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Summary
Introduction

Nuclear pore complexes (NPCs) are multiprotein assemblies that form

channels through the nuclear envelope connecting the nuclear and cytoplasmic

compartments. NPCs mediate protein and RNA transport between the nucleus and

cytoplasm. In addition, NPCs are also directly involved in the regulation of gene

expression. Many genes associate with NPCs upon activation, and these interactions

regulate the synthesis and nuclear export of corresponding mRNAs. Although the

structure of NPCs is largely conserved across organisms and cell types, subtle changes

in NPC composition can lead to changes in gene expression, for example during

embryonic stem cell differentiation.

Our laboratory has previously demonstrated that in budding yeast, changes in

acetylation of NPC components (nucleoporins) lead to shifts in gene expression in a cell

type-specific manner. Budding yeast divides asymmetrically, producing mother and

daughter cells that differ in size, gene expression programs, and cell cycle dynamics.

NPCs are acetylated in mother cells but deacetylated in daughter cells. Deacetylation of

daughter nuclear pores is ensured by daughter nuclear periphery localized deacetylase

Hos3. In newborn daughter cells, the deacetylation of NPCs promotes their interaction

with a cyclin gene (CLN2, a homologue of cyclin E in mammalian cells), which inhibits

its expression. This inhibition results in a delay of the G1/S transition in daughter cells

compared to mother cells.

The goal of my PhD studies was to understand the molecular mechanisms

linking NPC acetylation to the regulation of gene expression and cell cycle progression

in budding yeast. NPCs are acetylated in mammalian cells, but the function of these

modifications is unknown. Our study reveals a novel mechanism for gene regulation

that could be conserved in animal cells.

Results
In our paper we find that the acetyltransferase that counteracts Hos3 at the

periphery is Esa1, a component of conserved acetyltransferase complex NuA4. Gene

expression of most genes is affected to some extent by Esa1 inactivation, and we find

that one way Esa1 opposes Hos3 is through activating transcription of G1/S genes, and

specifically that of the CLN2 gene. In this respect, Esa1 activity can be partially

compensated by Gcn5 acetyltransferase, a component of another conserved chromatin
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modifying complex SAGA. Together these two enzymes, which target histones H4 and

H3 respectively, are responsible for nearly all RNA polymerase II-dependent

transcription in budding yeast. In the context of G1/S transition, inactivation of both

Esa1 and Gcn5 leads to a complete block of cells in G1. In contrast, Esa1 deficient cells

are largely delayed, and this is reflected in decreased or compromised expression of

several candidate genes checked by RT-qPCR.

We find that both Esa1 and Gcn5 acetylate a formerly identified Hos3 substrate

Nup60. In agreement with our hypothesis that Nup60 could be the target of both Hos3

and Esa1 in G1/S control, the nup60K467N allele partially rescued the defect of esa1-ts

cells. It also rescued Cln2 protein levels, which peak at the G1/S transition. However,

we could not find any difference in CLN2 transcript levels. In search for a link between

RNA transcription and protein levels, we sought to examine the mRNA export.

In asynchronous culture budding yeast daughter cells export transcriptions In

order to monitor CLN2 mRNA export by microscopy imaging, we used the CLN2-PP7

yeast strain that has engineered loops able to bind a viral capsid protein derivative fused

to GFP. Our imaging results support the data from RT-qPCR on CLN2, showing that in

the daughter cells, Nup60K467N does not promote transcription of CLN2 in esa1-ts

cells, but apparently promotes mRNA export, since more cytoplasmic foci are visible in

these cells. A mild decrease in peripheral localization of the nascent mRNA foci is

observed in esa1-ts and rescued in esa1-ts nup60KN cells, which may reflect the link

between gene locus positioning being affected in esa1-ts cells and mRNA export

efficiency.

To strengthen our claim and to see how special is the case of Nup60, we

performed polyA RNA FISH that allows us the detection of mRNA export defects. Esa1

deficient cells started accumulating polyA RNA after several hours of temperature

inactivation, and nup60K467N mutation rescued this defect. Hos3-NLS is an artificially

engineered form of Hos3 that is constitutively localized to the nuclear periphery of all

cells; overexpression of Hos3-NLS is toxic and the cells present an mRNA export

defect; however, overexpression of mRNA export factors Mex67 and Mtr2 rescues this

phenotype. Collectively this data argues that deacetylation of the NPCs decreases

export.

In the search for a way to connect NPC acetylation with the mRNA export, we

turned to the TREX-2 complex. TREX-2 associates with the basket nucleoporin Nup1

and interacts with multiple transcription and export regulators such as mediator and
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Mex67:Mtr2 dimer. Consistently, we found a positive correlation between the NPC

acetylation state and Sac3 enrichment at the periphery. To test its functional significance

in G1/S, when the daughter pores are deacetylated, we artificially anchored Sac3 to the

nuclear periphery, which lead to an overall increase in Sac3 peripheral localization.

Under such conditions, Sac3 promoted G1/S transition in esa1-ts daughter cells. Our

data suggest that Esa1-dependent acetylation of Nup60 promotes the association of Sac3

with the nuclear periphery and this promotes cell cycle progression, likely by

modulation of mRNA export and/or transcription.

Additionally, we evaluated the role of nuclear pore acetylation in the

expression of genes that are not expressed in the G1/S transition. We chose to focus on

the GAL locus, which is known to be associated with the nuclear periphery once it is

active. By monitoring the expression of the fluorescent reporter sfGFP integrated into

the GAL locus under the control of the GAL1 promoter, we showed that acetylation of

the NPC promotes sfGFP expression. Interestingly, we found that HOS3 deletion leads

to a faster protein appearance than nup60KN acetyl mimic mutation, which indicates

that there are likely other targets of Hos3 at the nuclear periphery that modulate GAL

gene expression. We also find that daughter cells are delayed in expression in the wild

type, and this mother-daughter difference is lost in nuclear pore deacetylation mutants.

Our evidence speaks in favor of Sac3 being important in GAL1 promoter activation,

since forcing Sac3 to the periphery leads to advanced sfGFP expression in the daughter

cells.

Conclusion
We present the data arguing that the cell cycle entry in budding yeast is

promoted by the activity of the Esa1/NuA4 acetyltransferase complex and that another

complex Gcn5/SAGA can partially compensate for its absence. Both SAGA and NuA4

are known regulators of transcription, supposedly driving chromatin decompaction by

histone acetylation (H3 and H4, respectively). We show that Esa1 has an additional role

and that it acetylates Nup60 to promote the association of Sac3/TREX-2 with the NPC

and thus facilitate mRNA export and/or transcription. The mechanism of

acetylation-dependent regulation of mRNA export is likely universal, as we show global

mRNA export defects in acetylation mutants. Additionally, we directly show the role of

acetylated Nup60 in CLN2 mRNA export and the role of Sac3/TREX-2

acetylation-dependent association with the nuclear pore in G1/S transition and the

expression of a nutrient-responsive gene GAL1.
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However, there is still much that we do not know about the role of the NPC. Our

work opens many questions that are to be answered in future research. What is the role of

Nup60 acetylation in the structure of the NPC? What other components of the complex

may be acetylated in order to control its function? In the case of the GAL locus, is mRNA

export promoted by Nup60 acetylation? Is the export of some specific classes of the

mRNAs affected by the NPC deacetylation? Finally, is the mechanism we describe

conserved in metazoans? These and other questions remain to be addressed in the future.
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Résumé

Introduction
Les complexes de pores nucléaires (NPC) sont des assemblages multiprotéiques

qui forment des canaux à travers l'enveloppe nucléaire reliant ainsi les compartiments

nucléaire et cytoplasmique. Les NPC assurent le transport des protéines et des ARN entre

le noyau et le cytoplasme. En outre, les NPCs sont aussi directement impliqués dans la

régulation de l'expression des gènes. De nombreux gènes s'associent aux NPC lors de leur

activation, et ces interactions régulent la synthèse et l'exportation nucléaire des ARNm

correspondants. Bien que la structure des NPCs soit globalement conservée à travers les

organismes et les types cellulaires, des variations subtiles dans la composition des NPCs

peuvent conduire à des changements dans l'expression de certains gènes, par exemple

pendant la différenciation des cellules embryonnaires souches.

Notre laboratoire a précédemment démontré que, chez la levure S.cerevisiae, les

changements d'acétylation des composants des NPCs (nucléoporines) entraînent des

modifications de l'expression génétique d'une manière spécifique au type cellulaire.

S.cerevisiae se divise de manière asymétrique, produisant des cellules mères et filles qui

diffèrent par leur taille, leur programme d'expression génique et leur dynamique de cycle

cellulaire. Les NPCs sont acétylés chez les cellules mères mais désacétylés chez les

cellules filles. La désacétylation des pores nucléaires chez les cellules filles est assurée

par la désacétylase Hos3, localisée à la périphérie nucléoplasmique des cellules filles.

Chez les cellules filles nouveau-nées, la désacétylation des NPCs favorise leur interaction

avec un gène de cycline (CLN2, un homologue de la cycline E dans les cellules de

mammifères), inhibant ainsi son expression. Cette inhibition se traduit par un retard de la

transition G1/S chez les cellules filles par rapport aux cellules mères.

L'objectif de mes études doctorales était de comprendre les mécanismes

moléculaires reliant l'acétylation des NPCs à la régulation de l'expression des gènes et de

la progression du cycle cellulaire chez la levure. Les NPCs sont acétylés chez les

mammifères, mais la fonction de ces modifications reste vague. Notre étude révèle un

nouveau mécanisme de régulation des gènes qui pourrait être conservé dans les cellules

animales.
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Résultats
Dans notre étude, nous trouvons que l'acétyltransférase qui contrecarre Hos3 à la

périphérie nucléoplasmique est Esa1, un composant du complexe acétyltransférase NuA4.

L'expression de la plupart des gènes est affectée dans une certaine mesure par

l'inactivation d'Esa1, et nous constatons que l'une des façons dont Esa1 s'oppose à Hos3

est en activant la transcription des gènes G1/S, et spécifiquement celle du gène CLN2. À

cet égard, l'activité d'Esa1 peut être partiellement compensée par l'acétyltransférase Gcn5,

un composant d'un autre complexe de modification de la chromatine, SAGA. Ensemble,

ces deux enzymes, qui ciblent respectivement les histones H4 et H3, sont responsables de

la transcription de la plupart des gènes transcrits par l'ARN polymérase II chez la levure.

Dans le contexte de la transition G1/S, l'inactivation d'Esa1 et de Gcn5 conduit à un

blocage complet des cellules en G1, tandis que les cellules déficientes en Esa1 sont

largement retardées, ce qui se traduit par une expression diminuée ou nulle de plusieurs

gènes candidats vérifiés par RT-qPCR.

Nous constatons que Esa1 et Gcn5 acétylent tous deux un substrat de Hos3

précédemment identifié: Nup60. En accord avec notre hypothèse selon laquelle Nup60

pourrait être la cible à la fois de Hos3 et d'Esa1 dans le contrôle de la transition G1/S,

l'allèle nup60K467N a partiellement corrigé le défaut des cellules esa1-ts et a également

rétabli les niveaux de protéine Cln2, qui atteignent un pic à la transition G1/S. Cependant,

nous n'avons trouvé aucune différence dans les niveaux de transcription de CLN2. À la

recherche d'un lien entre la transcription de l'ARN et les niveaux de protéines, nous avons

alors cherché à examiner l'exportation de l'ARNm.

Afin de surveiller l'exportation de l'ARNm de CLN2 par microscopie, nous

avons utilisé une souche CLN2-PP7 dont l’ARN à été modifié afin de contenir des

boucles capables de lier un dérivé d’une protéine de capside virale fusionné à la GFP. Nos

résultats d'imagerie confirment les données issues de la RT-qPCR sur CLN2, montrant

que chez les cellules filles, Nup60K467N ne favorise pas la transcription de CLN2 dans

les cellules esa1-ts, mais favorise apparemment l'exportation de l'ARNm, puisque

davantage de signaux cytoplasmiques sont visibles dans ces cellules. Une légère

diminution de la localisation périphérique des foyers d'ARNm naissants est observée dans

les cellules esa1-ts et corrigée dans les cellules esa1-ts nup60KN, ce qui peut refléter le

lien entre le positionnement du locus du gène qui est affecté dans les cellules esa1-ts et

l'efficacité de l'exportation de l'ARNm.
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Pour renforcer ces affirmations et évaluer dans quelles mesures le cas de Nup60

est particulier, nous avons réalisé une FISH de l'ARN polyA, permettant de détecter les

défauts d'exportation de l'ARNm. Les cellules déficientes en Esa1 ont commencé à

accumuler de l'ARN polyA après plusieurs heures d'inactivation par la température, et ce

défaut a été corrigé par nup60K467N. Hos3-NLS est une forme artificielle de Hos3 qui

est constitutivement localisée à la périphérie nucléaire de toutes les cellules ; la

surexpression de Hos3-NLS est toxique et les cellules présentent un défaut d'exportation

d'ARNm ; cependant, la surexpression des facteurs d'exportation d'ARNm Mex67 et Mtr2

résout ce phénotype. Collectivement, ces données soutiennent que la désacétylation des

NPCs diminue l'exportation de l’ARNm.

Dans la recherche d'un moyen de relier l'acétylation des NPC à l'exportation de

l'ARNm, nous nous sommes tournés vers le complexe TREX-2. TREX-2 s'associe à la

nucléoporine Nup1 du côté nucléoplasmique du NPC et interagit avec de nombreux

régulateurs de transcription et d'exportation tels que Médiateur et le dimère Mex67:Mtr2.

Nous avons ainsi trouvé une corrélation positive entre l'état d'acétylation du NPC et

l'enrichissement de Sac3 à la périphérie nucléoplasmique. Afin de tester la signification

fonctionnelle de ces résultats en G1/S (lorsque les NPC des cellules filles sont

désacétylés), nous avons artificiellement ancré Sac3 à la périphérie nucléoplasmique,

conduisant à une augmentation globale de la localisation périphérique de Sac3. Dans ces

conditions, Sac3 a favorisé la transition G1/S dans les cellules filles esa1-ts. Nos données

suggèrent que l'acétylation de Nup60 par Esa1 favorise l'association de Sac3 avec la

périphérie nucléaire, promouvant ainsi la progression dans le cycle cellulaire

probablement par la modulation de l'exportation de l'ARNm ou/et de la transcription.

De plus, nous avons évalué le rôle de l'acétylation du pore nucléaire dans

l'expression de gènes qui ne sont pas exprimés lors de la transition G1/S. Nous avons

choisi de nous concentrer sur le locus GAL, qui est connu pour être associé à la périphérie

nucléaire une fois qu'il est actif. En contrôlant l'expression du gène rapporteur sfGFP

intégré au locus GAL sous le contrôle du promoteur GAL1, nous avons montré que

l'acétylation du NPC favorise son expression. Étonnamment, nous avons constaté que la

délétion de HOS3 conduit à une apparition plus rapide de la protéine que la mutation

acétylée de nup60KN, ce qui indique qu'il existe probablement d'autres cibles de Hos3 à

la périphérie nucléaire qui modulent l'expression des gènes GAL. En outre, l'expression

chez les cellules filles est retardée dans la souche sauvage, et cette différence mère-fille

est perdue chez les mutants ayant leurs NPCs désacétylés. Nos preuves plaident en faveur

12



de l'importance de Sac3 dans l'activation du promoteur GAL1, puisque le fait de forcer

Sac3 à la périphérie entraîne une expression avancée de la sfGFP dans les cellules filles.

Conclusion
Nous présentons les données soutenant que l'entrée dans le cycle cellulaire chez

la levure est favorisée par l'activité du complexe acétyltransférase Esa1/NuA4 et qu'un

autre complexe Gcn5/SAGA peut partiellement compenser en son absence. SAGA et

NuA4 sont tous deux des régulateurs connus de la transcription, censés conduire à la

décompaction de la chromatine par acétylation des histones (H3 et H4, respectivement).

Nous montrons que Esa1 possède un rôle supplémentaire et qu'il acétyle Nup60 pour

favoriser l'association de Sac3/TREX-2 avec le NPC et ainsi faciliter l'exportation et/ou la

transcription de l'ARNm. Le mécanisme de régulation de l'exportation d'ARNm

dépendant de l'acétylation est probablement universel, car nous montrons des défauts

globaux d'exportation d'ARNm chez les mutants d'acétylation. En outre, nous montrons le

rôle de l’acétylation de Nup60 dans l'exportation de l'ARNm de CLN2 et le rôle de

l'association Sac3/TREX-2 avec le pore nucléaire dans la transition G1/S et l'expression

du gène GAL1.

Cependant, il reste de nombreuses incertitudes sur le rôle du NPC. Notre travail

pose de multiples questions auxquelles des recherches futures devront répondre. Quel est

le rôle de l'acétylation de Nup60 dans la structure de la NPC ? Quels autres composants

du complexe peuvent être acétylés afin de contrôler sa fonction ? Dans le cas du locus

GAL, l'exportation de l'ARNm est-elle favorisée par l'acétylation de Nup60 ?

L'exportation de certaines classes spécifiques d'ARNm est-elle affectée par la

désacétylation du NPC ? Enfin, le mécanisme que nous décrivons est-il conservé chez les

métazoaires ? Ces questions, ainsi que d'autres, restent à être abordées dans le futur.
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NAD - nicotinamide adenine dinucleotide

NAM - nicotinamide

NAT - N-terminal acetyltransferase

NDAC - N-terminal deacetylase

NE - nuclear envelope

NER - nucleotide excision repair

NLS - nuclear localization signal

NMD - nonsense-mediated decay

NPC - nuclear pore complex

NTR - nuclear transport receptor

nup - nucleoporin

ONM - outer nuclear membrane

ORC - origin recognition complex

ORF - open reading frame

PDC - pyruvate dehydrogenase complex

PIC - preinitiation complex

RBP - RNA-binding protein

rDNA - ribosomal DNA

RIP-qPCR - RNA immunoprecipitation and consecutive qPCR

RLS - replicative life span

RNA - ribonucleic acid

rSAM - radical S-adenosylmethionine

RTS - RNA transport signal

SAGA - Spt-Ada-Gcn5-acetyltransferase

SAS - something about silencing

SBF - SCB-binding factor

SCB - Swi4/Swi6-regulated cell cycle box

SCF box - Skp1–Cullin–F box

SDS - sodium dodecyl sulphate

SeRP - selective ribosome profiling

SG - stress granule

SINC - storage of improperly assembled nuclear pore complexes compartment

SIR complex - silent information regulator complex

SLIK complex - SAGA-like complex
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SPB - spindle pole body

SPEED microscopy -  single-point edge-excitation subdiffraction microscopy

SWI/SNF - Switch/Sucrose Non-Fermentable

TBP - TATA-binding protein

TEM - transmission electron microscopy

TF - transcription factor

TFIID - transcription factor II D

TOR - target of rapamycin

TPR - tetratrico peptide repeat

TREX-2 complex - transcription and export complex 2

tRNA - transfer RNA

TSA - trichostatin A

TSS - transcription start site

UTR - untranslated region

WT - wild type
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1. Introduction

Protein-encoding gene expression in eukaryotes is an intricate process that

always starts at the level of gene loci promoter and enhancer regions being bound by a

specific set of transcriptional activators and/or repressors, together called transcription

factors (TFs). If the gene is not constitutively active, gene activation may require changes

in transcription factor binding coupled with local binding of transcriptional co-activators

and chromatin remodelers. A complex known as Mediator binds to the TFs and promotes

the formation of a pre-initiation complex with RNA polymerase II, and eventually, the

mRNA synthesis can be initiated. The resulting mRNA undergoes several processing

events, including mRNA 5’-capping, removal of introns and 3’-polyadenylation. One of

the fundamental factors correlated with gene expression at the level of mRNA synthesis

is the reversible post-translational acetylation of histones, the proteins that form the beads

around which the DNA is coiled. The enzymes regulating the acetylation state of histones

can often acetylate other targets in the cell and in this way affect gene expression through

multiple pathways.

The processes described above happen in the context of highly compacted

chromatin in the nucleus, a cellular compartment separated from the rest of the cellular

content (cytoplasm) by the nuclear envelope, a double-layered membrane connected with

the endoplasmic reticulum. The inside of the nucleus, called the nucleoplasm, contains

the information of all proteins and RNAs encoded in the genome in the form of DNA, as

well as certain proteins and RNAs. The mRNAs found in the nucleus are usually the ones

that have not been fully processed and/or have not yet been exported to the cytoplasm,

where mature mRNAs are being translated into proteins currently required to support cell

homeostasis and cell cycle progression. In order to be transported from the nucleus to the

cytoplasm (exported), the mRNA needs to bind specific RNA-binding proteins (RBPs),

which associate co-transcriptionally and in coordination with the mRNA maturation

process. Some of these RBPs are important for mRNA quality control and for the

selective export of mature mRNAs.

