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tRNA binding OB-fold in pathogen unicellular eukaryotes 
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In this review, we consider “tRNA binding OB-fold”, 
any protein containing a domain homologous to the 
bacterial tRNA binding protein Trbp-111. We 
recapitulate the ability of OB-fold homologs to bind 
nucleic acids and their distribution in evolution. 
Functional extension of such proteins is intimately 
associated with the addition of new domains during 
the evolution especially in eukaryotes. While most of 
these proteins have retained their ability to bind 
nucleic acids, here we review the current knowledge 
about how they developed their complexity to expand 
their functions especially in unicellular pathogenic 
eukaryotes. 
 
Introduction 
The aim of most tRNA is to enable protein synthesis. 
tRNAs are molecules with highly conserved three-
dimensional structures. A defining characteristic of the 
three-dimensional structure of the tRNA is the " elbow " 
where the nucleotides of D- and T- loops interact to give 
rise to the L-shape canonical tRNAs Q"R QHR. In elongator 
tRNAs, the D-loop is composed of 8 to 10 residues that 
adopt an irregular structure in which the two conserved 
guanines at positions 18 and 19 are extruded and are 
involved in tertiary interactions with residues !55 and 
C56 in the T-loop (Figure 1A). Among the proteins, 
which bind to the tRNA elbow, enzymes involved in 
tRNA maturation, modification, aminoacylation, 
transport and the factors that guide them through the cell 
compartments and on the ribosome illustrate various 
tRNA elbow recognition strategies QSR. This domain is 
also recognized by proteins, that perform no apparent 
catalytic function. Such a protein exists in bacteria as an 
independent and minimal module called Trbp-111 (tRNA 
binding protein 111) QDR. Trbp-111 is 111 amino acids-
long polypeptide identified in Aquifex aeolicus. It is 
homologous to several other bacterial proteins and 
domains of bacterial methionyl-tRNA synthetases 
(MetRS) and phenylalanyl-tRNA synthetases (PheRS) 
Q=R!Q@R!QAR!QCR. The resolution of the crystal structure of 
Trbp-111 and its counterpart in Escherichia coli revealed 
a dimeric organization and the presence of a conventional 
OB-fold in each monomer (Figure 1B) QTR. The tRNA 
binding site in Trbp-111 is formed in part by the dimer 
interface. Thus, only one tRNA can bind at a time, in 
agreement with the experimentally measured 
stoichiometry of one tRNA per Trbp111 dimer QDR.  

 
Building a model of the complex between Trbp-111 and 
tRNA suggested that Trbp-111 interacts with the outside 
corner of the L-shaped tRNA formed by the D- and T-
loops, thus that all tRNA sequences may be bound. 
Analysis of Trbp-111 footprint on tRNA showed that the 
dimer recognizes asymmetrically the convex side of the 
tRNA and protects multiple sites surrounding these 
conserved residues in tRNA structures Q"BR. In these 
conditions, the apparent dissociation constant (Kd) is 32 
nM. Extensive mutagenesis identified 6 aminoacids (K33, 
E45, N71, R75, S82 and M85) important for tRNA 
binding, S82 and M85 having the greatest effect (Figure 
1B) QTR. 
 
Inventory of OB-fold fusions  
The attachment of the OB-fold to the tRNA elbow can 
significantly increase the binding affinity of the fused 
protein and also ensure that the tRNA structure obeys the 
canonical L-shape. A tRNA, sandwiched between its 
homologous aminoacyl-tRNA synthetase that attaches to 
the inside of the L-shaped structure and Trbp-111 bound 
outside is still aminoacylated, indicating that the tRNA 
tertiary structure is intact Q"BR. Yet, the aminoacylation 
rate is increased, suggesting that this tRNA binding 
domain acts as a cofactor for aminoacylation, which 
stabilizes the fold of the bound tRNA or induces a 
conformational adjustment. This feature may have helped 
the selection of this domain during evolution. Figure 2 
recapitulates protein fusions containing a Trbp-111 OB-
fold domain. OB-folds are fused to different proteins as 
aminoacyl-tRNA synthetases (aaRS) and glutathione S-
transferase (GST) or NUDE_C modules. The aaRS 
family is an essential component of the translation 
apparatus. They catalyze the first reaction step in the 
synthesis of proteins, which consists of fixing each amino 
acid to its specific tRNA Q""R. Most of them primarily 
recognize non-elbow features of tRNA, like the anticodon 
domain and/or the acceptor stem of the molecule Q"HR. 
Moreover, the presence of a general tRNA binding 
domain in the vicinity of their catalytic site should 
facilitate amino acid charging by increasing the local 
concentration of the tRNA and allowing maintaining 
optimal aminoacylation levels without compromising the 
specificity Q"SR. Four aaRSs contain a OB-fold domain, 
in many organisms, regardless of their classification 
(Figure 2): Bacterial PheRS (class II), MetRS (class I) in 
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the three domains of life, tyrosyl-tRNA synthetase 
(TyrRS) (class I) only in vertebrates and lysyl-tRNA 
synthetase (LysRS) (class II) in amoeba. GST or 
NUDE_C fusions are found in eukaryotic proteins and 
are involved in protein-protein interactions #$%&. They 
allow the formation of protein complexes with aaRSs, 
which contributes to the efficiency of translation by 
preventing the diffusion of charged tRNA into the 
cytoplasm and allows their recycling #$'&. In mammals, 
nine aminoacyl-tRNA synthetases are found in the 
multisynthetase complex (MARS) with three auxiliary 
proteins: AIMP1, AIMP2 and AIMP3 #$(& #$)&. The C-
terminal OB-fold of AIMP1 (aminoacyl tRNA synthetase 
complex interacting multifunctional protein 1) bind 
tRNAs and contribute to the efficiency of translation. 
AIMP1 dimerization is sustained by its NuDE_c N-
terminal domain, which contains two putative coiled-coil 
motifs. The first motif is responsible for its association 
with the corresponding motif in AIMP2, whereas the 
second motif is required for association of glutaminyl- 
(GlnRS) and arginyl- (ArgRS) tRNA synthetases to the 
complex #$*&. Yet, its role in delivering tRNAArg to 
ArgRS is still controversial #$+&!#$+&.  
The NuDE_c module of AIMP1 is found exclusively in 
vertebrates and correlates with the emergence of an 
additional function for its fused OB-fold. AIMP1 is the 
precursor of the endothelial monocyte activating 
polypeptide II (EMAPII) #",&. AIMP1 is cleaved by 
caspase 7 #"$& and EMAPII dissociates from the MARS 
complex #""&. EMAPII only matches the extended OB-
fold domain, which fails in tRNAs binding (apparent KD 
of 40 µM) and switch towards its various cytokine 
activities in cell signaling and developmental pathways. 
In humans, EMAPII has a broad spectrum of action, 
which induces apoptosis and migration in endothelial 
cells, and migration of inflammation related cell types, 
like macrophages and monocytes #"-&!#"%&.  
 
OB-fold domain in unicellular pathogenic eukaryotes 
EuPathDB is an integrated database covering eukaryotic 
pathogen genomes #"'&. These pathogens are responsible 
for a large amount of morbidity and mortality worldwide. 
They represent a diverse group of eukaryotic single-
celled organisms, which have only superficial 
similarities. They are often referred to as parasites and 
cause a variety of diseases in plants and animals. In 
human, prevalent eukaryotic pathogens are divided into 
(i) intestinal pathogens such Entamoeba histolytica, 
Giardia intestinalis or Cryptosporidium parvum, (ii) 
urogenital as Trichomonas vaginalis, and (iii) infecting 
blood and tissues, like Toxoplasma gondii and 
Plasmodium falciparum. 
 
 

tRNA binding potential of OB-fold in unicellular 
eukaryotic pathogens 
OB-C : In eukaryotic a single monomer partially mimics 
the homodimeric structure of Trbp111, due to a C-
terminal extended OB-fold domain, #"(& (Figures 1B, 
2B). Many isolated OB-fold domains characterized by 
such an prolonged C-terminal sequence but deprived of 
any fused N-terminal structural module (Figure 3). They 
were designated OB-C in this review and are found in 
most pathogens, except Apicomplexa and nearly all fungi 
(Table 1). They are about 200 to 300 amino acid long 
peptides. Such a close bacterial tRBP-111 homolog has 
been studied in the kinetoplastida Trypanosoma #")&. 
The Kinetoplastida group includes a number of parasites 
that cause serious diseases in humans and other animals, 
as well as various forms found in soil and aquatic 
environments. Diseases caused by its members include 
sleeping sickness and Chagas disease, caused by 
Trypanosoma species, and leishmaniasis, caused by 
Leishmania species. 
In T. brucei, the OB-C MCP2 is a component of the 
MARS complex encompassing six aaRSs and two other 
proteins (MCP1, and MCP3) and contributes to efficient 
tRNA-aminoacylation (27). Recombinant MCP2 formed 
dimers and show selectivity to tRNAs in vitro. Its 
depletion from the cell resulted in slow parasite growth 
and decreased infectivity in mouse. This probably reflects 
its role in increasing the efficiency of tRNA-
aminoacylation. 
OB-C are found as the only OB-fold protein in 
Microsporidiae and Diplomonadida both causing 
opportunistic intestinal infection in animals. In other 
pathogens, up to 3 copies of OB-C genes can be found 
(i.e. Trichomonas vaginalis) and or in combination with 
GST- or aaRS-OB fusions. 
 
GST-OB in Fungi: Fusions between the OB-fold and a 
GST-like domain (as it is the case in plants) (Figure 2A) 
are the most abundant version found in eukaryotic 
pathogens. The GST fusion is often the only source of 
OB-fold in most fungi. A well-known example is Arc1p 
(aaRS cofacteur 1) from the fungi S. cerevisaie. S. 
cerevisiae is now regarded as an opportunistic pathogen, 
albeit of low virulence. Overall, existing data indicate 
that Arc1p has a similar mode of interaction with tRNAs 
than Trbp-111. However, the selection and binding of 
tRNAs are facilitated by two additional modules: the 
extended C-terminal module (like in OB-C), which 
recognizes the conserved ‘elbow’ structure of the tRNA 
and a N terminal lysine-rich domain, which binds RNA 
non specifically (28). The complex Arc1p / tRNA was 
studied by cross-linking and gel retardation experiments 
and showed a binding affinity corresponding to a Kd 
value of about 10 nM, which requires both the OB-fold 
and the lysine-rich domains (28).  
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The GST-like module does not possess enzymatic 
activity but is used for the assembly of proteins (14). In S. 
cerevisiae, it interacts with the N-terminal domains of 
Glutamyl-tRNA synthetase (GluRS) and MetRS (29). 
Both GluRS and MetRS have a catalytic benefit by 
associating with Arc1p, as shown in the in vitro 
reconstitution and analysis of the corresponding 
complexes (30) (31). Thus the Arc1p OB-fold domain is 
crucial for the delivery of tRNAGlu and tRNAMet to their 
respective synthetases. The binding of the first tRNA 
does not influence the binding efficiency of the second 
tRNA, and both tRNA can bind simultaneously to the 
complex. However, it is not known if both tRNA can 
bind to Arc1p simultaneously or if they recognize Arc1p 
one at a time (32) (28) (30). Moreover, by binding GluRS 
and MetRS, Arc1p takes part in their subcellular 
localization (33) and the establishment of the switched 
fermentation metabolism respiration in yeast (34). It was 
also proposed that Arc1p could also act as an adapter in 
the nucleocytoplasmic trafficking of tRNA (31).  
 
GST-OB in Apicomplexa : The GST-OB fold is present 
in Apicomplexa. Many of the apicomplexan parasites are 
important pathogens of human and domestic animals and 
lead to devastating infections, like malaria and 
toxoplasmosis. Apicomplexa parasites presented in Table 
1 can be classified into two groups depending on their 
hosts. A first group including Cryptosporidium, Neospoa, 
Sarcocystis, Toxoplasma and Hammondia, develops in a 
unique vertebrate host and a second group including 
Babesia, Theileiria, Cytauzoon, Plasmodium, Eimeria 
and Gregarina develop in both an insect and a vertebrate 
host.  
 (i) Toxoplasma: The first group of Apicomplexa, with the 
exception of Cryptosporidium, contains both GST and 
aaRS fusions. The GST-OB found in Toxoplasma gondii 
was named Tg-p43. As a dimer, it belongs to a MARS 
complex containing 4 aaRSs. When the corresponding 
gene was deleted, the parasite appeared to be viable 
without any obvious defect in culture and no differences 
in infectivity and lethality when injected into mice 
compared to the parental strain #"$%& 
 (ii) Plasmodium: The GST-OB fusion is the only OB-
fold protein in the second group of Apicomplexa, 
characterized by a life cycle in two different hosts. 
Plasmodium, the cause of malaria, is representative of 
this group. In Plasmodium, tRip (tRNA import protein) is 
an Arc1p homolog #"'%. In vitro, tRip binds human 
tRNAs with a high affinity and recognizes the elbow of 
the molecule via its C-terminal OB-fold. Besides, tRip is 
located at the surface of the parasite, its OB-fold being 
exposed outside. The presence of a transmembrane 
domain, responsible for this peripheral localization was 
predicted only in Apicomplexa genomes. It has been 
shown that tRip mediates tRNA entrance in the parasite 
sporozoites. Plasmodium sporozoites are the infectious 

form of the parasite, which accumulates in Anopheles 
mosquito’s salivary glands, and which are transmitted to 
the vertebrate host. In the absence of tRip, the sporozoite 
development is not disturbed apparently, but translation 
and parasite infectivity is diminished at the blood stage. 
Since mature red blood cells do not contain tRNAs, 
authors propose that the observed phenotype would be 
the result of either a delayed effect of imported tRNAs at 
the sporozoite stage, or tRNA import in reticulocytes 
(precursors of red blood cells containing tRNAs).   
(iii) kinetoplastida: In Kinetoplastida, the GST-OB 
fusion (MCP1) coexists with the MCP2 OB-C. MCP1 is 
found in the same aminoacyl-tRNA complex than MCP2 
but was not further studied #()%. 
 
