAGGATCCCCGACGCCGACCAACACCGCC

pJET1.2-Pxyl-erds
FF273 : ATGTCGATCAAACGTGCTTTGTCTAAG

Afm CEA17AakuBKU80 gDNA (PCR 2)
FF274 : TTAGTCTTCAAAGAAGTGCAGAACCG

pJET1.2-5'UTR from ergS- fD-5'UTR-fwd : CCCGGGTGTGGATCAAACCTTAGATAGCC
Afm CEA17AakuBKU80 gDNA
Afm fD-5'UTR-rv : GGACCTGAGTGATGCGCAGTAATGTTTTAACAATCGCAAGTTCC
pJET1.2-3'UTR from ergS- fD-3'UTR-fwd : GGTCCATCTAGTGCGCAGGCATCGGTACCGTTCCTGCAAAAGTCC
Afm CEA17AakuBKU80 gDNA
Afm fD-3"UTR-rv : CCCGGGCCTACGAATCAGAAGCCCTGC
pJET1.2-5'UTR from ergS-Afm FFO61 : TTTTCTGTGACTGGTGAGTACTCAACC
(PCR 1) fD-5'UTR-rv : GGACCTGAGTGATGCGCAGTAATGTTTTAACAATCGCAAGTTCC
pJET1.2-ergS deletion pSK529 (Hartmann et al., 2010)  hygroK7-fwd : TACTGCGCATCACTCAGGTCC
cassette Afm (PCR 2) hygroK7-rv : TGCCTGCGCACTAGATGGACC
pJET1.2-5'UTR from ergS-Afm fD-3'UTR-fwd : GGTCCATCTAGTGCGCAGGCATCGGTACCGTTCCTGCAAAAGTCC
(PCR 3) FFOGO : TTGAGTACTCACCAGTCACAGAAAAGC
pJET1.2-ergS deletion cassette Afm NY041 : Cagttggttcttcgagtcgatgaatg
(PCR 1) FFOG61 : TTTTCTGTGACTGGTGAGTACTCAACC
NYO042 : cattcatcgactcgaagaaccaacTGATAGCCTGTCTGGGCTGGAACTTGCG
pJET1.2-Pxyl-ergs Afm CEA17AakuBKU80 gDNA (PCR 2)

NY043 : GCGGTGTTGGTCGGCGTCGGGGATCCTCATTGCGGGACCGCAGGCTTGGAAC

pJET1.2-ergS deletion cassette Afm NY040 : GGATCCCCGACGCCGACCAACACCGC
(PCR 3) FFO60 : TTGAGTACTCACCAGTCACAGAAAAGC

Afm Aerds strains verification by PCR

FFG684 : GGAGATTGGATATGGATGAAGTGAAC
FFG85 : GTTGCCAACGTCGAGAAAACC

Afm CEA17AakuBKU80 gDNA
NY15 : GAGCTGATGCTTTGGGCCGAGGACTGC

NY16 : GCAGTCCTCGGCCCAAAGCATCAGCTC



Table MM-2 (continued)

Deletion and complementation cassettes for Aor strains - restriction and ligation (T. Kushiro's team)

AnpyrG-F : CCCCCCCGGGCTAGGCGCAATCCCTG

pTANpYyrG A. nidulans A26
AnpyrG-R : GGGGACTAGTGCCGGCTTAACCACAG
AnpyrG-Spel-FF : CCCCACTAGTCTCGTCGGCTCTTTTCGCAA
PANpPYrG-MR pPTANPYIG
ANpyrG-SphI-FR : GGGGGCATGCGTAGAGGGTGCGGAGAACA
. AOErds-3'-Smal-F : GACTAACCCGGGGCCTTCTTATGTTAGGCGTTTG
puCdn Aor RIB40 genomic DNA
AOErdS-3'-ECORI-R : CTAGTCGAATTCTTCGAACCAGAATTAACGCTAC
. AOErDS-5"-Hindlll-F : ACCTGCAAGCTTCTTTAATATCCCGAGAATACTCG
pucflk Aor RIB40 genomic DNA
AOEIDS-5"-Pstl-R : TGATGACTGCAGTTGTGTAGCGGACGATAG
AnpyrG-MR-Smal-F primer : CTTCATCCCGGGCTAGGCGCAATCCCTGTC
pDAOr-ErDS pANPYrG-MR

ANnpyrG-MR-Pstl-R primer : CTTCATCCCGGGCTAGGCGCAATCCCTGTC

Verification of deletant and complemented Aor strains by PCR (T. Kushiro's team)

P1 : AoErdS-5'-Hindlll-F : ACCTGCAAGCTTCTTTAATATCCCGAGAATACTCG
P4 : AOErdS-3'-ECORI-R : CTAGTCGAATTCTTCGAACCAGAATTAACGCTAC
HIDES + erdS, HIDES + erdSDduf P15 : AOErdS-486-F : TGCCAAGCTGGTTTTCCTTG

HiMe10, HIDES (gDNA)

(gDNA) P16 : AOErdS-575-R : ATGGCGATGGAATTCTTGCC
P10 : AOErdS-PmaCI-R : AGACACGTGTTAGTCTTCGAAAAAGTGAAGGACAG

HIDES + erdSDaspRS (gDNA)
P17 : AOErdS-2274F : GGCGATCCTTTGTGCGATTC
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ARTICLE INFO ABSTRACT

Keywords: Prokaryotic and eukaryotic cytosolic aminoacyl-tRNA synthetases (aaRSs) are essentially known for their con-

aaRS ventional function of generating the full set of aminoacyl-tRNA species that are needed to incorporate each

tRNA organism's repertoire of genetically-encoded amino acids during ribosomal translation of messenger RNAs.

E;ll(:l:yzzie;n However, bacterial and eukaryotic cytosolic aaRSs have been shown to exhibit other essential nonconventional
Zi

functions. Here we review all the subcellular compartments that prokaryotic and eukaryotic cytosolic aaRSs can
reach to exert either a conventional or nontranslational role. We describe the physiological and stress conditions,
the mechanisms and the signaling pathways that trigger their relocation and the new functions associated with
these relocating cytosolic aaRS. Finally, given that these relocating pools of cytosolic aaRSs participate to a wide
range of cellular pathways beyond translation, but equally important for cellular homeostasis, we mention some
of the pathologies and diseases associated with the dis-regulation or malfunctioning of these nontranslational

Nonconventional functions

functions.

1. Introduction

Aminoacyl-tRNA synthetases (aaRSs) belong to a family of ubiqui-
tous and essential enzymes. Their primary task is to supply the protein
synthesis machineries (cytosolic and organellar) with the full set of
aminoacyl-tRNAs (aa-tRNAs) necessary to translate all messenger RNA
codons into their corresponding amino acids (aa) [1]. In theory, a given
organism has to encode at least one aaRS for each genetically-encoded
aa, which means that a prokaryotic species that uses for protein
synthesis the standard genetic code composed of 20 aa, would need 20
genes encoding the 20 required aaRSs. However, depending on the
organism's origin and genetic code repertoire, the number of aaRSs that
can be found in a given organism ranges from 18 to 23 in prokaryotes
[2] to nearly 45 in eukaryotes [3]. Despite their essential biochemical
function the majority of prokaryotes and all eukaryotic organelles have
less unique aaRSs than genetically-encoded aa, because these organisms
(or compartments) can compensate the lack of an essential aaRS by
alternative routes to generate the aa-tRNA species corresponding to the
orphan tRNA/codon pair ([4-6] and reviewed in [7,8]). Paradoxically,
prokaryotes and mainly bacteria also quasi-systematically encode more
aaRSs than the necessary set for decoding the genetic code repertoire
because the majority of bacterial genomes harbor more than one gene
for a given aaRS [2]. Although the majority of the bacteria present one
or several duplicated aaRSs (and even triplicated ones), the reason for
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https://doi.org/10.1016/j.bbagrm.2017.11.004

the presence of 2 aaRSs of the same aa and tRNA-charging specificity in
a given species has rarely been studied. However, in the few cases that
were studied, it was found that one of the two forms is usually ex-
pressed under specific environmental or stress conditions and that this
stress-induced aaRS possesses specific catalytic traits allowing forma-
tion of the cognate aa-tRNA in these particular physiological conditions
[9-14].

In eukaryotes, the presence of at least 2 different translationally-
active and membrane-separated compartments, the cytosol and mi-
tochondria, makes already the situation more complex with respect to
the number of aaRSs that these organisms have to possess; and becomes
even more complicated if the organism possesses additional organelles
besides the mitochondria. Because the organellar and cytosolic trans-
lation machineries are of different phylogenetic origins, each eukaryote
carries several compartment-specific pools of aaRSs, one for cytosolic
translation and one for each organelle (reviewed in [15]). While both
sets of genes are encoded by the nuclear genome and translated by the
cytosolic protein synthesis machinery, the organellar pools are easily
distinguishable from the cytosolic one because they are of prokaryotic
origins and because these aaRSs possess, usually in the N-terminus, an
organelle-specific targeting sequence that directs their import into the
corresponding compartment (reviewed in [15]). However, even if in
theory, a eukaryotic species using the standard 20 aa-containing genetic
code and that possesses mitochondria would have to encode 40 aaRS
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genes, there is not a single eukaryotic species that has been proposed so
far to encode 2 complete and unique compartment-specific sets of 20
aaRSs [5,15]. Depending on the species that was studied, up to 17
mitochondria-specific aaRS genes can be missing (reviewed in [15])
from the nuclear genome in certain species. To compensate this ap-
parent lack of mitochondrial aaRSs, eukaryotes essentially utilize two
different strategies: i) they use an alternate two-steps route to generate
the aa-tRNA species for which the cognate aaRS is missing [6,16,17] or
ii) they import the corresponding cytosolic aaRS making this enzyme a
dual-localized aaRS both cytosolic and mitochondrial (reviewed in
[15,18]). When both the cytosolic and mitochondrial aaRS are encoded
by a single gene, both forms are either translated from two mRNAs of
different length generated through different processes (see below).
While using a dual-localized aaRS encoded from a single gene makes
perfect sense when the gene encoding the mitochondria-specific aaRS is
missing, there are examples in higher plants and S. cerevisiae (Sce),
where a cytosolic aaRS can be targeted to mitochondria even if the
corresponding mitochondrial ortholog encoded by a separate gene al-
ready exists (reviewed in [15]). The rational for having duplicated
mitochondrial aaRS (one strictly organellar and one dual-localized) has
been clarified in yeast [6] but has so far not been ruled out in higher
plants. However, it was shown that some of these plant dual-localized
aaRSs are not able to charge tRNA inside the mitochondria [19], sug-
gesting that they might have a nonconventional role inside this com-
partment that has yet to be identified. Interestingly, in plants the cy-
tosolic aaRSs that are dual-localized are strictly shared with the
mitochondria and never with the chloroplast, however the majority of
the mitochondrial aaRSs are dual-targeted both in the mitochondria
and the chloroplasts because they harbor an ambiguous organellar
targeting sequence [20].

The other common trait of eukaryotic cytosolic aaRSs that influ-
ences their subcellular localization is the capacity of some of them to
form so-called Multi-Synthetase Complexes (MSCs). These complexes
were found in all species studied so far ranging from fungi to mammals
([21-24] and reviewed in [25]). They are all composed of cytosolic
aaRS and 1 to 3 auxiliary assembly factors also called Aminoacyl-tRNA
synthetase Interacting Multifunctional Proteins (AIMPs). The number of
aaRSs and AIMPs that build up these MSCs varies from 2 aaRSs and 1
AIMP in the S. cerevisiae AME complex to 9 aaRSs and 3 AIMPs (AIMP1,
AIMP2 AIMP3 also called p43, p38 and p18 respectively) in the human,
MARS complex. With the exception of the yeast AME MSC (reviewed in
[26]), the association of cytosolic aaRSs into MSC does not impact the
catalytic efficiency of the participating aaRSs but rather regulates the
alternative subcellular localization and non-conventional function that
some of them have been shown to display. The studies that have been
published over the past 2 decades uniformly show that these MSCs can
be considered as cytosolic retention platforms for aaRSs that can be
released from these complexes under specific physiological or stress
conditions to relocate into other subcellular compartments in which
they can exert nonconventional functions (reviewed in [27-30]). Ad-
ditionally, the AIMPs can also be released from MSCs to be targeted to
other compartments (reviewed in [31]). The additional compartments
that these MSC-released cytosolic aaRSs or AIMPs can reach and the
repertoire of atypical physiological processes to which these proteins
can participate is in constant expansion ([29], reviewed in [32]). Stu-
dies show that MSCs-released aaRSs can i) stay in the cytosol by
building other non-MSC complexes, ii) be imported into mitochondria
or nuclei, iii) bind to membranes or even iv) be secreted (reviewed in
[18]). Once relocated, they can exert a myriad of regulatory or sig-
naling functions that impact processes among which gene expression,
angiogenesis, apoptosis, inflammation, adiposity, nutrient signaling,
cell-to-cell crosstalk or even resveratrol-mediated poly(ADP-ribose)
polymerase 1 (PARP1) activation (reviewed in [28-31], [33]). Their
involvement in these processes is far from being trivial since in human,
malfunctioning of these aaRSs' additional roles, inevitably leads to
diseases [31,34].

BBA - Gene Regulatory Mechanisms xxx (XXxX) XXX-XXX

At the molecular level, the release of an aaRS or AIMP from the MSC
is usually mediated by posttranslational modification of the protein that
includes chemical modification or proteolytic cleavage of the aaRSs at a
specific residue [35]. More rarely, the release of an aaRS can be in-
itiated by decreasing the quantity of the AIMP binding the aaRS [36].
There are 2 types of molecular mechanism by which these aaRSs exert
their atypical function, either they bind to one or several new protein
partners that deviates the aaRS from aa-tRNA formation or they accu-
mulate a by-product or intermediate of the tRNA aminoacylation re-
action (reviewed in [27-30]) or both. Note that in human and yeast
some of the cytosolic aaRSs that do not belong to the MSCs have also
been shown or predicted to be able to relocate to other subcellular
compartments and, in some cases, their atypical role has been char-
acterized.

In the present review we give a detailed overview of all the sub-
cellular compartments that free-standing or MSC-participating cytosolic
aaRSs can reach. We mention the mechanisms, strategies and and
physiological or stress conditions that trigger their relocation and the
unexpected cellular processes to which relocated cytosolic aaRSs par-
ticipate. We have subdivided relocating aaRSs into two categories:
those who keep their canonical function in their new subcellular des-
tination, meaning formation of an aa-tRNA intermediate or end-product
that supplies the translation machinery and those who exert a non-
conventional function that does not require formation of an aa-tRNA
species.

2. Membrane-localized aaRSs in bacteria

Prokaryotic cells are composed of distinct compartments that differ
according to their phylogenetic origin. In all cases, the cytoplasm, in
which transcription and translation of genetic information occur, is
engulfed by a negatively charged plasma membrane made up of various
lipid species, ranging from phospholipids to hopanoids [37,38]. The
structure of the outer shell of prokaryotes differs between Gram-posi-
tive [39] and Gram-negative [40] bacteria, and between phylogenetical
groups of archaea [41], but to date, no aaRS has been detected outside
the cytoplasm, where the 20 enzymes find their substrates (ATP, aa,
tRNAs) and perform their canonical aminoacylation function. Several
studies, however, have shown that aaRS can sometimes be localized at
membranous structures (see below).