Large molecules such as the mRNA-protein complexes (mRNP) are transported

through the pores in the nuclear envelope formed by multisubunit complexes called the

nuclear pore complexes (NPCs). These structures are the biggest protein complexes in

living cells. Some of their components contain highly disordered regions with patches of

specific amino acid sequences thought to be interacting with the nuclear transport

receptors - a unique class of proteins that bind to other molecules and facilitate their
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passage through the NPC. The functions of the NPCs are not limited to transport as they

have been implicated in genome organization, gene expression regulation, and aging. The

complexity of the NPC and the possible connections between its functions are making it a

complex object for studies. A complete knowledge of the specific roles of individual

proteins comprising the NPC (collectively called nucleoporins or nups) and the multiple

ways cells use to regulate its diverse functions is still lacking.

During my PhD, I investigated the role of non-histone protein acetylation in gene

expression in budding yeast. I found that post-translational acetylation of one of the

nuclear pore components (budding yeast homologue of mammalian Nup153, Nup60) is

important for gene expression, specifically for the mRNA export of CLN2, encoding one

of the key components of cell cycle entry machinery in yeasts. I also show that

differential acetylation of mother and daughter budding yeast cells in mitosis leads to

distinct interaction with mRNA export factors, which is partially responsible for delayed

cell cycle entry in daughter cells.

Keeping this in mind, I will first introduce the molecular players of the study

such as the nuclear pore complex and the cellular enzymes regulating protein acetylation.

I then finish the introduction by giving an overview of the regulation of gene expression

and the cell cycle entry regulation network, with a particular focus on the role of NPC

and protein acetylation.
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2. Nuclear pore complex (NPC)

2.1. First description

The porous structure of the nucleus was first described in the middle of the 20th

century when examination of Xenopus laevis oocytes revealed the presence of two layers

in the nuclear “membrane”. At the moment it was predicted that the inner layer largely

determines the selective permeability of the nuclear envelope, same as its “elastic

properties and remarkable strength”, while the outside porous layer exerts a supporting

function. The inner layer did not present any structural features and seemed continuous,

which was at the time interpreted as possibly misleading, partially due to limited

resolution (Callan & Tomlin, 1950). We can now say that the outside layer actually

contained two lipid bilayer membranes of the nuclear envelope with embedded nuclear

pore complexes (or NPCs), while the inner layer likely represented nuclear lamina,

reviewed in (X. Wong et al., 2022).

2.2. The nuclear envelope of budding yeasts

The nuclear envelope (NE) is a membrane-based structure that physically

separates the chromatin and other nuclear proteins and RNAs from the cytoplasm. It

consists of two lipid bilayers which are different in terms of the proteins associated with

them and consistently called the outer and the inner nuclear membranes (ONM and

INM). In fact both of them are continuous with the endoplasmic reticulum (ER), and the

ER lumen is the continuation of the space between the ONM and INM. (Meseroll &

Cohen-Fix, 2016)

The nuclear lamina in multicellular organisms is the layer of intermediate

filaments underlying the INM. It is functionally important for maintaining the nuclear

shape in response to mechanical stress and for the organization of the genome within the

nucleus. (Gruenbaum & Foisner, 2015) Budding yeasts do not have such a structure, but

some metazoan proteins associated with lamina are functionally homologous to budding

yeast proteins embedded in the INM (Grund et al., 2008; Mekhail et al., 2008).

The NE of certain fungi including budding yeasts is different in some aspects

from that of multicellular organisms. It remains intact during the whole cell cycle

including the time of mitosis which happens in a “closed” scenario (Arnone et al., 2013).

It expands symmetrically during interphase and elongates in the anaphase of mitosis. The

yeast NE is only safely breached in order to mix the genetic material during mating and

19

https://paperpile.com/c/qsWdnP/jeQd1
https://paperpile.com/c/qsWdnP/ZnkVr
https://paperpile.com/c/qsWdnP/lVAxO
https://paperpile.com/c/qsWdnP/lVAxO
https://paperpile.com/c/qsWdnP/NmEhZ
https://paperpile.com/c/qsWdnP/bizil+NMmon
https://paperpile.com/c/qsWdnP/k6amZ


to incorporate big structures in itself, such as the spindle pole bodies (SPB) which are the

yeast centrosome equivalents, and the nuclear pore complexes (or the NPCs) (Jaspersen

& Ghosh, 2012; Rothballer & Kutay, 2013).

2.3. The NPC: general information, structure and function

Figure 1 The nuclear pore complex Adapted from (Lange and Corbett 2013).

Mammalian nucleoporins and nucleoporin complexes are on the left, and budding yeast

homologues are on the right.

The NPC is the largest protein complex in the living cell that forms a channel

embedded in the nuclear envelope, across both INM and ONM, and extends beyond both

of their planes (Knockenhauer & Schwartz, 2016; Raices & D’Angelo, 2022). The

primary function of the NPC is to ensure the transport of molecules between the nuclear

interior (called nucleoplasm) and the cytoplasm. Small uncharged molecules (<100 Da)

can diffuse through the phospholipid bilayers, whereas others have to move through the

channels formed in the NE by the nuclear pore. The maximum size for passive movement

determined in the experiments with gold nanoparticles in mammalian cells was between 6

and 10 nm, which approximately corresponds to 40 kDa globular protein (Huo et al.,

2014). Bigger proteins and RNAs are transported actively and selectively, with the help

of specialized adaptor proteins. However, recent studies propose that there is no sharp
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distinction between passive and facilitated diffusion mechanisms based on the size of the

protein (Timney et al., 2016).

Another group of NPC functions is connected with its components located in the

nucleoplasm, which form a structure named “nuclear basket” for its shape. The nuclear

basket components serve as a hub for many other proteins, which act in genome

organization, regulation of gene expression, and mRNA quality control and export.

The budding yeast NPC is an ~50 MDa complex with 8-fold symmetry and a

diameter of ~120 nm composed of approximately 30 subunits each present in multiple

copies that form subcomplexes, schematically presented in Figure 1 (Rout & Wente,

1994). Each haploid nucleus has ~80-140 NPCs depending on the cell cycle stage. The

number of NPCs per nucleus gradually increases in the cell cycle, with the highest NPC

surface density being observed in the S phase. The distribution of the NPCs is not totally

random: they are usually spaced apart by at least 120 nm, not clashing with each other;

they form clusters of ~0.5-1 micrometer across; late anaphase and mitotic cells have a

zone with increased NPC density adjacent to the SPB. (Winey et al., 1997) However, the

zone in the direct vicinity of the SPB is devoid of NPCs, which has been associated with

centromere tethering at SPB in S. pombe (Varberg et al., 2022). In recent years our

understanding of NPC structure has largely improved thanks to the coordinated efforts in

cryo-EM-based reconstructions of native nuclear pore structure, reviewed in (Hampoelz

et al., 2019) and elegant fluorescent microscopy studies (Rajoo et al., 2017).

The metazoan NPCs are approximately twice heavier as their yeast counterparts,

but the overall structure is strikingly similar. Many nucleoporins of multicellular

organisms are orthologous to yeast nucleoporins, and the mechanisms of protein and

mRNA transport are largely conserved. In the following sections, I will discuss the NPC

functional units and their corresponding nucleoporin components with a focus on budding

yeast NPC, unless stated otherwise.

The global principles of protein and mRNA transport through the nuclear pores

are similar - both need to be associated with molecules called the nuclear transport

receptors (or the NTRs) in order to pass through the NPC. However, the energy used for

these two processes comes from distinct pools. Protein transport depends on the protein

network that creates a gradient of Ran protein (in its GTP or GDP-bound forms) between

the nucleus and the cytoplasm (Stewart, 2007). Another factor contributing to directional

transport is the affinity of the nucleoporins along the channel, which was shown to

increase for a model importin Kap95 from the cytoplasmic filaments towards the nuclear

basket (Pyhtila & Rexach, 2003).
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In the case of the mRNA export, the energy is provided by ATP hydrolysis

catalyzed by Dbp5 at the cytoplasmic side of the NPC. It results in the removal of the

mRNA export factors and mRNA release. (Hodge et al., 2011) Interestingly, ATP is as

well required for mRNA “wandering” in the nucleus observed in mammalian cells

(Vargas et al., 2005). Interestingly, the Ran cycle has also been implicated in the de novo

NPC assembly (Ryan et al., 2003).

Approximately ⅓ of all nucleoporins contain a series of

phenylalanine-glycine-rich repeats (GLFG, XFXFG, XXGF, where X is any amino acid)

and are collectively denoted FG nups (C. Li et al., 2016). Most FG nups contain 10-30

repeats spaced by polar or more hydrophobic patches of 3-15 amino acids, the

composition affecting their in vitro structures and properties (Yamada et al., 2010). These

repetitive sequences tend to localize nearby in the protein and belong to unstructured

regions. Many FG nups are the components of the central channel, and their

FG-repeat-containing domains create a meshwork within the NPC channel that is thought

to serve as a selective sieve for protein cargos. Recently nucleoporins containing GLFG

repeats have been implicated in the stabilization of scaffold interactions within the NPC

critical for the late stages of its assembly (Onischenko et al., 2017). To estimate the

functional importance of individual FG-repeats in diverse NPC-related processes, a

collection of FG-deletion strains has been constructed. (Adams et al., 2015) The

commonly accepted role for the FG-repeats is to form transient hydrophobic interactions

with the NTR in complex with the cargo, which is thought to ensure selective transport of

species (Bayliss et al., 2000), however, there is still debate over the model that would

build a satisfactory connection between the physical properties of the FG-nups and the

selectivity of the NPC central channel (Frey & Görlich, 2007; Kapinos et al., 2014; Lim

et al., 2007; Peters, 2005; Rout et al., 2000; Yamada et al., 2010).

Overall the structure of the nuclear pore complex can be subdivided into three

distinct domains: cytoplasmic filaments, the central pore, and the nuclear basket.

2.3.1. Cytoplasmic filaments

The cytoplasmic filaments of the NPC extend by about 30 nm to the cytoplasm

and decorate the entrance to the pore. Together with some FG domains of the central pore

nucleoporins (e.g. Nup116), they form a dome-shaped “exclusion zone” devoid of

ribosomes and other components, revealed by TEM. It includes the dense region, likely

corresponding to the cytoplasmic filaments, and strikingly a low-density region extending

to the cytoplasm, reaching 90 nm from the NPC central plane. (Fiserova et al., 2014) In
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budding yeasts, the cytoplasmic filaments include Gle1, Nup42, and P complex

nucleoporins - Nup82, Nup159, and Nsp1, which serve together as the mRNA export

platform (Oeffinger & Zenklusen, 2012). The importance of the cytoplasmic part of the

NPC is underscored by a number of mutations associated with different developmental

diseases found in hsGle1A/B proteins homologous to budding yeast Gle1 (Kaneb et al.,

2015; Nousiainen et al., 2008).

2.3.2. Central pore

The NPC central pore is embedded in the NE that forms a local fusion between

the INM and ONM to accommodate the complex. The structure of the central pore can be

imagined as three concentric rings: the layer directly interacting with the curved

membrane at the site where INM and ONM meet, the scaffold layer, providing the

stability of the complex, and the barrier layer that forms the innermost part of the pore

and ensures the selectivity of the transport. The central pore components are organized

symmetrically relative to the NE plane, hence termed symmetric nucleoporins, as

opposed to the asymmetric ones that belong to the basket or the cytoplasmic filaments.

The membrane layer is formed by only three transmembrane nucleoporins Ndc1,

Pom152, and Pom34. They are important for the correct NPC assembly including the

formation of properly sized and functional pores, and for the incorporation of

nucleoporins into other layers (Lau et al., 2004; Madrid et al., 2006)

The scaffold layer combines most of the least dynamic exchanging nucleoporins

of the NPC. It functions to ensure the stability of the complex and to anchor the other

parts of the complex.

The barrier layer consists of Gle2, Nsp1, Nup49, Nup57, Nup100, Nup116,

Nup145N. All of them, except for Gle2, are FG-nups. Gle2 promotes mRNA export at

elevated temperatures (Izawa et al., 2004) and supports the export of one of the

pre-ribosomal subunits (Occhipinti et al., 2013). The others ensure efficient and selective

transport of nuclear transport receptor-cargo complexes for both proteins and mRNA and

support the permeability barrier for other species (Wente & Rout, 2010). For example, the

GLFG domains of Nup116 (and likely those of Nup57) move together with the protein

cargo between the cytoplasmic exclusion zone and the nucleoplasmic exclusion zone,

“shuttling” within the NPC. (Fiserova et al., 2014) With regard to mRNA transport, the

GLFG domains of Nup49 and Nup57 become important for polyA RNA trafficking in the

absence of nuclear basket Nup1 and Nup2 GLFG domains, likely due to lower Mex67

recruitment and/or transport through the pore in mutant cells. (Terry & Wente, 2007).
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2.3.3. Nuclear basket

The “nuclear basket” is a structure reminiscent of a real basket, with eight

protein filaments that emanate from the nucleoplasmic side of the NPC and form a

smaller ring with their distal ends, 60-80 nm from the NE edge. The nuclear basket

components are Nup1, Nup2, Nup60, Mlp1, and Mlp2, scheme of the basket proteins and

their relative attachment and interactions are drawn in Figure 2; however, not all of them

are necessarily present in the NPC at once. The nuclear basket has several known

functions such as serving as a hub for DNA repair, transcription, mRNA quality control,

processing, and export, in addition to disassembly of the imported protein cargo - NTR

complexes. These functions imply the role of genome organization and require

interaction with diverse mRNA export factors, chromatin modification and remodeling

complexes, and regulatory protein complexes such as proteasomes. The structural

characterization of the nuclear basket has been complicated by its dynamic nature - in

vivo exchange rates are comparable to those of the NTRs (Hakhverdyan et al., 2021) -

and by its connection to the NE which makes it impossible to be isolated in a lipid-free

environment. Esc1 is a non-NPC component protein important for proper nuclear basket

assembly and function (A. Lewis et al., 2007).

Figure 2 The nuclear pore basket

Based on (Cibulka et al. 2022;

Mészáros et al. 2015; Jani et al.

2014). Nup60, Nup2, Nup1, and

Mlp1 basket nucleoporins are

schematically drawn next to the

gray central pore of the NPC.

Domains involved in protein-protein

interaction are in blue, amphipathic

helices of Nup1 and Nup60 are in

magenta, FXFG domains are in

amber, and green is the Sac3 CID

interacting domain within Nup1.
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2.3.3.1. Mlp1/2

Myosin-like proteins Mlp1 and Mlp2, the yeast orthologs of human Tpr, are the

heaviest proteins of the basket reaching ~200 kDa with a predicted long filamentous

coiled-coil rich N-terminus and a C-terminus with undefined structure. These

nucleoporins are excluded from the perinucleolar NPCs but at the same time can be found

in proximity to the NE in the inter-NPC regions and in the nuclear interior. Mlp fibers

interact with the Y complex of the central pore (Allegretti et al., 2020; S. J. Kim et al.,

2018) and require Nup60 to be properly incorporated into the NPC (Niepel et al., 2013).

Mlps are unique in several aspects: they are the least dynamically exchanging basket

nucleoporins (Hakhverdyan et al., 2021), the last ones to incorporate in the newly

assembling NPC (Onischenko et al., 2020), and the only non-FG basket nucleoporins

(Adams et al., 2015).

Overexpression of Mlp1 causes nuclear accumulation of polyadenylated RNA

(polyA RNA) indicative of mRNA export defect (Strambio-de-Castillia et al., 1999). This

may imply that the dynamic association of Mlps with the NPC is important for mRNA

export and that a high concentration of Mlp shifts the equilibrium towards its more stable

association with the nuclear basket. Alternatively, the excess amounts of Mlps could

interact with the mRNA in the nucleoplasm and hinder it from reaching the nuclear gate.

Mlp1 and Mlp2 physically interact with a wide variety of NTRs and mRNA export

factors, including Sac3, Mex67, and Yra1 (Niepel et al., 2013).

Apart from playing a role in mRNA export, Mlp proteins, and their metazoan

homologues have been implicated in most processes connected with nuclear basket

function: they support genome integrity (Niepel et al., 2005; Palancade et al., 2007), take

part in mRNA quality control pathways and gene regulation (Galy et al., 2004;

Vinciguerra et al., 2005), contribute to mRNA export (Green et al., 2003) and genome

organization (Hediger et al., 2002).

Mlp1 and Mlp2 are not fully equivalent - for example, even though both of them

can be a part of the nuclear basket, Mlp2 is yet another nucleoporin in addition to Ndc1

that functions in concert with the SPB proteins, contributing to SPB biogenesis (Niepel et

al., 2005).

2.3.3.2. Nup2

Nup2 is an ortholog of metazoan Nup50. Nup2 binding to the NPC depends on

interaction with Nup60 mediated by a Nup60 binding motif (Mészáros et al., 2015).
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Interestingly, this motif largely overlaps with the region identified as the Meiotic

Autonomous Region (MAR), which is necessary and sufficient for progression through

meiosis and spore viability (Chu et al., 2017). Nup2 directly interacts with

chromatin-modifying complexes and with histone H2A.Z (Dilworth et al., 2005), which

brings forward the possible connection between Nup2 and transcriptional memory. While

some genes are constitutively expressed, others are only activated under certain rare

conditions. Such genes once activated and repressed again, may stay in a so-called

“primed” state. This means that they will reactivate much faster if conditions require gene

activation again. Histone variant H2A.Z is incorporated into the recently repressed

promoters of INO1 and GAL1 inducible genes and contributes to both fast reactivation

and retention of the gene loci next to the periphery (D. G. Brickner et al., 2007).

However, at least in the case of INO1, Nup2 plays a role in the initial interaction of the

nuclear pore with the activated gene that is before H2A.Z incorporation, while it is

Nup100 that interacts with the repressed locus. (D. G. Brickner et al., 2019; Light et al.,

2010)

2.3.3.3. Nup1

Nup1 is the partial homologue of mammalian Nup153 important both for mRNA

export via binding of TREX-2 (TRanscription and EXport 2) complex (Jani et al., 2014;

Schlaich & Hurt, 1995) and for disassembly of the imported NTR-cargo complexes

(Gilchrist et al., 2002). Nup1 association with the NPC is proposed to be mediated by

Nup170 (Kenna et al., 1996) and/or by its N-terminal amphipathic helix domain capable

of interacting with (and bending) the membrane (Mészáros et al., 2015), however, the

exact structural aspects of Nup1 anchoring to the pore are not clear.

Nup1-TREX-2 interaction is important for the GAL1-10 locus relocation to the

nuclear periphery upon activation and for efficient mRNA export, which is thought to

promote GAL1/GAL10 expression. One of the mechanisms proposed to explain the

benefits of NPC targeting of the gene locus is the desumoylation of the transcriptional

repressors by an NPC-bound Ulp1 peptidase. (Texari et al. 2013).

2.3.3.4. Nup60

Nup60, one of the key molecules discussed in this thesis, is a partial ortholog of

human Nup153. It can directly interact with Mlp and with Nup2, as well as with the

membrane through an amphipathic helix (Cibulka et al., 2022). Its recruitment to the

NPC depends on a known α-helical region (Mészáros et al., 2015). Nup60 is an FG-nup,

and Nup60 K467 residue recently linked to the NPC remodeling, gene expression and
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gating, and protein transport modulation (Kumar et al., 2018; Meinema et al., 2022) is

located within the FG-repeat region (Adams et al., 2015). Together with the Mlps Nup60

is required to attract and stabilize the deubiquitinating enzyme Ulp1 (Zhao et al., 2004).

Nup60 and its modifications affecting the NPC structure have been linked with

DNA damage repair and telomere maintenance (Niño et al., 2016; Zhao et al., 2004),

sensing cellular stress (Folz et al., 2019), chromatin organization (Galy et al., 2000) and

mRNA export (Fischer et al., 2002) and transport of localized transcripts (Powrie et al.,

2011).

One of the ways to regulate the Nup60 function is via Nup60

monoubiquitylation at the interaction site with the NPC Y-complex. Non-ubiquitinate

mutant Nup60K(105-175)R is more dynamically associated with the NPC and

demonstrates a concomitantly increased exchange rate of Nup60 interaction partner

Nup2, while monoubiquitinated Nup60 is bound by Nup84 of the Y complex.

Interestingly, the deletion of NUP84 does not lead to a complete mislocalization of

Nup60 (Niño et al., 2016) indicating that different modes of Nup60 binding may coexist

in the cells.

Interesting roles for Nup60 and Nup2 have been recently identified in meiosis.