AaRS-OB 
Methionyl- and lysyl-tRNA synthetases 
In unicellular pathogens, MetRS is the most profuse 
aaRS-OB proteins. It is present in Amoeba, Chromerida, 
Oomycetes and some Apicomplexa (group 1, with the 
exception of Cryptosporidium). MetRS and lysyl-tRNA 
synthetase (LysRS) from E. histolytica share the same 
OB-fold #")%&! Yet again, the tRNA binding module 
distinguishes by an extended C-terminal sequence. E. 
histolytica is an amitochondriate unicellular protozoan 
and the leading cause of dysenteric human deaths in the 
world. The disruption of the C-terminal OB-fold affect 
the aminoacylation efficiency of the LysRS (40 fold), by 
reducing equaly the KM and the Kcat of the reaction, 
suggesting that the OB-fold binds tRNAs. This resembles 
other eukaryotic MetRSs containing a C-terminal OB-
fold. Functional studies of O. sativa and C. elegans 
MetRSs has led to the conclusion that MetRS OB-fold 
domains bind tRNAs as monomers and provide the 
enzymes with better catalytic efficiency #"*%! #"+%. 
Likewise, in O. sativa, the OB-fold produces a stable 
complex with tRNA (KD=120 nM) and facilitates 
aminoacylation (10-fold increase in KM for tRNAMet 
aminoacylation). Interestingly, cognate and non-cognate 
tRNAs were found to bind MetRS with similar affinity, 
but only tRNAMet was aminoacylated. Therefore the 
general RNA binding capacity of the OB-fold did not 
interfere with the tRNA aminoacylation selectivity of 
MetRS #"*%.  
In vivo, E. histolytica LysRS and MetRS are 
proteolytically cleaved and release the C-terminal OB-
fold containing an heptapeptide migration motif 
(KVGKIIE). The released OB-fold attracts human 
endothelial cells, which in turn generate a 
chemoattractant signal for monocytes. Authors propose 
that LysRS and MetRS are involved in a strategy to 
exploit host's TNF-alpha. TNF-alpha stimulates amoeba 
motility, which allows to escape the immune response of 
the host #")%.!
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 Other aaRS-OB specific for unicellular eukaryots 
Interestingly, 3 new aaRS-OB fusions were identified in 
EupathDB. They correspond to tryptophanyl- (TrpRS), 
GlnRS and TyrRS (Figure 3, Table 1). Until now, the C-
terminal OB-fold was not noticed in any TyrRSs from 
unicellular eukaryotes and were only known in 
arthropods and vertebrates. In these organisms, removing 
the OB-fold does not change the TyrRS aminoacylation 
activity #"$%, suggesting that it does not bind tRNAs. 
However, in vertebrates this OB-fold is a structural and 
functional EMAPII homolog with similar cytokine 
functions than the AIMP1 OB-fold. TyrRS and AIMP1 
EMAPII domains display also an heptapeptide migration 
motif #"$% (Figures 1B, 2B):  RVGKIIT in AIMP1 and 
RIGCIIT in TyrRS. It slightly differs from the LysRS and 
MetRS motif (KVGKIIE). This is enough to promote 
different chemotactic effects: this specific motif induces 
directional migration of mononuclear phagocytes and 
polymorphonuclear leukocytes, it activates endothelial 
cells by stimulating leukocyte adherence. It also inhibits 
angiogenesis, plays a role in regulating tumor vascular 
growth, up-regulates the production of TNF, tissue 
factors, and the release of myeloperoxidase from 
polymorphonuclear leukocytes #"&%. Amputation of 
EMAPII from TyrRS exposes another cytokine tri-
peptide motif, ELR, otherwise buried in the catalytic 
domain #"'%). This ELR motif stimulates angiogenesis 
and begins to appear in insects’ TyrRS, simultaneously 
with the addition the C-terminal OB-fold domain. 
The presence of TyrRS-OB in isolated unicellular 
eukaryotes raises many questions. Amoeba 
Acanthamoeba castellanii and the fungi Spizellomyces 
punctatus and Batrachochytrium dendrobatidi are 3 
pathogens with very distinct hosts and leading to different 
diseases. Amoeba A. Castellanii is an opportunistic 
human parasite responsible for encephalitis with fatal 
consequences. S. punctatus are important members of soil 
microbial communities influencing plant production, both 
adversely and beneficially and, B. dendrobatidis is an 
aquatic fungus, which causes fatal infectious disease in 
amphibians by blocking their respiratory organs. 
Moreover, TyrRS-OB was also identified in 6 other fungi 
genomes (NCBI Blast) that are not considered as 
pathogenic by EupathBD: Rozella allomycis( Mortierella 
verticillata, Mortierella elongate, Taphrina deformans 
(plant pathogen), Gonapodya prolifera and Rhizophagus 
irregularis, suggesting that the presence of a TyrRS-OB 
is not correlated with the pathogenicity of the fungi. 
Genomes of S. punctatus, B. dendrobatidis (Table 1) as 
well as Gonapodya prolifera contain not only a TyrRS-
OB but also a GlnRS-OB and V. brassicaformis seems to 
be the only organism containing a TrpRS-OB.  GlnRS-
OB and TrpRS-OB fusions don’t have any homolog in 
other organisms, thus the putative role played by their 
respective OB-fold is enigmatic. 
 

Yip1-OB 
Yip1 family members are transmembrane proteins. Yip1 
participates in the transport pathway that serves to 
translocate proteins to their respective membrane 
residences. However, the precise function of Yip1 in ER 
to Golgi membrane transport remains under study #")%. 
Yip1 proteins contain four transmembrane ! helices, the 
N-terminus is oriented in the cytosol. Thus, in the plant 
pathogen Pythium aphanidermatum (Table 1), the C-
terminus OB-fold of the unique Yip1-OB fusion should 
also be located on the cytosolic side of the ER. 

Conclusions 
All eukaryotic unicellular pathogens genomes found in 
EupatDB contain at least one copy of OB-fold and show 
a propensity to add new modules to this OB-fold. Most of 
these N-terminal extensions participate a priori to well-
known tRNA biology. The presence of this unspecific 
tRNA binding domain in the neighborhood of aaRSs 
catalytic site should increase the binding of the tRNA and 
allow optimal aminoacylation levels in these organisms. 
Likewise, GST-fusions, which allow the formation of 
protein complexes with aaRSs, contribute also to the 
efficiency of tRNA charging (e.g. in S. cerevisiae and T. 
gondii). However, new function arises in unicellular 
eukaryotes. For example, in Plasmodium, the GST fusion 
is localized in the parasite membrane and is involved in 
tRNA trafficking. The Yip-OB fusion present in P. 
aphanidermatum is another illustration of a possible 
membrane OB-fold tRNA binding domain. Besides, 
many of these OB-fold proteins are isolated polypeptides 
with no acknowledged structural N-terminal domain. In 
this circumstance, when the OB-fold is outside an 
“aminoacylation context” (aaRS or MARS), one wonders 
about the selectivity of this domain towards tRNA 
sequences. Deinert and collaborators showed that under 
competition conditions, the OB-fold of Arc1p binds 
preferentially to a subset of tRNA species, not only to 
tRNAGlu and tRNAMet but also to tRNAPhe, tRNALys, and 
tRNAArg (30). These tRNAs display G–C elements that 
may act as positive determinants for the interaction with 
the OB-fold. This selectivity is reminiscent of the initial 
identification of Arc1p as a protein (named G4p1) with 
affinity for DNA and RNA G-quadruplex (44). Indeed 
Arc1p binds DNA or RNA quadruplex structures which 
are found in gene promoters, both 5’ and 3’ untranslated 
regions and especially in subtelomeric regions (45). 
While retaining the amino acids responsible for tRNA 
binding (especially N71, S82 and M85), does the 
resulting fusion proteins developed other roles? The 
presence of heptapeptide migration motifs would be 
consistent with the possibility that some OB-fold 
domains retrieved in this parasites’ genomes might be 
involved in interaction with host target cells. No accurate 
sequence homology with the consensus sequence 
XIGXI(V/I)(T/E) (Figure 4) is found in pathogenic 
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eukaryotic unicellular proteins, except in Entamoeba 
LysRS and MetRS #$%&. However, in Chromerida (algal 
ancestry of malaria parasite), Oomicetes (plant parasites), 
Spironucleus salmonicida (fish parasite) and some 
Microsporidia (infect insects and vertebrates), some X-
OB or GST-OB sequences differs only by one amino acid 
from this consensus sequence. This is particularly true in 
Trichomonas vaginalis (the parasite responsible for 
trichomoniasis), where the 4 OB-fold-containing proteins 
encoded by the genome display conserved heptapeptide 
sequences where only the amino acid at position 7 is 
different from the consensus sequence (RVGKIVK, 
RVGKIVS, RVGKIIH and RVGKIIQ). Likewise, most 
of the aaRS-OB identified (Table 1) show only few 
changes in this migration heptapeptide sequence (Figure 
4). For example, in S. punctatus, a plant pathogen, TyrRS 
not only contain a RVGRIVD heptapeptide sequence in 
its OB-fold domain, but has also a ELR sequence which 
aligns with the ELR sequence exclusively found in 
insects and vertebrate TyrRSs. Though, does it make 
sense when the pathogen infects plants? Further studies 
will be necessary to determine potential structure-
function relationships precisely. Yet, the discovery in 
pathogens of fusion homologous to the vertebrate TyrRS-
OB raises interesting question concerning its evolutionary 
history. 
The accumulation of new aaRSs-OB in pathogenic 
unicellular eukaryotes reflects the growing biological 
complexity of this domain.  The emergence of these 
unsuspected domains fused to the OB-fold, its (neglected) 
affinity for G-quadruplex structures as well as the 
conservation of potential cytokine sequences, suggests 
their involvement in a wide range of unsuspected 
biological functions. 
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Table 1: list of OB-fold-containing proteins identified in EupathDB genomes. 

 
 
Both the sequences of S. cerevisiae Arc1p and A. aeolicus Trbp111 were blasted against each EupathDB databank. X-
OB means that no defined structural domain was identified at the OB-fold N-terminal extremity. GST-OB and aaRS-OB 
means that the OB-fold is fused at the C-terminal extremity of GST or of an aaRS, respectively. Proteins that are 
indicated in red correspond to new aaRS fusions.  

D
A
T
A
B
A
N
K

S
P
E
C
I
E
S

X
-
O
B
G
S
T
-
O
B
 
 
 
a
a
R
S
s
-
O
B

D
I
P
L
O
M
O
N
A
D
I
D
A

G
I
A
R
D
I
A

G
.
 
i
n
t
e
s
t
i
n
a
l
i
s

1
G
i
a
r
d
a
D
B

S
P
I
R
O
N
U
C
L
E
U
S

S
.
 
s
a
l
m
o
n
i
c
i
d
a

1

M
I
C
R
O
S
P
O
R
I
D
I
U
M
N
O
S
E
M
A

N
.
 
c
e
r
a
n
a
e

1
M
i
c
r
o
s
p
o
r
i
d
i
a
D
B

N
.
 
b
o
m
b
y
c
i
s

1
M
I
T
O
S
P
O
R
I
D
I
U
M

M
.
 
d
a
p
h
n
i
a
e

1
T
R
A
C
H
I
P
L
E
I
S
T
O
P
H
O
R
A

T
.
 
h
o
m
i
n
i
s

1
E
N
C
E
P
A
L
I
T
O
Z
O
O
N

E
.
 
i
n
t
e
s
t
i
n
a
l
i
s

1
E
.
 
h
e
l
l
e
m
 

1
E
.
 
r
o
m
a
l
e
a
e

1
E
.
 
c
u
n
i
c
u
l
i
 

1
E
N
T
E
R
O
C
Y
T
O
Z
O
O
N

E
.
 
b
i
e
n
e
u
s
i

1
S
P
R
A
G
U
E
A

S
.
 
l
o
p
h
i
i

1
V
A
V
R
A
I
A

V
.
 
c
u
l
i
c
i
s

1
V
I
T
T
A
F
O
R
M
A

V
.
 
c
o
r
n
e
a
e

1
A
N
N
C
A
L
I
I
A

A
.
 
a
l
g
e
r
a
e
 

1
O
R
D
O
S
P
O
R
A

O
.
 
c
o
l
l
i
g
a
t
a

1
E
D
H
A
Z
A
R
D
I
A

E
.
 
a
e
d
i
s

1
N
E
M
A
T
O
C
I
D
A

N
.
 
p
a
r
i
s
i
i
 

1
F
U
N
G
I

A
g
a
r
i
c
o
m
y
c
e
t
e
s

1
F
u
n
g
i
D
B

B
l
a
s
t
o
c
l
a
d
i
o
m
y
c
e
t
e
s

1
C
h
y
t
r
i
d
i
o
m
y
c
e
t
e
s

E
u
r
o
t
i
o
m
y
c
e
t
e
s

1
L
e
o
t
i
o
m
y
c
e
t
e
s

1
P
n
e
u
m
o
c
y
s
t
i
d
o
m
y
c
e
t
e
s

P
u
c
c
i
n
i
o
m
y
c
e
t
e
s

1
S
c
h
i
z
o
s
a
c
c
h
a
r
o
m
y
c
e
t
e
s

1
S
o
r
d
a
r
i
o
m
y
c
e
t
e
s

1
T
r
e
m
e
l
l
o
m
y
c
e
t
e
s

1
U
s
t
i
l
a
g
i
n
o
m
y
c
e
t
e
s

1
Z
y
g
o
m
y
c
e
t
e
s

1
C
r
i
t
h
i
d
i
a

E
n
d
o
t
r
y
p
a
n
u
m

S
a
c
c
h
a
r
o
m
y
c
e
t
e
s

1
Y
.
 
l
i
p
o
l
y
t
i
c
a

1
1

Z
y
g
o
m
y
c
e
t
e
s

M
.
 
c
i
r
c
i
n
e
l
l
o
i
d
e
s

2

Z
y
g
o
m
y
c
e
t
e
s

P
.
 
b
l
a
k
e
s
l
e
e
a
n
u
s

2

B
l
a
s
t
o
c
l
a
d
i
o
m
y
c
e
t
e
s

A
.
 
m
a
c
r
o
g
y
n
u
s

2

C
h
y
t
r
i
d
i
o
m
y
c
e
t
e
s

S
.
 
p
u
n
c
t
a
t
u
s

1
T
y
r
R
S

G
l
n
R
S

B
.
 
d
e
n
d
r
o
b
a
t
i
d
i
s

1
T
y
r
R
S

G
l
n
R
S

O
O
M
Y
C
E
T
E
S

S
A
P
R
O
L
E
G
N
I
A

S
.
 
p
a
r
a
s
i
t
i
c
a
 

2
M
e
t
R
S

S
.
 
d
i
c
l
i
n
a

2
M
e
t
R
S

H
Y
A
L
O
P
E
R
O
N
O
S
P
O
R
A

H
.
 
a
r
a
b
i
d
o
p
s
i
d
i
s

2
M
e
t
R
S

P
H
Y
T
O
P
H
T
H
O
R
A

P
.
 
c
a
p
s
i
c
i

1
M
e
t
R
S

P
.
 
i
n
f
e
s
t
a
n
s

1
M
e
t
R
S

P
.
 
c
i
n
n
a
m
o
m
i

1
M
e
t
R
S

P
.
 
p
a
r
a
s
i
t
i
c
a

1
M
e
t
R
S

P
.
 
r
a
m
o
r
u
m

1
M
e
t
R
S

P
.
 
s
o
j
a
e

1
M
e
t
R
S

A
P
H
A
N
O
M
Y
C
E
S

A
.
 
i
n
v
a
d
a
n
s

1
M
e
t
R
S

A
.
 
a
s
t
a
c
i

1
M
e
t
R
S

P
Y
T
H
I
U
M

P
.
 
a
p
h
a
n
i
d
e
r
m
a
t
u
m

1
M
e
t
R
S

Y
i
p
1

P
.
 
i
r
r
e
g
u
l
a
r
e

2
M
e
t
R
S

P
.
 
u
l
t
i
m
u
m

2
M
e
t
R
S

P
.
 
a
r
r
h
e
n
o
m
a
n
e
s

1
M
e
t
R
S

P
.
 
v
e
x
a
n
s

1
M
e
t
R
S

P
.
 
i
w
a
y
a
m
a
i

2
A
L
B
U
G
O

A
.
 
l
a
i
b
a
c
h
i
i

2
M
e
t
R
S

A
.
 