Central and essential biological functions depend on the integrity of
plasma membranes, such as respiration, electron transport, proton
translocation, mechanical stresses resistance, nutrients and exogenous
molecules selection and transport, interaction with the environment or
host macromolecules, etc. [37-41]. Because of their relatively uniform
negative charge, bacterial membranes are targeted by and sensitive to
cationic antimicrobial peptides (CAMPs) synthesized and secreted by
other bacteria or fungi, or by immune cells within a host [42]. Various
CAMPs exist, but they often target bacteria through charge interaction,
leading to membrane disruption and ultimately to bacterial death [42].
Bacteria possess CAMPs resistance factors of various types [43,44], and
among them, aminoacyl-phosphatidylglycerol synthases (aaPGSs)
[45,46]. AaPGSs are composed of two separated domains, an integral
membrane N-terminal domain with 2 to 14 transmembrane helices,
with a phospholipid flippase activity, and a C-terminal soluble domain
of the DUF2156 family that has an aa-tRNA transferase activity. AaPGSs
catalyze the transfer of an aa from an aa-tRNA to a second substrate,
phosphatidylglycerol (PG) or cardiolipin (CL) [45]. For example,
LysPGS transfers Lys from K-tRNAX to PG, leading to a lysylated PG (K-
PG), whose overall charge is + 1, in comparison to PG (— 1). AaPGSs
can be specific of one aa (KPGS, APGS), bispecific (A/KPGS) or multi-
specific (R/A/KPGS) and transfer corresponding amino acids onto PG or
CL, providing aminoacylated phospholipids with modified charge
properties. Such modifications change the overall properties of mem-
branes such as permeability to various compounds (metals, anti-
microbials, etc.), rigidity and, of course, global charge. AaPGSs have
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Fig. 1. Aminoacyl-phosphatidylglycerol synthases. “Classical” aaPGS, like the LysPGS from S. aureus is composed of an N-terminal integral membrane domain with 14 transmembrane
helices (TMH, black), that targets the enzyme to the plasma membrane, and a C-terminal soluble domain, facing the cytoplasm (red), which belongs to the DUF2156 family of aa-tRNA

transferases. The DUF2156 domain utilizes K-tRNAX, produced independently by a “canonical” KRS (green), and catalyzes the transfer of K (green cicle) from tRNAX to a hydroxyl group
of phosphatidylglycerol (PG). Resulting K-PG can then be transferred to the outer leaflet of the plasma membrane by the N-terminal membrane domain that displays a phospholipid
flippase activity. Changes in membrane charge properties participate in resistance against CAMPs. In M. tuberculosis, the LysX gene product is a LysPGS-KRS fusion protein, with the N-

terminal flippase/membrane (black) and middle DUF2156 (red) domains of classical aaPGSs, followed by a KRS C-terminal domain (green). This domain is responsible for the synthesis of
K-tRNAK that is subsequently used by the DUF2156 and flippase domains to produce surface exposed K-PG molecules. The aaPGS part of the protein cannot scavenge K-tRNAX produced
by the second “canonical” KRS in M. tuberculosis. The right panel presents structures of PG and K-PG. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

been demonstrated to increase resistance against CAMPs in various
model pathogens such as Staphylococcus aureus, Listeria monocytogenes,
Pseudomonas aeruginosa and others and have been related to virulence
phenotypes. Those virulence factors have thus been named Multiple
Peptide Resistance Factors [45,46].

In Mycobacterium tuberculosis and numerous Actinobacteria [45],
two KRS genes are detected. One of them (lysS, Rv3598c) encodes a
canonical KRS with an N-terminal anticodon-binding domain (ABD)
and a C-terminal catalytic core, while the second (lysX, Rv1640c) is
composed of an N-terminal MprF-like domain (flippase and DUF2156
domains) followed by a KRS domain (ABD and catalytic domains)
([471, Fig. 1 and Table 1).

This KRS localizes at the plasma membrane, through the flippase-
like domain, and has been shown to be a bona fide KPGS [47,49]. In-
terestingly, the “classical” MprF part of the protein cannot scavenge K-
tRNAK synthesized by the second, canonical KRS, when deprived of the
KRS appended domain, in contrast to other “classical” aaPGS. The KRS
domain thus specifically synthesizes K-tRNAX for use in membrane
modification. The LysX protein is, like other aaPGSs, involved in
membrane remodeling, CAMPs resistance and virulence [47].

In cyanobacteria, specialized membrane structures separated from
the plasma membrane, called thylakoids, are involved in oxygenic
photosynthesis, in particular in the assembly and functioning of pho-
tosystems. Proteins and protein complexes can be targeted within the
thylakoid lumen, or at the surface of the organelle-like compartment,
and perform various functions related to oxygenic photosynthesis. For

example, F;Fy ATP synthase is assembled and functions at the surface of
thylakoids [50,51]. Recent work highlighted that among 279 sequenced
cyanobacteria, 102 contain one or several aaRSs that are anchored to
the outer leaflet of thylakoid membranes [52]. Thylakoid-specific tar-
geting of aaRSs depends on the presence of a CAAD (for Cyanobacterial
Aminoacyl-tRNA synthetases Appended Domain) domain that has been
detected in 7 different aaRSs (ERS, VRS, LRS, IRS, CRS, MRS, RRS) at
various positions within the protein sequences. CAAD is found at the
very C-terminus of ERS, but in a C-terminal internal region in other
aaRSs [52]. In all cases, no other paralogs of CAAD-containing aaRSs is
found in proteomes, which suggested that they are all active in spite of
unusual membrane localization [52-54]. Phylogenetic studies suggest
that only cyanobacteria contain aaRSs with a CAAD domain, and that
insertion of this module in aaRSs corresponds to several independent
evolutionary events [52,53]. The CAAD domain shares homology with
the CURT1/TMP14/PSI-P-family proteins, found in chloroplasts of
plants. They are all membrane proteins involved in the organization of
thylakoids and grana in chloroplasts, by influencing curvature of lipid
bilayers [53]. AaRS-CAAD domains have not been shown to be involved
in modulating thylakoid curvature and/or ultrastructure, but have been
experimentally demonstrated to anchor aaRSs in thylakoid membranes
[52,54]. It is to be noted that VRS-CAAD, that is thylakoid-bound, re-
locates at cell poles of mature heterocysts (specialized and differ-
entiated cyanobacterial cells) upon nitrogen starvation [52]. A combi-
nation of in vivo and in vitro experiments showed that VRS-CAAD is
active and found only in membrane fractions of cyanobacteria, while
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Table 1

BBA - Gene Regulatory Mechanisms xxx (XXxX) XXX-XXX

Non-canonical functions and relocalizations of aaRS: AaRSs that exert nontranslational functions are grouped as a function of the subcellular compartment to which they relocate: (C,
cytoplasm; N, nucleus; M, mitochondria; C. mb, cytoplasmic membrane; L, lysosome; V, vacuole), or when they are extracellularly secreted (HIV, human immunodeficiency virus; RSV,
Rous sarcoma virus; Exo, exosomes; EC, extracellular (secreted); S, (host) serum). Organisms or groups of organisms in which the aaRS relocalizations where reported in this review are
abbreviated as follows: Mam, mammalian; Vert, vertebrates; High. Euk, higher eukaryotes; Hsa, Homo sapiens; Sce, Saccharomyces cerevisiae; Zf, zebrafish; Bma, Brugia malayi; Mtu,
Mycobacterium tuberculosis. The schematized structural organization of each aaRS was designed based on pfam 31.0 (http://pfam.xfam.org/), NCBI blastp, recent reviews [29,48] and the
cited references (domains are not at scale). Orange and blue boxes correspond to anticodon/tRNA binding domains and catalytic core respectively, gray boxes correspond to additional
domains and green boxes to WHEP domains. Red marks indicate the position of the residue that is post-translationally modified and/or domains involved in relocalization. p, phos-
phorylation; ac, acetylation; n.d., not determined; Nt ext., N-terminal extension; Ct, C-terminal; Transmb, transmembrane domain; cat, Catalytic; tRNA bd, tRNA binding domain.

Comp. Organism  aaRS Structural organisation (Re)loc. mec domain(s) involved Physiological funtion References
C. Hsa EPRS // Il // pS886/pS999 WHEP Translation regulation (GAIT element) [32], [35], [83-87]
Hsa, Mmu  EPRS // 1 // pS990 WHEP antiviral immunity [88]
Hsa QRS MARS released Catalytic Anti-apoptotic [89-92]
Mam RRS Alternative AUG Nt. Zn finger Protein degradation [93-98]
N. Hsa KRS | pS207 tRNA bd. Transcription activation (MITF) [103-105]
Mam. zf YRS 1 ack244 NLS tRNA bd. DNA damage response [109-112]
Vert. WRS NLS WHEP p53 signaling [113-115]
Vert. SRS = NLS UNE-S Anti-angiogenic [28], [116], [120], [121]
Vert. TRS n.d. not UNE-T Anti-angiogenic [122]
Hsa MRS | NLS Nt ext. (GST) rRNA transcription [123]
Sce MRS | NLS GST-like ATP1 transcription regulation [36]
Sce DRS NLS (Nt) Nt ext. DRS-mRNA translational regulation [116], [125]
M. Sce ERS - MTS GST-like ATP9 translation regulation [36]
C. mb. Hsa KRS | pT52 ABD + ext.(1-72) Promotes Cell-migration [126-128]
Hsa, Mmu  EPRS // | // pS999 WHEP Adiposity and lifespan regulation [32]
Mtu KRS // Transmb. Flippase, Duf2156 Virulence and cAMP resistance [45-47]
L. Mam. LRS VPS34 (cat. site) catalytic, UNE-L Lysosomal mTORC1 activation [136], [137]
V. Sce LRS Gtrl editing domain Vacuolar mTORC1 activation [139]
HIV Hsa KRS - pS207 / Gag Helix H7 Primer tRNA® packaging [140-144],[145]
w
RSV Hsa WRS n.d. nd. Primer tRNA  packaging [146]
E. Hsa KRS 1 = Syntenin cleavage site, PDZ d. TNFa and cell migration in macrophages [147], [148]
EC. High. Euk. YRS n.d. Mini-YRS Pro-angiogenic (IL8 like) [151], [152], [154-156]
High. Euk. YRS n.d. EMAPII like Ct d. Pro-inflammatory cytokine [148], [153], [163]
High. Euk. ~ WRS n.d. Mini-WRS Angiostatic [153], [154] [158-162]
Hsa WRS n.d. WHEP Early immune response [164]
Hsa TRS n.d. n.d. Endothelial cell migration [165], [166]
S. Hsa GRS n.d n.d. Defense against tumor formation (ERK) [173], [174]
S Bma NRS I secreted UNE-N Host Pro Inflammatory [167-172]

deletion of the CAAD domain renders the protein soluble without im-
pacting its kinetic activity. Importantly, a series of pull-down experi-
ments coupled with LC-MS/MS characterizations conducted in Ana-
baena sp. PCC 7120 strongly support that VRS-CAAD directly interacts
with the F1Fy-ATP synthase in thylakoid membranes in a CAAD-de-
pendent manner. Interaction between VRS-CAAD and F,Fy-ATP syn-
thase does not influence aminoacylation activity, and no impact on the
overall ATP production, used as a proxy of ATP synthase activity, could
be evidenced. However, authors propose several hypotheses relating
CAAD-containing aaRSs and nutrient sensing (in particular nitrogen
through aa sensing), or possible moonlighting functions that have yet
still to be experimentally addressed [52].

3. Eukaryotic relocating aaRSs with conventional functions

The intracellular space of eukaryotic cells has a complex organiza-
tion and displays more than one translationally active compartment. It
is therefore questionable to ask if there is a specific aaRS for each
compartment or if a single polypeptide chain can be found at multiple
localizations within a cell. In this section, we examine how each
translationally-active compartment is supplied with a complete set of

aa-tRNA synthesizing activities and how cytosolic aaRS are distributed
throughout the cell. The latter are generally considered as soluble en-
zymes but it is known for decades that they may be associated with
ribosomes, organelles or lipids ([55] and references therein) and
nowadays a growing number of publications lead to the conclusion that
cytosolic aaRSs exert their canonical functions at multiple locations
within the cell.

3.1. Nuclear translocation of aaRS and tRNA nuclear export

Eukaryotic precursors tRNAs are transcribed in the nucleus and
undergo several maturation steps before being fully functional for
aminoacylation in the form of L-shaped and fully modified tRNAs.
Those include 5’ and 3’ processing, CCA addition and post-transcrip-
tional base modifications [56]. A majority of maturation steps take
place within the nucleus. Classically, all tRNAs are then transported
through nuclear pores to reach the cytosol where they are aminoacy-
lated by cognate cytosolic aaRSs, and participate in ribosomal protein
synthesis [57,58]. Experiments conducted in the mid-eighties surpris-
ingly showed that a fraction of the Phenylalanyl-tRNA-synthetase pool
(FRS) relocalizes into the nucleus, although its function inside the
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organelle was not clearly understood [59]. The presence of an aaRS in
the nucleus, where tRNAs are synthesized and processed led to the at-
tractive hypothesis that aminoacylation of nuclear tRNAs by aaRSs
could be a quality control step to assess their structural and functional
integrity prior to export [60,61]. In correlation to that, aminoacylation
has been experimentally demonstrated for tRNAY and initiator tRNAM
(tRNA™) in X. laevis oocytes [60]. However, for a putative quality
control mechanism involving aminoacylation to occur in the nucleus for
all tRNAs, the corresponding aaRSs should be all able to enter the nu-
cleus as well. This hypothesis was reinforced by the detection of nuclear
localization sequences (NLS) in most of these enzymes [18,62]. In-
cidentally, results obtained in the yeast S. cerevisiae showed nuclear
tRNA aminoacylation activity for MRS, IRS and YRS [61,63]; and more
recently 19 tRNA species have been detected in the form of aa-tRNAs in
the nucleus [64]. Most of aa-tRNA are exported [65] to fuel cytosolic
protein synthesis, but it has been demonstrated that 30% are retained
inside the nucleus, where they might be involved in protein modifica-
tion, especially in the case of R-tRNAFR, that participates in the N-end
rule degradation pathway [66]. Several authors also suggested that
nuclear pools of cytosolic aaRSs might assemble into molecular com-
plexes [67,68]. Finally, nuclear relocalization of many cytosolic aaRSs
seems to be a frequent feature across organisms and translocation of
cytosolic aaRSs through the nuclear pores is accomplished by the
classical import machinery (NLS/importins), although various other
strategies to reach the nucleus [69]. Finally, their canonical function is
only one of the many roles they exhibit inside this compartment.

3.2. Addressing cytosolic aaRS to mitochondria through MTS acquisition

In all organisms studied so far, no gene encoding mitochondrial
aaRSs was found in any of the mitochondrial genomic DNAs. All mi-
tochondrial aaRSs are nuclear-encoded [70,71], aside the 20 cytosolic
aaRs$ genes. Importantly, the full set of the 20 mitochondrial aaRS genes
has never been detected in any nuclear genomes so far [15,72,73].
Indeed, some aaRSs genes originating from mitochondria (or plastids in
photosynthetic organisms and apicomplexans) have been lost during

BBA - Gene Regulatory Mechanisms xxx (XXxX) XXX-XXX

evolution. Consequently, mitochondrial aminoacylation activities have
to be fulfilled by other aaRS, namely the cytosolic aaRSs. In this case,
mitochondrial targeting sequences (MTS) are found at the N-terminus
of the mitochondrial-targeted cytosolic aaRSs (Fig. 2). Addition of MTS
can be achieved through different mechanisms such as alternative
splicing of the aaRS transcript (human KRS) [74] or from an alternative
translation start (AUG) site within the same transcript (human GRS)
[75]. Moreover, both forms can be translated from mRNA transcripts
that differ only in the 5’ regions. For example, the yeast HTS1 gene,
coding for the sole HRS, has two in-frame translational starts separated
by an alternative transcriptional start leading, upon translation, to two
isoforms of HRS, a longer (mitochondrial) and a shorter (cytosolic) one
[76]. A similar strategy has been evidenced for yeast VRS [77]. Alter-
natively, experiments showed that the gene encoding the two isoforms
of yeast ARS is translated from a single mRNA, where the mitochondrial
isoform is initiated from an upstream atypical ACG start codon, and the
cytoplasmic isoform from a classical AUG start codon [78]. This dual-
targeting mechanism, that involves synthesis of two protein isoforms
from a single mRNA seems to be the rule in multi organellar organisms
like A. thaliana [3,79] or apicomplexan parasites [80].

3.3. Mitochondrial-cytosolic dual-localization of a single aaRS

Apart from synthesizing two protein isoforms (one with and one
without an MTS) from expression of a single gene, another strategy to
generate a cytosolic/mitochondrial dual-localized protein is to produce
a mitochondrial protein (harboring an MTS) and to retain it within the
cytosol through interaction with an anchoring protein. For example, the
yeast cytosolic ERS is imported into the mitochondria even if it does not
harbor an identifiable targeting signal [6]. Experiments demonstrated
that mitochondrial import of cytosolic ERS compensates the absence of
mitochondrial QRS. Indeed, mitochondrial Q-tRNA®? cannot be syn-
thesized directly, but via the indirect transamidation route. In this
pathway, aminoacylation of mt-tRNA® is specifically performed by the
mitochondria-localized cytosolic ERS, which produces a physiologically
misacylated E-tRNAC. This intermediate is further converted to
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Q-mtRNA® by the tRNA-dependent GatFAB amidotransferase in yeast
[6]. In A. thaliana and mammals [16,17], a bona fide mitochondrial
ERS, called non-specific, produces E-mtRNAC in addition to the cognate
E-mtRNAF, and the misacylated intermediate is converted to
Q- tRNA® by the mitochondrial GatCAB amidotransferase. Mitochon-
drial translocation of cytosolic ERS is triggered by a non-canonical MTS
located after the first 190 residues [6]. Yeast cytosolic ERS is essential
in both the cytosol and mitochondria, and regulation of its localization
has been proven to be crucial during diauxic shift (transition from
fermentation to respiration). Both yeast ERS and MRS are associated to
the cytosolic anchoring protein Arclp [22], preventing nuclear accu-
mulation of the two aaRSs [81]. Upon diauxic shift, levels of soluble
Arclp decrease significantly, which triggers simultaneous release of
both MRS and ERS [36]. While cytosolic MRS relocates into the nucleus
(see Section 4.2.7), cytosolic ERS translocates into mitochondria, where
it generates Q-tRNA® and controls the overall rate of mitochondrial
protein synthesis.