Nup60 is recruited to meiosis I prophase chromosomes and promotes this cell cycle stage

and genome integrity. However, Nup2 (or just its MAR segment) binding to Nup60 is

required for the proper function of this mechanism, since otherwise Nup60 activity is

inhibited via its own C-terminus. (Komachi & Burgess, 2022) A recent study claims that

NPC remodeling with Nup60 detachment required for the process described above

depends on Polo kinase that phosphorylates Nup60 at its Y-complex binding site.

Furthermore, the binding of Nup60 to the NPC in meiosis is mediated by the amphipathic

helix-membrane interaction essential for further nuclear basket formation. (King et al.,

2022)

2.3.4. Stoichiometry

Despite individual nucleoporins being highly conserved from yeasts to higher

eukaryotes, the overall structure of the NPC presents certain differences along the

evolutionary tree. In particular, unlike the human NPC for which most of the scaffold

nucleoporins are present in the maximal number of 32 units per complex, the same

number for S. cerevisiae was determined to be 16, except for Nic96 (24 units per

complex), Pom152, Nup42 and Gle1 (8 units per complex). (Rajoo et al., 2017) Another

study utilizing another microscopy-based approach, however, gave slightly different
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results, pointing towards the same 16 copies of nucleoporins per NPC for most NPC

components, but attributing a distinct number of copies for others compared to the Rajoo

et al. study, including Nup1, Nup60, Nup159 (8 copies per NPC), and Nic96 (16 copies

per NPC) (Mi et al., 2015). Rajoo et al. failed to get consistent results for Mlp1 and

Mlp2, likely due to the fact that these nucleoporins are excluded from the nucleolar

region (Galy et al., 2004) which was critical for the method of quantification that was

used. On the contrary, Mi et al. managed to define Mlp1 and Mlp2 to be present in the

numbers of 16 and 14-16 copies per NPC accordingly, thanks to the use of SPEED

(single-point edge-excitation subdiffraction) microscopy which allowed for individual

NPC observation experiments thus focusing on the NPCs that possess Mlp1/2. SPEED

microscopy makes use of inclined illumination that results in the point spread function,

the essential microscopy parameter defining the resolution, of lower dimensions; the

NPCs that were quantified by this method belonged to NPC-poor areas of the NE (Mi et

al., 2015), which on one hand allowed to properly quantify single NPC, but on the other -

lead to a biased selection of NPCs. This study additionally demonstrated that altering

certain nucleoporin levels leads to marked changes in the NPC stoichiometry leaving

them functional, which revealed the plasticity of the complex. (Rajoo et al., 2017)

The authors of the latest work aiming to improve the knowledge of the native

NPC structure used gentle NPC isolation by subfractionation or affinity capture followed

by mass spectrometry. The two isolation methods gave quite consistent results for most

major nups: most were found present in 16 copies per NPC, with 32 copies of Nic96,

Nup57, and Nup49 and 48 copies of Nsp1; cytoplasmic ring components Gle1 and Nup42

present in the number of 8 copies per NPC. Less consistent between isolation methods

were the results for nuclear basket components, ranging between 4-8 copies per NPC for

Mlps, 8-16 copies per NPC for Nup1, and 8-24 copies per NPC for Nup60. (Kim et al.

2018) The discrepancy in the nuclear basket composition may reflect both its variable

stability dependent on the isolation method and the variable composition of the native

NPCs.

2.4. NPC biogenesis

In order to perform its functions, the NPC has to be correctly assembled and

maintained in a functional state. The budding yeast NPC requires coordinated synthesis

of ~30 different proteins in defined stoichiometric quantities; it may be specifically

challenging because of the large number of subunits with intrinsically disordered domains

that are prone to aggregation. This is followed by the nucleation of the pre-NPC next to
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the INM and piercing a hole in the NE with simultaneous integration of the pre-NPC. In

case something goes wrong on the way, the defective pre-NPC should be detected and the

integration process stopped, if not - the later incorporating nucleoporins such as the

cytoplasmic filaments and the nuclear basket components are integrated. The speed of

new NPC generation in budding yeasts is quite slow since the NPCs in organisms with

closed mitosis never leave the NE, and their numbers are growing gradually. Once

created, the NPC undergoes continuous remodeling - some nucleoporins are constantly

exchanging with the nuclear pool and some are stably integrated. The core components

do not exchange within one cell cycle and may last days.

2.4.1. Nucleoporin synthesis

Early steps of NPC biogenesis involve interactions between certain mature NPC

subunits and mRNAs encoding their interacting partners engaged in translation. This

mechanism favors the co-translational assembly of NPC subcomplexes and

co-translational establishment of interactions between distinct subcomplexes as revealed

by SeRP (selective ribosome profiling) and RIP-qPCR (RNA immunoprecipitation and

consecutive qPCR) (Lautier et al., 2021; Seidel et al., 2022). Additionally, NUP1 and

NUP2 mRNAs were shown to co-translationally interact with largely assembled NPCs

embedded in the nuclear envelope thus serving the correct integration of emerging

proteins in the nuclear basket (Lautier et al., 2021). Such hierarchical NPC assembly

organization is thought to be beneficial as it allows more time for assembly intermediates

to ensure efficient subcomplex formation and avoid protein misfolding. Furthermore, it

may contribute to supporting stoichiometry ratios between individual nucleoporins.

The kinetics of NPC biogenesis can be generally described by saying that the

first subcomplexes to assemble are symmetrical core nucleoporins followed by

asymmetrical ones and finalized by the association of Mlp1/2 subunits as demonstrated in

(Onischenko et al., 2020) by metabolic labeling-based approach. Interestingly, this

method (termed KARMA) led to the identification of 4 rapidly exchanging

slow-maturing nucleoporins, namely Nsp1, Seh1, Nup188, and Nup133. The authors

speculate that two out of four, Nsp1 (S. J. Kim et al., 2018) and Seh1 (Dokudovskaya et

al., 2011) are known to engage in alternative complexes and their large maturation pools

could represent the strategy to avoid competition for protein availability. Strikingly,

exactly the same nucleoporins are shown to be associating with partner nucleoporins in a

co-translational manner, namely full-length Nsp1 co-translationally binds nascent Nup57
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and, in the same way, Seh1 binds Nup85 (Seidel et al., 2022), which could be yet another

reason why the protein pools are increased.

The fact that Mlp1/2 incorporation happens at the stage of fully assembled NPC

is in agreement with the observation that certain pores are devoid of Mlp1/2 (Galy et al.,

2004). Intriguingly, Mlp1 assembly with the NPC has been shown to depend on

transcription by Pol II and mRNA processing (Bensidoun et al., 2022).

2.4.2. NPC integration in the NE

Mitosis in multicellular organisms is associated with the profound NPC

remodeling and regulated dissolution of the nuclear envelope, which is rebuilt with

concomitant incorporation of NPCs in telophase, reviewed in (Otsuka & Ellenberg,

2018). In interphase, however, the newly forming pores have to be incorporated into the

continuous NE. Budding yeast divide by closed mitosis, which means that the NE is

never undergoing remodeling to the same extent. The fact that both budding yeast and

interphase cells of metazoans have to solve the problem of integrating a huge newly

formed protein complex in the double membrane, similar mechanisms are thought to be

applied in these distant branches of eukaryotes.

The correct integration of the NPC depends on the NE dynamics - the most

complicated part of the large structure integration to the NE may be how to make a hole

in it and not let the nucleoplasm and the cytoplasm intermix. Studies in a cell-free system

- the nuclei assembled in Xenopus egg extracts - point towards a stepwise mechanism of

the NPC integration that requires the fusion of NE membranes. This is thought to be

happening in the sites where the INM and ONM come closer to each other as observed by

TEM (D’Angelo et al., 2006). The hypothesis is confirmed in a later electron microscopy

study that examined the post-anaphase mammalian cells in the time course. The authors

conclude that interphase integration of the NPC to the NE occurs from the nucleoplasmic

side and that indeed the process is stepwise. The dome-shaped evaginations of the INM

were created that gradually increased in depth and diameter. At this stage, the central pore

components including hsNup107 (mammalian homologue of yeast Nup84) and several

others were found associated with the curved INM. The cytoplasmic filaments are only

incorporated at a later stage of maturation, likely after the membrane fusion step.

Interestingly, the 8-fold rotational symmetry of the pre-NPC can be observed from the

earliest stages of integration. (Otsuka et al., 2016)

The membrane fusion is thought to be facilitated by transmembrane

nucleoporins and certain reticulons - ER membrane proteins able to bend the membrane
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(Dawson et al., 2009; Madrid et al., 2006). In particular, deletion mutants for Apq12, the

integral NE and ER protein, accumulate NPCs that are associated with the INM but not

the ONM. (Scarcelli et al., 2007) Together with two other proteins, Brl1 and Brr6, Apq12

is thought to serve as a sensor coupling the NE piercing with the maturation of NPC

components to be inserted (Dultz et al., 2022; Hodge et al., 2010; Kralt et al., 2022).

Apq12 may serve as a link between NPC integration and the local lipid composition

which is another important factor for membrane fusion (W. Zhang et al., 2021;

Zhukovsky et al., 2019).

2.4.3. Dynamic and stable associations of nucleoporins with the NE

While some nucleoporins seem to be stably associated with the NPC, others are

dynamically exchanging with soluble pools. In mammalian cells, several other

nucleoporins such as nuclear basket components Nup50 and Nup153 and central pore

components Nup98 and Rae1/Gle2 were shown to associate dynamically with the NPC,

whereas others, specifically scaffold nucleoporins, interact in a stable manner. (Griffis et

al., 2002; Lindsay et al., 2002; Pritchard et al., 1999; Rabut et al., 2004)

One example of the budding yeast dynamically associating nucleoporin is Nup2,

the component of the nuclear basket. Upon heterokaryon formation, Nup2-GFP

relocalized from the GFP-fluorescent nucleus to the non-labeled one, unlike any other of

the nucleoporins tested (Nup49, Nup60, Nsp1). Nup60 binding to the nuclear basket

depends on Nup60 and on the Ran gradient, one of the major determinants of nuclear

protein import. Nup2 in nup60 deficient cells is distributed throughout the nucleoplasm;

interestingly, under the conditions of metabolic poisoning leading to Ran-GTP depletion,

Nup2 regains the ability to associate with the nuclear periphery. This could be explained

by the suggested existence of an alternative Nup2 docking site at the cytoplasmic face of

the nuclear pore since in the same study Nup2 was found associated with both

nucleoplasmic and cytoplasmic faces of the NPC in wild-type cells and with the

cytoplasmic face in nup60 deficient cells by immunoelectron microscopy of purified

nuclei. (Dilworth et al., 2001)

The dynamic exchange of NPC components with their soluble fractions in vivo

has been assessed in a proteomic study using radioisotope labeling and tightly regulated

expression of tagged nucleoporins (Hakhverdyan et al., 2021). The fastest exchanging

nups belong to the nuclear basket (Nup1, Nup2, and Nup60) and, interestingly, Ndc1, the

transmembrane nucleoporin which associates with the SPB upon its insertion to the NE

(Rüthnick et al., 2017). Slightly slower exchange rates are demonstrated by the several
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central pore nups and Gle1 of the cytoplasmic nups. The scaffold of the NPC contains the

slowest exchanging nucleoporins, joined by the major nucleoporins that create the

selectivity barrier for protein transport, Nsp1-Nup49-Nup57. Interestingly, no correlation

between the exchange rates and turnover rates was found. (Hakhverdyan et al., 2021)

2.5. NPC quality control and inheritance

Correct assembly of the functional NPC is supervised by the ESCRT-III/Vps4

dependent mechanisms. ESCRT is a protein family whose name stands for the endosomal

sorting complexes required for transport. The components of ESCRT can topologically

bend membranes and perform scission of the resulting vesicles (which is specifically the

role of ESCRT-III). Vps4 is one of the proteins recycling the ESCRT components from

the vesicle back to the cytoplasm. (Schmidt & Teis, 2012) The clearance of the

improperly assembled NPCs is performed by ubiquitination-dependent proteasome

degradation of the storage of improperly assembled nuclear pore complexes compartment

(SINC) contents. SINC is specifically retained in the mother cells. The early NPC

intermediates interact with the INM protein Heh2, which in turn may be bound by the

Snf7 component of ESCRT-III. The authors of the study referenced below favor the

hypothesis that in case the NPC is not timely formed then comes the next step in the NPC

quality control which is the Vps4-dependent formation of an intralumenal vesicle and

further cytoplasmic degradation of the malformed NPCs, but direct evidence is so far

missing. (Webster et al., 2014) Later study points toward Heh2 as the sensor of the NPC

assembly state (Borah et al., 2021).

Nucleoporins in budding yeast daughter cells are inherited in the mitosis from

the mother cells. This is happening in the course of nuclear extension and fission in

anaphase and telophase when the nucleus partially enters the bud through the bud neck as

it elongates and divides into two nuclei. At the same time, the NPC delivery from the

mother to the daughter is an active process, and the NPCs entering the daughter segment

of the dividing nucleus have to cross the selectively permeable septin-mediated diffusion

barrier at the level of the bud neck (Makio et al., 2013). For example, the NPCs lacking

the Nsp1 subcomplex (Nsp1, Nup57, Nup82) were passing the barrier significantly worse

than the wild-type counterparts. (Makio et al., 2013) Interestingly, another paper

published closely in the time indicated that the newly synthesized pool of Nsp1 is

important for daughter viability and NPC inheritance (Colombi et al., 2013).

Importantly, this barrier ensures the retention of non-centromeric plasmids in the

mother cell, and later work supported this model and demonstrated that such plasmids are
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retained in the mother cells together with the NPCs to which they are anchored in a

mechanism dependent on SAGA and TREX-2 complexes. In aged mother cells this

largely contributes to increased NPC numbers, likely due to the formation of an NPC cap

- a structure in the nuclear envelope densely packed with NPCs associated with the

non-centromeric plasmids increasingly accumulating with cell age. (Denoth-Lippuner et

al., 2014; Shcheprova et al., 2008) The non-centromeric plasmids in these studies serve as

a model of naturally occurring extrachromosomal DNA circles. The most widely known

example of such circles in budding yeast is extrachromosomal ribosomal DNA circles of

ERCs. As mother cells age, they accumulate spontaneously excised ERCs which are

autonomously replicating sequences encoding 5S and 35S ribosomal RNA. Increasing

numbers of ERCs contribute to the gradual loss of homeostasis and entry to senescence

due to excessive rDNA transcription (Morlot et al., 2019).

Under starvation or TORC1 pharmacological inhibition, the NPCs are

selectively degraded with the participation of the cell autophagy machinery. One of the

studies describing this phenomenon reported that the degradation was enhanced in

mutants that cause NPC clustering. However, the physiological relevance of this pathway

is yet to be described. (C.-W. Lee et al., 2020; Tomioka et al., 2020)

2.6. NPC regulation in the cell cycle

As will be discussed in later chapters, cell cycle progression is associated with

changes in gene expression. They may be caused by modulation of nucleo-cytoplasmic

protein transport, mRNA nuclear export, or chromatin structure, processes that are in

whole or in part dependent on the NPC. The NPC structure is therefore likely subject to

regulation in a cell cycle-dependent manner.

One known example of an NPC-dependent cell cycle regulation mechanism is

the mitosis-specific inhibitory interaction between Nup53 and Kap121 importin. In G1

and S phases Nup53 interacts with Nup170 and cannot bind Kap121, while in mitosis

possibly due to Cdk-dependent phosphorylation, Nup53-Nup170 interaction is lost and

the Kap121 binding domain (KBD) of Nup53 is revealed. KBD competes with the cargo

of Kap121 for the NLS-binding site and thus likely destroys Kap121-cargo complexes

preventing the cargo from being imported. Cells with compromised function of Kap121

are delayed in mitosis. One of the known Kap121 cargos is Cdh1, an activator of the

Anaphase-promoting complex which is required for exit from mitosis. (Lusk et al., 2007;

Makhnevych et al., 2003; Marelli et al., 1998).
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Another example of cell cycle-dependent modification of the NPC is the

deacetylation of multiple nups by Hos3, as will be discussed later.
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3. Protein acetylation and its role in the regulation of

gene expression

Post-translational modifications are changes in the covalent bond composition of

protein synthesized by the translation machinery, therefore expanding the information

encoded in the mRNA. Such changes may include proteolytic cleavage and modification

of side chains or N-/C-terminus. Side chain modifications are getting more attention with

an increased number of ways to study them in a high-throughput manner. The functional

consequences of protein side chain modifications are diverse and include changes in

enzymatic activity, localization, ability to interact with its partners, and stability. Some

examples of such modifications are phosphorylation, methylation, ubiquitination, and

acylation. One of the many acyl groups that may be found decorating eukaryotic proteins

is acetyl, the second smallest of the homologous series of acyl substituents. (Mann &

Jensen, 2003; Marino et al., 2015)

There are two types of protein acetylation. The first one, Nα-terminal

acetylation, performed co- and/or posttranslationally by N-terminal acetyltransferases

(NATs) in the majority of eukaryotic proteins and currently considered irreversible since

so far, no enzyme has been discovered that catalyzes N-terminal deacetylation

(N-terminal deacetylase or NDAC) (Ree et al., 2018). The second one, post-translational

acetylation of lysine ε-amino groups, is less frequent, but possibly more important,

providing means for flexible regulation of protein function. It is achieved by the activity

of lysine acetyltransferases (KATs) and reversed by lysine deacetylases (KDACs). NATs

and KATs require acetyl-CoA as a source of acetyl groups for their activity (Figure 3).

Both types of acetylation have been shown to play a role in protein function (Glozak et

al., 2005; Polevoda & Sherman, 2000), however in this thesis, I focus on the reversible

Nε lysine acetylation.

One consequence of lysine acetylation, positive charge neutralization, is thought

to serve two global goals: on one hand, it may hinder electrostatic interactions (for

example between the acetylated protein and DNA) and on the other hand, it may promote

interaction with certain proteins (such as bromodomain-containing proteins belonging to

transcription machinery that interact with acetylated histones (Hassan et al., 2007)).

A recent study comparing global acetylation and phosphorylation between

Drosophila melanogaster and Homo sapiens demonstrates that lysines targeted by

acetylation are more evolutionary conserved than serines and threonines targeted by
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phosphorylation, and also that acetylated lysines are more conserved than non-acetylates

ones. This suggests that the portion of lysine acetylation sites under selective pressure is

higher than that for serine/threonine phosphorylation. Gene Ontology terms analysis of

the identified conserved acetylation sites suggested that this post-translational

modification is important for such cellular processes as protein translation, protein

folding, DNA packaging, and mitochondrial metabolism (Weinert et al., 2011).

Figure 3 N-terminal and N-ε acetylation Adapted from (Ree, Varland, and Arnesen

2018) Acetylation of protein N-terminus (top) and lysine N-ε amino group (bottom). Both

processes require Ac-CoA, both processes are in principle reversible, although NDAC

has not yet been discovered.

3.1. Histone acetylation

The First evidence that histones are acetylated came in 1963 (Phillips, 1963),

while by that time protein acetylation was already known for ovalbumin, cytochrome C,

α-melanocyte-stimulating hormone, and tobacco-mosaic-virus protein (Harris, 1959;

Narita & Ishii, 1962; Ramachandran & Narita, 1958; Titani et al., 1962).
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At the time, histones were thought to inhibit DNA-dependent RNA synthesis in

differentiated cells of higher animals and plants. This idea was first proposed in 1951

(Stedman & Stedman, 1951) and later was supported by data from biochemical studies in

which, for instance, RNA synthesis was decreased upon the addition of isolated histones

to isolated calf thymus nuclei. In a complementary experiment, trypsinization of isolated

calf nuclei, preferentially digesting histones because of their high lysine/arginine content,

led to enhanced RNA synthesis (Allfrey et al., 1963). However, the idea that histones are

inhibitory for RNA synthesis did not give an explanation of how to increase RNA

production without histone removal. The revolutionary discovery that minor and likely

reversible changes in histone chemistry composition that do not impact their amino acid

composition, such as acetylation, may promote RNA synthesis, came from the study in

which chemically acetylated histones had significantly lower (or completely lacked) the

inhibitory effect on RNA synthesis in calf thymus nuclei, relative to non-acetylated

histone control (Allfrey et al., 1964). Further studies revealed that certain

transcriptionally active chromatin regions present elevated levels of core histone

acetylation (Hebbes et al., 1988; Sealy & Chalkley, 1978) strengthening the idea that

histone acetylation does facilitate RNA polymerase function.