c
a
n
d
i
d
a

2
M
e
t
R
S

A
M
O
E
B
O
Z
O
A

N
A
E
G
L
E
R
I
A

N
.
 
f
l
o
w
e
r
i

2
1

M
e
t
R
S

A
m
o
e
b
a
D
B

A
C
A
N
T
H
A
M
O
E
B
A

A
.
 
c
a
s
t
e
l
l
a
n
i
i

1
1

T
y
r
R
S

E
N
T
A
M
O
E
B
A

E
.
 
i
n
v
a
d
e
n
s

M
e
t
R
S

L
y
s
R
S

E
.
 
h
i
s
t
o
l
i
t
i
c
a

M
e
t
R
S

L
y
s
R
S

E
.
 
m
o
s
h
k
o
v
s
k
i
i

M
e
t
R
S

L
y
s
R
S

E
.
 
d
i
s
p
a
r

M
e
t
R
S

L
y
s
R
S

C
H
R
O
M
E
R
I
D
A

V
I
T
R
E
L
L
A

V
.
 
b
r
a
s
s
i
c
a
f
o
r
m
i
s
 

1
1

M
e
t
R
S
*

T
r
p
R
S

c
r
y
p
t
o
D
B

C
H
R
O
M
E
R
A

C
.
 
v
e
l
i
a
 
 

2
1

M
e
t
R
S

D
A
T
A
B
A
N
K

S
P
E
C
I
E
S

X
-
O
B
G
S
T
-
O
B
 
 
 
a
a
R
S
s
-
O
B

A
P
I
C
O
M
P
L
E
X
A

B
A
B
E
S
I
A

B
.
 
m
i
c
r
o
t
i

1
P
i
r
o
p
l
a
s
m
a
D
B

B
.
 
b
o
v
i
s

1
B
.
 
b
i
g
e
m
i
n
a

1
T
H
E
L
E
I
R
I
A

T
.
 
e
q
u
i

1
T
.
 
p
a
r
v
a

1
T
.
 
o
r
i
e
n
t
a
l
i
s

1
T
.
 
a
n
n
u
l
a
t
a

1
C
Y
T
A
U
X
Z
O
O
N

C
.
 
f
e
l
i
s

1
P
l
a
s
m
o
D
B

P
L
A
S
M
O
D
I
U
M

P
.
 
c
h
a
b
a
u
d
i

1
P
.
 
y
o
e
l
i
i

1
P
.
 
b
e
r
g
h
e
i

1
P
.
 
k
n
o
w
l
e
s
i

1
P
.
 
r
e
i
c
h
e
n
o
w
i

1
P
.
 
f
a
l
c
i
p
a
r
u
m

1
P
.
 
c
y
n
o
m
o
l
g
i

1
P
.
 
v
i
v
a
x

1
T
o
x
o
D
B

E
I
M
E
R
I
A

E
.
 
p
r
a
e
c
o
x

1
E
.
 
f
a
l
c
i
f
o
r
m
i
s

1
E
.
 
a
c
e
r
v
u
l
i
n
a

1
E
.
 
m
i
t
i
s

1
E
.
 
n
e
c
a
t
r
i
x

1
E
.
 
t
e
n
e
l
l
a

1
C
H
R
Y
P
T
O
S
P
O
R
I
D
I
U
M

C
.
 
H
o
m
i
n
i
s

1
C
.
 
p
a
r
v
u
m

1
C
.
 
m
u
r
i
s

1
G
R
E
G
A
R
I
N
A

G
.
 
n
i
p
h
a
n
d
r
o
d
e
s
 

1
N
E
O
S
P
O
R
A

N
.
 
c
a
n
i
n
u
m

1
M
e
t
R
S
*
 

S
A
R
C
O
C
Y
S
T
I
S

S
.
 
n
e
u
r
o
n
a
 

1
M
e
t
R
S
 

T
O
X
O
P
L
A
S
M
A

T
.
 
g
o
n
d
i
i
 

1
M
e
t
R
S
*
 

H
A
M
M
O
N
D
I
A

H
.
 
h
a
m
m
o
n
d
i

1
M
e
t
R
S
*

K
I
N
E
T
O
P
L
A
S
T
I
D
A
T
R
Y
P
A
N
O
S
O
M
A

T
.
 
b
r
u
c
e
i
 

1
1

T
r
i
T
r
y
p
D
B

T
.
 
e
v
a
n
s
i

1
1

T
.
 
g
r
a
y
i

1
1

T
.
 
c
r
u
z
i
 

1
1

T
.
 
r
a
n
g
e
l
i

1
1

T
.
 
v
i
v
a
x

1
1

T
.
 
c
o
n
g
o
l
e
n
s
e

1
L
E
P
T
O
M
O
N
A
S

L
.
 
s
e
y
m
o
u
r
i

1
1

L
.
 
p
y
r
r
h
o
c
o
r
i
s

1
1

L
E
I
S
H
M
A
N
I
A

L
.
 
p
a
n
a
m
e
n
s
i
s

1
1

L
.
 
b
r
a
z
i
l
i
e
n
s
i
s
 

1
1

L
.
 
a
e
t
h
i
o
p
i
c
a

1
1

L
.
 
t
r
o
p
i
c
a

1
1

L
.
 
d
o
n
o
v
a
n
i

1
1

L
.
 
i
n
f
a
n
t
u
m

1
1

L
.
 
a
r
a
b
i
c
a

1
1

L
.
 
e
n
r
i
e
t
t
i
i

1
1

L
.
 
g
e
r
b
i
l
l
i

1
1

L
.
 
m
a
j
o
r
 
(
3
X
)

1
1

L
.
 
m
e
x
i
c
a
n
a

1
1

L
.
 
t
a
r
e
n
t
o
l
a
e

1
1

L
.
 
t
u
r
a
n
i
c
a

1
C
R
I
T
H
I
D
I
A

C
.
 
f
a
s
c
i
c
u
l
a
t
a

1
1

E
N
D
O
T
R
Y
P
A
N
U
M

E
.
 
m
o
n
t
e
r
o
g
e
i
i

1
1

T
R
I
C
H
O
M
O
N
A
D
I
D
A
T
R
I
C
H
O
M
O
N
A
S

T
.
 
v
a
g
i
n
a
l
i
s

3
1

T
r
i
c
h
D
B



! "!

  
 

Figure 1: Structure of tRNA and tRNA binding OB-fold domains. (A) Crystal structure of S. cerevisiae tRNAAsp 
#$%&. The D- and T-loops are in blue and the 4 nucleotides G18, G19 (D-loop), pseudouridine !55 and C56 (T-loop) 
involved in the formation of the tRNA elbow are indicated. (B) Crystal structure of OB-fold domains. The A. 
aeolicus dimeric Trbp111 structure #'&! shows one monomer in blue and the second in grey. In the structures 
corresponding to S. cerevisiae Arc1p #$(&, human AIMP1 #)%& and TyrRS #$*& OB-folds, the Trbp111 conserved 
domain is shown in blue and the extended C-terminal domain is indicated in green. The extended C-terminal domain 
mimicks the dimeric structure of Trbp111. The migration motifs (RVGKIIT in AIMP1 and RIGCIIT in TyrRS) are 
shown in purple. Aminoacids identified as essential for tRNA binding (K33, E45, N71, R75, S82 and M85) are 
indicated with black sticks. The structures were prepared with PyMol (The PyMOL Molecular Graphics System, 
Version 1.8 Schrödinger, LLC. https://www.pymol.org/).  
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Figure 2: Evolution and organization of OB-fold-containing proteins. (A) Phylogenetic tree based on the 
classification by #$%&, indicating N-terminal domains fused to the OB-fold, which were identified and studied in 
prokaryotes (bacteria and archae) and eukaryotes. The number of genes identified in each taxon are indicated in 
brackets. (B) Modular organization of OB-fold-containing proteins. The OB-fold domain is shown in blue, the 
extended C-terminal domain in green, the migration heptapeptide signal in purple and the conservation of 
aminoacids involved in tRNA binding are indicated with black stars.  

 
 
 

!"

#$%&'(")"

!"#$%&'(!)*

+%'#$%&'(!)*

!"#$%&'"(,-./01* )&#*"%"(,2031*

+*&,-'.$"(,/4/1*

/&,0.$"*,5/1*

/1"2$"%*,643/1*

)2'-"1'"(,75431*
3425'(,-771*

89:%)*

(;<=>666*

89:%)*

+?9%)*

89:%)*

@AB%)*

C)(*

89:%)*

C)(*

(A;%)*

D"E!>FG)($(>!H*
C)(*

89:%)*

C)(*

*

$*IJK?9;*@9L9M*NMOBBJPFOQRS*RT*$MM*@JLJSK*';KOSJBUB*

*

****8JF?O9M*$V*%WKKJ9;R*X*E9SSJB*+V*CR;YRSX(?RUOB*8V*';;9MMXDJFRMOB*ZOJMMAX(?J9;;A*ZRW;KRJSX%JF?O;Y*NV*Z;WBFOX(?RUOB*

NOLOMJ9;>)UJ:?X8JF?O9M*EV*CWJ;AX+OWM*8V*#J;[*

+@')*

+W<MJB?9Y\*$=;JM*/5X*/467*?]=\GGY^VYRJVR;KG64V63-6G_RW;SOMV=RS9V4665/2.*

*

!"#$%&!

'()*&+++,

-(.+*,

/#0$%,,
1#234(560#78,

-9/!+,

/#0$%,,
1*(634(560#78,

:;47799,

+, +++,<<, =>, ?+,?>,@A,@>,

B,,,,,,,,C,,,,,,,,,,,,,D,,$,,,%,,/,,,,

E%',

:;4779F-.,)GHIGHJ,,

DKLC&.,

:;4779F-.,)GHIGHJ,

!"#$%&'(

)*+,-.%/0()1234'3'(!"#$%&'(

M,

M,

M,

M,

M,

M,

M,

M,

M,

M,

'5($%,
:;4779F-.,)GHIGHJ,

M, M,M,

M,

M,

M,

M,

M,

M,

M,M,

M,

56!
7869!

:);(
)<

7869!
:);(

C/-!99,

*"



! "#!

 
Figure 3: Modular organization of OB-fold-containing proteins from pathogenic unicellular eukaryotes. The same color 
code than in Figure 2 B was used. 
 

 
Figure 4: Sequence of the migration heptapeptide signals and possible conservation in eukaryotic pathogen’s aaRS-OB 
fusions. The mouse migration heptapeptide sequence and the related mutants were retrieved from $%&'. The consensus 
sequence was determined based on this study and the sequences found in human AIMP1and TyrRS and in amoeba 
MetRS and LysRS. Putative migration heptapeptides from unicellular eukaryotes were identified by alignment of their 
OB-fold with human AIMP1 and TyrRS and amoeba MetRs and LysRS OB-folds using Clustal 
(http://www.ch.embnet.org/software/ClustalW.html) 
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The malaria-causing Plasmodium parasites are transmitted to ver-
tebrates by mosquitoes. To support their growth and replication,
these intracellular parasites, which belong to the phylum Apicom-
plexa, have developed mechanisms to exploit their hosts. These
mechanisms include expropriation of small metabolites from in-
fected host cells, such as purine nucleotides and amino acids. Here-
tofore, no evidence suggested that transfer RNAs (tRNAs) could
also be exploited. We identified an unusual gene in Apicomplexa
with a coding sequence for membrane-docking and structure-
specific tRNA binding. This Apicomplexa protein—designated tRip
(tRNA import protein)—is anchored to the parasite plasmamembrane
and directs import of exogenous tRNAs. In the absence of tRip, the
fitness of the parasite stage that multiplies in the blood is significantly
reduced, indicating that the parasite may need host tRNAs to sustain
its own translation and/or as regulatory RNAs. Plasmodium is thus the
first example, to our knowledge, of a cell importing exogenous
tRNAs, suggesting a remarkable adaptation of this parasite to extend
its reach into host cell biology.

tRNA | Plasmodium | trafficking

In Plasmodium, the causative agent of malaria, the nuclear
genome has a minimal set of 45 transfer RNA (tRNA) genes,

with only one gene per tRNA isoacceptor (1). This single-gene
feature is an exception among eukaryotes, where tRNA genes
are usually present in multiple copies. Discrepancies between
codon use and expression levels of corresponding tRNAs were
also observed in Plasmodium falciparum blood stages (2). These
considerations raise the possibility that, under at least some
conditions, the parasite may need an additional source of tRNAs
and possibly rely on the import of exogenous tRNAs.
tRNA trafficking is only known to occur between compartments

within eukaryotic cells. For example, nuclear-encoded tRNAs can
transit from the nucleus to the cytoplasm, return to the nucleus,
and be re-exported to the cytoplasm, depending on the tRNA
maturation status and cellular environment (3). Cytoplasmic
tRNAs are also imported into mitochondria (and chloroplasts) and
participate in protein synthesis, mainly to supplement incomplete
sets of organellar tRNAs (4). Which tRNAs are imported, and the
mechanisms used for their transport, diverge considerably among
organisms (5, 6). With these considerations in mind, we identified a
Plasmodium genome-encoded protein that has motifs associated
with tRNA binding. We show that this surface protein binds and
imports exogenous tRNAs from the extracellular space into the
parasite and that its deletion affects parasite development.

Results
Identification of Plasmodium tRip. A widely distributed tRNA bind-
ing motif is exemplified by a minimal tRNA binding protein—
Trbp111—that was first identified in Aquifex aeolicus (7). This
free-standing homodimeric protein specifically binds tRNA by
recognizing its characteristic elbow structure. Other proteins that
contain this motif include the yeast aminoacyl-tRNA synthetase
cofactor 1 (ARC1p) (8), the metazoan AIMP1 (9), and Toxoplasma
gondii Tg-p43 aminoacyl-tRNA synthetase interacting proteins (10).

Like Trbp111, ARC1p and AIMP1 bind tRNAs. Consistently,
Tg-p43 is part of a multisynthetase complex, suggesting a
tRNA-binding capability. We identified a gene encoding a 402-
amino-acid Plasmodium protein (PF3D7_1442300 in P. falci-
parum) with a Trbp111-orthologous domain at its C terminus
and an N-terminal region exhibiting a transmembrane helix
motif (https://www.predictprotein.org:443/) (Fig. S1). Anticipating
that this protein might import exogenous tRNAs, we designated it as
tRip (tRNA import protein). We define tRip orthologs as proteins
containing a C-terminal tRNA binding domain and a predicted
transmembrane helix motif, which we found only in Apicomplexa, a
phylum of parasitic protists that contains other human patho-
gens such as Toxoplasma and Cryptosporidium, in addition to
Plasmodium (Fig. S2).

P. falciparum tRip Binds Human tRNAs. In an in vitro assay, recombi-
nant P. falciparum protein PftRip binds human native unfractio-
nated tRNAs (Fig. 1A). The apparent dissociation constant (Kd)
of 5 nM is of the same order of magnitude as that reported for
Trbp111 (32 nM) (7) and ARC1p (5–10 nM) (11), and more
than one order of magnitude lower than that observed for
AIMP1 (200 nM) (12). To delineate PftRip tRNA binding ac-
tivity, this experiment was repeated with fragments PftRip1–174
(containing the transmembrane helix) and PftRip214–402 (con-
taining the Trbp111-like domain). Only the C-terminal module
(PftRip214–402) binds tRNAs, with an apparent Kd of 15 nM
(Fig. 1 B and C). These experiments suggest that PftRip has a
similar or higher affinity for tRNAs than Trbp111, ARC1p, and
AIMP1 and that the C-terminal domain of the protein is
responsible for this binding activity.