4. Eukaryotic relocating cytosolic aaRSs with nonconventional
functions

As mentioned in the introduction, the primary function of an aaRS is
to aminoacylate its cognate isoacceptor tRNAs in the translationally
active compartment where the aaRS is supposed to be localized. In
eukaryotes, where several organelles and compartments are found,
defining the exact subcellular localization of a given aaRS is not an easy
task, since some aaRSs are free-standing enzymes while other are found
in an MSC (Multi-“Synthetase” Complex), i.e. the human MARS-com-
plex or the yeast AME complex. Furthermore, MSC-associated aaRSs
can be released from the complex under specific physiological or stress
conditions, and/or upon posttranslational modification. One of the re-
markable feature of aaRSs is that they are modular enzymes. Some of
them inherited additional domains, that are sometimes only be found in
aaRSs, upon various evolutionary events, [29]. Some of those addi-
tional domains are necessary to ensure the specificity of the tRNA
aminoacylation (“conventional”) reaction (i.e. Connective Peptide of
the editing domains), whereas other domains are involved in “non-ca-
nonical” (and sometimes non-translational) functions that these en-
zymes can carry out. Interestingly, some additional domains are re-
quired for both conventional and non-canonical functions in a single
aaRS.

In this context, the additional domain can harbor the non-canonical
function by itself or can be the target of a post-translational modifica-
tion, required for aaRS relocalization. Indeed, to fulfil their non-cano-
nical function(s), aaRSs often have to relocate from the cytoplasm (that
is, their “canonical” localization) towards a new compartment.
Alternatively, an MSC-associated aaRS can stay within the cytosol but
be released from the MSC. In this section, we sorted the cytosolic aaRSs
as a function of the subcellular compartment in which they exert their
non-canonical functions. All the aaRS relocalizations reported in this
section are summarized in Table 1 and Fig. 2.

4.1. aaRsSs released from the MSC but staying in the cytoplasm

4.1.1. Human glutamyl-prolyl-tRNA-synthetase (EPRS) in response to IFNy
stimulation

In higher eukaryotes and notably human, ERS is fused to PRS by a
non-catalytic linker that contains 3 so-called WHEP repeats. The phy-
logenetic origins of these WHEP domains (present in tryptophanyl-(W)
histidinyl-(H) glycyl-(G) and glutamyl-prolyl-tRNA synthetase (EP)
where explored by Ray et al. [82] who focused their work on this un-
ique case of fused bi-functional aaRSs called EPRS. In the human MARS
complex these WHEP repeats interact with AIMP3 and lysyl-tRNA-
synthetase (KRS). However, EPRS can be released from the MARS
complex upon sequential bi-phosphorylation of serine residues within
the WHEP domain. For instance, in myeloid cells Serine 886 (S886) is
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phosphorylated by the Cyclin-dependent kinase Cdk5/p35 kinase [83]
and Serine 999 (5999) is phosphorylated by the mammalian Target Of
Rapamycin 1 (mTORC1) activated p70 ribosomal protein S6 kinase 1
(S6K1) [32]. These phosphorylations occur upon interferon gamma
(IFNy) stimulation and trigger the release of EPRS. The phosphorylated
WHEP repeats then sequentially interact with NSAP1, GAPDH, phos-
phorylated ribosomal L13a and the Gamma Interferon Inhibitor of
Translation (GAIT) elements that can be found in the 3’-end of some
mRNAs leading to the assembly of the so-called GAIT complex. This
cytoplasmic GAIT complex then interacts with the translation initiation
factor elF4G, which inhibits translation of the mRNAs targeted by the
GAIT complex [35,83-86].

Because, this translation inhibition was shown to be suppressed
14-16 h after IFNy stimulation, Yao and coworkers [87] investigated
the mechanism underlying the recovery of the translation of the mRNAs
targeted by the GAIT complex. They discovered an alternative route
which allows mRNAs that display GAIT-elements to be basally trans-
lated even after GAIT-complex assembly. This mechanism involves an
EPRS isoform called EPRS™! which is translated from a truncated EPRS
mRNA. This shorter EPRS mRNA is generated through an alternative
polyadenylation pathway that changes an UAU (encoding tyrosine 864)
to a stop codon (UAA). This EPRS™ isoform is composed of the ERS
core followed by approximatively two WHEP domains. Consequently,
the region of the WHEP domain that can be biphosphorylated is missing
in EPRSN!, preventing association of this EPRS variant to the GAIT
complex. However, EPRS™! being still able to bind to the mRNA GAIT-
elements, it competes with the GAIT-complex for binding to these
mRNAs, leading to a basal expression of pro-inflammatory mRNA.

4.1.2. Human glutamyl-prolyl tRNA-synthetase (EPRS) in response to viral
infection

The mitochondrial antiviral signaling protein (MAVS) is considered
as a central regulator of responses to viral infections through its capa-
city to block virus replication. MAVS is inhibited by poly(rC)-binding
protein 2 (PCBP2)-dependent ubiquitination and is activated through
viral RNA genome sensors such as RIG-I and MDAS. Lee and coworkers
[88] showed that following viral infection, EPRS is phosphorylated at
S990 which triggers its release from the MSC and promotes its inter-
action with PCBP2. This interaction prevents MAVS ubiquitination and
sustains in this way antiviral immunity. Thus, EPRS is also an important
factor of antiviral immunity.

4.1.3. Human glutaminyl-tRNA-synthetase (QRS)

The human QRS, which participates to the MARS MSC by binding to
AIMP1 and arginyl-tRNA-synthetase (RRS) has been shown to possess
an anti-apoptotic action. Apoptosis can be triggered by different factors
(i.e. Tumor Necrosis Factor (TNF), Fasl, Reactive Oxygen Species (ROS))
and different pathways (i.e. c-Jun N-terminal kinase (JNK) and p38),
and an essential factor for apoptosis is the Apoptosis Signal-regulating
Kinase 1 (ASK1). To prevent apoptosis and to enhance cell survival, the
QRS catalytic domain interacts directly with the ASK1 catalytic domain,
in a glutamine-dependent manner. The QRS unique N-terminal domain
(UNE-Q) does not seem to be involved in this aaRS-dependent anti-
apoptotic pathway. Furthermore, because QRS can be released from the
MARS MSC [89], Ko et al. [90] proposed that there is an equilibrium
between the interaction of QRS with the MARS complex and with ASK1.
On the opposite, Hwang et al. [91] showed that the translocation of
ASK1 into the nucleus through its interaction with the Apoptosis-Linked
Gene 2 (ALG2), also prevents apoptosis. However, no functional link
between the QRS- and ALG2-dependent anti-apoptotic pathways was
further revealed so far. Finally, Shao et al. [92] demonstrated that the
microRNA miR-US4-1 encoded by the Human Cytomegalovirus (CMV)
genome targets human QRS and induces cell apoptosis.

4.1.4. Mammalian RRS
During evolution, mammalian RRSs have inherited two leucine-
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zippers in their N-terminal extension, and like for other aaRSs, these
leucine-zippers were shown to be involved in binding with AIMPs or
other aaRSs in order to participate to the MARS complex. However,
beside the full-length RRS, an alternative AUG translation start allows
synthesis of a 74-residues shorter RRS isoform, in which the leucine
zippers are missing [93-95]. Consequently, this isoform cannot bind to
the MSC and is found in free form in the cytoplasm [96-98]. Both RRS
isoforms present similar aminoacylation activities [99] but it was sug-
gested that R-tRNARs produced by the shorter isoform are rerouted
from protein synthesis to provide activated arginyl moiety for the Arg-
dependent protein degradation pathway (“N-end rule”) [100-102].

4.2. Cytosolic aaRSs translocating to the nucleus

4.2.1. Human lysyl-tRNA-synthetase KRS (Mast Cells)

Many non-canonical functions were discovered for cytosolic KRS
this past decade. For example, mast cells are known to be implicated in
allergenic and anaphylaxis responses and also in some immune dis-
orders. Through allergen recognition by the immunoglobulin E high
affinity receptor, IgE-FceRI, activated mast cells accumulate diadeno-
sine tetraphosphate (Ap4A) also called “alarmone” or “second mes-
senger”. This second messenger binds to Histidine triad nucleotide-
binding protein 1 (Hintl) which in turn releases the Microphthalmia-
associated Transcription Factor (MITF) leading to its activation and the
subsequent upregulation of the transcription of subset of genes (i.e.
tryptophan hydroxylase and mast-cell protease 5) [103-106]. Recent
structural investigations revealed that the pathway that activates MITF
involves the phosphorylation of KRS at S207 (located at the ABD) by
the MAPK/ERK kinase which is itself activated after allergen stimula-
tion. The subsequent KRS conformational change induces i) its dis-
sociation from the MARS complex (AIMP2) ii) inhibition of its ami-
noacylation capacity and iii) its translocation into the nucleus. Inside
the nucleus, the exposed C-terminal domain of KRS interacts with the
MITF which in turn dissociates from Hintl. Furthermore, KRS synthe-
tizes Ap4A (KRS is responsible for the synthesis of about 70-80% of
cellular Ap4A) which inhibits Hintl, leading to MITF-KRS-dependent
upregulation of gene transcription under allergenic stimulation
[107,108]. Interestingly, a very recent study reported that HIV1 in-
fection in human cells induces similar LysRS translocation into the
nucleus (see below Section 4.5.1).

4.2.2. Zebrafish and mammalian tyrosyl-tRNA-synthetase (YRS)

Such an aaRS-dependent transcription-regulation was also shown
for mammalian and zebrafish YRS. Angiogenin, nicotinamide and oxi-
dative stress were shown to trigger YRS translocation into the nucleus.
This relocalization occurs trough a hexapeptide NLS which is located
into a tRNA binding domain which is not the Anticodon Binding
Domaine (ABD) of YRS [109]. Under stress conditions, resveratrol fits
into the YRS active site by mimicking tyrosine and triggers i) inhibition
of YRS's capacity to aminoacylate tRNAY (YRS null mutant like) [110]
and ii) an increase in acetylation of YRS's lysine 244 (K244) by the
p300/CBP-associated factor (PCAF acetylase vs. SIRT1 deacetylase)
[111]. This acetylation induces a conformational change that exposes
YRS's NLS and triggers its nuclear translocation. Interestingly, Fu et al.,
[109] showed that binding of tRNAY prevents nuclear relocation of
YRS, which is in agreement with the fact that early acetylation occurs
into the YRS tRNA-binding domain (K244). Following nuclear import,
YRS binds to TRIM28 (which notably represses the transcription factor
E2F1) and to its associated Histone Deacetylase 1 (HDAC1) [112].
Trough acetylation, E2F1 is activated and improves expression of genes
involved in DNA damage repair (i.e. Breast Cancer 1 BRCA1 and the
recombinase RAD51). Furthermore, two studies showed that YRS is
able to stimulate NAD *-dependent PARP1 activity which is well known
for its participation to the DNA damage response [110,112]. Taken
altogether, nuclear YRS seems to be an important factor to prevent DNA
damages.
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4.2.3. Vertebrate tryptophanyl-tRNA-synthetase (WRS)

Liu and coworkers [113] showed, in 2004, the presence of 5 WRS
mRNA splice variants in human cells which are translated into 2 dif-
ferent WRS isoforms: the full length (residues 1 to 471) and the mini-
WRS (residues 48-471). Both, WRS and mini-WRS can be further pro-
cessed by extracellular elastases to produce T1-WRS (residues 71-471)
and T2-WRS (residues 94-471). For instance, the full-length WRS
(component of the MARS complex) harbors an additional N-terminal
WHEP domain which is either in a “locked” conformation (presence of
Trp~AMP into the active site) or “open” conformation (absence of
W ~ AMP into the active site). Furthermore, WRS is a class 1 aaRS that
homodimerizes (a2) and harbors a C-terminal NLS. WRS was already
shown in 1993 [114] to be imported into the nucleus and later studies
[115] showed that nuclear WRS increases upon IFN-y treatment (anti-
angiogenic and anti-proliferative). Upon IFN-y stimulation, the WHEP
domain from the nuclear WRS homodimer “opens” and serves as a
bridge between PARP1 and DNA-dependent protein kinase (DNA-PKc),
which is essential for DNA-PKc-ADP-ribosylation by PARP1 and p53
phosphorylation (Serl5). Consequently, phosphorylated p53 triggers
cell death.

4.2.4. Vertebrate seryl-tRNA-synthetase (SRS)

SRS, that belongs to class 2 aaRSs, was also shown to be imported
into the nucleus [116]. This import requires a robust NLS located into a
unique C-terminal domain called UNE-S [28,117] which is conserved in
all vertebrate SRSs from fish to human. In human cells (HUVE-
C = endothelial cells, HEK293T cells), the amount of nuclear SRS was
estimated to be 10% of the total SRS content [116]. In 2009, two stu-
dies [118,119] identified different SRS mutations that could lead to
deletion or sequestration of the NLS (into the UNE-S domain). These
mutants have deficiencies in SRS nuclear import and anomalies in an-
giogenesis. This phenotype was explained by an original “Yin-Yang”
mechanism whereby nuclear SRS competes with c-Myc for binding to
the promoter of Vascular Endothelial Growth Factor (VEGFa); c-Myc
binds to the promoter of VEGFa and recruits a histone acetyltransferase
which increases chromatin decondensation at VEGFa locus and its ex-
pression. Contrariwise, nuclear SRS binding to the VEGFa promoter can
recruit Sirtuin 2 (SIRT2) which deacetylates histones at the VEGFa
locus and represses its expression [120]. Beside this Yin-Yang me-
chanism that acts on the proximal cis regulation element (CRE) which
avoids abnormal vascularization, a recent study proposed the existence
of a distal CRE regulation mechanism. Notably, they demonstrated that
nuclear SRS binds a transcription factor Yin-Yangl (YY1), building a
complex that represses VEGFa expression. As described for the SRS-
SIRT2 complex, the recently identified SRS-YY1 complex competes with
the Nuclear Factor kappa B (NFkB) which binds the same distal CRE to
enhance VEGFa expression [121].

4.2.5. Vertebrates from zebrafish to human threonyl-tRNA-synthetase
(TRS)

Recently Cao and coworkers [122] reported the capacity of human
(HUVEC) and zebrafish TRSs to relocate to the nucleus. Based on a
newly identified taARS*?'® mutant in zebrafish, they show that TRS
down-regulates VEGFa expression to prevent abnormal vascular de-
velopment. Interestingly, this regulatory function resembles that of the
human SRS described in the previous section. The fact that taARS®®
mutant phenotype could not be abolished by SRS mRNA injection
suggests that TRS-mediated regulation of angiogenesis proceeds
through a different mechanism. However, there were able to swap the
Zebrafish TRS by its human ortholog, indicating that this new non-ca-
nonical regulatory function is conserved in human.

4.2.6. Human methionyl-tRNA synthetase (MRS)

MRS is another MSC-participating aaRS capable of relocating to the
nucleus and more precisely to the nucleolus where ribosomal RNA
(rRNA) are transcribed. Compared to prokaryotic MRSs, human MRS
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possesses an N-(267 amino-acids) and a C-terminal extension, in the
latter of which a NLS was found. Ko and coworkers [123] showed that
nucleolar translocation of human MRS requires rRNA and RNA poly-
merase I activity and that this relocation upregulates rRNA biogenesis
when cells are proliferating upon treatment with growth factors like
insulin, Platelet-Derived Growth Factor (PDGF) or Epidermal Growth
Factor (EGF). Finally, the mechanism that triggers release of MRS from
the MARS complex remains unclear but Ko and coworkers anticipated
that phosphorylation of the MRS N-terminal extension through casein
kinase II could be the event initiating nucleolar relocation of MRS. This
hypothesis is supported by the fact that this kinase is involved in cell
growth and rRNA biogenesis. However, to our knowledge the exact
pathway and mechanism of MRS nucleolar relocation still needs to be
verified experimentally.

4.2.7. S. cerevisiae MRS

As mentioned above, the yeast AME composed of Arcl ERS and MRS
has been shown to constitute a cytosolic retention platform for the two
participating aaRSs. In fermenting yeast cells (high glucose concentra-
tion), the majority of MRS and ERS are found bound onto Arcl that
enhances their cognate tRNA aminoacylation efficiency [22]. However,
upon switch to the respiratory metabolism (low glucose concentration),
ARC1 transcription is downregulated by the Snfl/4 kinase pathway
(glucose-sensing pathway), which leads to synchronous release of MRS
and ERS from Arcl. Released ERS then relocates to the mitochondria
and indirectly controls accumulation of the Atp9 subunit of the Fq
domain of the mitochondrial ATP synthase (ATPase). Simultaneously,
dissociation of MRS from the AME complex unmasks a bipartite NLS
located in the MRS N-terminus and its subsequent nuclear transloca-
tion. Nuclear MRS then regulates transcription of Atp1 subunit of the F;
domain of ATPase. Taken together the AME complex dissociation al-
lows a synchronous synthesis and assembly of a functional ATPase and
thus mitochondrial ATP synthesis [36].