It was also known for a long time that newly synthesized histones H3 and H4 are

readily acetylated after their synthesis and that these modifications are removed following

the assembly of nucleosomes (Jackson et al., 1976). However, it was not until 1995 that

the first eukaryotic acetyltransferases started to be identified. Budding yeast Hat1

acetyltransferase activity was discovered in a screen looking for mutants associated with

reduced acetylation of histone H4 tail peptide (Kleff et al., 1995). The same year another

enzyme harboring acetyltransferase activity in vitro was identified in crude macronuclear

extracts of Tetrahymena thermophilus in a gel-based activity assay for which target core

histones were co-polymerized in the SDS gel (Brownell & Allis, 1995). Once the

corresponding gene was cloned, its protein sequence turned out to exhibit high homology

with yeast Gcn5 protein(Brownell et al., 1996) which was already known to function as a

transcriptional adaptor required for transcriptional activation, thus strongly supporting the

connection between histone acetylation and transcriptional activation (Georgakopoulos &

Thireos, 1992). Further studies confirmed the correlation between the ability of Gcn5 to

acetylate histones and to promote transcription (Kuo et al., 1998; L. Wang et al., 1998).

A study on the dynamics of targeted histone acetylation or deacetylation has

shown that untargeted HAT (histone acetyltransferases) and HDAC (histone deacetylases)

activities are highly dynamic and restore the basal level of acetylation within minutes
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after chromatin state modulator is no longer bound to a specific locus. Specifically,

targeted VP16-mediated histone H3 hyperacetylation was removed within ~1.5 minutes,

while targeted Ume6-mediated hypoacetylation of histones H3 and H4 was recovered

within 5-8 minutes at the same promoter. Interestingly, the same study revealed that

TATA-binding protein disappears from the promoter immediately after the dissociation of

the targeted VP16 activator, before the reversal of histone acetylation, which stresses the

need for the activator to be present at the promoter for TBP binding to otherwise

hyperacetylated chromatin. (Katan-Khaykovich & Struhl, 2002)

One of the early attempts to decipher the causal relationship between the

transcription and histone acetylation showed that histone acetylation at the promoter

regions genomewide depends neither on RNA Pol II nor on TAF1, TFIID component,

supporting the hypothesis that likely histone acetylation precedes transcription and is not

its direct consequence (Durant & Pugh, 2006). This study has recently been contested

with regard to results concerning RNA Pol II by a follow-up publication, using

pharmacological inhibition of mRNA synthesis instead of the genetic inhibition by the

use of the rpb1-1 allele as in the original research. The conclusion was that RNA Pol II

promotes both the recruitment and activity of KATs towards chromatin, essentially shapes

the histone acetylation landscape, and contributes to a feed-forward loop facilitating

further transcription (Martin et al., 2021). Even though the use of phenanthroline by

Martin et al. was reported to affect major signaling pathways that cause changes in

certain transcription factors and KAT/KDAC promoter occupancies as mentioned in a

critical response by (Zencir et al., 2022), the conclusion that a large proportion of histone

acetylation depends on ongoing transcription is supported in other studies (Z. Wang et al.,

2022). The arguments of the critical response are addressed in the rebuttal letter, showing

that the KAT occupancies are changed only for a minor part of genes and that even if the

KAT is not lost from the promoter region, acetylation is decreased. This stands in

agreement with their original claim that association of KAT does not automatically mean

acetylation, and that KATs are regulated at promoters post-recruitment. (Martin & Howe,

2022)

The functional significance of different histone amino acids including lysines

has been evaluated in a number of studies, which revealed several important regions for

histone function and cell viability, including the N-terminal tails for histones H3, H4, and

H2B - one of the most heavily modified parts of the histones (Dai et al., 2008; Jiang et

al., 2017). The tails themselves or modifications within must play an essential role in

cells, since N-terminal deletions of both histone H3 and H4 tails are lethal and that the
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tails are known to be important for nucleosome assembly (Ling et al., 1996; B. A.

Morgan et al., 1991). Interestingly, in the case of H2A, it is the C-terminal but not the

N-terminal tail that is more sensitive to amino acid changes (Jiang et al., 2017). However,

the precise role of acetylation of individual lysines within histone tails remains unclear

(Dai et al., 2008; Jiang et al., 2017).

3.2. Non-histone acetylation that impacts gene expression

In addition to well-established evidence of histone acetylation in gene expression

regulation, a significant amount of evidence points to acetylation regulating gene

expression in histone-independent ways. Acetylation targets are found among

transcription factors and enzymes, and recently the nuclear pore complex function has

been shown to depend on the acetylation of its components. The comparisons of

acetylation levels in different cellular compartments revealed low levels of acetylation

stoichiometry for most proteins, the highest being observed in nuclear ones - transcription

factors and components of acetyltransferase and deacetylase complexes (Weinert et al.,

2014), which makes their acetylation likely functionally important.

3.2.1. Transcription factor acetylation

Acetylation of transcription factors, similar to that of histones, is thought to

mostly change their DNA binding and interactions with other proteins. (Bannister &

Miska, 2000) Multiple transcription factors of multicellular organisms are known to be

regulated by acetylation, the list including p53, pRb, GATA1, some general transcription

factors, and many others. (Polevoda & Sherman, 2002)

It seems that a bit less is known about budding yeast transcription factor

acetylation. One of the few examples is Ifh1 which regulates the transcription of

ribosomal proteins. It is acetylated on several lysines within the N-terminus by SAGA

and deacetylated by sirtuins. Its acetylation is decreased upon rapamycin-induced

inhibition of TOR which is accompanied by a decrease in ribosomal protein gene

expression. The analysis of the Ifh1 acetyl-mimic mutant and the mutant, mimicking

constitutive deacetylation, showed that acetylation is inhibitory for its function.

Acetylation of Ifh1 is proposed to limit the otherwise robust initial increase in

transcription of ribosomal proteins that follows a switch to a more preferable carbon

source. (Downey et al., 2013)

Another example is Swi4, the component of the SBF transcription factor playing

a role in cell cycle entry. Acetylation of Swi4 regulates the stability of SBF by
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modulating Swi4-Swi6 interaction. Swi4 is the yeast homologue of E2F, which is

regulated by acetylation in multicellular organisms (Martínez-Balbás et al., 2000). Swi4

acetylation may be directly regulated by the deacetylase Rpd3. According to mutational

analysis, the acetylation status of Swi4 does not change its binding to DNA target sites,

however, the transcription of SBF-regulated genes was significantly decreased in the

deacetyl-mimic mutant. The two lysines belong to the Swi6 binding domain, so likely

their acetylation contributes to efficient SBF complex formation. (Kaluarachchi Duffy et

al., 2012)

Transcriptional repressors are also targets of acetylation-dependent regulation.

The zinc-cluster Ume6 protein is a transcriptional repressor located at Early Meiotic

Genes promoters in mitosis and recruiting histone deacetylase and chromatin remodelers

in order to ensure inactivated state of the genes. Gcn5 acetylates several lysines within

the zinc cluster in order to loosen DNA binding, likely by removal of the electrostatic

bonds between the repressor and DNA. This step promotes further

ubiquitination-dependent degradation of Ume6. The expression of the Ume6

non-acetylatable allele caused a delay in the expression of Early Meiotic Genes. (Law et

al., 2014)

3.2.2. Kinase acetylation

Cdc28 was found to be acetylated on conserved K40 position in the catalytic

ATP-binding pocket, and mutations of this lysine either to arginine (to mimic constitutive

deacetylation) or to glutamine (to mimic constitutive acetylation) were not able to support

growth underlining the functional significance of this lysine (Choudhary et al., 2009).

The analogous site in mammalian CDK9 (K48) is considered to be important for

orienting phosphate groups of ATP and for magnesium ion binding (De Bondt et al.,

1993). Interestingly, CDK9 in complex with cyclin T1 was shown to primarily

phosphorylate the C-terminal domain of RNA Pol II at serine 5 (Gibbs et al., 2017) in

Drosophila, and K48 acetylation by GCN5 and P/CAF inhibits its kinase activity (Sabò

et al., 2008) in U2OS cells.

3.2.3. Nuclear pore acetylation

The studies of nuclear pore acetylation pointing to the functional significance of

nuclear pore acetylation have just started to emerge in recent years, even though

acetylation of nuclear pore components has been known since the beginning of 2010s

both for budding yeasts (Downey et al., 2015; Henriksen et al., 2012) and for higher
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eukaryotes (Beli et al., 2012; Y. Chen et al., 2012; Choudhary et al., 2009; Lundby et al.,

2012; Sol et al., 2012; Weinert et al., 2011, 2013). Several nucleoporins from different

parts of the NPC have been consistently found in these studies to yield acetylated

peptides (see Table 1, Supplementary tables 1 and 2), but the effects of nuclear pore

acetylation on cell physiology remain largely unexplored.

Table 1 Nucleoporins grouped by location and function within the NPC. Adapted

from (Lange & Corbett, 2013). Nucleoporins that yielded acetylated peptides at least in

one of the acetylome studies in bold; nucleoporins that were found to be acetylated in the

same position in at least 2 studies are underlined. References point to the studies where

acetylated peptide(s) for corresponding nucleoporins were detected.

Budding yeast (S.
cerevisiae)

Mammalian Location within
NPC

Motifs/domai
ns

Predicted function

Nup1(Downey et
al., 2015;
Henriksen et al.,
2012),
Nup60(Downey et
al., 2015;
Henriksen et al.,
2012)

Nup153(Beli et
al., 2012; Y. Chen
et al., 2012;
Choudhary et al.,
2009; Lundby et
al., 2012; Weinert
et al., 2013)

Nuclear FG Structure; transport

Nup2(Downey et
al., 2015;
Henriksen et al.,
2012)

Nup50/Npap60(
Beli et al., 2012;
Y. Chen et al.,
2012; Choudhary
et al., 2009;
Lundby et al.,
2012; Sol et al.,
2012; Weinert et
al., 2013)

Nuclear FG Transport

Mlp1(Downey et
al., 2015;
Henriksen et al.,
2012), Mlp2

Tpr(Beli et al.,
2012; Y. Chen et
al., 2012;
Choudhary et al.,
2009; Lundby et
al., 2012; Sol et
al., 2012; Weinert
et al., 2013)

Nuclear Coiled-coil Structure; transport

Nup1 complex:
Nsp1(Henriksen et
al., 2012),
Nup49(Henriksen
et al., 2012),
Nup57

Nup62 complex:
Nup45, Nup54,
Nup58, Nup62

Symmetric FG,
coiled-coil

Structure; transport

Nic96 complex:
Nic96,
Nup53(Downey et
al., 2015;
Henriksen et al.,
2012), Nup59,
Nup157,

Nup93 complex:
Nup35/53,
Nup93(Sol et al.,
2012; Weinert et
al., 2013),
Nup155(Lundby
et al., 2012),

Symmetric β-Propeller,
α-solenoid,
FG

Structure; transport
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Nup170(Henriksen
et al., 2012),
Nup188, Nup192

Nup188(Choudh
ary et al., 2009;
Lundby et al.,
2012),
Nup205(Beli et
al., 2012;
Choudhary et al.,
2009)

Nup84 complex:
Nup84, Nup85,
Nup120, Nup133,
Nup145C, Sec13,
Seh1

Nup107–160
complex:
ALADIN, Nup37,
Nup43,
Nup75/85,
Nup96,
Nup107(Y. Chen
et al., 2012;
Lundby et al.,
2012), Nup133(Y.
Chen et al.,
2012; Lundby et
al., 2012; Sol et
al., 2012; Weinert
et al., 2013),
Nup160(Y. Chen
et al., 2012),
Sec13, Seh1

Symmetric β-Propeller,
α-solenoid

Scaffold

Pom152 Gp210 Transmembrane TMH Transport

Ndc1 Ndc1 Transmembrane TMH Structure

– Pom121(Choudh
ary et al., 2009)

Transmembrane TMH, FG Structure

Pom34 – Transmembrane TMH Structure

Nup100(Downey et
al., 2015), Nup116,
Nup145N

Nup98(Y. Chen
et al., 2012;
Choudhary et al.,
2009)

Symmetric FG, Nup98
fold

Transport

Gle2 RAE1(Weinert et
al., 2013)/Gle2

Symmetric β-Propeller Transport

Nup82 Nup88(Lundby et
al., 2012)

Cytoplasmic β-Propeller,
coiled-coil

Structure

Nup159(Downey et
al., 2015)

Nup214(Choudh
ary et al., 2009;
Lundby et al.,
2012; Weinert et
al., 2013)

Cytoplasmic β-Propeller,
coiled-coil,
FG

Structure

– Nup358 Cytoplasmic FG Structure; transport

Nup42 NLP1/CG1 Cytoplasmic FG Structure; transport

The most consistently acetylated nucleoporins between budding yeast and

mammals reside in the nuclear basket, making it reasonable that most studies so far have

concentrated on acetylation of Nup60 and Nup1 (mammalian Nup153), Nup2

(mammalian Nup50) and Mlp1/2 (Tpr).
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Acetylation of Arabidopsis thaliana Nup50 conserved residue K18 was shown to

be decreased upon treatment with KDAC inhibitors TSA and apicidin (Hartl et al., 2017).

The analogous residue of murine Nup50 K8 is located within the binding segment 1 and

responsible for complex formation with importin-α, and the crystal structure of the

complex suggests that K8 approaches a negatively charged amino acid in the acidic linker

of Nup50 located right next to the binding segment 1. This interaction likely contributes

to the formation of the β-turn that intrudes the NLS binding site of importin-α and

accelerates the importin-cargo complex disassembly upon entry; the mechanism is

predicted to be affected by K8 acetylation (Füßl et al., 2018). Acetylation of Nup2, the

yeast functional homologue of Nup50, was shown to at least partially depend on SAGA

(Downey et al., 2015; Henriksen et al., 2012).

Even though Tpr presents the highest number of conserved acetylation sites

among nucleoporins (see Supplementary table 2), so far there are no studies examining

their functional relevance. The significance of acetylation sites within yeast Nup1 is still

cryptic as well. Acetylation of Nup153 and its yeast homologue Nup60, on the other

hand, has been investigated slightly more extensively.

The functional significance of budding yeast Nup60 acetylation has been studied

in recent years by two groups including ours (Kumar et al., 2018; Meinema et al., 2022). I

will discuss the work by (Meinema et al., 2022) in the Discussion section of the thesis,

and here I will briefly list the findings relative to the functional consequences of NPC

deacetylation by Hos3 and some nucleoporin substrates identified as its targets.

Our group has shown that Hos3 deacetylase localizes to the daughter nuclear

baskets in anaphase, where it deacetylates a number of nuclear pore components

including Nup60, Nup49, and Nup57. Their deacetylation synergistically delays Start in

daughter cells through at least two independent mechanisms. On one hand, nucleoporin

acetylation regulates the transport of the G1-phase transcription repressor Whi5. Indeed,

Whi5 concentration is higher in daughter cells than in mother cells at the moment of cell

birth and this asymmetry is decreased in acetyl-mimic mutants Nup60K467N,

Nup49-K(382,383)N and their combination. On the other hand, Nup60 acetylation also

modulates the association of the CLN2 gene locus with the nuclear periphery.

Constitutive localization of Hos3 to the nuclear periphery of both mother and daughter

cells at all cell cycle stages led to changes in the distribution of RNA (Mtr2, Mex67,

Los1) and protein (Kap95) transport factors. (Kumar et al., 2018)

Interestingly, three acetylation sites (K228, K262, and K272) have been detected

in Nup2 within the FG-repeat region (Adams et al., 2015; Downey et al., 2015; Henriksen
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et al., 2012), and one low-confidence acetylation site at K51 - right next to the Kap

binding domain (Cibulka et al., 2022). At the same time, its mammalian homologue

Nup50 is a verified target of regulation by acetylation, however, in addition to K8, there

are 2 more acetylation sites within the importin binding domain (K59, K83) and K162,

within the domain responsible for NPC (Nup153, the yeast Nup60/Nup1 homologue, or

MEL28/ELYS) binding (Holzer et al., 2021).

Nup60 may also be regulated by acetylation at other sites except for the one we

characterize. Several other low-confidence acetylation sites are located within or next to a

predicted motif with so far uncharacterized function (K358, K363 (Cibulka et al., 2022;

Henriksen et al., 2012)), and another one maps to the FG-repeat region (Henriksen et al.,

2012).

3.2.4. Protein acetylation in connection with metabolism, cell cycle

entry, and growth

Acetyl-coenzyme A, the compound that the cell uses as a source of acetyl groups

for protein acetylation, is the downstream metabolite of various carbon sources that serve

as an integrative metabolic signal that drives growth and cell proliferation. The studies in

budding yeast under conditions of continuous glucose-limited growth showed that upon

synchronous entry into the growth phase cellular concentration of acetyl-CoA peaks

within minutes and that is associated with an increase in expression of genes important

for amino-acid synthesis, ribosome production, RNA and sulfur metabolism, followed by

an increase in G1-S related gene expression (such as CLN2). They also showed that this

burst of acetyl-CoA results in Gcn5-dependent acetylation of Spt7, Sgf73, and Ada3

components of the SAGA complex and concomitant rapid increase in histone H3

acetylation at promoters of genes activated at this stage, sometimes together with

increased SAGA localization to the same sites. (Cai et al. 2011; Tu et al. 2005)

Since acetyl-CoA is membrane impermeable and unstable, it is thought to be

synthesized in the same subcellular compartment where it is used. This implies that

acetyl-CoA used by KATs in the nucleus should be generated in the nucleoplasm. A

recent study in human cultured cancer cells showed a role for nuclear pyruvate

dehydrogenase complex (PDC) specifically in G1-S transition. The evidence is that the

PDC complex is translocated from mitochondria to the nucleus in G1-S and this

correlates with G1-S specific dependent histone H3 acetylation (H3K9, H3K18) and

precedes cyclin A accumulation. (Sutendra et al., 2014)
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KATs require for their activity acetyl-CoA, which is a ubiquitous molecule used

in energy metabolism, lipid metabolism, and amino acid metabolism. Nuclear acetyl-CoA

in budding yeast is generated from acetate in the nucleus majorly by acetyl-CoA synthase

Acs2 or by a related enzyme Acs1, in media with non-fermentable carbon sources;

although cytoplasm-generated acetyl-CoA may as well pass through the NPC.

Acs2-dependent acetyl-CoA synthesis seems to be a rate-limiting stage of histone

acetylation since acs2-ts mutant rapidly loses histone acetylation of H3 K9,14 and H4

K5,8,12,16 (but not H3 K56) at the restrictive temperature (Takahashi et al., 2006). Acs2

was shown to promote rDNA locus silencing and downregulate the number of ERC, and

acs2 mutant cells have significantly decreased replicative life span (RLS) (Falcón et al.,

2010). Interestingly, Acs2 physically interacts with histone H3 (Gilmore et al., 2012) and

with Ulp1, a protease that localizes to the nuclear pore basket (Sung et al., 2013).

NuA4 acetyltransferase directly regulates acetyl-CoA levels via Acc1 catalytic

activity regulation (Rollins et al., 2017). Since the activity of Gcn5 is competitively

inhibited by CoA in vitro (Tanner et al., 2000), NuA4 could directly modulate its

enzymatic activity through modulation of the local acetyl-CoA:Co-A ratio via Acc1. On

the contrary, bulk levels of H4 acetylation also depend on Gcn5 which led to a proposal

that NuA4 acetyltransferase activity may be influenced by SAGA under certain

circumstances. (L. Cai et al., 2011; Tu et al., 2005)

Lysine acetylation depends on the availability of metabolites that are essential, as

substrates or regulators, for the activity of KATs and KDACs. For instance, class I and IIa

HDACs are inhibited by fatty acid hydrolysis products (butyrate, β-hydroxybutyrate),

while sirtuins are activated by their cofactor NAD+ and inhibited by its precursor,

nicotinamide (NAM) (X. Li et al., 2018).

A certain part of protein acetylation observed in living cells that largely depends

on cell metabolism is non-enzymatic acetylation. The first in vivo evidence of such came

when increased levels of acetylation were observed in growth-arrested metabolically

active yeast cells, and changes in acetyl-CoA levels caused by genetic or nutritional

perturbations lead to corresponding proportional changes in acetylation levels (Weinert et

al., 2014). One of the factors that influences levels of non-enzymatic acetylation is the pH

of the compartment since for this mechanism the side chain of lysine has to be

deprotonated (Paik et al., 1970). In this respect perinuclear space of the nucleoplasm

could be favoring non-enzymatic acetylation since the nucleus has been shown to display

a higher pH than the cytoplasm that is generated thanks to K+/H+ exchange mechanism in
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the nuclear envelope in rat astrocytes and murine cells (Masuda et al., 1998; Seksek &

Bolard, 1996).