Significance

We identified a membrane protein that is unique to Plasmo-
dium (malaria-causing parasite) and its phylogenetic family
members. This protein is localized at the parasite’s surface,
binds transfer RNAs (tRNAs) specifically, and directs the import
of exogenous tRNAs into the parasite. In the absence of this
protein, the parasite’s development is severely reduced. We
propose that Plasmodium diverts tRNAs from host cells to
support its life cycle and discuss the biological pertinence of
this unprecedented host–pathogen interaction, as well as the
possible fate of imported tRNAs.
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To investigate the specificity of PftRip214–402 for tRNAs com-
pared with other RNAs, we conducted competition experiments
with different pools of RNAs: (i) 5S ribosomal RNA (rRNA),
(ii) 18S and 28S rRNAs, (iii) total RNAs, including tRNAs, and
(iv) unfractionated tRNAs. Only extracts containing tRNAs (total
RNAs or crude tRNAs) competed efficiently with a preformed
complex between labeled human tRNAs and PftRip214–402
(Fig. 1D). We then carried out an RNA footprinting analysis to
identify contact points between PftRip and tRNAs. PftRip binds to
the outside corner of the L-shaped tRNA molecule (Fig. S3 A and
B). To further characterize tRNA recognition, we determined
whether PftRip could still engage the tRNA in the yeast aspartyl-
tRNA synthetase (AspRS)/tRNAAsp complex (13). AspRS recog-
nizes the “inside” of the L-shaped tRNA. This experiment showed
that both PftRip and AspRS bind simultaneously to tRNAAsp

(Fig. S3C). The formation of this ternary complex confirms that
PftRip binds only to the outside of the L-shaped tRNA structure. A
similar ternary complex has been observed for tRNAIle, Trbp111,
and isoleucyl-tRNA synthetase (14).

Expression and Subcellular Localization of tRip in P. berghei. The
Plasmodium life cycle is complex, involving several parasite stages.
The parasite multiplies in the midgut of the mosquito vector and
inside hepatocytes (15) and erythrocytes (16) in the mammalian
host (Fig. S4A). Analysis of transcriptomic and proteomic data
from P. falciparum and P. yoelii (plasmodb.org/plasmo/) indicates
that tRip is produced virtually constitutively during the parasite
life cycle, i.e., in asexual and sexual blood stages (17–19), mosquito

forms (20), and pre-erythrocytic stages (21, 22). Likewise, Toxo-
plasma (23) or Cryptosporidium (24) transcriptomic databases do
not show any significant variations in tRip mRNA expression.
Immunofluorescence assays with purified anti-PftRip214–402 anti-
bodies (Fig. S4B) confirmed the presence of tRip in P. berghei
extracellular ookinete and sporozoite stages and intracellular
hepatocytic and erythrocytic stages (Fig. S4C).
Assays using salivary gland sporozoites revealed similar periph-

eral fluorescence staining for tRip and the major surface protein,
CSP (circumsporozoite protein; Fig. 2A). As the sporozoite pellicle
contains an outer membrane (plasma membrane) and two inner
membranes, we used the differential solubility characteristics of
these membranes toward Triton X-100 to more precisely localize
tRip (25). In untreated sporozoites, the fluorescence signals gen-
erated by tRip and CSP were evenly distributed at the parasite
periphery (Fig. 2B). Fluorescence at the periphery was lost fol-
lowing outer membrane disruption with Triton X-100. This obser-
vation demonstrates that tRip is anchored to the plasma membrane

Fig. 1. Binding capacity and specificity of recombinant PftRip for tRNAs. Band
shift assays were performed with radiolabeled crude extracts of human tRNA
and increasing concentrations of (A) PftRip, (B) PftRip214–402, and (C) PftRip1–174.
Bound tRNAs were visible at three different positions corresponding to mo-
nomeric (M), dimeric (D), and tetrameric (T) forms of PftRip. (D) Competition
assays were conducted in the presence of RNA from different species (Xenopus
laevis 5S rRNA, calf liver 18S and 28S rRNAs, total human RNA and crude ex-
tracts of human tRNA). C, control experiment without RNA competitor.

Fig. 2. tRip localization. (A) Coimmunolocalization assays on P. berghei spo-
rozoites. The major sporozoite surface protein CSP and tRip were probed with
anti-CSP antibodies and anti-PftRip214–402, respectively, and the sporozoite nu-
cleus was stained with DAPI. (B) Extraction of tRip with Triton X-100 (TX-100).
TX-100 selectively removes the plasma membrane and its associated proteins
(CSP and tRip), whereas the inner membrane complex is resistant to this
treatment (25). Sporozoite integrity is shown by GFP staining, with CSP staining
shown to verify successful Triton X-100 extraction. (Scale bars, 2 μm.) (C) Sub-
cellular localization of tRip in asexual blood-stage parasites of P. berghei. The
schizont of P. berghei was doubly labeled with mouse anti-MSP-1 antibody
(surface marker, red) and rabbit anti-tRip antibody (green). Nuclei were visu-
alized with DAPI (blue). (Scale bars, 5 μm.) (D) Protease protection assays on
blood-stage parasites. Assays were performed with schizonts freed from
erythrocytes, treated with trypsin, and probed with anti-PftRip214–402 antibody.
GFP was used as a cytosolic control, digested by trypsin only under denaturing
conditions (+ Triton). (E) Carbonate vs. Triton extraction of membrane proteins
from blood-stage parasites (schizonts). Both tRip and the apical membrane
antigen 1 (AMA-1) (41) were found in the membrane pellet after Na2Co3
treatment and were released into the supernatant only on Triton treatment.
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of the sporozoite, presumably via its protein transmembrane helix
motif (Fig. S1), thus enabling interaction with exogenous tRNAs.
Additionally, in blood-stage parasites, tRip and the surface

protein MSP-1 colocalize (Fig. 2C). Protease protection assays on
the parasite blood stage confirmed this cell surface localization
(Fig. 2D) because signals corresponding to AMA-1 (apical mem-
brane antigen 1) and tRip both vanished on trypsin treatment.
Comparison of carbonate vs. detergent extraction showed that tRip
behaves like AMA-1 and is only found in the reaction supernatant
after Triton extraction and not after lysis or Na2CO3 treatment,
indicating that it is an integral membrane protein (Fig. 2E).

Plasmodium Sporozoites Import Exogenous tRNAs. All Apicomplexa
have in common the sporozoite stage. Unlike blood stages, the
sporozoite is an accessible extracellular stage, which is charac-
terized by its motility and its ability to traverse cells (26–28)
without forming a parasitophorous vacuole. Thus, this parasite
stage has an opportunity to directly interact with host tRNAs.
For these reasons, we tested the ability of tRip to uptake exog-
enous tRNAs into P. berghei sporozoites. A FISH experiment
was performed with Escherichia coli tRNAVal and live or heat-
treated sporozoites (50 °C for 30 min). Import of E. coli tRNAVal

was observed only in live WT parasites (Fig. 3A). tRNA import
was also observed with sporozoites of two other Plasmodium
species: P. falciparum and P. yoelii (Fig. 3A).
To examine whether this import is specific for tRNAs (as im-

plied by the RNA binding assays above; Fig. 1D), live P. berghei
sporozoites were incubated with Alexa Fluor-labeled in vitro-
transcribed E. coli tRNAVal and with human 5S rRNA (control).
The fluorescent E. coli tRNAVal transcript entered and accumu-
lated inside the parasite, whereas the fluorescent 5S rRNA did not
(Fig. S5). Radiolabeled full-length tRNAs from mouse hepato-
cytes (Hepa1-6 cells) were protected from extracellular RNase
treatment inside live but not heat-treated sporozoites (Fig. 3B).
Based on these results, we conclude that full-length tRNAs enter
sporozoites by an active process.
In a first attempt to show that import was dependent on tRip,

sporozoites were incubated with an anti-PftRip214–402 antibody to
block tRNA binding in a FISH experiment. The number of par-
asites demonstrating tRNA import was drastically reduced (Fig.
4A). Addition of increasing concentrations of recombinant PftRip
restored tRNA import, presumably by competing for the antibody.
At higher PftRip concentrations, tRNA import ultimately declined
because PftRip also competes for exogenous tRNAs (Fig. 4A).

P. berghei tRip Is Important for Normal Blood-Stage Growth. To
assess tRip importance to parasite survival, the tRip-encoding
gene (TRIP) was knocked out and replaced in the genome of the
WT P. berghei ANKA strain by the hDHFR selectable marker
and an mCherry cassette via double cross-over homologous re-
combination (29). Several independent tRip-KO clones were
isolated, and successful recombination and the absence of tRip
expression were confirmed by Southern and Western blot, re-
spectively (Figs. S6A and S7A).
To confirm that tRNA import in sporozoites is indeed tRip

dependent, the tRNA import assay was repeated with tRip-KO
sporozoites. As expected, tRNA import was not observed in any
tRip-KO sporozoite (>100 sporozoites were examined), consis-
tent with complete ablation of tRNA import had occurred on
KO of TRIP (Fig. 4B).
To determine whether tRip played any role in blood-stage rep-

lication, mice were coinfected with tRip-KO (mCherry+)- and
GFP-encoding WT blood-stage parasites. The proportions of red
and green fluorescent parasites were scored consecutively for
4 d during the parasite exponential growth phase (Fig. 5A and Fig.
S6B). The proportion of tRip-KO parasites decreased at each
multiplication cycle compared with WT parasites. Furthermore, the
tRip-KO parasite was completely absent in mouse blood after only

four successive passages (Fig. 5B). Thus, tRip appears to confer a
selective advantage to the parasite during blood-stage infection.
We hypothesized that this phenotype might be a consequence of

reduced translational activity in blood-stage tRip-KO parasites. To
test this hypothesis, metabolic labeling was performed with [35S]
methionine. After 2 and 4 h, equal amounts of [35S]-labeled par-
asites were analyzed by SDS/PAGE (Fig. S6C). WT and tRip-KO
parasites showed the same translational profiles, with more intense
labeling for WT, suggesting that translation is globally reduced in
the absence of tRip.
To test whether tRip-KO parasites displayed any other pheno-

type during the parasite life cycle, Anopheles stephensi mosquitoes
were infected with blood-stage parasites. tRip-KO clones de-
veloped normally inside mosquito midguts (Fig. S7B) and yielded
normal numbers of sporozoites in mosquito salivary glands

Fig. 3. Import of tRNAs in Plasmodium sporozoites. (A) P. berghei, P. yoelii,
and P. falciparum WT sporozoites were incubated with (+) or without (−)
E. coli tRNAVal and were subjected to FISH. Due to high sequence similarities
between mammalian and plasmodial tRNAs, E. coli tRNAVal was chosen as a
template so that a specific FISH probe could be designed [3′ end-labeled with
Texas Red (TxRd)] that does not cross-hybridize with any Plasmodium en-
dogenous tRNAs. On tRNA import, about 80% of sporozoites (WT P. berghei,
P. yoelii, and P. falciparum) hybridized the fluorescent probe. (Scale bars,
2 μm.) (B) Radioactive tRNAs from mouse Hepa1-6 cells were cosedimented
with both infectious and noninfectious P. berghei sporozoites in the absence
(Left) and presence (Center and Right) of RNase A. Following extracellular
RNase treatment, intracellular sporozoite endogenous tRNAs were undamaged
(Right), and exogenously added radiolabeled tRNAs were observed within liv-
ing sporozoites only (Center), indicating tRNA import had occurred. Additional
bands correspond to tRNA aggregation resulting from phenol extraction.
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(Fig. S7C). Sporozoite infectivity in vivo was then measured by
comparing prepatent periods of infection following i.v. injection of
5 × 103 WT or mutant salivary gland sporozoites (per 4-wk-old
C57BL/6 mouse, five mice per group). Blood-stage parasites were
detected in all mice 3 d after injection, and parasitemia at day 4
was indistinguishable between WT and tRip-KO (cl4) parasites
(∼0.06% each), indicating that tRip-KO sporozoites induce a
normal pre-erythrocytic phase in the mouse (Fig. S7D). In vitro,
tRip-KO parasites developed efficiently inside HepG2 hepatoma
cells, releasing similar numbers of merozoites as WT parasites
(Fig. S7 E–G). Therefore, the lack of tRip in P. berghei appears
to affect the growth of only blood-stage parasites.

Discussion
Our findings demonstrate a direct connection between tRip and
tRNA import in Plasmodium. This discovery not only reveals
unsuspected molecular exchanges between the parasite and its
host, but is also the first report, to our knowledge, of intracellular
import of exogenous tRNA in any cell.
We find that P. falciparum tRip specifically binds human

tRNAs, through its C-terminal domain, with affinity similar
to that of well-characterized tRNA-binding proteins such as
Trbp111 (7) and ARC1p (11). In agreement with transcriptomic
and proteomic data (plasmodb.org/plasmo/), immunolocaliza-
tion data in P. berghei indicate that tRip is expressed throughout
the Plasmodium life cycle, in intra- and extracellular stages
(Fig. S4C), and is integral to the plasma membrane of the spo-
rozoite and blood stages (Fig. 2). Crucially, WT P. berghei spo-
rozoites, and presumably other parasite stages as well, can import
exogenous tRNAs (Fig. 3), but this capability is lost on disruption
of tRip expression (Fig. 4). Together, these data indicate that the

malaria parasite has the ability to import exogenous tRNAs via a
tRip-dependent pathway. Host tRNAs would help parasite protein
synthesis, provided (i) they are substrates for plasmodial aminoacyl-
tRNA synthetases or (ii) they import bound host aminoacyl-tRNA
synthetase (we observed formation of such a ternary complex be-
tween AspRS, tRNAAsp, and tRip in vitro; Fig. S3C). Imported
tRNAs could balance the surprisingly limited expression of en-
dogenous tRNAs or alter a translational bias.
Gene targeting experiments in P. berghei indicate that para-

sites lacking tRip have a specific defect during the blood phase
of the parasite life cycle, i.e., the repeated cycles of parasite
multiplication inside erythrocytes is defective. Although lack of
tRip is not lethal to blood-stage parasites, coinfection experi-
ments in the mouse blood clearly show that the absence of tRip
affects the integrity of blood-stage multiplication (Fig. 5). This
phenotype is concomitant with globally reduced protein syn-
thesis in tRip-KO blood-stage parasites, consistent with a sce-
nario wherein host tRNAs are required for robust protein
synthesis to proceed (Fig. S6C).

Fig. 4. tRip triggers tRNA import. (A) Import of tRNAs in P. berghei WT
sporozoites was inhibited in the presence of anti-PftRip214–402 antibody. It
was gradually rescued following the addition of low concentrations of
recombinant PftRip protein (80 and 160 nM). Higher PftRip concentrations
(320 and 760 nM) lead to tRNA sequestration thereby reducing import.
Values correspond to the percentage of tRNA-importing sporozoites (n =
50), means are from three independent experiments, error bars are SDs,
unpaired t test: *P < 0.05, **P < 0.01, ***P < 0.001, ns indicates that values
are not significantly different (P > 0.1). (B) P. berghei WT and tRip-KO spo-
rozoites were incubated with (+) or without (−) E. coli tRNAVal and were
subjected to FISH. Because the tRip-KO parasite expresses mCherry, the
probe was 3′ end-labeled with Alexa Fluor 488 (A488). (Scale bars, 2 μm.)