4.2.8. S. cerevisiae aspartyl-tRNA-synthetase (DRS)

It was first suggested that, in vivo, DRS could interact with its own
mRNA (mRNAPRS) through the 70-amino-acid N-terminal extension
that contains a lysine-rich RNA binding motif [124]. A second study by
Frugier and coworkers [125] confirmed the nuclear translocation of
DRS through a NLS that was shown to be located in this N-terminal
extension. They proposed a mechanism by which the superfluous
amount of DRS that is produced by yeast cells, enters into the nucleus
and bind its own mRNA thereby inhibiting its expression and stopping
further accumulation of the enzyme.

4.3. Cytoplasmic aaRSs that are targeted to the cytoplasmic membrane

4.3.1. Human lysyl-tRNA synthetase (KRS)

In most human organs, laminin is found as an extracellular matrix
support for surrounding cells, which interact with laminin through
membranous integrins. However, in cancer cells, laminin bound to in-
tegrin induces p38-MAPK (Mitogen Activated Protein Kinase) activa-
tion which in turn phosphorylates the threonine 52 (T52) located in the
N-terminal extension of KRS. T52 phosphorylation induces a con-
formational change of this part of KRS that triggers its release from the
MARS complex and allows its interaction with the membranous 67LR
laminin receptor. This interaction occurs between the KRS N-terminal
domain composed of the ABD and N-terminal extension (1-72) and the
C-terminal domain of the 67LR. By doing so, KRS inhibits Nedd4-
mediated ubiquitination of 67LR, enhancing laminin-dependent cell
migration and cell dissemination which is considered as a marker of
metastasis [126]. Kim and coworkers [127] also identified a compound
(BC-KYH16899) that inhibits the KRS-dependent 67LR-mediated cell
migration without affecting the aminoacylation capacity of KRS. This
BC-KYH16899 compound is thus a promising molecule that could se-
lectively inhibit cancer cells dissemination without affecting the
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proteinogenic role of KRS. Finally, Nam and coworkers [128] in-
vestigated the molecular steps occurring downstream this KRS — 67LR
interaction and showed that KRS-dependent cell-dissemination is done
through cell-cell and cell-extracellular matrix interactions.

4.3.2. Mouse and human EPRS

In higher eukaryotes, ERS is fused to PRS by a non-catalytical linker
that contains 3 WHEP repeats. This bifunctional EPRS was well char-
acterized notably in human cells in which it participates to the MARS
complex by interacting with AIMP2, KRS and DRS [30,129,130]. We
already described in a preceding section the non-canonical function
that EPRS exhibits in myeloid cells. However, Arif et al. [32] recently
reported another relocation for MARS-released EPRS and a new non-
translational function of this aaRS. In contrast to myeloid cells in which
EPRS WHEP repeats are phosphorylated at S886 by Cdk5/p35 kinase,
and at S999 by S6 kinase 1 (S6K1), in adipocytes EPRS was only shown
to be phosphorylated at S999 making unclear whether S886 phos-
phorylation is also required in this cell type. Furthermore, contrary to
mast cells, in adipocytes, the mTORC1-dependent S6K1 kinase that
belongs to AGC kinases, is activated under insulin stimulation
(mTORC1: mammalian Target Of Rapamycin Complex 1). Phosphory-
lated EPRS (at S999) interacts then with the cytoplasmic Fatty Acid
Transport Protein 1 (FATP1). Formation of the EPRS-FATP1 complex is
followed by its relocation to plasma membrane where it induces Long
Chain Fatty Acid (LCFA) uptake. Thus, in adipocytes (but not in mye-
loid cells), and under insulin stimulation (but not under IFNy stimula-
tion), EPRS regulates adiposity and lifespan in a S6K1-dependent
manner.

4.4. Yeast and human cytoplasmic aaRSs that are targeted to the vacuole
and the lysosome

4.4.1. Mammalian leucyl-tRNA-synthetase (LRS)

In eukaryotes, TOR complexes (TORC) were shown to be involved in
many processes such as cell growth, differentiation and metabolism, but
increasing evidences suggest that its regulation is far from being fully
understood. Indeed, different studies showed that amino acids and
especially leucine [131-133], glutamine [133-135] and arginine [131]
participate to activation of mTORC1. To be activated, mTORC1 requires
a combination of Rag GTPases (component of the RAGULATOR com-
plex) that are themselves regulated by a set of Guanine nucleotide
Exchange Factors (GEFs) and GTPase-Activating Proteins (GAPs). It was
suggested that LRS serves as a GAP for one of these Rag GTPases
[136,137]. Beside these combinations of Rag-GTPases, mTORC1 acti-
vation at the lysosomes requires phosphatidic acid which is obtained by
phospholipase D1-dependent (PLD1) hydrolysis of phosphatidylcholine.
PLD1 recruitment to the lysosome is done by direct interaction with
phosphatidylinositol-3P (PI3P) which is synthetized at the lysosome
through the vacuolar protein sorting 34 (VPS34), a class 3 PI3-kinase
which phosphorylates phosphatidylinositol and which is known to be
involved in autophagy [138]. Yoon and coworkers [137] demonstrated
that LRS interacts directly via its catalytic domain with VPS34 and
activates it via its unique C-terminal extension called UNE-L. Further-
more, leucine binding but not tRNA binging nor tRNA aminoacylation
is required for mTORC1 activation. Finally, Yoon and coworkers per-
formed immunoprecipitation assays which suggest that this non cano-
nical role of LRS requires the release of the enzyme from the MARS
complex and its relocation at the lysosomal surface.

4.4.2. S. cerevisiae leucyl-tRNA synthetase (LRS)

In the Yeast S. cerevisiae two TOR complexes (TORC1 and TORC2)
are also found and TORC1 is regulated by GTPases. Like for mammals,
LRS was shown to be involved in vacuolar TORC1 regulation but this
regulation is achieved through a different mechanism than the one
detailed in the previous section. In yeast, LRS interacts with one of the
GTPases (Gtrl) from the EGO complex (corresponding to the
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mammalian RAGULATOR) via its non-essential connective peptide that
corresponds to the editing domain (a domain involved in non-cognate
aa-tRNA hydrolysis). When a non-canonical amino-acid is charged on
tRNA", a conformational change occurs that disrupts the LRS-Gtr1 in-
teraction and inhibits vacuolar TORC1. Bonfils and coworkers [139]
proposed that in S.cerevisiae, LRS serves as GAP for Gtrl GTPase and
thus participates to the inactivation of TORC1.

4.5. Cytoplasmic aaRS that are targeted outside the cell

Many aaRSs were reported to be targeted/secreted outside the in-
tracellular space. In the present section we decided to describe aaRSs
that are either incorporated into viruses or secreted. For secreted aaRSs,
we describe those which are secreted to the intercellular space via the
Multi Vesicular Body MVB/exosome pathway, via the Endoplasmic
Reticulum RE/Golgi pathway or via a yet unidentified pathway. Finally,
we mention the aaRSs that have been found in the human serum.

4.5.1. Human KRS is encapsidated into HIV virions

During HIV1 infection, a key step for viral replication is the reverse
transcription (RT) of the genomic RNA. This step requires a primer
which has been shown to be the human tRNAY*® (tRK3). Cen and
coworkers [140] showed that, in addition to tRK3, the human KRS is
also encapsidated into HIV1 particles by interacting with the viral Gag
precursor. Whereas other studies [141-143] brought evidences that
tRK3 incorporation is regulated by KRS, Liu and coworkers [Anticodon-
like binding of the HIV-1 tRNA-like element to human lysyl-tRNA
synthetase] investigated the interaction of LysRS with the viral genome.
Furthermore Dewan et al. [144] demonstrated that the H7 helix located
in the class II motif 1of human KRS, and which is responsible for KRS
dimerization, is also responsible for the interaction with HIV1 Gag
protein.

As mentioned in a previous section (Section 4.2.1), a very recent
study [145] investigated further the implication of KRS after HIV1 in-
fection in human cells. This study shows that following HIV1 infection,
phosphorylated KRS (S207P) is released from the MSC and translocates
into the nucleus. Like in mast cells, phosphorylated KRS is deprived of
its capacity to aminoacylate its cognate tRNA but retains its ability to
bind the tRNA. Although nuclear LysRS function was not yet clearly
established, this study strongly suggests that translocation into the
nucleus of the phosphorylated LysRS-tRK3 complex i) occurs before the
reverse transcription of HIV1 genome and ii) is important for tRK3
packaging and for HIV1 infectivity. Finally, in agreement with the
previously described EPRS antiviral function (Section 4.1.2), Duchon
and coworkers could detect a low amount of released EPRS upon HIV1
infection.

4.5.2. Human WRS is encapsidated into Rous sarcoma virus (RSV)

In the previous paragraph, we reported that KRS and the tRK3 are
incorporated into HIV1 particles. Cen and coworkers [146] described a
similar situation concerning the Rous sarcoma virus, except that tRNA"Y
is used as primer for reverse transcription of the viral genomic RNA.
Like for HIV1 the aaRS homologous to the tRNA species used as a
primer, in this case human WRS, is also encapsidated. Interestingly, the
Moloney Murine Leukemia Virus that uses tRNA® as primer for reverse
transcription of its genomic RNA, does not encapsidate the cognate PRS
into the viral particles. The reason why certain viruses encapsidate a
given aaRS$ alone or together with its cognate tRNA, has so far, not been
ruled out.

4.5.3. Human KRS is secreted via exosomes

Park and coworkers [147] showed that under starvation and sti-
mulation by Tumor Necrosis Factor o (TNFa), the human KRS can be
secreted from human cells and interacts with macrophages to induce
their TNFa secretion and cell migration. However, the KRS secretion
pathway and its detailed molecular steps remained unclear until
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recently. Kim and coworkers [148] showed that, during evolution
human KRS inherited a unique N-terminal extension which harbors a
Caspase 8-specific cleavage site, and a C-terminal PDZ-binding domain.
Whereas many proteins that harbor a localization signal are secreted by
the ER-Golgi pathway, the human KRS interacts via its PDZ-binding
domain to syntenin which guides KRS from de MARS complex into
exosomes and more precisely in their lumen, prior to its release from
the cell. Note that this KRS-syntenin interaction had already been
suggested previously by Meershaert and coworkers [149] and Baietti
and coworkers [150]. Kim and coworkers also showed the importance
of the N-terminal caspase 8-specific cleavage site in this KRS secretion
pathway and proposed a mechanism in agreement with the published
3D structure of KRS [107]; KRS is a class IT aaRS that forms homodimers
in which the caspase 8 cleavage site that is located in the N-terminal
extension of one of the monomers masks the syntenin interaction site
located in the C-terminal domain from the second monomer, thus in-
hibiting exosomal KRS secretion. Under starvation conditions, Caspase
8 cleaves the KRS N-terminal domain which allows KRS-syntenin in-
teraction and subsequent incorporation of the enzyme into exosomes.

4.5.4. From insect to vertebrates, the balance between mini-YRS and -WRS
regulates angiogenesis

We already reported in the previous sections that nuclear imported
WRS, SRS and TRS are important angiogenesis regulators. However,
secreted forms of YRS and WRS are also key players of angiogenesis
regulation. In comparison to prokaryotic YRS, insect and vertebrates
YRS have inherited an C-terminal Endothelial-monocyte-activating
polypeptide II (EMAPII) like domain that can be cleaved by extra-
cellular proteases (elastases) from the remaining core of YRS called
“mini-YRS” [151]. This mini-YRS has similarities with the CXC che-
motactic factor interleukin 8 (IL8), in particular with the ELR motif
(Glu-Leu-Arg) harbored by pro-angiogenic chemokines. The evolu-
tionary close WRS can similarly be cleaved into a “mini-WRS” (where
translation starts at M48 due to alternative splicing or extracellular
cleavage inside the WHEP domain) but the cleaved product doesn't
harbor the ELR motif. As such, it was shown that in endothelial cells
(HUVEQ) and in polymorphonuclear leukocytes (PMN), extracellular
mini-YRS induces cell migration and angiogenesis [152], whereas ex-
tracellular WRS has opposite effects [153,154]. Extracellular mini-YRS
is increased through TNFa secretion and in endothelial cells mini YRS
induces phosphorylation of Src, Akt, ERK (Extracellular Signal Regu-
lated Kinase), and VEGF-receptor 2, required for angiogenesis
[155,156]. Because IL8 is known to act on the CXCR1/2 receptor, My-
Nuong Vo et al., [157] verified whether this is also the case for mini-
YRS. This study showed, that under low mini-YRS secreted concentra-
tions, mini-YRS is monomeric and induces cell migration via CXCR1/2
whereas under high mini-YRS secreted concentrations, mini-YRS is di-
meric and inhibits cell migration (antagonistic effect). On the other
hand, mini-WRS exerts its angiostatic activity by binding the first ex-
tracellular (EC1) domain of VE-cadherin (vascular endothelial cad-
herin). Recent studies [158,159] showed that mini-WRS K153 residue
binds VE-cadherin and that VE-cadherin residues W2 and W4 are
docked into the empty W-AMP pocket. Through this interaction, i) VE-
cadherin interaction with activated VEGF receptor 2 (VEGFR2) is dis-
rupted and ii) the subsequent activation of Akt that, in the absence of
mini-WRS leads to angiogenesis, is inhibited [160,161]. However, the
mechanism by which VEGFR2 is activated by mini-YRS remains unclear
and Zeng et al. [162] in human umbilical vein endothelial cells in hy-
poxia suggested a yet unknown trans-activation mechanism. Thus,
mini-WRS and mini-YRS cytokine-like antagonistic effects belongs to a
pathway that fine tunes cell migration and angiogenesis.

4.5.5. From insect to vertebrates, YRS EMAPII-like domain

Compared to their prokaryotic homologs, insects and vertebrates
YRSs inherited a additional C-terminal EMAPII-like domain. When YRS
is secreted, this domain is cleaved by extracellular elastases from the
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remaining “mini-YRS”. This cleavage occurs during the apoptotic state
and the EMAPII-like peptide will exert 2 different functions i) it carries
chemo-attractive capacities which allows the recruitment of phagocytes
to the apoptotic site and phagocytosis in order to prevent damages for
surrounding cells; and ii) it induces TNFa secretion by leucocytes
[151,153,163]. Finally, it was suggested that in the full-length YRS,
EMAPII-like blocks IL-8 proangiogenic activity by preventing it re-
cognition by IL8 receptor.

4.5.6. Secreted human full-length WRS (but not the mini-WRS) induces
early innate immune response

Human WRS contains a unique 154 aa-long N-terminal domain that
includes a WHEP domain (residues 8-64). Recently Ahn and coworkers
[164] discovered a new function for the full-length WRS (FL-WRS) but
not for the mini-WRS that we described previously. They showed that
early after infection by pathogens, FL-WRS is secreted from monocytes
and interacts with macrophages to induce innate immune stimulation
(phagocytosis and cytokine production). Based on the available WRS
crystal structure, Ahn et al. showed that in order to activate this type of
immune response, FL-WRS binds to Toll-Like-Receptor 4 (TLR4) - MD2
complexes and probably also to TLR2 via its N-terminal extension. Fi-
nally, binding and activation was also showed with the 154 aa-long N-
terminal domain alone.

4.5.7. Secreted human TRS regulates also angiogenesis

Similar to the above-mentioned mini-YRS angiogenic function,
human TRS is also secreted under TNFa or VEGF stimulation and in-
duces endothelial cell migration. However, it has not been elucidated if
TRS cleavage or posttranslational modification is necessary for this non-
canonical function [165]. Furthermore, Wellman and coworkers [166]
found a link between stress-induced overexpression of TRS, angiogen-
esis and ovarian cancer.

4.5.8. Brugia malayi asparaginyl-tRNA-synthetase (NRS)

Brugia malayi is a filarial nematode which is a human parasite re-
sponsible for filariasis that causes chronic infections and elephantiasis.
Brugia malayi NRS (BmNRS) is secreted from this intravascular worm
parasite into patient's serum [167,168] and acts as immunodominant
antigen. BmNRS presents a 110 aa-long N-terminal extension (com-
pared to prokaryotic NRSs) that harbors a 80-long IL8-like domain.
Different studies demonstrated that BnmNRS induces several physiolo-
gical responses via binding to 2 different types of receptors: IL8 CXCR1/
2 receptors and purine receptors [168-172]. Recently Jothi and cow-
orkers added to this list: endothelial cell proliferation, migration, ring
and tube formation, vasodilation and angiogenesis which are also
usually induced by VEGF.

4.5.9. Mouse and human glycyl-tRNA-synthetase GRS

Concerning GRS, Park and coworkers [173] recently showed that
Fas-ligand secreted from cancer cells induces GRS secretion which can
then circulate in the serum. Normally, phosphatase 2 (PP2A)-dependent
ERK inhibition is blocked by its interaction to the membrane protein
cadherin 6 (CDH6). However, binding of GRS to CDH6 via its extra-
cellular domain, releases PP2A which inhibits ERK and provokes tumor
cell death. Furthermore, this study provides in vivo data (mouse models)
on GRS-mediated antitumor effects and suggests that this aaRS, by
having this cytokine-like function, is a key player in an endogenous
tumor surveillance mechanism. Finally, the mechanism by which GRS is
secreted remains so far unknown, but He and coworkers [174] sug-
gested that GRS is secreted by the exosomal pathway.