3.3. Budding yeasts lysine acetyltransferases

3.3.1. Classification and targets

Many lysine acetyltransferases were first described as proteins with

transcription-related functions. In budding yeasts, there are 11 acetyltransferase enzymes,

out of which only Esa1 (the yeast homologue of mammalian Tip60) is essential (see

Table 2). These enzymes can be subdivided into 3 groups according to sequence

homology: GNAT (Gcn5-related N-acetyltransferase) family - Gcn5, Hat1, Hpa2, Hpa3,

Elp3, Eco1, Spt10; MYST family (named after the founding members, MOZ, Tbf/Sas3,

Sas2 and Tip60, the human homologue of yeast Esa1) - Sas3, Sas2, Esa1; and an

acetyltransferase unique for fungi, Rtt109.

Table 2 Classification and targets among histone proteins and non-histone proteins,

functions.

HAT/functional
complex

Function Identified histone
substrates

Non-histone
substrates

Gcn5/SAGA, Ada,
etc.

Transcriptional
co-activation and
elongation,
transcriptional
repression,
chromatin
architecture
regulation

H3K9, H3K14 Sin1, Rsc4, Snf2,
Spt7, Gcn5, others

Esa1/NuA4, piccolo
NuA4

Transcriptional
activation, DNA
repair, cell cycle
progression

H4, H2A

Hat1/Hat1-Hat2-Hif1 Telomeric
silencing, DNA
repair

H4K5, H4K12 Nop53

Hpa2 ? H3K14, H4K5,
H4K12

small basic
proteins

Hpa3 Overcoming the
toxicity of
D-aminoacids

H4K8 D-aminoacids

Elp3 Transcriptional H3K14, H4K8 tRNA
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elongation, tRNA
wobble uridine
acetylation

Sas2/SAS
(Sas2-Sas4-Sas5)

Telomeric
silencing (sir1
background),
euchromatin-hetero
chromatin border
maintenance

H4K16

Sas3/NuA3
(Sas3-Taf30-Yng1-Pd
p3)

Silencing,
transcriptional
elongation (sir1
background)

H3K14, H3K23

Rtt109/Rtt109-Vps75,
Rtt109-Asf1

DNA repair,
nucleosome
assembly

H3K9, H3K27,
H3K56

Eco1 Sister chromatid
cohesion, DSB
repair, nuclear
organization

- Mps3, Smc3, Mcd1

Spt10/Spt10-Spt21 Transcriptional
activation and
silencing

H3K56, H3K18,
H3K9

-

3.3.2. Gcn5

Gcn5 (named for General Control Non-repressible 5) is the founding member of

the GNAT superfamily. It was initially identified genetically as a transcriptional

co-activator (Georgakopoulos & Thireos, 1992), and after the elucidation of its catalytic

activity became the first characterized nucleosome modifying lysine acetyltransferase.

Gcn5 exerts its activity in the cell as the component of several multisubunit complexes,

out of which the first one described was SAGA (Spt-Ada-Gcn5-acetyltransferase)

complex. (Helmlinger et al., 2021) However, at least 8 proteins were found differentially

acetylated between ada2 and ada2 gcn5 mutants indicating that some targets of Gcn5

may be independent of any of the known Gcn5-containing complexes (Downey et al.,

2015).

The bridging function between the chromatin-bound transcription factors and the

transcription machinery requires co-activators to exert several functions such as histone

modification, incorporation of specific histone variants, and nucleosome remodeling. It is

likely that in order to coordinate these functional activities at the transcription site the
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multimodular complexes such as SAGA have evolved. (Helmlinger et al., 2021) Table 3

gives a list of SAGA subunits and of the components of the ADA and SLIK complexes

that share subunits with SAGA.

Table 3 List of SAGA, SLIK subunits, and functional modules.

ADA subunits SAGA or SLIK
subunits

SAGA Modules

Gcn5 Gcn5

HAT module
Ada2 Ada2

Ada3 Ada3

Sgf29 Sgf29

Ubp8

DUB module
Sgf11

Sgf73

Sus1

Taf5

Core structural
module

Taf6

Taf9

Taf10

Taf12

Spt7 (modified in
SLIK)

Ada1

Ada5/Spt20

Spt3
TBP bindingSpt8 (absent from

SLIK)

Tra1 TF binding module

Ahc1

Ahc2

Rtg2 (SLIK)

Each module of SAGA serves a specific function. HAT module comprises the

catalytic subunit Gcn5, which alone can acetylate free histones but not nucleosomes

(Grant et al., 1997; Kuo et al., 1996). The DUB module harbors the second enzymatic
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activity of the complex which is deubiquitination by the ubiquitin protease Ubp8

(Sanders et al., 2002). The fully functional DUB module composed of Ubp8, Sgf73,

Sgf11, and Sus1 is known to be active toward monoubiquitinated histone H2B (Daniel et

al., 2004). Mutations in the core structural module components cause loss of SAGA

structural integrity and lead to severe growth phenotypes, implying that likely proper

localization of SAGA and its other functions are more important for cell function than

acetylation (Horiuchi et al., 1997; Sterner et al., 1999). Finally, SAGA contains the TBP

binding module (Sterner et al., 1999) and a large subunit Tra1 which is shared with NuA4

complex (Allard et al., 1999) and interacts with specific transcription activators in higher

eukaryotes (McMahon et al., 1998) and in budding yeast (Reeves & Hahn, 2005).

SAGA is mostly studied in the context of transcriptional regulation. It shares

several subunits with the transcription factor TFIID, and rapid depletion of both

complexes severely affects the transcription of ~13% of the genome, while the rest is

sensitive to the rapid loss of TFIID but not that of SAGA (Donczew et al., 2020).

However, chronic loss of SAGA is more severe, and evaluation of the different SAGA

component deletion mutants indicates that it plays a global role in RNA Pol II-dependent

transcription, affecting ~4500 genes in S.cerevisiae. These changes are only visible when

nascent transcription is assessed since the steady state mRNA levels are not significantly

changed due to a compensatory increase in transcript half-lives. Transcription is most

affected by the loss of both acetyltransferase and TBP delivery functions of SAGA, and

the latter is also performed by SAGA for the majority of RNA Pol II transcribed genes.

(Baptista et al., 2018)

The substrate specificity of Gcn5 is partially overlapping with Rtt109 - these are

the only acetyltransferases that acetylate histone H3K9 (Fillingham et al., 2008; Kuo et

al., 1996). The genome-wide study looking at acetylation patterns of Gcn5, Elp3, Hat1,

Hpa2, Sas3, and Esa1 showed that Gcn5 and Esa1 are the major acetyltransferases

responsible for H3 and H4 acetylation, respectively (Durant & Pugh, 2006). The exact

biological roles of Gcn5 in the context of different functional complexes are not always

well characterized. However, a lot is known about the Gcn5 function in different

contexts. For example, Gcn5 promotes replication-coupled nucleosome assembly

together with Rtt109, likely via acetylation of histone H3 tail. Cells lacking both Gcn5

and Rtt109 are hypersensitive to DNA-damaging agents, and cells expressing

N-terminally mutated H3 do not incorporate newly synthesized H3 as efficiently as

wild-type cells (Burgess et al., 2010). The role of Gcn5 in transcription has also been

extensively studied. Its catalytic activity, specifically on nucleosomal histones, has been
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tightly linked to its ability to potentiate transcription (L. Wang et al., 1998). Gcn5 was

reported to be recruited to promoter regions by Swi/Snf complex or transcription factors

such as Gal4 or Gcn4, and to promote transcription factor binding and the recruitment of

RNA Pol II (Han et al., 2008; Huisinga & Pugh, 2004; Marcus et al., 1994). There is

some evidence that Gcn5 participates in transcriptional elongation (Johnsson et al., 2009).

Paradoxically, under some contexts, Gcn5 and increased histone H3 acetylation at the

gene promoter may be associated with a repressed state (Ricci et al., 2002). Another

interesting point is that Gcn5 may have distinct roles in various chromatin contexts. A

recent preprint reveals the role of Gcn5 in the regulation of heterochromatin structure,

gene silencing, and nucleotide excision repair (NER) at the heterochromatic HML locus.

(H. Chen et al., 2021)

In addition to histone substrates, Gcn5 is known to target many non-histone

proteins. One possible example is the acetylation of Sin1, a negative regulator of

transcription required for RNA polyadenylation. GCN5 and SIN1 interact genetically and

Gcn5 has been shown to acetylate Sin1 in vitro. (Pollard & Peterson, 1997) Significant

input of new information in this respect was obtained thanks to global acetylome studies.

Downey et al. identified 39 high-confidence Gcn5-regulated acetylation sites from 34

proteins with functions in RNA metabolism, Pol I/II transcription, ribosome biogenesis,

metabolism, DNA replication and repair, chromatin structure, and protein synthesis

(Downey et al., 2015). Some targets, such as Snf2 (J.-H. Kim et al., 2010) and Rsc4

(VanDemark et al., 2007), were previously identified. Interestingly, Rsc4 acetylation was

independent of Ada2 pointing towards the possibility of SAGA/SLIK/ADA independent

acetylation, the same was true for 7 more proteins, whereas Ada2 was important for

acetylation of histones and SAGA/SLIK component Sgf73. For 2 proteins, Net1 and

Nhp2, Ada2 even seemed to inhibit Gcn5-dependent acetylation. (Downey et al., 2015)

Another peculiar fact is that Gcn5 acetylates lysine 348 of Hif1, a component of the

HAT-B histone acetyltransferase complex (Downey et al., 2015), which raises the

possibility of Gcn5 regulating Hat1 activity.

ADA complex is another Gcn5-containing complex that consists of all SAGA

HAT module subunits and 2 more, namely Ahc1 and Ahc2. The evidence that it can act

as a complex distinct from SAGA came from the demonstration that deletion of Ahc1

leads to specific loss of the ADA complex but not SAGA. The classic Ada- phenotype of

cells with ADA2, ADA3, or GCN5 deletions (defects in response to Gal4-VP16 activator

(Berger et al., 1992)) was not seen for ahc1 mutant cells pointing to its association with

the activity of SAGA but not ADA complex. (Eberharter et al., 1999) In vitro, ADA was

50

https://paperpile.com/c/qsWdnP/SSlvA
https://paperpile.com/c/qsWdnP/x2OG3+OJzX+CihZ3
https://paperpile.com/c/qsWdnP/PRr3l
https://paperpile.com/c/qsWdnP/OCEyU
https://paperpile.com/c/qsWdnP/kk9Ma
https://paperpile.com/c/qsWdnP/uV5FA
https://paperpile.com/c/qsWdnP/xxvsH
https://paperpile.com/c/qsWdnP/vZSK7
https://paperpile.com/c/qsWdnP/omVUG
https://paperpile.com/c/qsWdnP/xxvsH
https://paperpile.com/c/qsWdnP/xxvsH
https://paperpile.com/c/qsWdnP/3MEbS
https://paperpile.com/c/qsWdnP/9zMik


found to acetylate histone H3 (Grant et al., 1999), but no reports of the in vivo activity

specific to ADA have been published now. Ahc1/2 localizes to both the nucleus and the

cytoplasm, hence chances are that this complex is responsible for the acetylation of some

of the non-histone Gcn5 targets.

SLIK (SAGA-like) complex is structurally very similar to SAGA, except it

contains a C-terminally trimmed form of Spt7, lacks Spt8, and contains an additional

subunit Rtg2 (Pray-Grant et al., 2002). This SLIK component was initially discovered as

part of a retrograde response pathway that links mitochondria dysfunction with changes

in nuclear gene expression (Liao & Butow, 1993). It is possible that the function of Rtg2

in transcriptional activation may be connected to its ability to associate with the SLIK

complex. (Pray-Grant et al., 2002) However, since Gcn5 mostly localizes to the nucleus,

and Rtg2 is predominantly cytoplasmic, it is possible as well that at least some SLIK

targets are non-nuclear. This hypothesis is somewhat reinforced by a recent biochemical

and structural study comparing SAGA and SLIK, in which no difference was detected at

the levels of domain organization, DNA binding, or TBP binding. (Adamus et al., 2021)

3.3.3. Esa1/NuA4

Esa1 is the only essential acetyltransferase in budding yeast. This KAT is

performing its functions as part of the multisubunit complex NuA4 which participates in

many processes such as histone H4 tail acetylation (Smith et al., 1998), modulation of

transcription (Ginsburg et al., 2009), DNA repair (Bird et al., 2002; Noguchi et al., 2019)

and cell cycle progression (Clarke et al., 1999). Recent reports indicate that a KAT

module of NuA4, termed piccolo NuA4, may serve an independent function in both yeast

and human cells (Lu et al., 2022). The different NuA4 subunits are listed in Table 4.

Table 4 NuA4 subunits and functional modules.

NuA4 subunits Functional parts

Esa1
Catalytic submodule
(equivalent to piccolo

NuA4)
Yng2

Epl1

Tra1

Transcription, DNA
repair recruitment

module

Eaf1 (HSA/SANT)

Eaf3

Eaf5

Eaf7
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Eaf2

Arp4

Yaf9

Act1

Eaf6

One of the roles of NuA4 is to recruit TFIID to the promoters, and most of RNA

Pol II transcribed genes depend on TFIID (Warfield et al., 2017). The recruitment of

NuA4 itself to the promoter regions depends on the Eaf1 component of the complex. In

the absence of NuA4, this function can be performed by SAGA. (Uprety et al., 2015)

RNA Pol II occupancy depends on both Gcn5 and Esa1, however, it is more significantly

decreased upon Esa1 depletion in genes that were previously annotated in (Huisinga &

Pugh, 2004) as “TFIID-dominated” than in “SAGA-dominated” genes (Bruzzone et al.,

2018). According to (Huisinga & Pugh, 2004), SAGA-dominated genes are mostly

stress-induced, constitute ~10% of the measurable genome, and have a consensus

TATA-box sequence within the promoter region, while TFIID-dominated genes lack a

TATA-box sequence and form the majority of genes. Several lines of evidence indicate

that NuA4 binding to the promoter region and subsequent promoter region remodeling

precedes gene activation (Nourani et al., 2004).

The main chromatin acetylation targets of NuA4 are histones H4, H2A and its

variant, histone H2A.Z. (Babiarz et al., 2006; Doyon & Côté, 2004) H2A.Z variant is

known to be enriched one nucleosome downstream of the transcription start sites (TSS)

of both actively transcribed and silent genes, being important for rapid transcriptional

activation (Bagchi et al., 2020). In particular, CLN2 and CLB5 cell cycle gene expression

is delayed upon the deletion of the yeast gene encoding H2A.Z, HTZ1; Htz1 was shown

to localize to their promoter regions. (Dhillon et al., 2006) GAL1-10 bidirectional

promoter (regulating expression of GAL1 and GAL10 genes) is induced in the

glucose-deprived medium upon galactose availability depending on H2A.Z presence for

binding of RNA Pol II, TBP, and Mediator and for SAGA recruitment (Adam et al.,

2001; Lemieux et al., 2008). This data is well correlated with cell cycle entry being

delayed in cells lacking H2A.Z. The role of H2A.Z in genome integrity support was as

well established in the study of HTZ1 deletion mutants: htz1 cells are delayed in DNA

replication due to untimely origin firing and experience problems in S phase progression.

Replication checkpoint depending on Rad53 was essential in cells lacking Htz1. (Dhillon

et al., 2006) The importance of NuA4-dependent H2A.Z acetylation was demonstrated
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for the spreading of heterochromatin. Non-acetylatable version of this protein could not

perform this function and slowed down cellular growth in combination with the deletion

of the non-essential NuA4 component (Babiarz et al., 2006). The deposition of H2A.Z is

known to be promoted by NuA4 in several organisms indicating the conservation of this

function for the acetyltransferase complex. In vitro data from budding yeast-based system

shows that the exchange of H2A-H2B dimer for H2A.Z-H2B by SWR1 chromatin

remodeling complex is mediated by NuA4 dependent acetylation of H4 and H2A

N-terminal tails. Interestingly, mutations in both H4 and H2A tails are synthetically lethal

(Altaf et al., 2010; Bieluszewski et al., 2022), the same as the analogous combination of

H4 and H2A.Z mutations (Babiarz et al., 2006). SWR1 complex itself is strikingly

similar to NuA4 in its components, although it lacks all of the piccolo NuA4 subunits

including Esa1, but has 3 additional subunits such as Bdf1 containing two bromodomains

important for recognition of acetylated H4/H2A, and Vps71 and Vps72 requires for

nucleosome and H2A.Z binding correspondingly (Giaimo et al., 2019; Watanabe et al.,

2013; Wu et al., 2005).

The activities of NuA4 and piccolo NuA4 towards histone substrates are

different, while nothing is known about the preferential acetylation of non-histone

substrates by either complex. In terms of histone acetylation, piccolo NuA4 in vivo

performs non-targeted global acetylation and prefers nucleosomal histones, while NuA4

acts in a locus-specific manner and is equally efficient towards free histones and

nucleosomes. For example, upon glycolytic burst in stationary phase cells, Esa1 is

preferentially found in the form of piccolo NuA4 and drives global acetylation of histone

H4 at K5, 8 and 12 (Friis et al., 2009). NuA4 in vitro acetylated all lysines available in

the N-terminal tail of histone H4 - positions K5, 8, 12, and 16 (Allard et al., 1999).

Some known functions of Esa1/NuA4 are likely ensured via the acetylation of

non-histone targets. For example, NuA4 under glucose deprivation stress promotes the

formation of stress granules (SG) - cytoplasmic aggregates of RNA and protein with so

far cryptic functions. However, it is known that stress granule formation is important

under several stress conditions. Upon glucose removal, the stress granules are formed

rapidly, within 5 to 10 minutes, in wild-type cells, while in NuA4 mutant cells such as

temperature-sensitive esa1-ts catalytic subunit mutants and deletion mutants eaf1, eaf3,

eaf5, and eaf7 SG formation is significantly decreased. (Rollins et al., 2017) Another

more robustly established role of NuA4 in glucose deprivation response is the acetylation

of phosphoenolpyruvate carboxykinase Pck1 (reversed by deacetylase Sir2), a key

enzyme in the gluconeogenesis pathway. Pck1 acetylation promotes its enzymatic activity
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in the formation of phosphoenolpyruvate from oxaloacetate, and its acetyl mimic mutant

pck1-K514Q rescues decreased activity of Pck1 isolated from esa1 mutant cells in the

enzymatic assay. The evolutionary conservation proved to be the case for this target of

NuA4, as human hepatocellular carcinoma (HepG2) cells decreased glucose secretion to

the glucose-free medium upon the knockdown TIP60 in agreement with the hypothesis of

decreased enzymatic activity of human homologue of yeast Pck1, PEPCK. (Lin et al.,

2009)

The role of NuA4 in supporting genome integrity is at least in part mediated by

histone H4 acetylation which is specifically important for the repair of DSB but not other

types of DNA damage. Acetylation of either lysine of four available in the H4 N-terminal

tail is sufficient for providing wild-type levels of resistance to DSB and rescuing G2/M

cell cycle defect, both of which are associated with the inability to acetylate H4. (Bird et

al., 2002; Megee et al., 1995) One of the possible explanations for the importance of

lysine acetylation in DSB repair is that it makes chromatin more open, which in turn

allows access to chromatin remodelers and DNA repair factors. (Koyama et al., 2002)

Esa1 has been shown to be responsible for the acetylation of certain cell cycle

and RNA metabolism-related proteins, however, the exact functions of acetylation in

these proteins have not been elucidated. A Proteome microarray study (in which 5800

yeast proteins were immobilized on nitrocellulose slide and probed with NuA4 complex

for isotope-labeled acetyl-CoA incorporation) showed NuA4-dependent in vitro

acetylation of Cdc34 and Rpt5 proteins that promote cell cycle progression, and of Brx1

protein that participates in 60S ribosomal subunit rRNA component maturation. These

substrates were later validated in vivo. However, some of the substrates in this study were

not followed up for in vivo validation, among which are the major cell cycle entry

transcriptional repressor Whi5 and RNA-interacting proteins, such as polyadenylated

RNA binding protein Nab3 and putative RNA helicases Dbp6,10. (Lin et al., 2009)

Global acetylome mass spectrometry study revealed some additional targets of

Esa1, such as the Tho2 component of the THO transcriptional elongation complex, the

Ssn2 component of the Mediator complex, and Sfp1 protein, known to modulate cell size

and directly bind promoters of ribosomal protein genes. Yng2 and Epl1 components of

the NuA4 catalytic module and of piccolo NuA4 are also acetylated by Esa1. (Downey et

al., 2015)
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3.3.4. Hat1

Hat1 is the first lysine acetyltransferase identified and it is the sole KAT in the

group of “type B” KATs, which historically denominated acetyltransferases with

cytoplasmic localization and with the ability to acetylate free non-nucleosomal histones.