Fig. 5. Phenotype of the tRip-KO parasite. (A) Four-week-old mice were
coinfected by WT/GFP+ (gray) and tRip-KO/mCherry+ parasites (red). Values
correspond to the percentage of red blood cells infected with WT (gray) or
tRip-KO (red) parasites, n = 15, error bars are SDs, unpaired t test: ****P <
0.0001. (B) Ratio of tRip-KO mCherry+/WT GFP+ parasites in the blood,
measured at days 1, 2, 3, and 4 after infection during the course of a first
passage (orange) and at day 4 throughout four repeated passages (blue). Val-
ues correspond to the ratio of red blood cells infected with tRip-KO parasites to
red blood cells infected with WT parasites, at days 1–4 during the first passage
(P1, n = 6) and at day 4 during the three following passages (P2–P4, n = 5), error
bars are SDs, unpaired t test: *P < 0.05, **P < 0.01, ***P < 0.001.
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The observation that tRip is important only during parasite
multiplication in the blood is unexpected, from both the parasite
stage and host cell perspectives. On the parasite side, why would
imported tRNAs be important during the life cycle stage in which
multiplication is most limited, and which presumably requires less
protein synthesis? Blood-stage parasites only multiply 10-fold per
replicative cycle, whereas an oocyst in the mosquito midgut or the
liver stage in the mammalian host give rise to tens of thousands of
parasite progeny during schizogony (Fig. S4A). In this context, it is
interesting to note that orthologs of Plasmodium tRip-encoding
genes are found only among apicomplexan parasites, which lack
an RNA interference pathway (RNAi, except for T. gondii) (30).
Imported tRNAs may thus serve as a source of regulatory RNAs.
In fact, tRNAs and tRNA fragments act as regulatory molecules in
other organisms (31–33). Parasites may thus rely on exogenous
tRNAs as a growth regulatory mechanism.
On the host cell side, there is no direct evidence for the

presence of tRNAs in mature erythrocytes (34). Red blood cells
contain no nucleus, and protein biosynthesis is assumed to be
absent in these cells. However, mRNAs for the translational
machinery are still detected in mature red blood cells (35).
Furthermore, many Plasmodium species preferentially invade
reticulocytes (36), which contain high levels of tRNAs (34)
compared with mature erythrocytes (35).
The parasite stage(s) that actually imports the host tRNAs for

blood-stage growth remain unknown. Among blood stages, the
extracellular merozoite is short-lived and does not traverse host
cells, whereas the intraerythrocytic stages resides within a para-
sitophorous vacuole (PV). Therefore, the most likely hypothesis is
that intraerythrocytic parasites pump tRNAs across the PV
membrane and, secondarily, across the parasite plasma membrane
via tRip. It could also be speculated that tRNAs may be imported
during the liver stage or even the sporozoite stage, the only stage
that can traverse host cells and thus lie in direct contact with the
host cell cytosol and tRNAs, for use in subsequent developmental
stages. However, cell traversal-deficient parasites have no defect
in invading and developing inside hepatocytes in vivo and in vitro,
nor in subsequent development inside erythrocytes (28). We
cannot exclude the possibility that tRip, may have a function other
than tRNA import during blood-stage growth. For example it
might interact with aminoacyl-tRNA synthetases in a manner
similar to other Trbp111 homologs such as yeast ARC1p (8),
human AIMP1 (9), and Toxoplasma gondii Tg-43 (10).
In conclusion, our data describing the tRip-directed import of

external tRNAs reveal a novel adaptation of Plasmodium para-
sites to their host, as well as a first occurrence of optimal cell
growth dependent on import of exogenous tRNA. Incidentally,
tRip function provides a unique molecular system for targeting
exogenous molecules into the cytosol of Plasmodium cells.

Materials and Methods
Identification of PftRip Gene. Additional information can be found in SI Mate-
rials and Methods. The PftRip gene (PF14_0401) was identified by blasting the
yeast ARC1p (NP_011410) and human AIMP1 (NP_004748) sequences against
PlasmoDB (plasmodb.org/plasmo/). The sequence alignment was computed with
TCoffee software (tcoffee.vital-it.ch/apps/tcoffee/index.html), and the detection
of the transmembrane helix was achieved with the PredictProtein software
(https://www.predictprotein.org:443/).

PftRip Cloning and Production. The PftRip gene was amplified by PCR from a
P. falciparum cDNA library (provided by H. Vial, CNRS UMR 5235, University
of Montpellier 2, Montpellier, France) and sequenced. Both PftRip and
PftRip1–174 were cloned into pQE30 (Qiagen) to produce proteins with a
6-histidine fusion tags at their N termini. The recombinant PftRip214–402,
corresponding to the 260-amino-acid C-terminal domain, was cloned into
pGEX-2T (Amersham Biosciences) to yield an N-terminal GST fusion protein.
Thrombin cleavage occurred at Proline 214 (instead of the cleavage site
provided in pGEX-2T); thus, the C-terminal domain of PftRip was conse-
quently referred as PftRip214–402. Tagged proteins were purified according to

the manufacturer’s instructions on Ni-NTA resin (PftRip and PftRip1–174, in
the presence of 0.005% n-dodecyl β-D-maltopyranoside) or on a gluthatione-
Sepharose resin (PftRip141–402) and were further purified by gel filtration
(Superdex 200; GE Healthcare) in 50 mM KH2PO4/K2HPO4, pH 7.4, 150 mM
KCl, and 10% (vol/vol) glycerol. Gel filtration analysis showed that PftRip1–174

and PftRip214–402 eluted at ∼44 kDa, suggesting that they behaved as
homodimers, whereas PftRip behaved as a tetramer and eluted at ∼158 kDa
(based on comparisons to standards).

Enzymatic Footprinting. Yeast native tRNAAsp was 5′ or 3′ labeled as described
in refs. 37 and 38, respectively. Assays were performed as described in ref. 38
with 50,000 cpm labeled tRNA, 5 μM PftRip in 50 mM Hepes, pH 7.4, 10 mM
MgCl2, and 25 mM KCl, and 0.01 μg/μL 5S rRNA from X. laevis.

Gel Shift Assays. In binding assays, radiolabeled tRNAs (1,000 cpm/μL) were
incubated for 20 min on ice in 25 mM Hepes-NaOH, pH 7.4, 5 mM MgCl2,
75 mM KCl, 10% (vol/vol) glycerol, and 20 ng/μL oligo-dT, with increasing
concentrations of PftRip (0–2,000 nM PftRip; 0–1,000 nM PftRip214–402, and
0–8,000 nM PftRip1–174). In competition assays, labeled tRNA (1,000 cpm/μL)
and 30 nM PftRip214–402 were incubated with increasing amounts of unlabeled
competitor RNAs (0.625, 1.25, and 2.5 ng/μL total RNA, ribosomal RNAs, or
crude tRNAs). Assays were analyzed on an acrylamide/bisacrylamide gel (37.5/1)
6% (wt/vol) in Tris/borate/EDTA buffer, at 140 V for 90 min (PftRip214–402) or
150 min (PftRip1–402) at 4 °C. Radiolabeled yeast tRNAAsp was incubated under
the same conditions with either 75 nM yeast AspRS alone and increasing
concentrations of PftRip214–402 (12.5, 25, and 50 nM) or 30 nM PftRip214–402 and
increasing concentrations of yeast AspRS (37.5, 75, and 150 nM).

Immunofluorescence. Sporozoite membrane extraction was performed as
previously described (25). Samples were analyzed with rabbit anti-PftRip214–402
affinity purified using the PftRip141–402 recombinant protein, rabbit anti-GFP
antibodies, and mouse anti-CSP serum (39) and detected with anti-rabbit IgG
[fluorescein isothiocyanate (FITC)] and anti-mouse IgG [tetramethylrhodamine-
isothyocyanate (TRITC)] (Sigma-Aldrich), respectively. Nuclei were spotted with
1 μg/mL DNA stain DAPI (Sigma-Aldrich). Parasites were observed using epi-
fluorescence microscopy (Axiovert200; Zeiss; 100× objective with the corre-
sponding filters).

Air-dried infected erythrocytes were acetone fixed, permeabilized with
ice cold methanol, and incubated with rabbit anti-tRip antibodies (1:50
dilution). Mouse anti–MSP-1 antibody was used as a colocalization marker
(PEM-2; Santa Cruz Biotechnology). The parasite nuclei were stained with
DAPI. Parasites were observed using confocal microscopy (LSM780; Zeiss;
60× objective).

Protease Protection Assays. Infected blood was lysed in PBS containing 0.01%
saponin for 5 min on ice. The parasites were washed in PBS and incubated for
30 min at 37 °C in PBS, 1 mM CaCl2, and 6 ng/μL trypsin (Promega), without or
with 1% Triton X-100. tRip, AMA-1, and GFP were detected by Western
blotting with purified rabbit antibodies raised against the recombinant
PftRip214–402, anti–AMA-1 rat antibodies (integral membrane protein con-
trol), and anti–GFP-rabbit antibodies (cytosolic control).

Solubility Analysis. Carbonate vs. detergent extraction of membrane proteins
was performed on P. berghei blood-stage schizonts as described in ref. 40.
Parasites were lysed by three cycles of freeze/thaw in 5 mM Tris·HCl, pH 8.0,
containing antiprotease mixture (1/100; Sigma-Aldrich) and centrifuged
10 min at 16,000 × g. The membrane-containing pellets were then incubated
for 30 min on ice in 0.1 M Na2CO3 (pH 11.5) or 1% Triton and centrifuged for
15 min at 16,000 × g. All fractions were analyzed by Western blot with
specific antibodies against PftRip214–402, AMA-1, and GFP.

Import Assays. Sporozoites (2 × 104/μL) were first incubated with 0.4 μM
radioactive Hepa1-6 tRNAs (50,000 cpm/pmol) in DMEM supplemented with
penicillin, streptomycin (Invitrogen), and 1 U/μL RNasin (Promega) for 15 min
at room temperature and then washed five times with PBS. After cosedi-
mentation (5 min at 9,000 × g), parasite-bound tRNAs were directly dissolved
in loading buffer (20 mM Tris·HCl, pH 7.4, 20 mM EDTA, 8 M urea, and 0.01%
of each bromophenol and xylene cyanol dyes) or subjected to RNase A
treatment (0.1 μg/μL) for 3 min at 25 °C in PBS and phenol extracted
(TRI-Reagent; Sigma-Aldrich) before analysis on a denaturing (8 M urea)
PAGE (19/1) 12% (wt/vol). For FISH experiments, to avoid cross-tRNA hy-
bridization, and because its sequence was sufficiently distinct from the
parasite’s tRNAs, E. coli tRNAVal was chosen as a probe. Sporozoites (1 × 103/μL)
were processed as described previously and subjected to passive sedimentation
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for 1 h at room temperature in cell-line diagnostic microscope slides. The slides
were then washed with PBS and air-dried overnight. Samples were fixed with
4% (wt/vol) paraformaldehyde for 15 min, permeabilized with 0.1% Triton
X-100 for 10 min at room temperature, and blocked in 2% (wt/vol) BSA,
Denhardt’s 5×, saline-sodium citrate (SSC) buffer 5×, and 35% (vol/vol) deonized-
formamide for 1 h at room temperature. The DNA probes (100 ng/mL;
5′-GAGGTGCTCTCCCAGCTGAGCTAATCACCC-3′) were 3′ end-labeled with Texas
Red (TxRd) for probing WT P. berghei sporozoites and with Alexa Fluor 488
(A488) for probing tRip-KO sporozoites. Samples were heated at 75 °C for 5 min
and incubated together overnight at room temperature in the dark under
constant shaking. The slides were washed for 5 min at room temperature with
SSC 2× containing 50% (vol/vol) deonized-formamide, and then SSC 2×, SSC 1×
containing 1 μg/mL DAPI, and finally SSC 0.5×. Alternatively, sporozoites (1 ×
103/μL) were preincubated for 15 min at room temperature in the presence of
anti-PftRip214–402 (1/50 or 1/20) and increasing concentrations of recombinant
PftRip (80, 160, 320, and 640 nM) before the addition of 0.4 μM E.coli tRNAVal.

P. berghei sporozoites (2 × 103/μL) were mixed with 0.4 μM Alexa Fluor-
labeled in vitro-transcribed E. coli tRNAVal or human 5S ribosomal RNA in PBS
and RNasin. Immediately after, the mixture (sporozoites and tRNAs) was put

between the slide and coverslip with a drop of 0.5% agar/PBS and observed
by epifluorescence microscopy.

Parasite Production, Generation of tRip-KO Mutant Parasites, and Phenotyping
Procedures. Additional information can be found in SI Materials and Methods.
All animal experiments were performed in accordance with the CNRS animal
care and use committee guidelines.
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SI Materials and Methods
RNA Preparation. Native E.coli tRNAVal (tdbR00000456; trnadb.
bioinf.uni-leipzig.de/) was purchased from Subriden RNA. Total
RNA from HeLa or Hepa1-6 cells was extracted using Tri-Reagent
LS (Sigma-Aldrich), according to the manufacturer’s instructions.
Further fractionation on a gel filtration column (Superdex 200; GE
Healthcare) in 50 mM Hepes, pH 7.5, and 150 mM NaCl allowed
the separation of tRNAs from mRNAs and ribosomal RNAs.
Radioactive 3′ end labeling of tRNAs (Hepa 1–6 crude tRNAs

and yeast tRNAAsp) was achieved with [α32P]ATP exchanged in
45 mM Tris·HCl, pH 8.0, 50 μM CTP, 10 mM MgCl2, 7.5 mM
dithio-erythritol (DTE), and 40 ng/μL E. coli CCase (gift from
A. Théobald–Dietrich, CNRS UPR 9002, Institute for Molecular
and Cellular Biology, Strasbourg, France) for 30 min at 37 °C.
Nonincorporated radioactive nucleotides were removed on a
NAP-5 column (GE Healthcare). Before use, all tRNAs and
tRNA transcripts were renatured in H2O by heating at 65 °C for
2 min and then cooled for 10 min at room temperature in the
presence of 10 mM MgCl2.
The E. coli tRNAVal sequence was cloned under the control of

the T7 RNA polymerase promoter in pUC119. Transcriptions
were performed for 2 h at 37 °C with 50 ng/μL linearized plas-
mid, 5 μg/mL T7 RNA polymerase in 40 mM Tris·HCl, pH 8.1,
10 mM DTE, 2 mM spermidine, 11 mM MgCl2, 0.5 mM of ATP,
CTP, GTP, 0.4 mM UTP, and 0.1 mM UTP Chromatide Alexa
Fluor 546 (Molecular Probes). Nonincorporated nucleotides
were removed on a NAP-5 column (GE Healthcare).

Western Blot. Pellets of purified sporozoites (5 × 105 parasites per
lane) or blood-stage parasites (schizonts, 5 × 106 parasites per
lane) were dissolved in 60 mM Tris·HCl, pH 6.8, 10% (vol/vol)
glycerol, 100 mM β-mercapto-ethanol, 2% (wt/vol) SDS, and
0.01% bromo-phenol blue and heated for 5 min at 95 °C. P. berghei
tRip was detected by Western blotting with a purified rabbit anti-
body raised against the recombinant PftRip214–402.