5. Concluding remarks
As described herein, the functional plasticity of relocating cytosolic

aaRs is really remarkable for enzymes once considered to be restricted
to the production of the ribosomes' aa-tRNA substrates. However, the
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repertoire of nontranslational functions carried by these enzymes is
probably even greater, especially in human, if one considers all the
possible isoforms that that have been predicted to be produced by al-
ternative splicing or initiation of translation [175]. The majority of
these splice variants are catalytic nulls meaning that the alternative
splicing event partially or entirely removed the functional parts re-
sponsible for aa-tRNA synthesis, leaving, usually, only domains that
were added to the aaRS core in the course of evolution. These pieces of
aaRSs have been found to have a tissue-specific expression profile and
do not contribute or participate to the aminoacylation reaction. How-
ever, a strong selection pressure led to their conservation throughout
evolution most probably because they exert a specific biological func-
tion that has nothing to do with protein synthesis but nevertheless
equally essential. When tested in cell-based assay designed to check
their involvement in cytoprotection, immunomodulation, acute in-
flammatory response, transcriptional regulation, regenerative re-
sponses, cell differentiation and cholesterol transport, almost 90% of
these catalytically null pieces of aaRSs where shown to exert at least
one specific biological activity. Given the type of physiological role they
might be playing and their tissue-specific expression one can easily
imagine that malfunctioning of their functions or a change in their
expression will very likely be associated with diseases. Indeed, it has
already been shown that malfunctioning of the nontranslational func-
tions that cytosolic relocating aaRSs exert, triggers a wide spectrum of
diseases in human [31,34]. The pathologies to which these aaRSs have
been connected to, include for example i) neuronal syndromes like type-
2 Charcot Mary Tooth [174,176-178] and Amyotrophic Lateral
Sclerosis [179], ii) susceptibility to cancers [180-182], diabetes
[183,184] or other abnormal metabolic conditions [32] and iii) auto-
immune disorders [185-189]. The latter example is particularly inter-
esting since auto-antibodies against 9 cytosolic aaRSs have been found
in patients with autoimmune disorders among which inflammatory
myopathies, interstitial lung diseases and rheumatoic arthritis
[190,191]. Despite a growing number of reports describing the clinical
features of these subtypes of autoimmune diseases also called the “an-
tisynthetase syndrome” the physiological conditions and molecular
mechanism by which these aaRSs become an antigen are still unknown.
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Abstract

The aminoacylation reaction is one of most extensively studied cellular processes. The
so-called “canonical” reaction is carried out by direct charging of an amino acid (aa) onto
its corresponding transfer RNA (tRNA) by the cognate aminoacyl-tRNA synthetase
(@aaRS), and the canonical usage of the aminoacylated tRNA (aa-tRNA) is to translate a
messenger RNA codon in a translating ribosome. However, four out of the 22 geneti-
cally-encoded aa are made “noncanonically” through a two-step or indirect route
that usually compensate for a missing aaRS. Additionally, from the 22 proteinogenic
aa, 13 are noncanonically used, by serving as substrates for the tRNA- or aa-tRNA-
dependent synthesis of other cellular components. These nontranslational processes
range from lipid aminoacylation, and heme, aa, antibiotic and peptidoglycan synthesis
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to protein degradation. This chapter focuses on these noncanonical usages of aa-tRNAs
and the ways of generating them, and also highlights the strategies that cells have
evolved to balance the use of aa-tRNAs between protein synthesis and synthesis of
other cellular components.

1. Introduction

Translation relies on the constant synthesis and delivery to the
decoding ribosomes of a complete set of accurately aminoacylated transfer
RNAs (aa-tRNAs). aa-tRNAs are the products of an enzymatic reaction
termed tRINA aminoacylation, that is catalyzed by a family of ubiquitous
enzymes called aminoacyl-tRINA synthetases (aaRSs) [1]. Elucidation of
the aminoacylation reaction was concomitant with the characterization of
tRNA and aaRSs [2-7]. In the “canonical” aminoacylation reaction, using
a specific amino acid (aa), aaRSs catalyze the ATP-dependent formation
of an aminoacyl-adenylate (aa~ AMP), which enables this activated aa to
be transferred directly onto the accepting 3'- or 2’OH of the terminal aden-
osine of the cognate tRINA (Fig. 1A). “Canonical” tRINA aminoacylation
1s often also termed “direct”” tRINA aminoacylation and signifies that the
aa and tRINA that are linked are cognate pairs and that, upon release,
the aa-tRINA can be used directly in protein synthesis. Contrarily, the
“non-canonical” tRINA aminoacylation, also termed “alternate” or “indirect
pathway,” starts with an aa that is first charged onto a non-cognate tRINA
by an aaR, followed by its conversion into the cognate aa by a second enzy-
matic activity. The first description of a non-canonical pathway for tRINA
aminoacylation occurred as early as 1968 by M. Wilcox and M. Nirenberg,
who demonstrated that direct formation of glutaminyl-tRINASM@mne
(GIn-tRNA“™) by a glutaminyl-tRNA synthetase (GInRS) was absent
in three Bacilli species; the evidence indicated that they all required first
the aminoacylation of tRNA“" with glutamate (Glu), followed by the
tRINA-dependent conversion of Glu into Gln, thereby demonstrating that
tRINA can be a cofactor in aa biosynthesis [8]. The description of the first
non-canonical aminoacylation reaction almost coincided with the first
report of the non-canonical utilization of an aa-tRNA, e.g., not for protein
synthesis, and was that of lysyl-tRNA"™"" in the synthesis of O-lysyl
phosphatidylglycerol in Staphylococcus aureus [9].

From the 22 genetically-encoded aa that have been identified to date,
18 are exclusively aminoacylated onto their cognate tRINAs through the
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Fig. 1 Canonical and noncanonical tRNA aminoacylation reaction and nontranslational
aa-tRNA usages. (A) Overview of the canonical tRNA aminoacylation (right side, blue
arrows) and of the noncanonical 2-step reaction (left side, red arrows). For details see
Fig. 2. (B) Schematic representations of the nontranslational usages of aa-tRNAs
described in this chapter. The molecule that will be tRNA-dependently or aa-tRNA-
dependently modified is indicated in the top row, the enzyme responsible for the
tRNA-dependent modification in the middle and the product of the reaction or the
fate of the compound tRNA-dependently modified is indicated in the bottom row.
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canonical reaction (Ala, Arg, Asp, Glu, Gly, His, Ile, Leu, Lys, Met, Phe, Pro,
Pyrrolysine (Pyl), Ser, Thr, Trp, Tyr and Val), one 1s strictly aminoacylated
via a non-canonical aminoacylation reaction (Selenocysteine, Sec) and
three are charged onto their corresponding tRINA either canonically or
non-canonically (Asn, Cys and Gln). All four indirect pathways of tRINA
aminoacylation have three main common features. They proceed via two
consecutive steps (an exception is Sec-tRINA®* formation in archaea and
eukaryotes that requires three reactions; see Fig. 2). The first step is the mis-
charging of a tRINA with a non-cognate aa by a so-called non-discriminating
aaRS (ND-aaRS) [10,11]. The second step is the conversion of the
misacylated aa into the cognate one, while it is attached to the tRINA by a
tRINA-dependent modifying enzyme [12]. Sometimes the ND-aaRS and
the tRINA-dependent modifying enzyme form a complex that catalyzes both
reactions without the release of the mischarged aa-tRINA intermediate [13].
The last common feature is that the noncognate aa of the misacylated
aa-tRINA intermediate is always a metabolic precursor of the cognate final
aa, in the tRINA-independent and regular metabolic pathway (e.g., Asp for
Asn, Glu for Gln, O-phosphoserine (Sep) for Sec; Fig. 1A). Among the
22 proteinogenic aa, 13 (Ala, Arg, Asp, Glu, Gly, Leu, Lys, Met, Phe, Thr,
Trp, Val and Ser) can serve as substrates for the tRINA-dependent synthesis
of other cellular components. Noteworthy, when the aa of an aa-tRINA is
used for a non-canonical pathway, the tRINA carrier is generally not specific
to the non-canonical usage but diverted from protein synthesis. This often
requires adaptation of other components of the translation machinery that
limit the negative impact that rerouting of aa-tRNAs could have on the
efficiency or accuracy of protein synthesis [14]|. The purpose of this chapter
is to present the fascinating diversity of the non-canonical usages made by
organisms of aa-tRINAs (Fig. 1B).

2. Non canonical aminoacylation of tRNAs and
tRNA-dependent synthesis of amino acids

2.1 The two non-standard amino acids

In addition to the common set of 20 proteinogenic aa, two additional
and non-standard aa are used for protein synthesis in some organisms:
selenocysteine (Sec) and pyrrolysine (Pyl), respectively, known as the 21st
and 22st genetically-encoded aa.
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Fig. 2 Non-canonical pathways of aa-tRNA biosynthesis. (A): Biosynthesis of Sec-tRNA>*
using a post-charging conversion of Sec by a two-step pathway in bacteria (upper panel)
and a three-step pathway in eukaryotes and archaea (lower panel); (B) Two-step
biosynthesis of Cys-tRNA®® in archaea lacking CysRS. (C) Two-step transamidation
pathway of GIn-tRNA®" synthesis used by bacteria, archaea, mitochondria and chloro-
plasts. GatCAB AdT: Glutamyl-tRNA®" amidotransferase used by bacteria, most eukary-
otic organelles; GatDE: Glutamyl-tRNA®"™ amidotransferase used by archaea; GatFAB
AdT: Glutamyl-tRNA®" amidotransferase of yeast mitochondria; GatAB: Glutamyl-
tRNA®" amidotransferase used by apicoplast. (D) Two-step transamidation pathway or
transamidosome-mediated route of Asn-tRNA*" synthesis used by bacteria, archaea
deprived of AsnRS or of asparagine synthetase. The amide donor is either GIn or Asn and
is deaminated to form Glu or Asp (acid) during transamidation, respectively. Panel B: adapted
from J. Yuan, S. Palioura, J.C. Salazar, D. Su, P. O'Donoghue, M.J. Hohn, A.M. Cardoso, W.B.
Whitman, D. Soll, RNA-dependent conversion of phosphoserine forms selenocysteine in
eukaryotes and archaea, Proc. Natl. Acad. Sci. U. S. A. 103 (2006) 18923—18927.
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2.1.1 The 21st proteinogenic aa: Selenocysteine (Sec)

Selenocysteine incorporation has been discovered in 1986 both in mammals
and bacteria [15,16]. Its incorporation into proteins depends on an in-frame
UGA “opal” STOP codon, which is read through by ribosomes. Sec
residues are found in the active sites of selenoproteins (25 genes in mammals,
but none in fungi and higher plants). This non-ubiquitous proteinogenic aa
has a higher nucleophilic reactivity than cysteine (Cys), thus facilitating
selenoproteins in performing enhanced redox reactions and maintain
redox homeostasis [17]. Sec is generated via two consecutive steps [18]
(Fig. 2A) by tRNA-dependent modification of a Ser precursor attached
to the opal suppressor tRNA>* [19]. Indeed, because tRNA® and
tRNA> share the same tRNA identity elements, tRNA> can be recog-
nized by the seryl-tRINA synthetase (SerRS) and charged with Ser to form
Ser-tRNA>* [20]. However, an additional base pair in the acceptor stem
of tRNA>*“—in comparison to all known tRNAs—prevents the recogni-
tion of the misacylated Ser-tRNA® by the elongation factor thermo-
unstable (EF-Tu), thus precluding misincorporation of Ser into proteins
[21-23]. After serylation of tRNA® by SerRS, the Ser residue is either
(i) directly selenylated by SelA to form Sec-tRNA®* in bacteria [19], or
(1)) phosphorylated by O-phosphoseryl-tRNA-kinase (PSTK) to form
O-phosphoseryl-tRINA>* (Sep-tRINA>), the latter activated aa being sub-
sequently selenylated in a tR NA-dependent manner by the SepSecS enzyme
in eukaryotes and archaea [24]. Both SelA and SepSecS are pyridoxal-5'-
phosphate (PLP)-dependent enzymes and use selenophosphate as a selenium
donor (Fig. 2A). Selenocysteinyl-tRINA®* is then transported to translating
ribosomes by specific elongation factors: SelB in bacteria [25] and the
eEFSec*SBP2 complex in eukaryotes [26,27]. Finally, incorporation of
Sec requires pausing of the ribosomes at UGA “Sec” codons, which requires
a cis-acting stem loop structure, called SElenoCysteine Insertion Sequence
or SECIS, located downstream of the “Sec” UGA codons of selenoprotein
mRNAs. Note that SECIS elements difter in length and structure between
bacteria, archaea and eukaryotes [28—-32].

2.1.2 The 22nd proteinogenic aa: Pyrrolysine (Pyl)

Pyrrolysine is a modified lysine with a 4-methylpyrroline-5-carboxylate
group linked by an amide to the e-amino group (e-N). It was first discovered
in 2002 in methanogenic archaea and later in several bacteria [33,34]. In
methanogenic archaea, all genes encoding methylamine methyltransferases
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(methane-generating enzymes) contain an in-frame UAG “amber” STOP
codon that is translated into a pyrrolysyl residue. As for Sec, Pyl active
site residues appear to be crucial for the activity of enzymes involved
in methanogenesis [35]. Pyrrolysyl-tRNA™" is synthesized by direct
pyrrolysylation of an amber-suppressor tRNA™ by the class IIc PylRS
[36]. Pyl incorporation has become the first known example to date of
direct aminoacylation of a tRNA with a non-standard proteinogenic aa.
The structure of tRNA" differs from the classical tRNA structure because
it displays for example a D- and TWYC-loop without their conserved
representative residues [37]. Contrary to Sec-tRNA>* and its trans-specific
factors, Pyl-tRNA"™ is transported to the A-site of the ribosome by the stan-
dard elongation factor EF-Tu [38]. In addition, in some cases the mRINA
sequence context seems important for Pyl insertion, and a specific stem
loop called PYrroLysyl Insertion Sequence or PYLIS has sometimes, but
not always, been found directly next to the “amber” codon on mRNAs
encoding for methylamine methyltransferases [39].

2.2 tRNA-dependent pathways of amino acid biosynthesis

Selenocysteine is not the only aa that requires multiple steps to be incorpo-
rated into proteins. In numerous organisms, analogous indirect pathways are
also needed for the incorporation of standard aa into proteins. In those cases,
the biosynthesis of the proteinogenic aa is tRINA-dependent and linked to
the production of the corresponding cognate aa-tRINA.

For the majority of eukaryotes and very few bacteria, the 20 difterent
types of standard aa-tRINAs are produced by a full and unique set of 20 dif-
ferent aaR Ss. But in the majority of bacteria and all archaea, one or more
aaRS genes is missing, suggesting that the aminoacylation of corresponding
orphan tRINAs is performed by a non-canonical route. The organism
that best illustrates missing aaRSs is the hyperthermophilic methanogenic
archaea Methanocaldococcus jannaschii, whose genome was sequenced in
1996 and that lacks four expected aaRS genes: LysRS, CysRS, AsnRS
and GInRS [40]. It was shown in this archaeon that the lack of CysRS is
compensated by a tRNA“"*-dependent two-step pathway (Fig. 2B) similar
to that of Sec-tRNA®>* formation in bacteria. In this pathway, tRINA is
first mischarged by a dedicated O-phosphoseryl-tRINA synthetase (SepRS)
with Sep, before tRNA-dependent conversion of the Sep moiety into Cys
by the PLP-dependent SepCysS enzyme that ressembles SepSecS [41].
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AsnRS and especially GInRS are also often missing in prokaryotes and in
organelles [42]. All archaea and the majority of bacteria lack GInR S, whereas
AsnRS can be found in most bacteria and half of archaea. While all organ-
elles do possess a dedicated AsnRS, an organellar GInRS 1is never found,
except in some protozoans [43]. When AsnRS and/or GInRS is/are absent,
direct tRINA charging with the two respective cognate aa—Asn and Gln—is
compensated for by an indirect route called the transamidation pathway. It
is a two-step pathway in which the metabolic precursors of Gln and Asn,
respectively, Glu and Asp, are first attached onto the non-cognate
tRNA" and t(RNA™" by ND-GIuRS or ND-AspRS [10,44] (Fig. 2C).
Once released from ND-aaRSs, the mischarged Glu- or Asp-tRINAs are
transferred to tRINA-dependent amidotransferases (AdTs). AdTs first
ATP-dependently activate the y- or P-carboxyl group of the misacyled
Glu- and Asp-tRNAs by phosphorylation, the activated side chains then
being amidated, using an amido group donor, to form Gln-tRNA“" or
Asn-tRNA™" [45]. All AdTs, regardless of their origins or types, usually
use the y-amide of a free Gln, with the release of Glu, to produce this amido
group [46—48]. AdTs are complexes that always possess an amidase subunit
to generate the amido group necessary for the amidation reaction, and a
subunit that binds the misacylated aa-tRINA substrates and catalyzes the
activation of the carboxyl group of the mischarged aa before amidation.
The amido donor travels from one subunit to the other, enabling amidation
of the misacylated tRINA, a reaction termed “transamidation.” Accessory
proteins also participate in the formation of the complex.