In fact, Hat1 turned out to be ubiquitous and can be found both in the nucleus and the

cytoplasm. Hat1 can be found as the component of several distinct complexes, but all of

them contain the Hat2 protein. Hat2 increases the catalytic activity of Hat1 and appears to

increase the interaction between Hat1 and histone H4 has been proposed to be responsible

for the nuclear localization of the complex (Parthun et al., 1996). In vivo functions of

Hat1 include DSB repair and telomeric silencing. The study using the single

double-strand break induced by HO nuclease in the MAT locus shows that adjacent

chromatin is rapidly acetylated at H4 tail lysines. However of the 4 lysines acetylated in

the tail only acetylation of the H4K12 site depended on Hat1, which was likely recruited

after histone H2A S129 phosphorylation and alongside Rad52 recombinational repair

factor. (Qin & Parthun, 2006) Nevertheless, this study did not show the requirement for

H4K12 acetylation for DNA repair. The role in telomeric silencing, on the opposite, is

quite elegantly demonstrated in a study looking at HAT1/HAT2 deletions combined with

mutations of histone H3 N-terminal lysines. Concurrent loss of Hat1 activity and H3

mutants mimicking non-acetylated histone lead to a major telomeric silencing defect,

which according to further mutational analysis was mostly due to loss of H4K12

acetylation. (Kelly et al., 2000) A later study identified another subunit of the

Hat1-containing complex termed Hif1. It interacts both with Hat1 and histone H4, this

binding being mediated by Hat2. Hif1 binding does not affect Hat1 catalytic activity,

however, it influences telomeric silencing (Poveda et al., 2004). Hat1-Hat2-Hif1 was

shown to acetylate free non-nucleosomal histone H4 at positions K5 and K12 and to

physically interact with Asf1 (Fillingham et al., 2008).

Hat1 may target non-histone proteins; one known example is Nop53, a nucleolar

ribosome assembly factor that was found to be reproducibly under-represented in hat1

mutant in the large-scale acetylome study (Downey et al., 2015).

3.3.5. Hpa2, Hpa3

Hpa2, and Hpa3 are closely related KATs belonging to the GNAT superfamily.

Hpa2, the most recently described yeast KAT, demonstrated in vitro acetyltransferase

activity towards histones H3 and H4, with preferential targeting of H3K14, H4K5, and

H4K12, and is capable of autoacetylation. (Angus-Hill et al., 1999; Sampath et al., 2013).
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Hpa3 only acetylated histone H4 at the K8 position and, same as Hpa2, autoacetylated

(Angus-Hill et al., 1999; Sampath et al., 2013). Additional substrates were found for both

proteins: Hpa2 acetylated small basic proteins such as nuclear Nhp6a, Nhp6b, Hmo1,

Hmo2, and mitochondrial Abf2, while Hpa3 targeted free D-aminoacids (Sampath et al.,

2013). D-amino acids corresponding to L-amino acid protein building blocks are toxic

and inhibit growth. Hpa3 dependent Nα-acetylation of D-amino acids and their further

secretion to the medium allowed cells to avoid protein synthesis inhibition (Yow et al.,

2006). Deletion of either protein does not confer any growth phenotype, but

overexpression is toxic for the cells (Sampath et al., 2013).

3.3.6. Elp3

Elp3 is the lysine acetyltransferase subunit of the Elongator complex that

acetylates histones H3 and H4 while being associated with the elongating form of RNA

polymerase II. Elongator complex binds to both naked and nucleosomal DNA and

acetylates predominantly histones H3 at K14 and H4 at K8. The acetyltransferase activity

of Elp3 depends on 3 other Elongator subunits - Elp4, Elp5, and Elp6. (Winkler et al.,

2002) The functional consequence of Elp3-dependent H3 acetylation was evaluated in a

study looking at the transcription of SSA3 and SSA4 genes and proved to positively

regulate transcriptional elongation (Han et al., 2008).

This enzyme is distinct from other KATs in a way that in addition to a KAT

domain, it has an N-terminal domain similar to the catalytic domain of

S-adenosylmethionine radical enzymes (rSAM, able to generate 5’-deoxyadenosyl

radical, 5’-dA•). Such dualistic nature of the protein is conserved in evolution and thus

acetyltransferase activity and modification with concurrent formation of 5’-dA• radical

was thought to be directed to the same substrate. (Chinenov, 2002) While there is no

evidence that this is happening for histone substrates, this is true for the mechanism

revealed for Elp3-dependent acetylation of wobble uridine-34 (U34) C5 within tRNA in

Methanocaldococcus infernus (Selvadurai et al., 2014). Wobble uridine acetylation is a

modification conserved in eukaryotes and essential for viability in some metazoans and

strain backgrounds of S.cerevisiae (Björk et al., 2007; Schaffrath & Leidel, 2017).

3.3.7. Sas2

As the name of the protein (SAS stands for “something about silencing”)

suggests, Sas2, the lysine acetyltransferase from MYST family, was originally identified

in a screen for defects in epigenetic silencing in SIR1 deacetylase mutant cells. However,
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the effect was not the same for all silenced loci, since Sas2 promoted silencing at HML

locus while decreasing silencing at HMR locus. One of the modes of Sas2 action as a

silencer proposed in the same study suggests inhibition of the ORC (Origin Recognition

Complex) machinery via its components’ acetylation. However, this does not explain the

difference in the effect of Sas2 loss on HMR and HML silencing since they are equally

derepressed in ORC mutants. (Ehrenhofer-Murray et al., 1997) A later study confirmed

the positive role of Sas2 in DNA replication and cell cycle progression, indicated that

Sas2 increases the strength of silencers independently of their position and genomic

context, and demonstrated the role of this acetyltransferase in the maintenance of

transcriptionally silent chromatin structure (Zou & Bi, 2008). Sas2 in the cell forms part

of the trimeric complex called SAS, containing additionally Sas4 and Sas5. It targets

exclusively H4K16 lysine, in striking contrast with NuA4 promiscuity relative to histone

H4 tail lysines. (Shia et al., 2005) Paradoxically, SAS was as well described as an “anti

silencer” in the context of telomeres, where it antagonizes Sir2 and via H4K16

acetylation promotes the incorporation of a histone variant H2A.Z thus limiting the

spreading of Sir proteins in the nearby euchromatin (Shia et al., 2006).

3.3.8. Sas3

SAS3 is the homologue of MOZ leukemia gene encoding another lysine

acetyltransferase belonging to MYST family. Sas3 acts as the component of a conserved

multisubunit NuA3 (nucleosomal acetyltransferase of histone H3) complex. It was shown

to acetylate histones in vitro (Takechi & Nakayama, 1999) and to specifically target

H3K14 and H3K23 (Howe et al., 2001) in vivo. Histone acetylation repertoire is

overlapping with Gcn5; however Sas3 was shown to support acetylation of H3K14 in the

absence of Gcn5, but not of H3K9 (Vicente-Muñoz et al., 2014). Sas3 is not just a KAT, it

serves a core function for the NuA3 complex integrity (John et al., 2000). Deletion of

SAS3 alone is not associated with any phenotype, although, same as sas2 mutation, sas3

mutants in sir1 mutant background restore silencing of HMR locus, but not at telomeres

(Reifsnyder et al., 1996). ChIP analysis of Sas3 distribution showed that it preferentially

binds to 5’-half of the target genes coding regions, pointing toward a possible role in

transcriptional elongation (Vicente-Muñoz et al., 2014).

3.3.9. Rtt109

Rtt109 is the fungal lysine acetyltransferase known for acetylating nascent

histone H3 at positions K9 (Fillingham et al., 2008) and K27 (Burgess et al., 2010) in the
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histone tail, and K56 (J. Schneider et al., 2006) within the histone-fold domain. These

modifications play an important role in replication- and repair-coupled de novo

nucleosome assembly (Burgess et al., 2010; Yang & Freudenreich, 2010). Rtt109

acetyltransferase uniquely works together with histone chaperones, which defines its

specificity. Vps75 directs Rtt109 activity towards H3K9 and H3K27 acetylation, while

Asf1 drives H3K56 acetylation. (D’Arcy & Luger, 2011) The mechanisms of activation

are distinct for two chaperones: Rtt109-Vps75 can acetylate histone dimer H3-H4, H3

alone, or the H3 tail peptide (Berndsen et al., 2008), whereas Rt109-Asf1 is only active

towards the H3-H4 dimer (Tsubota et al., 2007); in addition, Rtt109 forms a strong

complex with Vps75 (Albaugh et al., 2010), but interacts only transiently with Asf1

(Tsubota et al., 2007). Rtt109, same as Asf1, was reported to play a role in error-free

replication of CAG/CTG repeats, which indicated at H3K56 playing a role in DNA repeat

stabilization through proper nucleosome assembly at the replication fork (Yang &

Freudenreich, 2010). One of the known roles of H3K56 acetylation is that it directly

promotes the interaction of H3 with the chromatin assembly factor CAF-1 and Rtt106,

which take part in newly synthesized histone deposition on the replicating DNA (Q. Li et

al., 2008).

3.3.10. Eco1

Eco1 is the only yeast acetyltransferase that does not target histones in vitro

(Ivanov et al., 2002). It is required for the establishment of sister chromatid cohesion

during DNA replication and belongs to Gcn5-related N-acetyltransferase (GNAT)

superfamily. In vitro it targets cohesin components Scc1, Scc3, and Pds5, however, no

evidence was found that these subunits are targeted in vivo (Ivanov et al., 2002). The

important function for cohesion is the acetylation of two conserved lysines of the cohesin

complex subunit Smc3. The expression of non-acetylatable version of Smc3 causes a loss

of sister chromatid cohesion and an increase in genome instability. (J. Zhang et al., 2008)

The Mcd1 subunit of the cohesin complex is acetylated by Eco1 in order to protect

cohesin from Wpl1-dependent cohesin removal at sites of double-strand breaks (DSB).

(Heidinger-Pauli et al., 2009) Another target of Eco1 is Mps3, a nuclear envelope

SUN-domain protein. Its acetylation adjacent to the transmembrane domain is important

for correct sister chromatid cohesion and for the recruitment of chromosomes to the

nuclear membrane, making it important for the nuclear organization. (Ghosh et al., 2012)

58

https://paperpile.com/c/qsWdnP/RRvM0
https://paperpile.com/c/qsWdnP/QoWVz+gM1ii
https://paperpile.com/c/qsWdnP/BL4Ic
https://paperpile.com/c/qsWdnP/2nHCw
https://paperpile.com/c/qsWdnP/rVUxA
https://paperpile.com/c/qsWdnP/2XJor
https://paperpile.com/c/qsWdnP/rVUxA
https://paperpile.com/c/qsWdnP/gM1ii
https://paperpile.com/c/qsWdnP/gM1ii
https://paperpile.com/c/qsWdnP/tkkjP
https://paperpile.com/c/qsWdnP/tkkjP
https://paperpile.com/c/qsWdnP/mZqT8
https://paperpile.com/c/qsWdnP/mZqT8
https://paperpile.com/c/qsWdnP/KbxsX
https://paperpile.com/c/qsWdnP/aWu97
https://paperpile.com/c/qsWdnP/oKCf4


3.3.11. Spt10

Spt10 acetyltransferase belongs to the GNAT superfamily and shares several

acetyltransferase motifs with Gcn5. It contains a zinc-finger motif pointing to the

possibility of direct binding to specific DNA sequences (Neuwald & Landsman, 1997).

Under some conditions, however, Spt10 binding requires additional partners. It was

shown to physically interact and cooperate with Spt21 to promote G1/S specific

transcription of histone genes HTA2 and HTB2, even though Spt10 binds all histone

promoter regions. The cell cycle phase specificity in this case is achieved by G1/S

specific transcription of Spt21. (Hess et al., 2004) Lysine acetylation at H3K56, H3K18,

and H3K9 was found to be specifically enriched in promoter regions of histone genes and

mediated by this Spt10 (Xu et al., 2005). An interesting role at histone gene promoters

specific for Spt10 and Spt21 is to be removed from DNA under replicative stress to

inhibit corresponding mRNA synthesis. This mechanism is not conserved in mammalian

cells, where histone mRNAs are degraded under replicative stress conditions. (Bhagwat

et al., 2021) Several other genes have been shown to be affected by mutations in Spt10

and/or Spt21, including CUP1 (C.-H. Shen et al., 2002) and others (Natsoulis et al.,

1991). Spt10 and Spt21 however are likely to play distinct roles in some circumstances:

spt10 mutant cells are synthetically lethal with loss of either MBF or SBF, but at the same

time swi4, mbp1, and swi6 suppress the Spt- phenotype of spt21 mutant cells. Another

suppressor of spt21-dependent Spt- phenotype is a mutation in the GTR1 gene, which

encodes a RanGDP regulator. (Hess & Winston, 2005) More recent studies also showed

that Spt10 and Spt21 promote silencing at telomeres and HMLα locus, while their

mutations relieve silencing at the rRNA by altering chromatin accessibility (Chang &

Winston, 2011).

3.3.12. Functional redundancy

As it can be deduced from substrate specificities, which are more established for

histones, certain acetyltransferases may have overlapping functions in vivo. Some

combinations with diverse phenotypes can be found in the literature.

For example, the sas3 elp3 double mutant does not have growth phenotype,

while the gcn5 elp3 double mutant, though alive has significantly decreased H3

acetylation, which correlated with the transcription state: the less H3 within ORF is

acetylated, the lower transcription. (Kristjuhan et al., 2002) The nucleosome density in

the regions of intragenic H3 hypoacetylation was not different from that of the wild-type

cells. This indicates that transcriptional activity does not directly correlate with
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nucleosome occupancy (Kristjuhan & Svejstrup, 2004) Another consequence of H3

hypoacetylation in this double mutant is that Sir3 protein normally localized at the

telomere tips spreads to subtelomeric DNA and causes loss of histone H4K16 acetylation.

The growth defect of the gcn5 elp3 mutant can be rescued by deletion of any of the

SIR1-4 genes, arguing that under conditions of hypoacetylated histone H3 Sir proteins

are toxic. (Kristjuhan et al., 2003), and by the simultaneous deletion of HDA1 and HOS2

deacetylases (Wittschieben et al., 2000).

Interestingly, loss of Gcn5 together with Sas3 is lethal and leads to a global

decrease in H3 acetylation and arrest in the G2/M cell cycle stage, with replicated DNA.

(Howe et al., 2001)

3.4. Budding yeasts lysine deacetylases

The enzymes that reverse lysine acetylation are called lysine deacetylases. This

chapter aims to give a brief overview of their classes based on the mechanism of catalysis

referencing yeast lysine deacetylases and their functions and make a special emphasis on

Hos3, a unique lysine deacetylase that has a cell cycle-dependent localization.

3.4.1. Classification, examples of functions, and targets

The first lysine deacetylase isolated was mammalian HDAC1, which turned out

to be homologous to a known yeast transcriptional regulator Rpd3. All currently known

lysine deacetylases are divided into 4 classes: class I (or Rpd3-like), class II (or

Hda1-like, further subdivided into classes IIa and IIb) and class IV (or Hos-like) are

Zn-dependent enzymes inhibited by trichostatin A, and class III deacetylases (called

sirtuins) which require NAD+ as a cofactor for enzymatic activity. (Taunton et al., 1996)

Budding yeast deacetylases are Zn-dependent Rpd3, Hda1, Hos1-3, and

NAD+-dependent sirtuins, heterochromatin associated Sir2 and Hst1-4 (Moazed, 2001;

Rundlett et al., 1996).

3.4.2. Role of lysine deacetylation in gene expression

Generally the role of lysine deacetylase activity towards histones in gene

expression is considered inhibitory since they are counteracting the largely activatory role

of histone acetyltransferases. However, there are several exceptions. For example, the

comparison of gene expression profiles of rpd3 and hda1 mutant cells with the WT cells

treated with TSA allows us to propose that these two deacetylases may act both as direct

transcriptional inhibitors and as activators, however, the latter seems to be specific for
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sub-telomeric regions. The mechanism of Rpd3-dependent transcriptional activation

likely depends on its ability to deacetylate H4 at the K12 position, which in the case of

subtelomeric genes ensures interaction with the repressive SIR complex (formed by

Sir2-4). (Bernstein et al., 2000) The sirtuin consensus sequences (acetylome of triple

mutant hst1 hst2 sir2 was evaluated) are largely overlapping with that of Gcn5

acetyltransferase, resulting in a subset of possibly co-regulated targets (Downey et al.,

2015).

An exception compared to other deacetylases, Hos2 does not associate with the

promoter but with the coding regions, and binds highly active but not silent genes. It

locally deacetylates histones H3 and H4 and is required for robust and switch-like gene

activation. (A. Wang et al., 2002) The possible explanation for the unconventional

direction of gene expression changes upon histone deacetylation is that this process is

important for reverting the chromatin structure disrupted by the passage of transcriptional

machinery (Kurdistani & Grunstein, 2003). The hypothesis is supported by the fact that

hypoacetylated chromatin arrays are more readily remodeled in vitro by SWI/SNF

complex (Logie et al., 1999) and that SWI/SNF induces long-range interactions between

promoter and coding regions (Y. Kim & Clark, 2002).

3.4.3. Role of lysine deacetylation in supporting genome integrity

Sirtuins Hst3 and Hst4 deacetylate H3K56 before G2/M. Double deletion

mutants of these deacetylases are prone to spontaneous DNA damage, chromosome loss,

and sensitivity to genotoxic stress. (Celic et al., 2006)

Hos1 likely acts as the antagonist of Eco1 in the process of the establishment of

sister chromatid cohesion which is important for error-less genome transfer to the

progeny. HOS1 deletion mutants form ~20% more cohesin dimers which are contributing

to cohesion. This adds Hos1-dependent deacetylation of the cohesin complex to the

mechanism involving another known negative regulator of cohesion Wpl1 in mitosis. (D.

Shi et al., 2020)

3.4.4. The role of lysine deacetylation in silencing

Telomeric silencing is largely ensured by Sir proteins and depends on Rap1.

Rap1 binds DNA in its corresponding binding sites in the telomeric regions, where it

recruits Sir4. Sir3 and Sir2 are further recruited by Sir4, and lysine of histone H4 at

position K16 is deacetylated. After the initial binding SIR spreads along the chromatin in

a mechanism dependent on the N-termini of both histones H3 and H4, in a repetitive
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circle. Sir3 can bind to the deacetylated tail of H4 and recruit Sir4, which in turn recruits

Sir2 to start the next cycle. Similarly SIR complex functions in rDNA and mating locus

silencing (Hoppe et al., 2002; Luo et al., 2002; Rusché et al., 2002)

3.4.5. Hos3

Hos3 is a class IV deacetylase with wide in vitro histone specificity with

deacetylation sites in histones H4, H3, H2A, and H2B (Carmen et al., 1999). In an

intergenic microarray study, the loss of Hos3 was found to preferentially cause

hyperacetylation of ribosomal DNA (Robyr et al., 2002).

Hos3 is unique among KDACS (which are usually nuclear) in its localization

pattern. Hos3 localizes specifically to the daughter nuclear periphery at the end of mitosis

(Kumar et al., 2018). Hos3 deacetylase cell-cycle dependent localization and its

determinants were carefully described in (Kumar et al., 2018). Briefly, Hos3 is distributed

homogeneously in the nucleus and cytoplasm during most of the cell cycle and is

recruited to the daughter side of the septin ring (located at the mother-bud neck) in

mitosis and to the daughter nuclear periphery during anaphase, until 1-2 minutes before

cytokinesis, when Hos3 is again localized throughout the cell. If the septin ring formation

is perturbed, the asymmetric distribution of Hos3 is abolished. Hos3 targeting the

daughter nuclear periphery coincides with the nuclear passage through the bud neck and

depends on it, since in the dyn1 mutant that completes the division within the mother cell,

Hos3 only moves to the daughter nucleus as it migrates to the bud. Hos3 is targeted to the

septin ring in a Hsl7-dependent manner, and targeting to the nuclear periphery depends

on an importin Mtr10. In the daughter nuclear periphery, Hos3 associates with the Nup60

component of the NPC nuclear basket.

Hos3 together with Rpd3 was earlier linked with cell cycle progression

inhibition through their interaction with Whi5. Rpd3 is required for the dose-dependent

effect of Whi5 on cell size. (Huang et al. 2009; Wang et al. 2009) In addition to earlier

identified chromatin-related functions, Hos3 was found to deacetylate a number of

nucleoporins within the NPC basket and central channel. The functional consequences of

the NPC deacetylation were multiple, seen at the level of diverse nuclear transport

receptors cellular distribution between the nucleus/nuclear periphery and cytoplasm, at

the level of Whi5 protein transport, and at the level of CLN2 gene localization. (Kumar et

al., 2018).