Parasite Production.
Sporozoites. A. stephensi mosquitoes were raised and infected with
GFP-transgenic P. berghei (ANKA 2.34 clone), the tRip-KO
mutant parasite, or P. yoelii (17XNL strain) as described in ref.
42, and sporozoites were isolated by dissection of their salivary
glands 18–21 d later. Isolated sporozoites glided and were thus
considered infectious. As a control, when heated at 50 °C for
30 min, sporozoites were immotile and considered noninfectious
(27). When necessary, sporozoites were further purified as de-
scribed in ref. 43. P. falciparum (NF54 strain) sporozoites were
isolated by dissection of salivary glands of A. stephensi mosqui-
toes infected by P. falciparum (University Medical Centre,
Nijmegen, The Netherlands).
P. berghei blood stages.Thee-week-old Swiss mice were infected i.v.
with ∼1 × 106 cryopreserved parasites. Infected blood was col-
lected when parasitemia reached 5–10% and, when necessary,
was cultured in vitro for an additional 22 (WT) or 44 h (tRip-
KO) to collect schizonts as described in ref. 44.
In vitro differentiation of P. berghei sporozoites into hepatic

schizont was achieved in 48 h as described in ref. 45.
In vitro differentiation of P. berghei gametocytes into ookinetes

was achieved from the blood of an infected mouse according
to ref. 46.

Generation of tRip-KO Mutant Parasites. For replacement of tRip, a
575-bp 5′ fragment (sense: 5′-GGTACCGTGAGCATCTATA-
TATTTGTTCACGTATCATATTTTAAAAATTG-3′; antisense:
5′-CTCGAGGTTGGGGGAATATAATATCGAATATTATA-
TATATGTGTGTA-AATGC-3′) and a 455-bp 3′ fragment (sense:
5′-AGATCTGTTAGTTGGAAAACGAGGTTATTTAGCTCTG-
TATAATATCCGAC-3′; antisense: 5′-GAATTCCTTATCGTTG-
GTGAAATTGGGAAAATCACCTTCTACCATTGTGCATG-3′)
were amplified by PCR using P. berghei genomic DNA as template.
P. berghei merozoites were transformed and mutant clones were
selected as previously described (29). Plasmid integration in the
genome was verified by Southern analysis and PCR for eight clones.

Phenotyping Procedures. Two tRip-KO clones [clone 3 (cl3) and
clone 4 (cl4)] were tested for their development in vivo and
in vitro and compared with theWT parasite. Swiss mice (3 wk old)
were infected i.v. with ∼1 × 106 cryopreserved WT and tRip-KO
parasites (clones 3 and 4). Four days later, infected blood was
diluted and transferred to recipient mice to a final parasitemia of
0.005% each. Daily, the blood of each donor mouse was moni-
tored for the development of tRip-KO/mCherry+ and WT/GFP+

infected erythrocytes. GFP+ and mCherry+ parasites were counted
by FACS (FacsFortessa) from 106 events for each point [n = 15 for
tRip-KO (cl3 or cl4] and WT coinfections and n = 8 for the control
experiment (WT/mCherry+ and WT/GFP+ coinfections). At day 4
after infection, replicated parasites were diluted and transferred to
recipient mice (n = 5) to a final parasitemia of 0.01% (tRip-KO +
WT) and were subsequently passaged through four successive
rounds of infection.
Monitoring of hepatic stage development in vitro. HepG2 cells were
cultured inDMEMgrowthmedium containing 100 μg/mL penicillin,
100 μg/mL streptomycin, 200 μg/mL neomycin, and 10% (vol/vol)
FCS. Cells were seeded into 24-well plates, at a density of 1.5 × 105

cells per well, and infected with 5 × 104 sporozoites per well. After a
62-h incubation, cells were collected, fluorescent merosomes were
counted, their size was measured, and the number of released
merozoites was determined by fluorescence microscopy.
Monitoring of hepatic stage development in vivo. Swiss mice (3 wk old)
were infected i.v. with 104 WT or tRip-KO (clones 3 and 4) spo-
rozoites. RT-PCR analysis was performed 46 h after injection using
40 ng total RNA extracted from the liver. Analysis was completed
with primers for P. berghei 18S rRNA using the ΔCT method (User
bulletin 2; Applied Biosystems).
Detection of protein synthesis activities in blood-stage parasites. The
protocol was adapted from ref. 47. For metabolic labeling, infected
red blood cells (3 × 109 infected erythrocytes) were grown in 750 μL
RPMI 1640 containing 50 μM methionine, 1 mg/mL glucose,
40 mM N-tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid,
1 U/mL heparin, 10% (vol/vol) FBS, and 30 μCi/mL [35S] me-
thionine for 4 h at 37 °C with gentle agitation and in the presence
of 5% CO2. Cultures were harvested, washed with RPMI, and
incubated in PBS containing 0.1% saponin and anti-protease
mixture 1/100 (Sigma-Aldrich) for 5 min on ice. Pellets corre-
sponding to labeled parasites were quantified by Bio-Rad protein
assay and analyzed on SDS/PAGE.
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Fig. S1. Identification of a new tRNA binding protein in Plasmodium. The sequence of the S. cerevisiae ARC1p was used as a bait to screen the P. falciparum
genome. A unique protein (PF3D7_1442300), encoded by a gene of 1,440 nucleotides and located on chromosome 14, was identified; it contains one intron
(231 nucleotides long), and the mature mRNA codes for a protein of 402 amino acids long. Three other plasmodial tRip sequences (P. berghei, P. vivax, and
P. yoelii) (www.plasmodb.org/plasmo/) are also shown. In eukaryotes, the Trbp111-like sequence was also found at the N or C terminus of methionyl-, phe-
nylalanyl-, tyrosyl-, and lysyl-tRNA synthetases (48, 49) and occasionally also displayed a cytokine-active heptapeptide (highlighted in red within the AIMP1
sequence) (12, 50, 51). tRip did not display this heptapeptide, but contained a short region that is likely to form a transmembrane helix (purple box). The
characteristic folding, as determined by the X-ray structure of the TyrRS N-terminal Trpb111-like fragment (52), is schematized above the alignment (helices are
indicated with red lines and β-sheets with blue arrows).
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Fig. S2. Identification of tRip homologs in other Apicomplexa genomes. The amino acid sequence of PftRip was used as a bait to retrieve similar proteins from
the eukaryotic pathogen database (eupathdb.org/eupathdb/). Outside plasmodial genes, other sequences matched the same global organization of tRip: an
N-terminal domain (light gray), a variable linker (dark gray), and a conserved C-terminal Trpb111-like domain (blue). N-terminal sequences of these orthologs
diverged significantly among families. For example, Toxoplasma genes code for an additional N-terminal domain (indicated by dotted lines, not used in
transmembrane domain predictions). tRip homologs displayed predicted transmembrane domains characterized by HTM > 0.6 (purple, https://www.predictprotein.org:443/);
however, for some sequences, topological predictions varied from one submission to the other. A tRip homolog containing a predicted transmembrane domain (HTM > 0.6)
was also identified in Trichomonas vaginalis (TVAG_328570). As this is the only genome from the phylum Trichomonadida sequenced thus far, it was difficult to interpret this
information. Among other sequenced genomes available in the database, tRip homologs were found in Kinetoplastids (Leishmania and Trypanosoma), yet the reliabilities of
transmembrane domain predictions were too low to be considered. Finally, no tRip homolog was found in Microsporida, Diplomonadida and Amoebozoa.
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Fig. S3. PftRip footprint on yeast tRNAAsp. (A) Autoradiographs of RNase V1 (cuts double-stranded and structured RNA regions) and RNase S1 (cuts single-
stranded RNA regions) cleavage patterns of tRNAAsp in the presence (+) or in the absence (−) of PftRip or PftRip214–402. The tRNAAsp molecule was [32P] labeled at
its 5′ (Left) or 3′ (Center and Right) end. The tRNA architecture described in B is schematized on the left side and nucleotide positions are indicated on the right
side of the autoradiographs. Controls without RNases (with or without the PftRip recombinant proteins), as well as alkaline hydrolysis (AH) and RNase T1 (T1)
ladders, were run simultaneously. Protections were only considered when present in all three experiments. The tRNA anticodon domain (regions 5, 6, and 7) was
somewhat protected from S1 and simultaneously became accessible to V1 in the presence of PftRip214–402, suggesting long-range structural changes in the tRNA
on binding. However, these reactivity changes toward S1 and V1 were intensified with PftRip, indicating that the N-terminal domain of tRip caused additional
steric hindrance. (B) Secondary (Left) and tertiary (Right) structures of tRNAAsp. Each tRNA domain is indicated in a different color: in red (acceptor arm formed by
strands 1 and 12), yellow (D-branch, formed by strands 2, 3, and 4), green (anticodon/variable region-branch, strands 5, 6, 7, and 8), and blue (T-branch, strands 9,
10, and 11). Protections of nucleotides within the D and T branches against RNases (squared in A) are shown with yellow and blue spheres, respectively.
(C) Simultaneous binding of yeast aspartyl-tRNA synthetase (AspRS) and PftRip214–402 on the same tRNAAsp molecule and model of their potential interaction.
tRNAAsp was incubated with either PftRip and AspRS (Left) or PftRip214–402 and AspRS (Right). The interactions based on footprinting experiments were modeled
on the crystal structure of the yeast tRNAAsp (blue)/AspRS (gray) complex (13). Gray spheres indicate the protection of tRNAAsp by the AspRS N-terminal extension
(38) and blue spheres correspond to PftRip footprinting.
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Fig. S4. Plasmodium life cycle and tRip expression. (A) The cycle of vertebrate infection starts when a mosquito injects sporozoites into the host (see asterisk).
Sporozoites invade hepatocytes (entering the liver stage), multiply asexually, and produce tens of thousands of merozoites per infected hepatocyte (15).
Merozoites exit the liver and develop repeatedly in red blood cells (blood stages) to produce 10–30 new merozoites per intraerythrocytic cycle (16). Some of the
erythrocytic merozoites differentiate into gametocytes (sexual forms, dashed lines). Schizonts are not shown but are another stage that occurs as part of the
intraerythrocytic cycle. Fertilization takes place in mosquitoes where gametocytes are ingested during a blood meal and then mature and fuse, leading to
zygotes. Zygotes develop into ookinetes, which traverse the mosquito midgut wall and form oocysts. In 8–15 d, each oocyst produces and releases 104–105

sporozoites, which invade the mosquito salivary glands, completing the cycle. (B) Specificity of anti-PftRip214–402. Recombinant PftRip, A. stephensi infected
salivary glands (SG), purified sporozoites, and noninfected A. stephensi SG were probed with anti-PftRip214–402. Strong additional signals were observed only in
extracts of crude infected and noninfected mosquito SG, indicating that the cross-reactive protein at 72 kDa is not from parasites. (C) Detection of tRip in
P. berghei ookinetes (fertilized form of the parasite found in the mosquito), sporozoites, hepatic schizonts (liver stages), and P. berghei blood stages was
assessed using immunofluorescence with anti-tRip214–402 antibodies from rabbit. Cells were treated with DAPI (blue) and anti-rabbit FITC antibody (green).
Overlay panels show the merged images. (Scale bars, 10 μm.) DIC, differential interference contrast.
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Fig. S5. tRNA import in P. berghei sporozoites. Direct visualization of imported Alexa Fluor-labeled in vitro transcribed E. coli tRNAVal and human 5S ribo-
somal RNA. (Scale bars, 2 μm.)
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Fig. S6. Phenotype of tRip-KO blood-stage parasites. (A) Western blot on blood-stage WT and tRip-KO (cl3 and cl4) parasites probed with anti-PftRip214–402.
P. berghei blood stages were matured into schizonts in vitro before analysis. Additional bands around 72 kDa correspond to cross-reactive proteins from the
host. (B) Ratio of mCherry+/GFP+ parasites in the blood of 4-wk-old mice coinfected by WT/mCherry+ and WT/GFP+ parasites (dashed line, n = 8) or tRip-
KO/mCherry+ (cl3 and cl4) and WT/GFP+ parasites (plain lines, n = 15). Error bars are SDs, unpaired t test: ***P < 0.001, ****P < 0.0001; ns indicates that values
are not significantly different (P > 0.1). (C) Protein synthesis by WT or tRip-KO P. berghei blood-stage parasites. Infected red blood cells with WT (n = 3, based
on the number of mice), tRip-KO cl3 (n = 2), or tRip-KO cl4 (n = 2) parasites were metabolically labeled with [35S] methionine for 2 or 4 h at 37 °C. The level of
de novo synthesized proteins was determined by SDS/PAGE autoradiography. Autoradiograms shown correspond to the 4-h time point. The magnitude of
radiolabel incorporation was expressed as [35S] methionine incorporation into proteins relative to total protein load (Coomassie blue staining). Error bars are
SDs, and asterisks indicate statistically significant differences (*P < 0.05, **P < 0.01) between the tRip-KO (red) and WT parasites (gray) translational activities.
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Fig. S7. Prepatent stages of the tRip-KO parasite. (A) Western blot of purified WT and tRip-KO sporozoites. (B) Oocysts of the WT (Left) or tRip-KO (cl4; Right)
clones developing in the midgut of A. stephensi mosquitoes 11 d after the mosquito’s infective blood meal. (C) Mosquitoes infected with WT or tRip-KO
(cl3 and cl4) parasites harbored similar numbers of sporozoites in their salivary glands 18 d (and onward) after infection. Means are from two independent
experiments, with n = 16–30 female mosquitoes. (D) Parasite loads in the liver 46 h after i.v. injection of 104 sporozoites were quantified by RT-PCR analysis. The
histogram shows the abundance of parasite RNA obtained from 16 infected mice (for each clone), using the mouse HPRT gene as a standard. (E) Incubation of
2 × 105 HepG2 hepatoma cells with 5 × 104 salivary gland WT or tRip-KO (cl3 and cl4) sporozoites (per well) generated similar numbers of merozoites.
(F) Representative WT (Left) and mutant (Right) merosomes, which are merozoite-filled vesicles that bud off from infected HepG2 cells after 60–65 h of liver
stage development. (G) Size of merosomes released by WT and tRip-KO liver stages. Error bars are SDs, unpaired t test: ns indicates that values are not significantly
different (P > 0.1).
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E4F*62/PQLQRRB!V)!1(/*!9(!'(0-)'(?!9&!2-!,..1=?-*&.)!()*?(!2-!62/47!(*!8/9:;!1./??-&*!+->.?&9(?!

2-!0.'&+&,-*&.)!'(!,(*!E4F*!91=,&+&J/(!J/&!(9*!#,20(&0(!,.01?.0&9(B!!

N(!0M0(5!2%E4F*62/PLLQR!'(!9./?&9!(9*!/)!9/G9*?-*!1./?!2-!62/47!'(!!"#$%&'()%!(3,1(+0&B!

Q(1()'-)*5! 9.)! *-/3! '(! ,D-?<(! G-&99(! ,.)9&'=?-G2(0()*! 2.?9J/(! ,(*! E4F*! (9*! ()! 1?=9(),(!