To date, four types of tRNA-dependent AdTs are known: the hetero-
trimeric GatCAB and GatFAB and the heterodimeric GatDE and GatAB
(“Gat” for glutamyl-tRNA®"™ amidotransferase). The GatCAB AdT
(A: amidase, B: aa-tRNA binding, COOH activation and transamidation
subunit, C: accessory chaperone) usually is a bispecific Glu/Asp-AdT that
can generate GIn-tRNA®™ and Asn-tRNA™", such as in bacteria. In
archaea GatCAB is a specific Asp-AdT [49]. The heterodimeric GatDE
(E: amidase subunit, D: aa-tRNA binding, COOH activation and trans-
amidation subunit) is an archaea-specific Glu-AdT [48] that only produces
GIn-tRNA“". In most eukaryotic organelles, such as mitochondria and
chloroplasts, an organellar AdT is also required, and it is of the GatCAB-
type. It functions as a Glu-AdT that synthesizes organellar Gln-tRNA“™"
in vivo [50,51]. Note that in plants, there is only a single organellar
GatCAB AdT that is dually-targeted to mitochondria and chloroplasts.
Of note, in mitochondria of the yeast Saccharomyces cerevisiae, formation of
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the mitochondrial Gln-tRNA“"™ pool relies on a heterotrimeric GatFAB
that difters from the homologous bacterial GatCAB by the presence of
a fungi-specific GatF subunit that replaces structurally GatC. Recently,
a heterodimeric GatAB AdT lacking a “C” subunit was found in the
apicoplast of the human parasite Plasmodium falciparum to function as a
Glu-AdT [52].

All organisms using an AdT to generate GIn-tRNA“™ or Asn-tRNA™"
or both also possess ND-GIuRS and/or ND-AspRS that, in addition to
regular  Glu-tRNA“™ and Asp-tRNA™P, respectively, provide the
misacylated Glu-tRNA“" and Asp-tRNA™" [10,44]. Some organisms such
as Helicobacter pylori, possess in addition to regular “discriminating” GluRS, a
dedicated supernumerary tR NA“"-mischarging GluRS2 [11,53]. In organ-
elles, the mitochondrial GIuRS usually i1s the ND-GIluRS that participates in
the organellar transamidation pathway [51]. In plants, there is a dual-targeted
ND-GIuRS that participates in the chloroplast and mitochondrial trans-
amidation pathways [50]. The yeast S. cerevisiae is however an exception,
because it is the cytosolic GluRS that canonically produces the cytoplasmic
Glu-tRNA" pool which is imported into mitochondria, to specifically
mischarge the mitochondrial tRNA®"™. The bona fide mitochondrial
GluRS only aminoacylates the mitochondrial tRNA™ [43,54].

Organisms that use the transamidation pathway to generate amidated
aa-tRINAs have an adapted EF-Tu that has been shown to lack significant
binding capacity for the misacylated Glu-tR NA"™ and Asp-tR NA™" inter-
mediates, thereby preventing misincorporation of Glu and Asp at Gln and
Asn codons [13,54,55]. Another way to generate amidated aa-tRINAs with-
out challenging the genetic code with the mischarged intermediates is the
formation of so-called transamidosomes. These complexes are formed by
binding of the ND-aaRS to the AdT in a tRNA-dependent manner. In
the transamidosomes that have been described to date, the misacylated
Asp-tRNA™™ or Glu-tRNA®"™ generated by the complexed ND-AspRS
or -GluRS are channeled to the AdT active site, without being released,
and transamidated to release only the final amidated forms from the particle
[56]. Bacterial (ND-AspRSetRNA*"+GatCAB, Fig. 2D) and archaeal
(ND-GIluR SetRNA“"eGatDE; [55]) transamidosomes have been charac-
terized. The stoichiometry of their components (tRINA, ND-aaRS
and AdT) varies as well as their stability and catalytic mechanism. The
transamidosome of Thermus thermophilus is composed of 2 dimeric
ND-AspRSs (four enzymes), four tRNA™" and 2 GatCAB AdTs (two
enzymes); 2 tRNA™" molecules are substrates and two others are scaffolding
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components that ensure the stability of the ribonucleoprotein particle
throughout catalysis [14]. In H. pylori, only transient Glu- or Asp-
transamidosomes have been identified [57,58].

While these four indirect pathways are compensatory routes for the
synthesis of a given aa-tRNA when the cognate aaRS is absent, for two
of them, Sec and Asn, they are (Sec) or can sometimes be (Asn) the sole
metabolic pathway for the synthesis of the aa, which is therefore strictly
tRINA-dependent [44].

3. aa-tRNA-dependent aminoacylation of lipids
and cell-wall synthesis

3.1 Multiple peptide resistance factor (MprF)

In the early 60s, Macfarlane reported the presence of O-L-lysyl and
O-L-alanyl esters of phosphatidylglycerol (PG) in Clostridium welchii
and in Staphylococcus aureus [59]. However, that the enzymatic synthesis
of lysyl-PG 1in S. aureus involves the transfer of the lysyl moiety from
Lys-tRNA"™" onto PG was not demonstrated until 1966 [9]. Over the last
decades, a large number of studies detected aminoacylated lipids in several
bacterial species, and showed that Lys-tRNA™* and Ala-tRNA*" are usu-
ally the aa donors for lipid aminoacylation and that PG, diacylglycerol or
cardiolipin are the aa acceptors. Arg-PG and could also be detected but
to a lesser extent [60]. In 2001, Peschel et al. demonstrated in S. aureus that
the mprF gene encodes the lysyl-phosphatydyl glycerol synthase (LysPGS)
responsible for LysPG synthesis [61]. They also showed that the cytoplasmic
domain of LysPGS is responsible for the transfer of L-Lys from Lys-tR NA™*
onto PG at the inner leaflet of the plasma membrane, whereas the
N-terminal integral membrane domain flips the newly synthesized LysPG
to the outer membrane leaflet [62]. The addition of positively- charged
or neutral aa to PG by aminoacyl-phosphatidyl glycerol synthases
(aaPGSs) reverses or neutralizes the net negative charge of the cell envelope
[63], thereby decreasing the susceptibility of bacteria to positively-charged
antimicrobial agents. Furthermore, aaPGS-dependent membrane remo-
deling participates in the adaptation of bacteria to environmental changes
(pH, osmolarity, temperature), increases immune escape [64,65] and
enhances virulence of S. aureus and Listeria monocytogenes upon infection
of epithelial cells and macrophages in mice [66,67].

Some aaPGSs are specific for a single aa-tRNA (e.g., Lys- or Ala-tRINA),
and others exhibit broader substrate specificity and can utilize up to three
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different aa-tRINAs as aa donors (e.g., Lys-, Ala- or Arg-tRNA) [68,69]. It
has been shown that the acceptor-stem of the tRINA and in particular its
fifth base pair and the Ca of the corresponding aa are essential elements
for the recognition of Ala-tRNA"" by the AlaPGS [70,71]. Structural anal-
ysis showed that the catalytic domain of AlaPGS from Pseudomonas aeruginosa
and LysPGS from Bacillus licheniformis harbor a so-called dupli-GNAT
(GCN5 N-acetyltransferase) domain, where the two GNATS are separated
by a positively-charged alpha helix [72]. Such similar structures have also
been described for other aminoacyl-tRNA transferases (AAT), including
the Fem and L/F transferases described below. Site-directed mutagenesis
based on the structures of 2aPGSs, demonstrated that this positively- charged
helix 1s essential for aa-tRINA recruitment. However, it 1s still not understood
how bacteria regulate the balance between the usage of the aa-tR NA for pro-
tein synthesis versus lipid aminoacylation. Interestingly, Mycobacterium spp.
encode a LysPGS (LysX) that is fused directly to a C-terminal lysyl-tRINA
synthetase (LysRS) that is essential for the LysPG synthesis activity. This
suggests that, in Mycobacterium spp., a dedicated pool of Lys-tRNA™" is syn-
thesized and used by LysPGS, to produce LysPGs and that this pool escapes
protein synthesis [73].

4, FemXAB

The peptidoglycan sacculus (murein) is a unique and essential struc-
tural element of bacterial cell walls found outside of the plasma membrane.
[t contributes to the maintenance of cell shape to preserve the cell integrity,
and serves as a scaffold for the anchoring of other cell envelope components
such as proteins and teichoic acids in Gram-positive bacteria.

Peptidoglycan synthesis is achieved by a succession of enzymatic
events, that start with the formation of the well-known lipid II. This lipid
harbors a so-called stem-peptide composed of the L-Ala;-D-Glu,-X5-
D-Alay-D-Alas pentapeptide where X5 is variable among species
(L-Lys, 8-L-ornithine or w-L, L-diaminopimelic acid) (Fig. 3A). At this
stage, Fem transferases, which are non-ribosomal peptidyl transferases, use
aa-tRINA as aa donors to form an “interpeptide bridge” that, in a later step,
serves to cross-link the X5 of the newly-synthesized peptidoglycan subunit
(Lipid II released from its undecaprenyl-diphosphate) to the D-Alay of an
adjacent peptidoglycan stem-peptide [74,75]. The formation of the stem-
peptide is tRINA-independent, whereas Fem ligase-mediated formation
of the interpeptide bridge was shown to be tRINA-dependent.
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In S. aureus, 3 Fem ligases are required. FemX adds the first glycine res-
idue (Gly;) onto the stem-peptide at the e-NH, group of L-Lys; [76,77],
while FemA and FemB are essential for the addition of Gly, ; and Gly, s,
respectively. These proteins are highly specific with respect to the position
of the Gly residues that they attach [78]. Among the five tRNA®Y
1soacceptors encoded by S. aureus, three of them have a weak binding capac-
ity to EF-Tu, due to the replacement of G49-Ugs and G51-Cgs by Ay9-Ugs
and As;-Ugs base pairs in the T-loop [79,80]. Furthermore, Rohrer et al.
showed that the three tRNAY capable of escaping the translational
machinery have Gg and Gg replaced by UU or CU [81]. The Fem factors
are known to be essential for methicillin resistance, and are found in both
resistant and susceptible S. aureus strains. The phenotypes of the FemAB null
mutants of S. aureus showed a reduction of cell wall Gly content and strong
morphological aberrations during cell division and separation [76]|. The
inactivation of the femAB operon reduces the interpeptide to a monoglycine,
inducing a poorly crosslinked peptidoglycan. Decreased growth rate and
hypersusceptibility to antibiotics such as methicillin were observed in
femAB deleted strains, making FemAB a potential target to restore f-lactam
susceptibility in methicillin-resistant S. aureus (MRSA) [82].

Staphylococcus simulans, S. epidermidis and S. capitis incorporate a variable
ratio of L-Ser/Gly residues (but also L-Ala for S. epidermidis) into the inter-
peptide bridges to escape pentaglycine endopeptidase-mediated degrada-
tion. To our knowledge, tRNA>" modifications are not involved in the
distribution of Ser-tRNA> between peptidoglycan cross-linking and
translation. Thus, bacteria may adapt the ratio of Ser-tR NA>* used for each
mechanism according to environmental conditions. S. epidermis encodes at
least two tRNAY isoacceptors employed exclusively for interpeptide-chain
formation [83]. Both contain CC or UU instead of the universal G5 and
G19 di-nucleotide. Furthermore, the supplementary C;,-Gsg base pair in
the anticodon loop and, to a lesser extent, the impaired U;y-U,5 base pairs
as well as the weak post-transcriptional modification ratio in the D-loop
are also considered as crucial to determine the fate of Gly-tRNA®Y
1soacceptors.

In S. pneumoniae, MurM (homologue of the S. aureus FemA) adds L-Ser
or L-Ala as the first residue to the L-Lys of the stem peptide [78,84], and
MurN then adds L-Ala to form an interpeptide chain composed only of
two residues [84].

Finally, Weissella viridescens harbors either a L-Ala-L-Ser or a L-Ala-L-Ser-
L-Ala interpeptide chain [85]. Villet et al. showed that the C;; and C;,
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from the tRNA*? are critical nucleotides for recognition by FemX, whereas
the G3-Ujy(, base pair considered as a strong identity determinant for recog-
nition by AlaRS is dispensable [86]. Because MurM and FemX of
W. viridescens recognize only two aa-tRINAs [87,88], it has been suggested
that these two proteins may be involved in the complex discrimination
between protein and peptidoglycan synthesis [89].

In summary, Gly-tRNAY, Ala-tRNA™? Ser-tRNA®" but also
Thr-tRNA™ participate in peptidoglycan interpeptide chain formation.
For a more detailed review of the interpeptide composition across bacterial
species, refer to reports of Dare & Ibba or Schleifer & Kandler [83,90].

5. aa-tRNA-dependent synthesis of hemes

Only a small subset of the aa produced by the cell are used in
protein synthesis, and we have seen that from this small pool some can be
deviated to build molecules other than proteins. There are also several other
pathways that require non-proteogenic aa and among them, the synthesis
of heme necessitates O-aminolevulinic acid (ALA), a pathway that is
tRINA-dependent. ALA can be synthesized either from free glycine and
succinyl-CoA (eukaryotes) or glutamate (bacteria and green plants), when
the latter is bound to its cognate tRNA™ (reviewed in [91], Fig. 4).

ALA is the first molecule in the tetrapyrrole synthesis pathway that leads
to heme biosynthesis in mammals and chlorophyll in plants. ALA biogenesis
in plants and bacteria has been studied for more than four decades, and
employs a simple three-step pathway. First, Glu is charged onto tRINA"
by GIuRS [92-94]. Second, tRNA“"-bound Glu is reduced to glutamate

Glu — GSA )r\HIﬁA
COOH Glu-tRNA' 2
COO ——tRNA CHO
CHs
H——&——"MHa ——C——NH, H——C——NH, |
| S | i | Gsar c=o
CHy  ATRMg™, tRNA® A NADPH + H'
- | 2 \‘ > | 2 e
_ CH,
(‘:Hp AMP, PPi CH, tRNA-OH C|H2
CH.
COOH COOH COOH
COCH

Fig. 4 C5 pathway of ALA formation. Glutamate (Glu) is attached directly onto tRNA®"
by GIuRS. Glu is then reduced to glutamate-1 semi-aldehyde (GSA) by glutamyl-tRNA
reductase (GIUTR) and further converted by glutamate aminomutase (GSAT) to
d-aminolevulinic acid (ALA).
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semi-aldehyde (GSA) and detached from tRNA“™ by glutamyl-tRNA
reductase (GluTR) [95,96]. Finally, GSA is converted to the final product
ALA by GSA aminomutase (GSAT) [97].

The finding that Glu 1s used to produce ALA in green plants [98,99] pre-
ceded the discovery that tRNA™ is required for ALA production [92-94].
Thus, Glu-tRNA™ formation is an absolute intermediate in the GSA for-
mation by GluTR, an enzyme that has been shown to form a complex with
GluRS [100] and together, both proteins have strict requirements for
tRNACM [101,102].

In bacteria, GIuTR is encoded by the hemA gene that is part of the
hemAXCDBL operon in which hemX codes for an integral membrane
protein capable of negatively aftecting the cellular concentration of hemA
[103]. GluTR activity is rate-limiting in ALA formation [104] and in plants,
it represents an ideal target for designing herbicides [105]. Its activity has
been shown to be regulated by acting on the protein stability that is increased
in heme limiting conditions in S. typhimurium [106]. Later, FLU, another
negative regulator of GluTR was identified. Flu is a membrane-bound
protein involved in chlorophyll biosynthesis that interacts directly with
GIuTR but not with GSAT [107,108]. It must be noted that although
the levels of GluTR and GSAT control ALA production, they do not con-
trol directly chlorophyll synthesis in Chlamydomonas reinhardtii. A complex
between GSAT and GIuTR has been identified and proposed to protect
the highly- reactive GSA intermediate [109].

ALA is the universal precursor of tetrapyrroles like hemes, and the latter
have been shown to downregulate not only the activity of GluTR but also of
GluRS, which is more surprising [110]. In addition, hemes are also capable
of inhibiting aminoacylation activity of a Zn>'-deprived form of human
tryptophanyl-tRINA synthetase [111]. Moreover, holocytochrome ¢ (e.g.,
heme bound) can interact with tRINA, and this interaction was shown to
mediate caspase-mediated apoptosis [112].