Hos3 is likely to be important for additional processes beyond the regulation of

the G1/S transition. For example, under non-stressed conditions, deletion of HOS3 but
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not any other deacetylase leads to a 2-fold increase in stress granule formation. However,

the exact Hos3 targets responsible for this phenotype are not identified. (Rollins et al.,

2017). Additionally, hos3 is localized to the spindle pole bodies and plays a role in the

spindle orientation checkpoint (Wang and Collins 2014).
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4. Regulation of gene expression

Regulation of gene expression is a complex process that comprises the

interaction of general and gene-specific transcription factors with the promoter region and

the formation of the pre-initiation complex, followed by the regulation of the transcribing

polymerase that leads to the formation of an mRNA. The mRNA has to be properly

processed and exported through the nuclear pore in order to be translated into protein in

the cytoplasm. At all stages, mRNA is bound by multiple proteins that ensure its stability

or target it for degradation, and all stages present the points of gene expression control.

Here I will briefly introduce the main commonly known details about gene expression,

focusing on the transcription of protein-coding genes.

4.1. Promoter region

Within every promoter region of a protein-coding gene one can find the

transcription start site (TSS), the TATA-box, and the sequences bound by transcription

regulators. The first to constitute the core promoter element of about 100bp. The

TATA-box is the AT-rich sequence upstream of the TSS that TBP can bind. Other

sequences important for transcription are the ones bound by transcriptional activators and

silencers (or repressors). While transcriptional activators promote transcription and may

be bound proximally upstream or distantly, to the enhancer sequence that interacts with

the promoter region, transcriptional repressors are inhibiting transcription through

different mechanisms, including interfering activator binding, recruitment of

transcriptional apparatus or modifying chromatin structure. (T. I. Lee & Young, 2000)

4.2. Preinitiation complex formation

The preinitiation complex (PIC) is formed at the promoter region and is

important for RNA polymerase II (or RNA Pol II) to initiate transcription. It consists of

the general transcription factors, both are constitutively present at PICs (including RNA

polymerase II, TFIIB, and the TATA-binding protein, or TBP) and the ones that are not

always present, as reviewed in (T. I. Lee & Young, 2000). In vitro these factors can form

stable associates with the DNA, however, there is still debate on whether partial PICs can

be formed in living cells (Buratowski et al., 1989; Petrenko et al., 2019). The

Srb/Mediator complex, a separate part of the preinitiation complex, is thought to

integrate signals from regulators of transcription, its composition being dynamic and
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responsive to the changes in the environment (T. I. Lee & Young, 2000). Mediator is

essential for RNA Pol II transcription, however, not all of its subunits are essential on

their own (Petrenko et al., 2017).

The first PIC protein thought to bind the promoter is TBP, as this is the only

protein that can bind the DNA on its own in vitro (Buratowski et al., 1989), although in

the promoter it is thought to be either on its own or as the component of TFIID complex,

which additionally contains TBP-associated factors. SAGA complex is reported to

promote PIC formation in budding yeast and metazoans (X.-F. Chen et al., 2012; Shukla

et al., 2006), and the mechanism likely includes TBP delivery to the promoter (Papai et

al., 2020). NuA4 is another KAT that contributes to the PIC assembly, in particular, it

recruits TFIID to ribosomal protein genes, and this is dependent on its KAT activity.

(Uprety et al., 2015) Overall, two options for PIC assembly and TBP delivery, in

particular, are proposed. (Bruzzone et al., 2018) The first one is that for a certain group of

genes that strongly depend on Mediator but are unresponsive to NuA4 TBP is deposited

and PIC is formed solely upon SAGA activity (which is well correlated with SAGA

being unable to bind DNA on its own); while for the rest of the genes, the main role in

TBP delivery and PIC formation is played by NuA4 and TFIID. The alternative proposal

is that for every PIC all three actors - SAGA, Mediator, and NuA4-TFIID - contribute,

yet to a different extent. (Bruzzone et al., 2018)

As stated above, chromatin remodeling may be required for proper PIC

formation. For example, HO gene activation in budding yeast requires the recruitment of

the Swi/Snf chromatin modification complex and SAGA complex prior to the association

of another activator, SBF (Cosma et al., 1999).

4.3. Switch that triggers elongation

The largest subunit of RNA Pol II, Rpb1 in budding yeast, contains a conserved

C-terminal domain (CTD) consisting of ~27 tandem heptad repeats with the amino acid

sequence Y1S2P3T4S5P6S7 that is essential for viability (Corden, 1990). The CTD

phosphorylation state is intimately connected with the transition to elongation.

Non-phosphorylated C-terminus is tightly bound by Mediator (Robinson et al., 2016)

while transcribing forms of RNA Pol II binds hyperphosphorylated CTDs. Serine 5

phosphorylation in the CTD of Pol II likely causes dissociation of Mediator complex

from the promoter thus allowing Pol II to escape the promoter region, while later on this

residue phosphorylation is decreased and Serine 2 is increasingly phosphorylated

(Jeronimo & Robert, 2014; Komarnitsky et al., 2000).
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4.4. mRNA processing

During transcription, while mRNA is being processed, multiple RNA binding

proteins (RBPs) bind at specific recognition sites located mostly in 3’ UTR (3’

untranslated region) and in 5’ UTR, and within introns. (Ainger et al., 1997; Sharma et

al., 2021)

The very first mRNA processing step is 5’ capping. As soon as the growing

transcript reaches the length of 22-25 nucleotides and exits the channel of RNA Pol II, it

is modified with 7-methylguanosine (m7GpppN) by three sequential enzymatic reactions

performed in yeast by Cet1, Ceg1, and Abd1. (Mao et al., 1995; Shibagaki et al., 1992;

Tsukamoto et al., 1997).

Introns are sequences within the ORF that are not eventually translated into

protein and have to be excised before leaving the nucleus in a process called splicing.

Most budding yeast genes are intronless, except for the limited number of highly

transcribed ones. The total number of introns only reaches a few hundred per more than

6000 genes in S.cerevisiae, and one gene usually has not more than one intron defined by

conserved sequences and removed by the complex ribonucleoprotein apparatus

collectively called the spliceosome. (Stevens & Abelson, 2002) Interestingly, some

introns accumulate as linear RNAs under saturated growth conditions. They stay

associated with the spliceosome components and inhibit growth through the TOR

signaling pathway. (J. T. Morgan et al., 2019)

The last step of mRNA processing is 3’ polyadenylation. polyA tail length

regulates mRNA stability and is important for mRNA nuclear export and surveillance in

the cytoplasm (Ito-Harashima et al., 2007; Sachs, 1990). Two steps are required for

polyadenylation, and both are performed by the cleavage and polyadenylation factor in

budding yeast: first, the nascent mRNA 3’-UTR is cleaved at the polyadenylation site by

a nuclease module, and then the 3’ end is polyadenylated by Pap1 polyA polymerase until

the process is terminated, as reviewed in (Stewart, 2019).

4.5. mRNA export factors

Nuclear export of fully processed mature eukaryotic mRNA is the last step

before it is accessed by the cellular translation machinery, which naturally makes it the

convenient regulatory point important for selective mRNA export and for mRNA quality

control. These functions are ensured thanks to certain proteins that bind to the mRNA in

the nucleus and form the export-competent messenger ribonucleoprotein particle
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(mRNP). For simplicity nuclear export can be described in a number of stages: first

comes the interaction between the mRNP and the NPC basket in the nucleoplasm, then

follows the passage of the mRNA through the NPC channel and simultaneous remodeling

of the mRNP, and the last step is the mRNP release into the cytoplasm at the cytoplasmic

filaments.

One of the first proteins to bind mRNA is the capping binding complex (CBC)

composed of the heterodimer Cbc1/Cbc2. It is important for pre-mRNA splicing and

transcription termination (J. D. Lewis et al., 1996; C.-M. Wong et al., 2007) and promotes

the accumulation of gene-specific activators at promoters of highly transcribed genes (T.

Li et al., 2016), but it was not shown to play a direct role for mRNA export in yeast.

However, CBC was shown to genetically and physically interact with Npl3 (E. C. Shen et

al., 2000), a factor essential for efficient mRNA export that also associates among the

first ones with the growing transcript. It physically associates with RNA Pol II

independently of RNA, genetically interacts with TATA-binding protein Spt15, and also

binds the DNA upstream of the gene coding sequence as found by ChIP, all of which

points to Npl3 loading being coupled to the beginning of transcript elongation (Lei et al.,

2001).

The next mRNA export protein to bind the transcript is Yra1, which was the

first RNA-binding protein identified (Strässer & Hurt, 2000). Its binding to mRNA

depends on 3’-end processing and, in the case of intron-containing transcripts, on splicing

(Lei & Silver, 2002). Same as Nlp3, it was found associated with chromatin, but at later

stages of transcript elongation (Lei et al., 2001). Yra1 was proposed to be an adaptor

protein for Mex67, another protein essential for mRNA export that does not bind mRNA

directly (Hurt et al., 2000). Yra1 forms a complex with Mex67 and to binds RNA in vitro

(Strässer & Hurt, 2000), however, Yra1 homologues Aly/REF in flies and C.elegans are

dispensable for mRNA export (Gatfield & Izaurralde, 2002; Longman et al., 2003) and

Yra1 does not associate with all yeast mRNAs bound by Mex67 (Hieronymus & Silver,

2003), which pointed to the existence of other adaptor proteins. It turned out that Nab2,

an essential polyA binding protein (Anderson et al., 1993), directly binds Mex67 and this

interaction is strengthened by Yra1 (Iglesias et al., 2010).

Important steps of mRNP structural remodeling are induced by Sub2 and

coupled with TREX complex sequential binding and dissociation from the mature mRNP.

These rearrangements lead to the removal of Yra1 and the introduction of the

Mex67-Mtr2 complex to the mRNP structure. The mature transcripts need to reach the
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nucleoplasmic side of the NPC, where they face the rate-limiting step. Nab2 interacts

with Mlp1 and could facilitate the following export (Fasken et al., 2008).

There is another important player with multiple intricate reported functions

called the TREX-2 complex. It is thought to couple SAGA-dependent gene expression to

mRNA export by promoting gene interaction with the nuclear basket. In the nuclear

basket, it interacts with Nup1, while it is known to interact with Mex67:Mtr2 heterodimer

(Jani et al., 2014) bound to the mRNP. TREX-2 contains a scaffold Sac3 protein, that

interacts with Nup1 through the Sac3 CID (centrin binding) region; subunit Thp1 known

for its role in transcription elongation, 2 Sus1 subunits (shared with SAGA complex),

Sem1 and Cdc31. (Fischer et al., 2002; Jani et al., 2014; Rodríguez-Navarro et al., 2004)

Once the mRNA particle reaches the nuclear pore channel, Mex67:Mtr2 coat

engages in interaction with the FG nucleoporins to ensure the passage through the barrier

(Strässer et al., 2000). Interestingly, a recent study indicates that mRNA moving through

the NPC with a certain directionality, 5’ end exiting first (Ashkenazy-Titelman et al.,

2022). The directionality of mRNA export is primarily ensured by the steps on the

cytoplasmic side of the pore, including the Dbp5-dependent removal of Mex67:Mtr2

from the mRNP and replacement of Nab2 polyA binding protein for Pab1, characteristic

for cytoplasmic mRNPs. Dbp5 is a unique DEAD-box protein that functions in the

nucleus, at the cytoplasmic part of the NPC, and in the cytoplasm, via displacing specific

proteins by generating kinks locally in the mRNP structure. However, only the activity of

Dbp5 at the cytoplasmic filaments is essential for cell viability, where it releases Nab2

(Tran et al., 2007) and Mex67 (Lund & Guthrie, 2005) from the mRNA. The activity of

Dbp5 is very much enhanced by Gle1 and Nup42 cytoplasmic nups (Alcázar-Román et

al., 2006; Weirich et al., 2006), which implies that if some modifications of the NPC

cause removal of these components, mRNA export could be less efficient.

It needs to be told that the mechanism described is just the tip of the iceberg.

Yra1 and Mex67 collectively bind roughly 36% of mRNAs transcribed each (1000 and

1050 mRNAs respectively), and out of those only ~350 mRNAs are bound by both of

them. Interestingly, Yra1 binding of mRNAs correlates with their transcriptional

frequency, whereas this is not true for Mex67. Certain connections were found between

the export factor binding and the classes of proteins encoded by bound mRNAs, as well

as with transcription factors regulating gene expression. This indicates that different

export mechanisms are used for different mRNA groups based on encoded messages. For

example, CLN2 mRNA was not is not bound by either Yra1 or Mex67, whereas CLN1

mRNA is bound by Yra1 but not Mex67. (Hieronymus & Silver, 2003)
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However, some of the commonly accepted views on mRNA export may be

revisited with the new facts being uncovered. For example, Mex67 has recently been

proposed to be a bona fide nucleoporin and to interact with the mRNA exclusively within

the NPC channel (Derrer et al., 2019).

4.6. mRNA quality control

It is highly important that the mRNPs that reach the cytoplasm and are translated

there are properly processed and fully mature. Even though most budding yeast genes do

not contain introns, it’s the most expressed genes that do have them, which results in

roughly half of the transcripts requiring splicing, while all genes are supposed to be

polyadenylated before export.

In the case of splicing, the mechanism that prevents non-spliced transcripts from

leaving the nucleus was proposed to promote their degradation by the exosome.

Interestingly, the mechanism that controls the retainment of such mRNAs is also

dependent on polyA binding protein Nab2 and nuclear basket component Mlp1, in

addition to splicing factors such as U1 small nuclear RNP component Mud2 (Misra &

Green, 2016; Soucek et al., 2016). While the involvement of both Nab2 and Mud2

implies the connection between polyadenylation and splicing machinery, Mlp1

involvement may either suggest that it promotes the export of spliced mRNA or that it

retains the non-spliced ones. In the case of polyadenylation it is proposed that its

termination itself triggers changes in polyadenylation machinery that, once transmitted to

TREX complex, promote Yra1 association with the processed mRNP and activation of

Sub2, thus leading to Mex67:Mtr2 attachment (Iglesias et al., 2010; Johnson et al., 2009).

Interestingly, the aberrantly polyadenylated mRNAs are retained next to the transcription

sites (Thomsen et al., 2003), and this requires nuclear exosome activity (Hilleren et al.,

2001).

4.7. mRNA degradation

The mRNA processing quality control aims to target defective mRNAs that

cannot be properly processed for nuclear (or cytoplasmic) degradation, reviewed in

(Parker, 2012). Unspliced (or mis-spliced) mRNAs are proposed to be cleaved at a

specific RNaseIII site and degraded by exonucleases (Danin-Kreiselman et al., 2003)

within the nucleus, or exported to the cytoplasm and be degraded by exosome or Xrn1

(Parker, 2012). Indeed, multiple experiments observe cytoplasmic degradation of

unspliced pre-mRNAs by nonsense-mediated decay (NMD) - a cytoplasmic mechanism
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monitoring aberrantly translated mRNAs (Kawashima et al., 2009), or by

NMD-independent pathways (Sayani et al., 2008). It is suggested that this is both part of

the surveillance mechanism (for unspliced and incorrectly spliced pre-mRNAs) and a

regulatory pathway that is for example utilized by splicing factors to autoregulate their

own transcript levels (Ni et al., 2007).

Not all transcripts from cells with defects in 3’ end processing machinery have

the same fate. Some may have normal polyA length and export; some may be hypo- or

hyper adenylated and nevertheless, a high proportion of both is stable, suggesting their

retainment in the nucleus; and some are degraded (Hilleren & Parker, 2001; Mandart &

Parker, 1995; Rougemaille et al., 2007).

Cytoplasmic degradation is performed by two general mRNA decay pathways,

both of which start with the deadenylation step performed by the Ccr4/Not/Pop2 complex

or Pan2/Pan3 complex and are followed by either decapping and exonucleolytic decay, or

directly exonucleolytic decay. Another group is specialized pathways. (Parker, 2012)

4.8. Structure of pre-translational mRNPs

The structure of pre-translational mRNPs was studied by electron microscopy in

budding yeast (Batisse et al., 2009) and salivary glands of Chironomus tentans (Skoglund

et al., 1983) and by proximity in mammalian cells (Metkar et al., 2018). All lines of

evidence speak in favor of the conserved co-transcriptional rod-like mRNP formation,

with a thickness that does not largely depend on the mRNA class. In the case of yeast

data, (Batisse et al., 2009) the study design implies that specifically pre-export mRNAs

are isolated, pointing towards the picture in which rod-shaped mRNPs would be the ones

to interact with the NPC basket. The RBPs that bind the RNA along its synthesis and

processing is not just the export factors and proteins marking the maturation stage of the

mRNA, but also a vast majority of the proteins that define the mRNA destiny including

its stability, localization, translation and, eventually, degradation (Hentze et al., 2018).

4.9. Role of different nucleoporins in mRNA export

Once the mRNA interacts with the NPC, it does not mean that it will be

definitely exported. Recent mRNA live imaging study in mammalian cells looking at

mRNP particle dynamics at the NPC showed that it may be rejected and come back to the

nuclear interior at all stages of passing through the different parts of the NPC - the

nuclear basket, the central scaffold and the cytoplasmic fibrils, which raises the question

about the roles of other nucleoporins except for the ones belonging to the nuclear basket
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impacting the efficiency of mRNA export. The study however focused on the roles of

different basket nucleoporins in the mRNA export process that proved to be distinct.

Nup153 (possibly together with Nup50, since it is mislocalized from the NPCs upon

Nup153 depletion) was found to be important for ensuring efficient nuclear mRNA

export, 4 out of 8 copies of it per nuclear pore being sufficient for reaching the maximum

export efficiency values. Tpr turned out to only play a critical role in the mRNP docking

at the nuclear basket thus increasing the probability of mRNA entry to the NPC channel.

Nup50 on the other hand likely does not play a significant part in ensuring efficient

export or facilitating mRNP docking. In addition to the efficiency, the mRNA routes

within the NPC were assessed and found to be changed in the basket upon depletion of

either Nup153 or Tpr, but to a different extent. Depletion of Tpr mildly affected the

mRNA paths, while depletion of Nup153 shifted most trajectories to the central axial

channel pointing towards passive diffusion to the central channel, likely due to the

absence of FG repeats in the basket devoid of Nup153 and Nup50. (Y. Li et al., 2021)

A comprehensive study in budding yeast aimed at deciphering the roles of

specific FG domains in mRNA export showed that the combination of symmetric GLFG

domains (Nup57 and Nup49) and FXFG domains (Nup1 and Nup2) is required for polyA

mRNA export. The proposed mechanism implies the impaired recruitment and/or

translocation of Mex67 through the NPC. Interestingly, FG repeats identified as important

for a number of key karyopherins are different from those important for mRNA export.

(Terry & Wente, 2007)

4.10. Gene gating

Nuclear periphery has been long thought to serve as a heterogeneous surface

reflecting diverse adjacent genomic regions. The heterogeneity was thought to largely

depend on the non-random distribution of nuclear pore complexes (Blobel 1985), which

have been proven to be additionally different in composition (Bensidoun et al., 2022;

Meinema et al., 2022). The gene gating hypothesis proposed that actively transcribed

genes associate with the nuclear pore complexes both in order to organize the genome in

3D and to gate the genes to the cytoplasm thus bringing it in close proximity with the

entry point of transcription and mRNA export factors from the cytoplasm, as well as the

exit point for the resulting mRNA. The model also assumed that transcripts originating

from gated genes would be exported through the nuclear pores situated next to the gene

position. (Blobel, 1985) Some evidence in favor of this hypothesis has been drawn

recently from live mRNA imaging in mammalian cells where indeed some nuclear pore
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clusters exporting the same type of mRNA species were observed (Ashkenazy-Titelman

et al., 2022).

4.11. Role of Gcn5/SAGA in mRNA export

Not much is known about the role of SAGA in mRNA export. SAGA complex

associated with TREX-2 at the nuclear periphery. Sus1 is the component of TREX-2 and

at the same time belongs to the DUB module of SAGA. Interestingly, Sus1 and Ubp8

depend on each other for the recruitment to the GAL1 locus upon its activation, meaning

that TREX-2 complex association with the active gene depends on the DUB module of

SAGA. Additionally, the mRNA export defect of sus1 mutant cells is aggravated by

SGF11 deletion implying that Sgf11 has DUB-independent functions in mRNA export

(Köhler et al., 2006), and this data from yeast is supported by evidence from Drosophila

(Gurskiy et al., 2012).

Sus1 could play completely independent roles in the DUB module and TREX-2;

alternatively, it could be the element dynamically bridging these two complexes. The

HAT module plays a role in the SAGA-TREX-2 association through its Sgf29 component

that recruits TREX-2 to SAGA. On the opposite, disruption of the DUB module via Ubp8

deletion does not affect the SAGA binding of TREX-2. The data above argues that

SAGA-bound Sus1 does not directly mediate SAGA-TREX-2 binding; however, it is still

possible that there is a dynamic exchange of Sus1 between the two complexes coupled to

the NPC binding/release, coordinated with transcriptionally-dependent changes in the

chromatin-mRNA complex bound by SAGA and TREX-2. Such mechanism provides an

explanation for activated GAL1 locus dynamic behavior at the nuclear periphery and may

be subject to regulation, specifically by post-translational protein modifications.