'%-/*?(9! E4F! ,.01=*&*(/?9! PE4F*! *.*-2! ./! E4F! *.*-2! '(! 9./?&9RB! V)! 1(/*! 9(! '(0-)'(?! 9&! 2-!

1?=9(),(!'(!2-!62/47!'-)9!2(!,.012(3(!1(?0(*!'(!,-1*(?!(++&,-,(0()*!2%E4F*62/!'(!2%D@*(5!'K9!9.)!

()*?=(!'-)9!2(!1-?-9&*(B!!

!

-"#:();-&#4%&#).%(#'&(#<8=)##(.7)#3/0.*)2(#6>&-#'6#/?/&#&@@3-6-3)2#9#

$-!?(,.))-&99-),(!()*?(! *4&1!(*! 2%E4F*!(9*!G-9=(!9/?! 2-!,.)+.?0-*&.)!*?&'&0()9&.))(22(!

'(!,(2/&:,&5!12/9!1?=,&9=0()*!-/!)&>(-/!'/!,./'(!'(!2%E4F*!PY-119!*+,#".5!TUXZRB!Q(2-!9/11.9(?-&*!

J/(!*./9!2(9!E4F*!9.)*! &01.?*=9!->(,! 2-!0M0(!(++&,-,&*=B!Q(,&!'&*5! &2!(9*!*./*!I!+-&*!1.99&G2(!J/(!

,(?*-&)(9!9=J/(),(9!'%E4F*!9.&()*!1?=+=?()*&(22(0()*! 2&=(9!(*!*?-)91.?*=(9!'-)9! 2(!1-?-9&*(B!$-!

1?=9(),(!./! 2%-G9(),(!'%/)(!G-9(!./!'%/)(!0.'&+&,-*&.)!()!1-?*&,/2&(?!1./??-&*!M*?(!I! 2%.?&<&)(!

'%/)(! 0(&22(/?(! -++&)&*=! 1./?! /)! E4F*! '.))=! 1-?! ?-11.?*! I! '%-/*?(95! I! 2-! 0-)&K?(! '(9!

'=*(?0&)-)*9!(*!'(9!-)*&:'=*(?0&)-)*9!'(9!E4F*!>&9:I:>&9!'(9!--47B!!Q(**(!=*/'(!-!=*=!&)&*&=(!1-?!

[-?*-!Q(2-!'-)9!2(!2-G.?-*.&?(!()!,.22-G.?-*&.)!->(,!2%=J/&1(!'/!N?!4()-/'!6(92-&)!I!QD-?2(9*.)!

PH*-*9! L)&9RB! $-!0&9(! ()! =>&'(),(! '%/)(! 9=2(,*&.)! '(! ,(?*-&)9! E4F*! ?(1?=9()*(?-&*! /)(! 9./?,(!



! "#!

$%&'()*+,-&)'!.//.'-&.00.!1)2*!+&.23!4)+1*.'$*.!0.!*50.!$./!678-!&+1)*-9/!$,'/!0,!1:;/&)0)<&.!

$2!1,*,/&-.=!

!

!"#$%&%'()#*%+#,-./#(012)/3+#

!"#$%&'#(!)*)+,-'#.!)/#&!#01!.-(0+*)#

! >./! 678-! &+1)*-9/! $.! 0%:5-.! $,'/! 0.! 1,*,/&-.?! )2! 4.*-,&'/! $%.'-*.! .23?! 1,*-&4&1.'-! ,2!

$94)$,<.!$./!4)$)'/!$,'/!0,!/;'-:@/.!1*)-9&A2.=!B%./-!4.!A2.!/2<<@*.'-!+./!*9/20-,-/!+)'-*,'-!

A2.! 0,! /-*24-2*.! $./! 678-! ./-! &'-,4-.! /2&-.! C! 0.2*! &'-.*,4-&)'! ,D.4! -7&1?! A2.! 4.*-,&'./! ,,7E!

10,/+)$&,0./! &'-9*,<&//.'-! ,D.4! -7&1! ,2! /-,$.! /,'<2&'?! )2! .'4)*.! A2.! 0,! -*,$24-&)'! ./-!

<0)F,0.+.'-! *9$2&-.! $,'/! 0.! 1,*,/&-.! -7&1GHI! J102/! /194&(&A2.+.'-! ,2! '&D.,2! $./! 1*)-9&'./!

*&4:./!.'!,/1,*,<&'./K!/2<<9*,'-!A2%,2!+)&'/!4.*-,&'/!678-!$.!0%:5-.!/)'-!1*&/!.'!4:,*<.!1,*!0,!

+,4:&'.*&.!-*,$24-&)''.00.!$2!1,*,/&-.=!

!

2"#3/04('#,-'#&'/#5$60#.'#&78%0'#9*-11!+')0#:01'#-)'#/*-1('#.75$6#1;<-&!0'-1#=##

L,'/! 102/&.2*/! )*<,'&/+./?! $./! 9-2$./! *94.'-./! /2<<@*.'-! A2.! 0./! 678-! )2! $./!

(*,<+.'-/! $%678-?! /.*,&.'-! 1)2*D2/! $.! 1*)1*&9-9/! M!/&786G0&N.!O! J/+,00! &'-.*(.*&'<! 786K! J.=<=!

H,P,Q&! !"# $%&?! RSS"K=! L./! /&786! /)'-! -*)2D9/! 4:.T! $./! 1*)-)T),&*./! 4)++.! '!"($)*+!,$#

")!(+-.)/%$0# '(*.$,-1-+$# 2(34!/0# 5!/1)+$,/$# 2($6/%/!,1/10# '-7-.%$1+$# 8-,9//! JLQ&N.'<! !"# $%&?!

RSSUV!W)4:&T2N&!.-!X)*)D/N;?!RSS#?!Y.,4)4N!!"#$%&?! RSSZ!V![002!!"#$%&?! RSS#K=!\)2-.()&/?! 4.!'%./-!

1,/!0.!4,/!1)2*!:%$1+-9/3+?!12&/A2.#0],',0;/.!F&)&'()*+,-&A2.!$2!<9')+.!+)'-*.!0%,F/.'4.!$.!

<@'./!4)$,'-/!1)2*!$./!/&786!)2!1)2*!L&4.*!.-!6*<)',2-.?!$.23!4)+1)/,'-/!.//.'-&.0/!$2!$.!0,!

+,4:&'.*&.!/&786!JB)20/)'!!"#$%&?!RSS#!V!^,00?!RSS_!V!7,-:Q.'!!"#$%&?!RSS`!V!a2.!!"#$%&?!RSS"!V!b,2+!

!"# $%&?! RSScK?! +,&/! 4.*-,&'/! 4:.*4:.2*/! 1.'/.'-! A2%&0! .3&/-.! 2'! /;/-@+.! ')'! 4,')'&A2.!

JE4:P.'-N.! !"# $%=?! RSURK=! L,'/! 4.! 4)'-.3-.?! 0./! 678-! $.! 0%:5-.! *.1*9/.'-.*,&.'-! 2'! *9/.*D)&*!

$%678!*9<20,-.2*/!M/-,$.G/194&(&A2./O!1)2*! 0.!1,*,/&-.?!/)&-!.'!,4-&D,'-! 0%.31*.//&)'!/194&(&A2.!

$./!678+!M.'!,--.'-.!$.!-*,$24-&)'O!/-)4N9/!$,'/!0./!<*,'20./!/)&-!.'!&':&F,'-!$&*.4-.+.'-!0.2*!

-*,$24-&)'! 4)++.! 0.! ()'-! 0./! /&786/! $,'/! $%,2-*./! )*<,'&/+./! Jd&0&1)P&4T! !"#$%&?! RSS"K=! Y)2*!

.3.*4.*!$.!-.00./!()'4-&)'/?!0./!678-!&+10&A29/!$)&D.'-!94:,11.*!C!0,!+,4:&'.*&.!-*,$24-&)''.00.!

$2! 1,*,/&-.=! B%./-! 1)//&F0.! .'! 40&D,'-! 0%678-! )2! 0)*/A2.! 0%678-! '%./-! 1,/! ,+&'),4;0,F0.! 1,*! 0,!

/;'-:9-,/.!$2!1,*,/&-.=!

!

# # ;/<#"=>1#?#

!>./!678-! 1.2D.'-! e-*.! 40&D9/! 1)2*! ()*+.*! $./! (*,<+.'-/! $%678-! )2! -7d! JH2+,*! !"#$%=?!

RSU`K=! >./! -7d! )'-! 9-9! $9-.4-9/! 4:.T! '(*.$,-1-+$! JX,*4&,GE&0D,! !"# $%=?! RSUSK?! 5!/1)+$,/$!

J>,+F.*-T!!"#$%=?!RSU_K?!'-7-.%$1+$!.-!:%$1+-9/3+!JX,0&T&!!"#$%=?!RSUfK=!>.2*!1*)$24-&)'!./-!0&9.!

,2!-,23!$.!+20-&10&4,-&)'!.-!C!0,!$&((9*.'-&,-&)'!$./!1,*,/&-./=!>.!40&D,<.!$./!678-!./-!')-,++.'-!



! "#!

$%&'()*+!,-(.!!"#$%&'((!(*!)"#*+,$-+(!/$)0!1(%20!342'(0!(5*2$,(11%1$62(0!78$16.6!+.#/09:!;<=>?9!@40!
(5A+26(),(0!/B6'A42*!/BCD@*! 2$/64$,*630! 7E$AA0!+.#/0#9:! ;<=F?!'4)*2()*!G%(! 1(0!CD@*! 6'A42*+0!
04)*! *4%H4%20! 6)*$,*0! $A2I0! 6'A42*! /$)0! 1(! A$2$06*(! 7()J624)! ><! '6)%*(0?:! ,(A()/$)*:! 610!
A4%22$6()*! K*2(! ,16J+0! %1*+26(%2('()*! (*! A$2*6,6A(2! L! 1$! 2+&%1$*64)! /(! 1B(5A2(0064)! &+)6G%(! /%!
A$2$06*(9!

!
# # 1((2#3(456#7#

! MB$6!'4)*2+! G%(! 1BCD@*81%! 7NNO?!/(! 04%260! )B(0*! A$0! %)! 0%P0*2$*! (336,$,(!/(! 1$!81%DQ!/(!
)0/38%'(98!/$)0!/(0!,4)/6*64)0!/(!,4'A+*6*64)0!(&#:(.,%!7,4)/6*64)0!G%6!06'%1()*!1(0!,4)/6*64)0!
(&#:(:%?9!R(!,4'A1(5(!342'+!A$2!*D6AS81%DQS81)DQST%0UV!6/()*636+!/$)0!1(!0*$/(!0$)&%6):!/#;,(%,(!
)(! A(%*! A$0! (560*(2! /$)0! 1(! 0A424.4W*(! L! ,$%0(! /%! ,4'A1(5(!'('P2$)$62(! 6)*(2)(! G%6! 6041(! 1(!
,4)*()%!,X*40416G%(!/(!1$!'('P2$)(!A1$0'6G%(9!C6)06:!06!1BCD@*81%7NNO?!()*2(!/$)0!1(!0A424.4W*(:!
61!$!A(%!/(!,-$),(!/BK*2(!$'6)4$,X1+9!Y)!)4%0!P$0$)*!0%2!,(!A40*%1$*:!)4%0!$J4)0!2(,-(2,-(2!/(0!
,6P1(0! A4*()*6(11(0! /(! ,(**(! 0+G%(),(! /BCD@*! /$)0! %)(! P$)G%(! /BCD@'!A41X$/+)X1+0! 7P$)G%(!
YQZ![!0-42*!06)&1(U2($/!*2$)0,26A*!0(G%(),(0!\?!/(!)"#*+,$-+(9!](%5!CD@'!,6P1(0:!A$2*6(11('()*!
,4'A1+'()*$62(0! L! 1$! 0+G%(),(! /(! 1BCD@*81%7NNO?! /(! 04%260! 4)*! +*+! 6/()*636+(0! 7!"#$%&' ()?!^!
1BCD@'!/(!1$!A24*+6)(!T_C@EC`<#<=;<!)4)!,$2$,*+260+(:!/4)*!1$!*2$)0,26A*64)!(0*!0*6'%1+(!/$)0!
1(0!0A424.4W*(0!6)3(,*6(%5!(*! 1B(5*2+'6*+!>B!/B%)!CD@'!,4)*()$)*!1$!0+G%(),(!/(!1BCD@*T247O8O?!
/(! )"# *+,$-+(9! O(**(! /(2)6I2(! 0+G%(),(! (0*! 2(*24%J+(! ()! $J$1! /%! &I)(! /(! 1$! A24*+6)(! TRT;!
7[!A(23426)U16a(!A24*(6)!;!\?!(*!,4%J262$6*!%)(!A$2*6(!/(!04)!NZD!>B!7"F<!)%,1+4*6/(0!$%!*4*$1?9!!

R(0! A24*+6)(0! /(! 1$! 3$'611(! /(0! A(23426)(0! 7=<! &I)(0! $%! *4*$1?:! 04)*! 6'A16G%+(0!/$)0! 1$!
2%A*%2(! /(! 1$! '('P2$)(! /(! 1B-b*(! 7(11(0! 04)*! $%006! $AA(1+(0! cCOT! A4%2! [!'('P2$)(! $**$,a!
,4'A1(5! A24*(6)0!\?9! R(! 2b1(! /(! TRT;! $! +*+! /+'4)*2+! ,4),(2)$)*! 1$! A(2'+$P6160$*64)! /(! 1$!
'('P2$)(! /(! 1B+2X*-24,X*(! -b*(! A$2! 1(0! &$'+*4,X*(0:! /$)0! 1B6)*(0*6)! /%! '4%0*6G%(:! A4%2!
A(2'(**2(! 1$! 3%064)! 342'$)*! 1(! .X&4*(! 7](16&6$))6! +.#/0":! ;<=>!d!e62*-! +.#/09:! ;<=f?9! M(! )B$6! A$0!
*24%J+!/B6)342'$*64)!G%$)*!L!04)!6'A16,$*64):!A$2$11I1('()*!L!TRT=!7E$60(2!+.#/09:!;<<f!d!g0-6)4!
+.#/09:!;<<#?:!/$)0!1$!*2$J(20+(!,(11%1$62(!/(0!0A424.4W*(09!Q6!,B(0*!1(!,$0:!,(**(!4P0(2J$*64)!(0*!()!
$,,42/! $J(,! '(0! /4))+(0! (5A+26'()*$1(0! '4)*2$)*! G%(! 1(! 0A424.4W*(!eZ! *2$J(20(! '46)0! /(!
,(11%1(0!G%(! 1(!A$2$06*(!Eh:! 0%&&+2$)*!G%(! 1(0! ().X'(0! 6'A16G%+(0!/$)0! 1$! *2$J(20+(! ,(11%1$62(!
0(2$6()*!6)-6P+(0!A1%0!(336,$,('()*!/$)0!%)!A$2$06*(!,$A$P1(!/B6'A42*(2!1(0!CD@*!/(!1B-b*(9!!!
!



! "#!

!

!"#$%&'()'*'+",-&.'/01&21"&--&.'3&'-456718-$'3&'.0$%".'392.'-&'1%92.:%"/10;&'3&'!"#$%&'(%)$!
%5&!'()*+,-./%001&!23!45/674!%!")*+,-./!8819!3:!65/;3&!<5/66=7,!4(>?@67236!=/!:7A3=/!2/!B525:!
7:7,7=,3/6!23!.()*+C!23!.=!<65,D7:3!EF)+G)HIJIKLI9!25:,! .3!6M.3!:(34,!<=4!B5::/!C=74!N/7!34,!