An essential GluTR -interacting protein named GluTRB that is localized
in the thylakoid membrane, participates in the sub-compartmentalization of
GIuTR, to separate ALA pools in order to balance production of heme and
chlorophyll [113]. The interaction of GluTRBP with GluTR stimulates its
activity, but the latter is still inhibited in a heme-dependent concentration
[114]. Binding of GIuTRBP to GluTR also prevents FLU from inhibiting
GluTR, but a ternary complex consisting of GluTR, GluTRBP and FLU
can be formed, suggesting a biological role for the ternary complex in the
regulation of the plant GluTR [115]. The complexity of this regulation
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of GluTR expression/activity is reinforced by the finding that GluTR can
be degraded from its N-terminus by the Clp protease, but not when pro-
tected by GIuTRBP [116].

ALA utilization by bacteria leads to heme, an essential cofactor for
S. aureus growth and colonization that becomes toxic at high concentrations,
thereby underlining the necessity for these organisms to control tightly heme
homeostasis [117]. In plants, subplastidial allocation of GluTR in the stroma
and in membrane fractions reveals that when membrane-bound, GIuTR 1is
less active, and this is the result of the concerted actions of GluTR inter-
acting proteins (FLU, GIuTRBP, Clp protease and cpSRP43) [118,119].
Finally, in higher plants there are two isoforms for GluTR: GluTR1 that
1s expressed predominantly in green tissue, and GluTR2 that is expressed
constitutively in all organs. It was recently shown that heme binding to
GIuTRBP inhibits its interaction with GluTR, thereby making it accessible
to Clp protease, which participates in GluTR regulation [120].

Overall, the utilization of Glu-tRNA“™ outside translation represents an
intriguing example of how various metabolic pathways are interconnected.
Glu-tRNA" utilization for ALA production controls heme and chloro-
phyll biosynthesis, two molecules that are crucial for other cellular events
that contribute to the life cycle of various organisms, and whose production
seems to be subjected to tight and complex control.

6. aa-tRNA-dependent formation of antibiotics

Peptide-based antibiotics can, at least in part, be synthesized tRINA-
dependently, and are an important class of molecules because they provide
organisms with defenses to fight against invading microbes, or to help them
survive in a given ecological niche [89,121]. There 1s a group of antibiotics
whose composition is based on peptides. There are two ways of synthe-
sizing peptide-based antibiotics that both require tRINA: ribosomally- or
non-ribosomally-synthesized peptidic antibiotics [122]. Those that are
ribosomally-synthesized include defensins (30—40 aa in length; disrupt
membrane integrity) that are a large class of Cys-rich peptide antibiotics
whose Cys residues are regionally-specifically oxidized to stabilize the
molecule and provide protease resistance. Similarly, lantibiotics are low
molecular weight lanthionine-containing cyclic peptides that, like defensins,
perturb membrane integrity. This class of molecules belongs to the super-
family of RiPP (ribosomally synthesized peptides that undergo extensive
post-translational modifications). They are synthesized as precursors that
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consist of an N-terminal leader peptide fused to a C-terminal core peptide
containing modifications. Interestingly for some of them, a Glu-tRNA“™ i
used by a dehydratase to modify aa residues of the ribosomally-made pep-
tide parts (reviewed in [123]). Aromatic heterocyclic peptide scaftolds
derived from Cys, Ser and Thr residues [124] are another large family of
ribosomally-derived antibiotics like microcin B17, patellamides and strepto-
lysin S. It 1s noteworthy that microcins have a broad diversity of chemical
structures and modifications, and are widely used as antitumoral and/or
antimicrobial drugs [125]. The synthesis of these antibiotic compounds is
rather complex and there are tens of genes that are required, and tRNAs
are either involved as regulators of this process [122] or as carrier molecules
tor additional modifications with aa. tRINA-based regulation of antibiotic
production is, for example, used by Streptomyces coelicolor. In this filamentous
bacterium there is a single gene (bldA) that encodes the only tRNA"" capa-
ble of decoding the UUA rare Leu codon. The expression of this specific
tRNA"" is very low in fresh cultures, but increases to reach its maximum
as cultures get older. The tRNA"" expression pattern correlates with mor-
phological difterentiation and changes in antibiotic production [126]. This
suggests a means of limiting ribosomal-mediated antibiotic synthesis in the
host to physiologically appropriate circumstances by modulating tRINA
availability. A similar mode of regulation has also been proposed for biofilm
production, in which Hha proteins decrease biofilm production by repre-
ssing transcription of tRNAs decoding rare codons (argU and prol)
normally involved in fimbriae production [127].

The second tRNA-dependent mode of synthesizing peptide-based
antibiotics are the non-ribosomal antibiotic pathways. These rely on a
series of enzymatic reactions that involve at one step an aa-tRNA. For
example, valanimycin production involves a gene cluster containing
14 genes in Streptomyces viridifaciens, in which the VImA protein catalyzes
the transfer of a seryl residue from Ser-tRNA> to the hydroxyl group
of 1sobutylhydroxylamine to produce the O-seryl-isobutylhydroxylamine
ester [128]. An intriguing fact concerning valanimycin production is that
the Ser-tRNA> used in the reaction is produced by a dedicated SerRS,
named VImL, encoded by the vimL gene [129]. Similarly, production of a
streptothricin-related antibiotic requires an intermediate, in which an
amino sugar is aminoacylated with Gly by a Fem-like enzyme in a
tRINA-dependent manner [130]. Overall, the enzymes involved in these
types of modifications belong to the class of the aa-tRINA-dependent
transferases that were identified over 50 years ago [131-133].
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Although aa-tRINAs can be used to remodel several compounds,
they can also be substrates for the synthesis of cyclic dipeptide-based antibi-
otics. They were long thought to be products released prematurely
from the ribosome until the discovery of cyclodipeptides synthases [134].
Cyclodipeptides are further subjected to various modifications until the
final product is obtained [135]. A strategy employing various enzymes to
modify a core scaffold to produce difterential tailoring is often used in nature
to generate structural diversity. Such small molecule diversity enables easy
evolution of new biological functions, and allows fine-tuning of existing
ones [135,136]. Cyclodipeptide synthases genes, are often clustered with
tailoring enzyme genes, most likely to facilitate the overall regulation of
the cyclodipeptide-based compound production (for a review see [123]).
Cyclic dipeptides are an interesting class of molecules because they consti-
tute a rather convincing alternative over conventional antibiotics, as
exemplified in their role in preventing quorum sensing pathogenesis of
uropathogens [137].

7. aa-tRNA-dependent degradation of proteins

In 1963, the participation of aa-tR NAs in protein degradation was first
reported in prokaryotes, in which it was shown that ribosome-deprived
extracts were still able to catalyze tRINA-dependent aminoacylation of pro-
teins [138]. In eukaryotes, it was noted 23 years later that specific aa residues
found in the N-terminus (N-t) of proteins could decrease dramatically the
half-life of the corresponding protein in S. cerevisiae [139]. An enzymatic
activity able to transfer the aa moiety of an aa-tRINA to the N-t of proteins
leading to protein degradation was also identified in eukaryotes [140], and 1s
presently termed the N-end rule pathway [141].

In bacteria, the N-end rule pathway includes three components: an
aa-tRINA transferase responsible for the transfer of the aa moiety onto the
protein that will be degraded, a N-recognin that binds the aminoacylated
protein signaling it to the degradation machinery, the Clp protease complex.
In eukaryotes, an additional preliminary step involving deamination of amide
aa residues in N-t of the protein is catalyzed by a deamination enzyme. This
enables the subsequent recognition by the aa-tRINA transferase, followed by
signaling of the protein for degradation by the proteasome [142].
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7.1 N-end rule pathway in prokaryotes

In 1963, Kaji et al. identified a protein fraction in E. coli that was able to
transfer radioactively-labeled Leu onto proteins in the absence of ribosomes
[138], thereby describing for the first time the activity of aleucyl-tRINA pro-
tein transferase. In 1973, Soffer demonstrated that Leu, Phe, and to a lower
extent Met and Trp, can also be transferred onto the N-t residue of a-casein
[143]. Later, it was discovered that the nature of the N-t residue of the
targeted protein modulates the aa conjugation efticiency [139]. The residues
onto which aa are efficiently transferred efficiently include the basic residues
Arg, Gln, Lys and Pro, which were thereafter termed destabilizing residues.
However, the mechanism linking addition of aa to the N-t of a protein to its
degradation was not identified until Tobias et al. showed in 1991that a bac-
terial strain lacking the Clp ATP-dependent protease degraded much less
efficiently a protein carrying destabilizing residues [144]. This proved that
Leu (or Phe) conjugation mediates degradation by recruiting the Clp pro-
tease [144]. The gene coding the leucyl —/phenylalanyl-tRNA transferase
(L/F transferase) was identified 2 years later [145]. Notably, this gene is
located near the gene encoding ClpA, a component of the Clp protease
complex, which participates in the N-end rule pathway. In 1995, the gene
encoding the protein was cloned, overexpressed and purified, allowing the
development of an in vitro assay that lead to the characterization of its cata-
lytic mechanism [146]. Since then, the structure of the aa-tRNA transferase
was determined in complex with an aa-tRINA analog [147], and the mech-
anism of the peptide bond formation between the N-t residue and the aa
transferred by the aa-tRINA transferase has been elucidated [148].

In sum, protein aminoacylation in prokaryotes is mediated by L/F
transferases that modify a residue in N-t (preferentially recognizing a basic
residue), which enables the recognition of the protein by ClpS, which in
turn signals delivery of the proteins to the Clp protease complex for degra-
dation. Note that ClpS belongs to the family of N-recognins, which are
proteins that bind to aminoacylated proteins and enable their delivery to
the degradation machinery (Fig. 5C).

7.2 N-end rule pathway in eukaryotes

In S. cerevisiae and higher eukaryotes, proteins are not aminoacylated directly
to induce their degradation (Fig. 5B). Instead, a first step of deamidation
converts the amide aa Asn and Gln to Asp and Glu. These deamination
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A Deamination Amino acid conjugation Recruitment of Degradation
degradation machinery machinery

Fig. 5 Overview of the N-end rule pathway leading to protein degradation. (A) In mam-
mals, protein degradation starts by the deamination of GIn (Q) or Asn (N) in first position
at the N-ter of the protein. This leads to the arginylation of the N-ter of by Ate1, and
subsequently to the binding of the protein by a N-recognin, which delivers it to the
proteasome. (B) In fungi, the pathway is very similar, the sole difference being that
the deamination step is performed by one enzyme both for GIn and Asn. (C) In prokary-
otes there is no deamination step: Arg (R), Lys (K) and Met (M) are recognized by a leucyl-
phenylalanine-tRNA transferase (L/F transferase) which transfers either Leu (L) or Phe
(P) on the first amino acid in the N-ter of the protein. This so-called destabilizing residue
is recognized by ClpS, which delivers the protein to the ClpA protease for degradation.
Panel C: adapted from T. Tasaki, S.M. Sriram, K.S. Park, Y.T. Kwon, The N-end rule pathway,
Annu. Rev. Biochem. 81 (2012) 261-289.
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reactions are performed by Ntal in fungi [149]. In mammals, deamination
of Gln and Asn is performed by Ntaql and Ntanl, respectively [141,150]
(Fig. 5A). After deamination, these residues can be aminoacylated by a
unique arginyl-tRINA transferase, Atel, both in S. cerevisiae and mammals
[151,152]. Upon arginylation, the protein can be ubiquitinylated, a step
mediated by a N-recognin. This leads finally to the degradation of the
protein by the 26S proteasome.

This N-end rule mechanism is the only noncanonical pathway in which
proteinogenic aa-tRNAs are used for protein degradation rather than for
their synthesis. In this case, aa-tRINAs are diverted not only from their
anabolic use, but become essential components of the protein catabolic
pathway.

8. Concluding remarks

This chapter has been dedicated. Mainly to the fascinating diversity
of the nontranslational mechanisms and processes that employ the aa
moiety of an aa-tRINA. The first descriptions of these noncanonical usages
of aa-tRNAs (Leu-tRNA"™" to modify proteins and of Lys-tRNA"™" in
O-lysyl-phosphatidylglycerol synthesis) coincided with the characterization
of the conventional aminoacylation reaction for protein synthesis [5-7,9].
Yet, these nontranslational usages are generally less well known than the pri-
mary historical role of aa-tRINA 1n protein synthesis, despite being equally
essential for the cell. There is no doubt that new processes and functions will
be unraveled in the future, and will enrich the existing functional repertoire
of aa-tRNAs. As an example, the arginyltransferase Ate1, which transfers the
arginyl moiety from Arg-tRNA”"8 to the N-terminus of proteins targeted
for degradation by the N-end rule pathway, has recently also been shown
in mammalian cells and in Dictyostelium discoideum to be implicated in the
aminoacylation of internal residues of B-actin [153,154]. Interestingly
the steady-state level of arginylated P-actin is relatively low but tends
to increase in migratory cells, demonstrating that this post-translational
aminoacylation is actively regulated in cells [153]. Arginylation of protein
1s not restricted to P-actin, because an increasing number of eukaryotic
proteins appear to undergo Atel-mediated arginylation of internal Asp
and Glu residues; these arginylated proteins participate in myriad cellular
processes ranging from embryogenesis, to cell migration and protein
homeostasis [155].
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There are however many unanswered issues when considering the non-
translational processes that rely on the use of aa-tRNAs. One of the most
important is how aa-tRINAs escape the translational machinery, and how
cells achieve a balance between the use of the same aa-tRNA species for
protein synthesis and/or for other cellular processes? In fact, though the
various non-canonical usages of aa-tRNAs we describe in this chapter
have been studied actively, it remains largely unknown how aa-tRNAs
are diverted from their primary and canonical usage. In some cases, organ-
isms have found a strategy that eliminates the competition between transla-
tion and nontranslational usages of an aa-tRINA by producing a dedicated
pool of aa-tRNAs for a given non-canonical process. For example,
S. epidermis encodes two tRNAY isoacceptors dedicated exclusively to
interpeptide-chain formation. Moreover, sometimes organisms have even
acquired or evolved a supernumerary aaRS dedicated to the synthesis of
specific aa-tRNAs (e.g., LysRS fused to LysPGS in Mpycobacterium tor
LysPG synthesis). Dedicating a given pool of tRINAs to nontranslational
processes could also be accomplished by post-transcriptionally modifying
tRINA nucleotides. Indeed, tRNAs undergo a series of post-transcriptional
modifications, and some of them could potentially also serve to assign a
given tRNA pool to a given nontranslational function. Finally, it was
recently shown that, in eukaryotes, a single a2aRSs can be localized in two
or more subcellular compartments, and that these spatially-distinguished
isoforms (called echoforms) can serve difterent roles, including the
noncanonical roles that rely on the synthesis of a compartment-specific

aa-tRNA [156].
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MprF bacteria MprF-like Fungi

INTRODUCTION B "
e " Flipase-DUF2156 AspRS-DUF2156 fDUF2156
Aminoacyl-tRNA-synthetases (aaRSs) are enzymes known to attach an amino acid onto its cognate tRNA®, leading ——e—— [— T} —
to the formation of aa-tRNA®*s required for protein synthesis1. However, it was shown that these aa-tRNA®'s can be Resistance to cAMP ? Function ?
cd
©

rerouted for other patwaysz. For example, in many bacterial species, the DUF2156 domain was shown to perform
Flipase

lipid modification by transferring the amino acid moiety from Lys-tRNAY* to Phosphatidylglycerol which is one of the
main membrane lipids found in gram positive bacteria®. Such membrane remodeling induces modification of
membrane characteristics leading to higher virulence and resistance against CAMP (cationic Antimicrobial
Peptides). Therefore, these proteins were qualified “Multiple peptide resistance Factors” (MprF). Deacylation and amino
Such cell wall remodeling strategies were not described in eukaryotes so far. However, we discovered a large number  acid transfer to lipid

of fungal species, including human pathogens (i.e A. fumigatus) that contain proteins with a putative DUF2156

&
domain, making them promising MprF-like proteins. Since DUF2156 are not found in humans, they represent an aa-tRNA® rerouting ;
attractive target for the development of novel antifungal drugs. 3; £ %

In order to investigate the similarities and differences between fungal “MprF like” (DUF2156
Lys-tRNA"*

LysRS
S : ]
i Lysine @ ‘? : 9 \%
1
i~ !
1
1]

proteins) and bacterial MprF we established an in vivo model (S. cerevisiae, see below) and different
1

1

| tRNAY
1

in vitro assays. On the other hand the characterization of fungal DUF2156 proteins in Afu and other

fungi species will allow us to establish an infection model to understand the physiological function

of DUF2156 proteins. Protein biosynthesis

in vitro RESULTS

in vivo RESULTS i ~
S. cerevisiae FG

Penicillium ' Front
In silico analyses show that two types Pezizomycotina Consistant with in  vivo
of  DUF2156-containing  proteins eg.Bbassiana  m— experiments, DUF2156 domain of
exist in fungi (Fig. 1). N. crassa AspRS-DUF2156 transfers Asp from [4Cl-Asp-LXT - -9
- A freestanding  DUF2156 ! 7~ Sordariomycetes Asp-tRNAAsp onto a yet- unknown [4Cl-Asp-LX2
(fDUF2156) } \Qc‘omyﬂ’ta Saccharomycotina eg% lipid, which is not PG. Ongoing work aims
- An AspRS-DUF2156 fusion protein ~Ibikarya to identify this lipid. Similar experiments Spots .
Preliminary phylogenetic  studies Fungi|:: Basidiomycota are in progress for fDUF2156. AspRS-DUF2156  + - + o+ o+ +
suggest that they were acquired by Z ARSADUR2ISS -+ = - - -
Dikarya (green arrow) but not by / hese - - - - -

other eukaryotes. Saccharomycotina species (red), among which

the yeast Saccharomyces cerevisiae (Sce), subsequently lost all
DUF2156 proteins. Sce is a well-established fungal model. We in vivo heterologous (Sce) in vitro X X X
endogenous (Fungi) Purified AspRS-DUF2156 e Invitiolaminoacylationiassay

thus first used this heterologous model to characterize
AspRS-DUF2156 and fDUF2156 in vivo. Assays with radiolabeled Asp proved that
= * m the AspRS-DUF2156 is active for tRNAAsp
P > aminoacylation in vitro.
T . 350 O APRS-DUF2156 4. oryzae

300

(epm counts)

-DUF215
ps?‘é -~ Rz “~—

250

Growth phenotypes confirmed that

AspRS-DUF2156 synthetizes sufficient N P 7 HEH“G‘E‘R‘FH o 200
S 4 IR [ceecv s *
Asp-tRNAAsp  to  sustain  protein o X @ 150
. . . 2 B Lipid extraction
synthesis, that the aminoacylation & s < 100
‘l)%J W 50
0+

thin layer chromatography

C
\ TL ) Time (min)

/ - s \ AN /
Expression in S. cerevisiae - -
e Fungi DUF2156 proteins R /—‘ PERSPECTIVES

S o -

2
activity depends on the AspRS domain ‘3@
and that the DUF2156 domain is %
dispensable for aminoacylation of tRNA.

W
% ot
. &
9124000

DUF2156 proteins associate . O 3 A &
o R monitor lipid modifications S5 o &
with membranes §§5. 58§ § & 8
[BI00K] 100 K Results ~confirm  two different & {:,\" {S’:PC»SS Q&S f N - Modified lipid identification (H. Roy)
N
ASPRS-DUF S S—" DUF2156- dependent lipid -.'| - ’ ’ ' ' -Virulence / Resistance tests (JP. Latgé)
fDUF2156  sm— modifications in Sce membranes 7 Deletion
[PISIKE ER, plasma membrane, nucleus, (heterologous  expression). Identical v o s B A. fumigatus
mitochondria, vacuole ) modified lipids were observed in fungi . __-ifDu-Fmss - B. bassiana e
- Erndosomes, Golgi naturally expressing DUF2156 proteins s BN - 9
S100K : Cytosol, vesicles o0 ) or
(Penicillium sp. B. bassiana and Y. N - Infection P
Sub-fractionation ~ shows  that, as lipolytica). AspRS-DUF KO I »
mouse

expected, both AspRS-DUF and fDUF2156 or

are found in membrane fractions (P13 ;
Fonctionnal probing of — g

P100). Microscopy experiments are in
progress. o DUF2156 proteins double KO - g ;
WL mutant Mutations in tRNA-binding site (red) abolish rice
WT ___mutant - o . -
Q835R lipid modification, whereas mutations within the - 3D structure o - «
A active site (blue) decrease lipid aminoacylation C. Sauter <! —-‘:‘j
| = 4 =4 o Helixew activity. Similar analyses predicted Q835 to be r "-é‘i
C\f" r‘t;’d 2 - crucial for lipid modification (data not shown). i
% -3D St w/wo ligands - in silico compound screening g S20ECTLE
BIBLIOGRAPHY - Localization
¥ T
WT  mutant / \ WT___mutant 1. Crick, FH. (1958) Symposia of the SEB | b «
(12),138163 DICx100  fDUF2156- Secr-ii fDUR2LSE-
Smirnova, EV., (2012) (77), 15-25. R
fungi DUF2156 domain (phyre 2) Roy, H. (2009) IUBMB Life, (61)10 : 940-953 i e
- Interactome (flippase, membrane binding....)
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remodeling induces modification of membrane characteristics leading to resistance against cCAMPs (cationic Antimicrobial Peptides).
Flippase domain

Aminoacyl-tRNA-synthetases (aaRSs) are enzymes that attach amino acids onto their cognate tRNA33, leading to the formation of the Organisms I
aa-tRNA®%s required for protein synthesis'. However, it has been shown that 2a-tRNA%s can be rerouted and serve in other pathways?. For Y postiyiCrany
example, in many bacterial species, the DUF2156 domain was shown to perform lipid aminoacylation by transferring the amino acid Physiological /\ CAMPs /x
moiety of Lys-tRNAL‘/S onto phosphatidylglycerol, which is one of the main membrane lipids found in bacteria®. Such membrane function

++ + [y 00 0 AlnFG

FUNGI

Asp-Lipid X

Therefore, these proteins were qualified as “Multiple peptide resistance Factors” (MprF). Similar cell wall remodeling strategies have not activity
been described in eukaryotes so far. However, we discovered a large number of fungal species, including human pathogens (see also poster D“Fz:j‘i'v‘i"':""‘i“

r's

“Novel lipid membrane aminoacylation factors in fungi”) that contain proteins with a putative DUF2156 domain, making them promising

Uith recombinant purified proteins.

MprF-like proteins. One of them is composed of an aspartyl-tRNA synthetase (AspRS) fused at its C-terminus to a DUF2156 domain (RNA turnover (k@ \,

( -DUF2156). We used different strategies, either in vivo or in vitro, to explore biochemically and functionally AspRS-DUF2156 from 7 LysPGS [g%m\m AlsPGS 2
several fungal species (Aspergillus fumi Afm, A illus oryzae Aor and Neurospora crassa). We constructed a heterologous expression Cawe AMP . )/d

model with the yeast Saccharomyces cerevisiae (Sce), that possesses no DUF2156 proteins, to study fungal MprF-like proteins. Here, we “':i‘:&zm o KEQ e %

present our main results obtained with heterologous expression of fungal DUF2156 proteins in the Sce model and through in vitro assays S, A O+ A

AspRSr [ ‘.
i

In vivo RESULTS

a AspRS-DUF complements loss of AspRS from Sce o Fungal AspRS- DUF2156 heterologously modify lipids in Sce

P 3 Sl o K
( __SFOA _ | ¥ - Y, — — & &
Testriction. % N—or s . 5§ &,
~shuffle -duf2156 ~ &§ £¢
(URA3) (LEU2) s DUF2156 ¢ A Ty Ty
0" i Total lipids from Sce expressing either Aor or Afm AspRS-DUF2156 ' | - '
were extracted by the Bligh & Dyer (A) method and analyzed by TLC
Growth phenotypes confirmed that -DUF2156 5 d 3, Y 9 Y 'yzed by
synthetizes sufficient Asp-tRNA™ to sustain protein - ko (C) on silica gel plates (Chloroform : Methanol : Water 65 : 25 : 4).
8 | =
5 <] .
synthesis, Aminoacylation activity depends on the AspRS & g Results revealed the DUF2156- dependent synthesis of an o g
) X
Y & unknown lipid in Sce membranes (Lipid X; red asterisks) in

domain. As suspected, DUF2156 domain is dispensable for

G

tRNA aspartylation. comparison to the WT Sce. Identical modified lipids were observed in
ol

< S
b S
95124000

fungi naturally expressing DUF2156 proteins (not shown).

QSPQ mutant : catalytic null

Expression in Sce
(LXpression In Sce,

N fn

mBP AspRS

tev cleavage site

E1 E2 E3 B4 E5 E6

Invivo Invitro
Heterologous Yeast model Purified AspRS-DUF2156

(R) (B) (©)

In order to isolate the unknown lipid X, lipid classes extracted from Sce expressing AspRS-DUF2156 were
separated by flash chromatography (B) and analyzed by TLC. Differential elutions were performed with solvents

containing different ratios of Chloroform : Methanol (indicated below)

i:§. cerevisiae WT - total lipids extract

ro RESULTS

Recombinant AspRS-DUF2156 purification

cloning of MBP-tev-AspRS-DUF2156 E. coli Star2

Cleavage by
TEV protease Affinty chromatograchy
(Amyl

Size exclusion chromatography

Overexpression in

DUF2156

SDS-page

ylose matrix)
and elution with maltose.

iz S. cerevisiae expressing AspRS-DUF2156 - total lipids extract

red asterisks: Lipid X e
” i PARFTRARA LU q q q
i L | " e In vitro tRNA aminoacylation assay
LT TILIRLLLLITTE T L] ™ %
- Assays with radiolabeled Asp proved that the -DUF2156 is
" active for tRNA*? aminoacylation in vitro.
[ 400 1 A AspRS-DUF2156 4. fumigatus
9:1 8:2 7:3 6:4 £ 1501 O ASPRS-DUF2156.4. oryzae
3 o
o LC-MS/MS : Lipid X corresponds to Ergosteryl-Aspartate £ 300
<
g 250
Lipid X-enriched fractions were analyzed by LC-MS/MS (in collaboration with Dr. Herve Roy, Florida, USA). Lipid X 2 L0
S (s}
was finally identified as Ergosteryl 3p-O-aspartate (Erg-Asp). g 150
g
E
g
=100 o
-DUF2156 4, o
. Z 50
&
%/ 0
2 0 5 10 15 20 25
Ergosterol Asp-{RNA® Time (min)

\-

e In vitro amino acid tr

Consistant  with in  vivo
-DUF2156 transfers Asp from Asp-tRNA*® onto Ergosterol.

red asterisks: Lipid X

sfer assay

experiments, DUF2156 domain of

Total lipids from -
S. cerevisiae
Enzyme from Afin___Afm___Aor _ Afm__Afin__ Afin
Front
[4Cl-Asp-LX1 e % - W *
[4Cl-Asp-LX2
Spots - .
-DUF2156  + - + + + +
ADUF2156 - + - - - -

RNase

)

Mutations in tRNA-binding site (red), putative lipid binding site (brown) or active site (! ) decreased or abolished ergosterol modification activity. -Similar investigations in progress for fD!
-3D structure (Dr. C. Sauter ; IBMC)

DUF2156 domain Phyre2 model

AspRS-DUF2156 K837E #* Ne76 K837/ \ #4 AspRS-DUF2156

AspRS-DUF2156 Q835R K837E
\- ' AN

N\ v ——
o Functional probing of DUF2156 proteins \ [ l PERSPECTIVES
imilar investigations i UF2156 —— s - Physiological function (Virulence / Resistance tests)

GNAT domain I GNAT domain 1T -DUF2156 kO
APy ~ N -Amphothericine B
Protein expressed in S. cerevisiae lipid I?I"d’"g aa {RNAV Protein expressed in S. cerevisiae ) o pRaEgcise
. — site Q835 / binding site -Antibody synthesis }~ Y ~Fluconazole
Wild-type Sce — - o fomigatus ~Voriconazole
AspRS (ADUF2156) " B bassiana
P i * “JJ: Helix a AspRS ADUF2156 ~Cinetic parameters A.oryzae
AspRS-DUF2156 wild-type ‘& " # AspRS-DUF2156 wild-type Mouse
AspRS-DUF2156 N676A +« g AspRS-DUF2156 a5 (Ala) A
AspRS-DUF2156 E711R #+ |
P AspRS-DUF2156 a5 (Glu) -3D structure w/wo ligands - in silico compound screening
AspRS-DUF2156 E730R #« |
P - AspRS-DUF2156 Interactome (GST-Pull-down, immunoprecipitation)
AspRS-DUF2156 Q835R + AspRS-DUF2156 .
-Localization

\

Antifungal drugs

1. Crick, FH. (1958) Symposia of the SEB
(12),138163
Smirnova, EV,, (2012) (77), 15-25.

2,
E Roy, H. (2009) IUBMB Life , (61)10 : 940-953
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Appart from protein synthesis, aminoacyl-tRNAs (aa-tRNA) can be substrates of
aminoacyl- tRNA transferases (ATT). In bacteria, DUF2156 domain-containing
proteins catalyze the transfer of aa from aa-tRNA to an acceptor substrate. For
example, MprF (Multiple Peptides Resistance Factors) are ATT that transfer
lysine onto membrane lipids, which changes the charge properties of
membranes and favor cationic antimicrobial peptides (cCAMPs) resistance. MprF
proteins were thought to be restricted to prokaryotes.

However, we discovered two types of DUF2156 proteins in fungi, including
human pathogens such as Aspergillus fumigatus. We characterized both protein
types from Aspergillus species both in vitro and in vivo and confirmed their
capacity to modify lipids in a tRNA dependent manner. They appear to be
structurally and functionally homologous to bacterial MprF. Further analyses
confirmed that fungal DUF2156 enzymes, and the corresponding lipid
modifications that they catalyze, are conserved in most of fungi.
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Découverte de 'aminoacylation ARNt dépendante de
I'ergostérol chez les champignons

Résumé

Les aminoacyl-ARNt synthétases (aaRSs) sont des enzymes essentiels en charge de la production d’aminoacyl-ARNts
(aa-ARNts) qui seront utilisés par le ribosome lors de la synthése protéique. Néanmoins, les aa-tRNAs peuvent
également servir de substrats dans d'autres voies métaboliques comme |'aminoacylation de glycérolipides chez les
bactéries. Ainsi, les bactéries modifient leurs propriétés de surface afin d'augmenter leur résistance aux
antimicrobiens, pathogénie ou virulence. Aucun mécanisme similaire n'a été mis en évidence chez les eucaryotes
avant ma thése car il était admis que la modification de lipides ARNt dépendante était réservée aux procaryotes.
Pendant ma thése, j'ai identifié une nouvelle classe de lipides modifiés chez les champignons, les stérols aminoacylés
(AS). J'ai identifié I'ergosteryl-33-0-L-aspartate (Erg-Asp) et I'ergosteryl-33-0-glycine qui sont synthétisés par deux
enzymes distinctes qui contiennent un domaine de fonction inconnu appelé DUF2156 qui est responsable de I'activité
aminoacyl-tRNA transférase (i.e. du transfert de I'aa de I'aa-tRNA sur I'ergostérol). De maniére intéressante, ces
enzymes peuvent étre classées en deux classes selon qu’elles sont fusionnées ou non a I'aaRs correspondante. Nous
avons découvert que la déacylation de I'Asp de I'Erg-Asp est catalysé par une Erg-Asp hydrolase qui participe ainsi a
I'hnoméostasie du stérol conjugué in vivo. Des études phylogénétiques suggérent que la synthése [ dégradation d'AS
est conservée chez les champignons « supérieurs » et aux vues du rdle central des stérols et de leurs formes
conjuguées, nous proposons que la voie que nous venons d'identifier peut avoir des implications plus larges dans le
remodelage membranaire, la signalisation, la résistance au antimicrobiens ou la pathogénie.

Mots-clés : aa-tRNA, aminoacyl-tRNA synthétase, ergostérol, champignons, aminoacylation de lipide

Summary

Aminoacyl-tRNA synthetases (aaRSs) are essential enzymes that produce aminoacyl-tRNAs (aa-tRNAs) that will be
used for ribosome catalyzed protein synthesis. However, aa-tRNAs can also serve as substrates in other pathways
like glycerolipid aminoacylation in bacteria. By doing so, bacteria modify their cell surface properties to improve
drug resistance, pathogenicity, or virulence. No homologous lipid aminoacylation pathway has been uncovered in
eukaryotes before my thesis and tRNA-dependent lipid remodeling was believed to be restricted to prokaryotes.
During my thesis I identified a new class of fungal lipids, aminoacylated sterols (AS). | identified ergosteryl-33-0-L-
aspartate (Erg-Asp) and ergosteryl-3[3-0-glycine that are synthesized by two distinct enzymes that contain a Domain
of unknown function named DUF2156 which is responsible for the aminoacyl-tRNA transferase activity (i. e. the
transfer of the aa-moiety from the aa-tRNA to ergosterol). Interestingly, those enzymes can be classified in two
classes depending on their fusion to the cognate aaRS or not. We also uncovered that removal of the Asp modifier
from Erg-Asp is catalyzed by a genuine Erg-Asp hydrolase participating in the turnover of the conjugated sterol in
vivo. Phylogenomics suggest that AS synthesis/degradation pathways are conserved across “higher” fungi and given
the central roles of sterols and conjugated sterols in these species, we propose that the herein uncovered pathway
might have broader implications in membrane remodeling, trafficking, antimicrobial resistance, or pathogenicity.

Keywords: aa-tRNA, aminoacyl-tRNA synthetases, ergosterol, fungi, DUF2156, lipid aminoacylation