4/63O<67CD3! =/! 4,=23! 4<565P5Q,3$! '=! 4DN/3:B3! 23! .()*+,-./%001&! 34,! D;=.3C3:,! <=6,73..3C3:,!

B5C<.DC3:,=763!%K"!:/B.D5,7234!B5:4DB/,7R4!B5C<.DC3:,=7634&!S!.=!4DN/3:B3!23!.()*+,E65%1-1&9!

=!<67567!.5B=.74D!2=:4!.(08*!T(!2/!;U:3!B52=:,!<5/6!.=!<36R567:3!E'EL$!V3!<./4!B3!;U:3!34,!.5B=.74D!

2763B,3C3:,!3:!=A=.!2(/:3!=/,63!<65,D7:3!%13.854&!7C<.7N/D3!2=:4!.=!,6=A364D3!B3../.=763$'
'

<='>$&--&.'9$1%&.'?02:1"02.'@$&'-4";/0%1'345671'/0$%'16"/'A'

! #$%&"'()*"! .7@U63! B>3P! 434! >M,34! 27A36434! <65,D7:349! B5CC3! .=! 1WE9! 25:,! .3! 6M.3! 34,!

7C<56,=:,!A5763!<67C5627=.!2=:4!.(D,=@.7443C3:,!2/!B?B.3!23!A73!%W7:;>!+,-%$$9!LIIX&$!'5B=.74D3!S!

.=!C3C@6=:39! ,*7<!<5/66=7,!Y,63!3..3!=/447!3OB6D,D3!3,!=;76!4/6! .(>M,3!S!274,=:B3$!13!CDB=:74C3!

6=<<3..36=7,! B3./7! 5@436AD! B>3P! ./,%"'+0%- 1)&,'$2,)3%9! /:3! =C7@3! 25:,! .3! B.7A=;3! 23! .=! '?4*W!

.7@U63! B>3P! .(>M,3! /:! 25C=7:3! 43C@.=@.3! S! 86@<KKK! 25,D! 23! <65<67D,D4! B?,5Z7:34! %1=4,65! 23!

[5/6=!+,-%$$9!LIKK&$!'34!=/,3/64!<65<543:,!N/3!B3,,3!3OB6D,75:!34,!/:!CDB=:74C3!23!<65,3B,75:!

23!.(=;3:,!<=,>5;U:3!B5:,63!.(7:R.=CC=,75:!23!.(>M,3$!13<3:2=:,9!.3!C5,7R!23!C7;6=,75:!B3../.=763!

7C<.7N/D!:(34,!<=4!B5:436AD!2=:4!.=!,*7<!23!#$%&"'()*"$!

! \:R7:9!:5/4!:3!<5/A5:4!3OB./63!N/3!,*7<!=7,!2(=/,634!<65<67D,D4!=/!437:!23!#$%&"'()*"!

5/!B>3P!.34!=/,634!45)3'"5$+6%$!+5,=CC3:,9!B>3P!7'6'5$%&"%9! .=!<6D43:B3!B5:,7:/3..3!23!.(][1!

7C<.7N/3! /:! 4?4,UC3! 27RRD63:,! N/3! B3./7! 723:,7R7D! 2=:4! B3! ,6=A=7.! B>3P! #8- 0+9:1+)$! '=! <65,D7:3!

>5C5.5;/3!B>3P!78-:'/())9!=<<3.D3!8;<^T9!=!D,D!2D,3B,D3!2=:4!/:!B5C<.3O3!C/.,74?:,>D,=47N/3!

3,!4=!2D.D,75:!:(3:,6=_:3!=/B/:3!2DR7B7,!23!<=,>5;3:U43!%`=:!*55?3:!+,-%$$9!LIK^&$!134!25::D34!

2DC5:,63:,! N/3! B36,=7:34! R5:B,75:4! 23! B3,,3! <65,D7:3! /:7N/3! 43C@.3:,! B5:436AD349! =.564! N/3!

2(=/,634!!45:,!<362/34!B>3P!2(=/,634!56;=:74C34!23!.(3C@6=:B>3C3:,!234!)<7B5C<.3O34$!

!
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45%67%81#"3"**$
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!
!
!
!
"#$%&'%(!%$!"%$)*+%,! !



! ""!

! !



! "#!

!"#$%&'()*+#
# ,"#-(./0)&1#23)4)50*1##

$%&'()*+,(! ! ! ! ! ! +-./012-!(12/-2342!

+3356.78! ! ! ! ! ! 9.7:25/!

+-;434<<47.!! ! ! ! ! ! =4>-2*+<6/431!

+?@:(1.! ! ! ! ! ! =4>-2*+<6/431!

A*-./32;:BC:127B<!! ! ! ! ! D2/<!?B:1!

E<.5!6.!DBB-2004.! ! ! ! ! FG;.6.B7!

E/B-5/.!6HC:14645-! ! ! ! ! ID@!

J.G:/27*KI,D! ! ! ! ! ! =4>-2*+<6/431#

JLFL!!! ! ! ! ! ! 9IEDM!

J,F!! ! ! ! ! ! ! =4>-2*+<6/431!

J,,!! ! ! ! ! ! ! =4>-2*+<6/431!

FJ,+!! ! ! ! ! ! ! F5/B-.6.G!

9<5:2-2:.! ! ! ! ! ! +-./012-!

I-4628B<.!! ! ! ! ! ! =4>-2*+<6/431!

I(,9!! ! ! ! ! ! ! K401./!=34.7:4N43!

O272-P347.!! ! ! ! ! ! =4>-2*+<6/431!

LC:14B747.!$=&Q)! ! ! ! ! (./R47!F<-./!

@CB-P347.! ! ! ! ! ! =4>-2!

@(*ST!! ! ! ! ! ! ! =4>-2*+<6/431!

(C7434<<47.*=:/.;:B-P347.! ! ! ! 9IEDM!

(./3B<<!! ! ! ! ! ! 9F!U.2<:132/.!

?B:4;1B/V0.!9.<!&TWST!! ! ! ! D2/<!?B:1!

=C/5-!6.!X.25!NB.:2<!! ! ! ! ! F5/BY4B!

=C/5-2<Y5-47.!YBX47.!ZE=+[!!! ! ! F5/B-.6.G!

,EF!! ! ! ! ! ! ! F5/B-.6.G!

,D+!! ! ! ! ! ! ! D2/<!?B:1!

,FLFJ!! ! ! ! ! ! K401./!=34.7:4N43!

,/40*Y20.!! ! ! ! ! ! =4>-2*+<6/431!

,/4*?.2>.7:!! ! ! ! ! ! =4>-2*+<6/431!
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GTGAGCATCTATATATTTGTTCACGTATCATATTTTAAAAAATTGTAATATATACATATCCTATTTTGCATAAAGGAATATATTTTTTTTCAT
ATTTTTTTAAATAATAATAAAGGTAAATATAATAAGTTCTTTACAAAGTTAATTAATTATCTCTCAGTTTTGGTAAAAATATAGAGAAAAATA
AATAGTAACTTTTAAGGTTATATTTTGATTATATGTAAATCCCAATTAAAAAAAATAATTTTTATATACCTATAACTACATGTATACGTAATA
AGAAAAAGCAAAAATATTAGGATATATGACAAAAAAATATATCTTAAAATAATGTAAGTTTTATTTAAATAAAAACATATATAAGAAGTAACT
TTTAATATATTTTATGAAAAAATATACCATCATCACATAATCTCATAGATTTAGCGAATAAATATGTTATTTTTTTCGAACAAAAATATAAAA
TATAACGAAAATTGATAAAACAGGAATACTACAATTTTTTGTGATAACAAAAAAAAGTAATTAAGCATTTACACACATATATATAATATTCGA
TATTATATTCCCCCAACTTTTTTAATAAAATATATTTGTTGAAAAGAATGTGTACTTTAAACTTGGTTGAGAATGATATTAAATCAGATATAT
TGAAATTGGCTCTTGATTTTATTAAAACTAATATAGTAGAAAATGATGATAACGTGGTTTTTCCAGAGATAAAATATGGCCAGGTAAAATAAT
TGCACTTATACTTATGCCTTAATTTCTATATTTTAGTGCATTTTGTATGCATATGCTTCACAATCTAATTATGTATAAAACTGTTAAAGTTAT
ATATTTAAATAAAAATATTAATAATACTAATAATTTATTTTTTCTAATGATAGTTGATTTTAAAAAATCTACAGTTCCTAATGATGCATATGT
ACATATTTTTAATTACATAGTTCCAAAATATTTTTTTTTGTGTTCATATTTAAAAATTTTGAGAATTTTTAATTTTTTGTTTTATAGAAAATA
TCCTATGAACATAACAAAAAAACATATAAAGAGTTTTTTTGTTCTCTTTATGCTATAATCGATACTTATAATTGCTACAGTCAGTTTTTTTGT
GAAAATGAAGACAAAGTAAGCGAGAGTGAAGAATTTATTTTTAACCTAGCTAGCGACAAGTTTAAATTAAAACCTCTAGATATGAAGCATTTG
AATGATATATTAAGAGAAAGATCCTATATTGTCTCGGATAAACATGCATCTTTAGTAGATATATTTTATTTCTGTTGCGTTTATAAAATATTA
AAACCAATGACGGCAAAGGAAAAAGTAGAATATTATCATATTTGTAGGTGGTATATACATCTTCAAGAAACATTGATATGCGATTTTGTTAAA
TTACACAAACTAGATATACGAAGTGGTGTTGAAAGCTTGCTAAATAGTGGAATCGTAACATGCACAAATGAAAAAGCAAGCAATGAGCAAGTG
GGATCAAAGATAGATAAAGCTAATAAAAAAAATTCAGATTCAAAAGATAATAATGGAAAAAATAAAAAGAAAAGTAATAATGCAGAAAATAAA
GATGCAGAAGACTCTAGAAGTTTAGATGATATATCGAGATTAAATATTGTTGTTGGATATGTAGAAAGTGTGGAAATTCACTCAGGAGCTGAC
ACATTGTATTGTTTAAAAGTAAATGTAGGTGAAAATCAATTAAGAGATATATGCAGTGGCTTACGAAATAAAAAAAATCCAGAAGATTTATTA
AATAAATATGTTTTAGTTTTAGCAAATTTAAAAGAAAAATCATTAAGAGGACGAAAAAGTTTTGGTATGATTTTATGTGGATCCTTTGAAGAA
AGAGTAGAATTACTTACTCCACCACCTGGTGTTAAAATTGGGGAAAGAATTACATTCGAAAATATGAACACAAATAGTTTACCTGATAAAACG
TTAAGCTCTGTTAAAGAGAAAAATGCATTCTTTCTTATTCAACCAAATTTAGTTATAAACAATGGAGTTGCTTTTTATAAAAATAACAAATGG
TTATCATCGCAAGGCGAAATAACATGTATGATAGAACACGGAACAATATCATAATTTTTACACGTGAAATAGCATGCATATGTATATATATAA
TTAAACCATTTAGATATATTTCTAAATATGTTAGTTGGAAAACGAGGTTATTTAGCTCTGTATAATATCCGACAACTTGCAGAGAAATAGGAG
ATTATTAGGATTATGCATATTTTCACATATACTCATATGCATTTGTAAAAGAAATATAAATTCATTATTTACATGGAAAATGTTTTTTTTTAT
TTTTTTTTTACGTTTGATAAATTTTTTTAAATTATATCATGCTTATTGAATAATCATCCATCGCTTTGATAAATGCTATTTATAAGTGTTATA
TTTGTATATATATTTTTCCCTTATATGATTAAAACAACATAAACACAAAAAAATACACATTAATTATAAATACTTTTAATATTGTGCCTTAAT
CTGGTACAATTTTATTTAAAAAATAGTAAAATGCGCAATCCACAAAGGATACTACTATTTAAAAACATGCACAATGGTAGAAGGTGATTTTCC
CAATTTCACCAACGATAAG 

#"
Amorce n° 985 : ggtaccGTGAGCATCTATATATTTGTTCACGTATCATATTTTAAAAAATTG 
Amorce n° 986 : ctcgagGTTGGGGGAATATAATATCGAATATTATATATATGTGTGTAAATGC 
Amorce n° 987 : agatctGTTAGTTGGAAAACGAGGTTATTTAGCTCTGTATAATATCCGAC 
Amorce n° 988 : gaattcCTTATCGTTGGTGAAATTGGGAAAATCACCTTCTACCATTGTGCATG 
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Delphine KAPPS 
Rôle de l’import des ARN de 

transfert de l’hôte dans le 
développement de Plasmodium 

 

 

Résumé 
La protéine tRip de Plasmodium, l’agent du paludisme, fait l’objet de mon travail de thèse. 

Identifiée au laboratoire, elle est localisée à la membrane plasmique de P. berghei, le modèle murin 
étudié in vivo. Elle permet l’import d’ARNt exogènes à l’intérieur du parasite. 

La génération et l’étude d’une souche P. berghei tRip-KO m’ont permis d’explorer l’importance 
de ce mécanisme et l’implication de tRip dans un complexe multiprotéique. 

J’ai démontré que la multiplication de P. berghei est très réduite lors du stade sanguin chez la 
souche tRip-KO. Par protéomique, j’ai montré qu’en l’absence de tRip, de nombreuses protéines 
sont sous-exprimées, en particulier celles riches en asparagines. Enfin, j’ai identifié trois partenaires 
protéiques de tRip, dont le substrat est l’ARNt. 

Ces résultats suggèrent que les ARNt importés par Plasmodium via tRip pourraient être 
substrat de protéines plasmodiales et acteurs de la synthèse protéique du parasite. 

Le transport d’ARNt étrangers dans une cellule est un mécanisme inconnu en dehors de cette 
étude. Il révèle une interaction inédite entre un hôte et son parasite intracellulaire, propice au 
développement de ce dernier. 

Mots-clés : Plasmodium, ARNt, import d’ARNt, synthèse protéique 

 

Résumé en anglais 
 The organism studied in this work is Plasmodium, the malaria parasite. The laboratory 
identified a membrane protein, called tRip for tRNA import protein, displaying a tRNA binding domain 
exposed outside of the parasite. In vivo, in P. berghei which is the murine model used, tRip mediates 
the import of exogenous tRNAs into the parasite cytosol. 

 My PhD work begun with the construction of a tRip-KO strain of P. berghei to investigate the 
role of tRNA import and the putative involvement of tRip within a proteic complex. 

The phenotype of the tRip-KO strain is significantly modified compared to the wild-type 
parasite during the blood stage: its rate of multiplication is much lower. By proteomic analyses, I 
showed that many proteins are under-regulated in the tRip-KO strain, especially those very rich in 
asparagines. Moreover, I dentified three protein partners for tRip, being tRNA aminoacylation or 
modification enzymes. 

These results suggest that host imported tRNAs could be taken in charge by parasitic 
enzymes and take part to Plasmodium protein synthesis. 

This work reveals a new host pathogen interaction and is the first example showing 
exogenous tRNA import into a cell. 

Keywords: Plasmodium, tRNA, tRNA import, protein synthesis 