(Klöckner et al., 2009) Another member of the DUB module, Sgf11 in Drosophila

interacts with the 5’ cap-binding protein Cbp80 and thus is recruited to the growing

transcript. It is shown to be highly important for general mRNA export. (Gurskiy et al.,

2012)

Interestingly, the Sgf73 subunit of the SAGA DUB module is acetylated by

SAGA/ADA. Little is known however about the functional relevance of this

modification; unpublished data from the Barral lab indicate that Sgf73-K401 acetylation

promotes DNA circle retention in the mother cell.

72

https://paperpile.com/c/qsWdnP/mewqc
https://paperpile.com/c/qsWdnP/mewqc
https://paperpile.com/c/qsWdnP/2NSa4
https://paperpile.com/c/qsWdnP/wXjm
https://paperpile.com/c/qsWdnP/Clar4
https://paperpile.com/c/qsWdnP/wXjm
https://paperpile.com/c/qsWdnP/wXjm


4.12. NPC in gene expression

Figure 4 Initiation of transcription, mRNA synthesis, and export Scheme of gene

expression until the moment of mRNA export. TREX-2 complex is shown to promote the

formation of the pre-initiation complex, transcription, and mRNA export, Sac3 mediates

interactions between the nuclear pore basket and Mediator, SAGA, Mex67:Mtr2 at the

promoters.

The NPC has been proposed to regulate and coordinate transcript elongation,

pre-mRNA processing, and export (Ibarra & Hetzer, 2015; Sood & Brickner, 2014). The

way to do that is to directly interact with the transcription sites and to accumulate in the
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vicinity diverse regulatory factors that either participate in transcription or interact with

the proteins associated with the transcribed gene promoters or mRNAs (Figure 4). In

particular, Sac3, the component of the TREX-2 complex, is docked at the nuclear basket

through Nup1 and interacts directly with Mex67:Mtr2 heterodimers, while another

TREX-2 component Thp1 is involved in transcription elongation. Mutations of both Sac3

and Thp1 lead to the mRNA export defect. (Fischer et al., 2002; Gallardo & Aguilera,

2001) Importantly, SAGA interacts both with the NPC and with the gene promoters, and

these interactions are conserved (Denoth-Lippuner et al., 2014; Kurshakova et al., 2007;

Meinema et al., 2022). Notably, despite sharing a Sus1 subunit, TREX-2, and SAGA are

likely forming solely separate protein complexes (Ellisdon et al., 2010). TREX-2 in

association with the NPC directly interacts with Mediator and modulates its interaction

with RNA Pol II phosphorylated on Ser5. TREX-2 and Mediator co-regulate a group of

genes, including GAL1. (M. Schneider et al., 2015)

One of the processes that may be associated with gene activation and recruitment

to the NPC is sumoylation. Inositol-3-phosphate synthase gene INO1, a target of the

unfolded protein response pathway, is recruited to the nuclear membrane upon

transcriptional activation in a Hac1 transcription activator-dependent manner. Hac1 is

negatively regulated by a transcriptional repressor Opi1 and is constitutively expressed in

opi1 cells. Its activation requires an integral nuclear membrane protein Scs2 or else just

the recruitment to the nuclear periphery since artificial anchoring to the nuclear periphery

via FFAT-Lac repressor interaction with LacO upstream of the INO1 promoter permits its

activation in scs2 mutant cells. (J. H. Brickner & Walter, 2004) In the case of induction of

INO1 sumoylation is important for gene recruitment to the NPC, and further

desumoylation by a nuclear basket interacting isopeptidase Ulp1 is contributing to

continuous NPC localization and normal expression of this gene. (Saik et al., 2020) Once

activated and repressed, INO1 stays at the periphery for several generations and can get

reactivated the second time quicker than for the first time. The phenomenon is defined as

transcriptional memory and depends on a short sequence within the promoter region that

ensures perinuclear targeting and the incorporation of H2A.Z upon repression. In cells

where NPC targeting of INO1 is perturbed either by Nup100 or the targeting DNA

sequence, transcriptional memory is lost. (Light et al., 2010)

The GAL1 gene is another example of a gene activated at the nuclear periphery.

Activation of the GAL locus comprising GAL1, GAL10, and GAL7, leads to its sterical

confinement in the nuclear periphery. While the locus is not active, it is located mostly

within the nuclear interior and moves in a sub-diffusive manner, while in the activated
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state, it becomes anchored to the nuclear periphery and moves largely along its surface.

Perinuclear localization of the gene is associated with higher expression levels and

depends on Sus1 and Ada2 (but not Gcn5), and on Sac3, which in the simplest case

belong to SAGA and TREX-2. Interestingly, the positive transcriptional effect of the

localization next to the nuclear periphery association is not lost upon the loss of

peripheral localization (in nup1 or ada2 mutants), and vice versa, transcriptional

activation is not enough to be recruited to the periphery (sus1 and sac3 mutants both

transcribe GAL1, however, the locus is not at the periphery). Interestingly, Mlp1 and

Nup60 are not directly involved in the gene targeting the pore. (Cabal et al., 2006) GAL1,

similarly to INO1, is regulated by a nuclear basket-associated Ulp. If Ulp1 is no more

constrained at the nuclear periphery but instead redistributed in the nucleoplasm, this

leads to GAL1 derepression, presumably because of the desumoylation of Tup1 and Ssn6

transcriptional repressors in the GAL1 promoter. (Texari et al., 2013) Another report

indicates that there is a connection between gene anchoring at the periphery and Mlp1 or

Mex67, for GAL locus and HSP104. Mex67 was recruited to the genes

co-transcriptionally, but independently of the nascent mRNA. Interestingly, the Mex67-5

mutant protein did not associate with the transcribing genes and the gene was not

anchored. (Dieppois et al., 2006)
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5. Cell cycle entry regulation in budding yeast

Unicellular organisms, such as budding yeasts, aims to reproduce as fast as

possible as long as the conditions allow it. The decision to divide and give progeny, in the

case of yeast cells by asymmetric cell division, is a step known as the Start in budding

yeasts, happening in the late G1 phase of the cell cycle. This is one of the major

cell-cycle transitions, and it requires that the external (such as nutrient availability) and

internal (such as reaching the appropriate size) conditions are satisfied in order for the

cell to irreversibly commit to DNA synthesis and further division.

Figure 5 G1/S transition circuitry The scheme represents the general scheme of G1/S

transition, with activatory nodes depicted in green and inhibitory nodes in red; nutrient

availability signals to Cln3 to promote G1/S, while the poorer carbon source, the more

Whi5 in the next cell cycle the cell will get. (Sommer et al. 2021)
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5.1. Cell cycle progression depends on the activation of Cdk1

Progression through the cell cycle is governed by Cdk (cyclin-dependent kinase).

Cdk is a serine/threonine protein kinase that requires one among multiple cyclins

(separate regulatory protein subunits) for the activity and specificity towards its

substrates. Cdk activity can also be inhibited by multiple specific inhibitors. Cyclins and

Cdk inhibitors are in turn modulated during the cell cycle by synthesis and degradation.

(Frolov and Dyson 2004) The abundance of certain cyclins oscillates during the cell

cycle, and these cyclins together with corresponding Cdks orchestrate cell cycle

progression. While mammalian cells have several cell-cycle regulating Cdks, each one

able to bind one or few cyclins, budding yeasts have two proteins, Cdc28 (or Cdk1) and

Pho85, binding respectively 9 and 10 cyclins. Cdc28 is the only essential Cdk in budding

yeasts, although Pho85 is indispensable under some conditions including growth after

starvation. (Malumbres 2014) Cdks serve as a point of integration of extracellular and

intracellular cues to regulate gene expression and drive the cell cycle (D. O. Morgan

1997).

5.2. The G1/S transition relies on a Cdk-dependent transcriptional

wave

The centerpiece of Start is the activation of G1/S cyclin-Cdk1 complexes -

Cln1/Cln2-Cdc28. They directly activate events needed for cell cycle entry such as SPB

duplication and budding, and indirectly, through relieving the inhibition of S cyclin-Cdk1

complexes, promote DNA replication. The switch-like activation of G1/S cyclin-Cdk1

depends on positive feedback loops and other mechanisms ensuring irreversible cell cycle

entry. G1/S cyclins Cln1 and Cln2 and S cyclins Clb5 and Clb6 belong to the G1/S

transcriptional regulon of about 200 genes activated by the late G1 cyclin Cln3-Cdk1

complex. Cln3-Cdk1 is thought to phosphorylate the major cell cycle repressor protein

Whi5 to drive it away from the nucleus allowing the transcription of genes activated at

the G1/S transition (Bertoli, Skotheim, and de Bruin 2013). Whi5 deletion mutant is

small, consistent with its role in repression of G1/S transition and hence prolonging G1

(Costanzo et al. 2004; de Bruin et al. 2004), the part of the cell cycle contributing mostly

to growth (Johnston, Pringle, and Hartwell 1977); increased Whi5 concentration in the

cell leads to the dose-dependent increase in cell size (Schmoller et al. 2015). Whi5 has

orthologs in the higher eukaryotes, such as human pRB which is a G1/S transition

repressor and turns out to be inactivated in many tumors. (Frolov and Dyson 2004)

77

https://paperpile.com/c/dJuBY1/wh1lA
https://paperpile.com/c/dJuBY1/zSrEL
https://paperpile.com/c/dJuBY1/VdhQD
https://paperpile.com/c/dJuBY1/VdhQD
https://paperpile.com/c/dJuBY1/NMKVW
https://paperpile.com/c/dJuBY1/nVf7y+3uw8H
https://paperpile.com/c/dJuBY1/7rIih
https://paperpile.com/c/dJuBY1/ohDwt
https://paperpile.com/c/dJuBY1/wh1lA


However, the primary role of Whi5 phosphorylation in Start and Whi5 being the

target of Cln3-Cdk1, in particular, has been recently disputed, as explained later in this

chapter (Kõivomägi et al. 2021). One of the facts supporting the doubts of Whi5

phosphorylation and nuclear export being paramount for cell cycle entry is that

non-phosphorylatable Whi5 mutant does stay in the nucleus and the cells are delayed in

Start, but viable (Wagner et al. 2009).

5.3. SBF and MBF transcription activators drive Start-specific gene

expression

The G1/S regulon comprises genes encoding G1/S and S cyclins and other

components of cell-cycle machinery responsible for late G1 and S phase events, including

enzymes and other proteins required for DNA synthesis and budding. Genes to be

activated at the G1/S border have common motifs in their promoter regions that direct

binding of transcriptional activators SCB (Swi4/Swi6-regulated cell cycle boxes

(Andrews and Herskowitz 1989)), MCB (MluI cell cycle box (McIntosh et al. 1991)) or

both. SCB is bound by the SBF transcription factor (SCB-binding factor, a heterodimer of

Swi4 and Swi6) and MCB is bound by the MBF transcription factor (MCB-binding

factor, a heterodimer of Mbp1 and Swi6). DNA specificity for these factors is determined

by Swi4 and Mbp subunits. Even though it is generally considered that SBF regulates

transcription of CLN1/2 and cell wall synthesis and budding regulating genes, and MBF

regulates transcription of CLB5/6 and DNA metabolism-regulating genes, one

transcription factor (TF) can replace another (and vice versa) for many genes. (Bean,

Siggia, and Cross 2005)

The repressed state of SBF-controlled loci is ensured via Whi5-dependent

recruitment of Rpd3 deacetylase, likely through local histone modification.

MBF-regulated genes recruit Rpd3 as well, although this depends on Stb1, another

transcription regulator present in both SBF and MBF-bound promoters. Upon G1/S genes

activation SBF and MBF recruit FACT chromatin remodeling complex that promotes

rapid nucleosome eviction to facilitate transcription. (Takahata, Yu, and Stillman 2009)

CLN2 expression depends on SBF (Iyer et al. 2001), and the Cln2 protein

regulates the transcription of its own gene creating a positive feedback loop. Cln2 binds

Cdc28; this cyclin-Cdk1 complex activates CLN2 transcription and transcription of the

rest of the G1/S regulon through definitive phosphorylation and inactivation of Whi5.

(Skotheim et al. 2008)
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Despite sharing the Swi6 subunit and being induced with a similar temporal

pattern, the mechanism of SBF and MBF action is different: while SBF functions as a

transcription activator, promoting gene expression in G1-S transition, while MBF renders

genes under its control silent outside of G1, reviewed in (Bertoli, Skotheim, and de Bruin

2013).

This implies different modes of regulation for SBF- and MBF-dependent genes

in the cell cycle. For example, SBF-dependent genes are not active in swi4 mutant cells.

Their activation at the end of G1 depends on Whi5 dissociation from SBF, which in turn

depends on Cln1/2-Cdc28 activity (Costanzo et al. 2004; de Bruin et al. 2004). SBF

component Swi4 is reported to double its concentration with growth in glucose, which

likely contributes to Whi5/SBF ratio in the nucleus and G1/S transition (Dorsey et al.

2018).

On the other hand, MBF-dependent genes are constitutively active in mbp1

mutant cells. Inactivation of their transcription in wild-type cells is ensured by

MBF-dependent expression of a co-repressor Nrm1. (de Bruin et al. 2006) At the end of

G1 Nrm1 is degraded in an APC-Cdh1-dependent fashion (Ostapenko and Solomon

2011) contributing to the coordinated transcription of genes activated at the G1/S border.

5.4. The role of Cln3 in Start

Cln3 protein is an early G1 cyclin, one of the most prominent Start modulators.

It was originally thanks to the gain-of-function mutation that conferred small size and

resistance to α-factor G1 arrest via truncation of the protein degradation signal (Cross

1988). Even though any of the Cln1-3 cyclins is sufficient to drive the G1/S transition

(Richardson et al. 1989), there are a number of indications that Cln3 is the upstream and

major regulatory molecule. Transcriptome-wide analysis shows that CLN3 deletion leads

to a delayed Start with normal progression through later stages of G1-S transition, while

these were particularly affected by CLN1-2 deletion (Teufel et al. 2019).

The long-standing image of Start control implies that the primary and core action

of the Cln3-Cdc28 complex in promoting cell cycle entry is Whi5 phosphorylation and its

dissociation from the promoter regions of regulated genes (de Bruin et al. 2004; Costanzo

et al. 2004). However, this is challenged by the recent finding that low-level

phosphorylation of Whi5 present in G1 is likely not connected with Cln3-Cdc28 activity

since it is not lost upon Cln3 anchor-away from the nucleus. The hyperphosphorylated

Whi5 form, on the other hand, is not found in cdc34-ts blocked cells that only have CLN3

out of 3 G1 cyclin genes. The authors argue that it is serine 5 in Pol II C-terminal domain
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that is being phosphorylated by Cln3-Cdc28, leading to transcription activation of

SBF-regulated genes. This study also links CDK function to transcription kinases

regulated in a cell cycle-independent manner. (Kõivomägi et al. 2021)

The Cln3-dependent pathway of SBF-/MBF-target genes activation is partially

redundant with the Bck2-driven mechanism of cell cycle entry. (Wijnen and Futcher

1999). The intriguing finding is that Bck2 activates gene expression of a variety of

cell-cycle regulated targets across different cell cycle stages in a mechanism that depends

on other molecules except for SBF and MBF transcription factors (Ferrezuelo, Aldea, and

Futcher 2009),

5.5. Pathways that control Cln3 accumulation

There are multiple pathways that have been shown to control Cln3 protein

abundance and in turn Cln3-CDK activity. For example, CLN3 mRNA is possibly

downregulated by Whi3, an ER-associated protein binding GCAU motifs in its

3’-untranslated region (3’-UTR), which promotes interaction with Ccr4-Not complex and

leads to mRNA deadenylation; on the other mRNA end, 5′-untranslated region (5’-UTR)

GCAU motifs attract Whi3 and may hinder translation (Garí et al. 2001; Y. Cai and

Futcher 2013). Interestingly, Whi3 forms aggregates in old cells that segregate to mothers

in mitosis, making them less sensitive to pheromone arrest (Schlissel et al. 2017).

However, CLN3 mRNA, unlike that of CLN1-2, is only mildly oscillating in the

cell cycle (Nash et al. 1988; Wittenberg, Sugimoto, and Reed 1990), implying that

regulation of Cln3 activity is largely co- or post-translational. One of the known

mechanisms is that Cln3 protein is retained in the ER in a Cdc28-dependent manner in

early G1 and released by a Ydj1 chaperone from the ER in late G1 (Vergés et al. 2007).

Cln3 levels peak shortly before budding, regulated post-translationally by an

elaborate network as shown recently in (Pérez et al. 2022). Cln3 is degraded both in the

cytoplasm and in the nucleus by Skp1–Cullin–F-box (SCF), and its degradation depends

on Mad3 centromeric-signaling protein. Mad3 in its turn is degraded by anaphase

promoting complex (APC) together with Cdh1. This level of control brings a “timer”

component to the budding yeast Start mechanism - meaning that the molecular event

(Start) is triggered as a function of time, independent of size.

Another control mechanism for Cln3-CDK activity comes from Cip1, a

functional ortholog of mammalian p21, which is expressed in G1 and inhibits G1-S

transition both by targeting G1 cyclin-CDK complexes and by inhibiting the activity of
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Ccr4-Caf120. Both pathways under Cip1 control rely on Whi5 inhibition (Y.-L. Chang et

al. 2017; P. Li et al. 2020).

5.6. Cln2 regulation beyond the transcriptional level

CLN2 gene expression is regulated at several levels. One of them is the level of

mRNA export, which may be partially dependent on the Ssd1 protein. Ssd1 shuttling

between nucleus and cytoplasm is important for cytoplasmic localization of bound

mRNAs (Ohyama, Kasahara, and Kokubo 2010; Kurischko et al. 2011), and CLN2

expression under stress conditions is promoted by Ssd1 binding its 5’ UTR (Ohyama,

Kasahara, and Kokubo 2010; Kurischko et al. 2011).

At the level of protein, Cln2 degradation is induced by CDK-driven

phosphorylation (Lanker, Valdivieso, and Wittenberg 1996), meaning that Cln2-Cdc28

regulates itself through a negative feedback loop. Interestingly, despite significant

redundancy in Cln1 and Cln2 sequences and similar lifetimes, they display differences in

their degradation mechanisms: Cln1 is predominantly degraded by SCF-Grr1, whereas

Cln2 is degraded both by SCF-Grr1 and SCF-Cdc4, the difference coming from

N-terminal domain which is different from the one which targets these proteins for

degradation. (Quilis and Igual 2017).

5.7. G1/S-Cdks promote S-Cdks activation

Cln3-Cdk drives the expression of SBF-dependent genes, and they are in turn

inactivated thanks to an intricate feedback loop involving the degradation of Sic1

inhibitor leading to activation of S-phase cyclin (Clb5/6)-Cdc28.

CLB5/CLB6 transcription depends on MBF (Schwob and Nasmyth 1993);

Clb5-Cdc28 is inhibited by Sic1 binding (Schwob et al. 1994; B. L. Schneider, Yang, and

Futcher 1996). Cln1/2-Cdc28 phosphorylates Sic1, priming it for further phosphorylation

by Clb5-Cdc28 and leading to its SCF/Cdc4-mediated degradation (Verma et al. 1997;

Kõivomägi et al. 2011). Once Sic1 is degraded, S-phase CDK Clb5/6-Cdc28 promotes

initiation of DNA replication and dissociation of SBF from its targets (Koch et al. 1996).

5.8. S-Cdks inactivate APCCdh1 after Start

APCCdh1, the initial driver of Start events, is inactivated approximately 12

minutes after Whi5 export (Ondracka, Robbins, and Cross 2016) through several

mechanisms including CDK-dependent phosphorylation of Cdh1 and pseudosubstrate

inhibition by Acm1 protein. It was proposed that both Clb5/6-Cdc28 (J. N. Huang et al.
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2001) and Cln1/2-Cdc28 (Amon 1997) could potentially phosphorylate Cdh1 in order to

inactivate APCCdh1, but the analysis of partially phosphorylatable Cdh1 mutants indicates

that the primary role belongs to Clb5/6-Cdc28 (Ondracka, Robbins, and Cross 2016).

ACM1 expression depends on SBF/MBF and the protein appears in late G1. It contains

motifs specific for APC substrates (KEN-box and D-box), but is not ubiquitinated by

APC. On the contrary, it competes with APCCdh1 substrates as it binds Cdh1. The stability

of Acm1 is increased by Cdc28-dependent phosphorylation. (Martinez et al. 2006;

Ostapenko et al. 2008)

5.9. How irreversible is Start?

Even though Whi5 eviction from the nucleus marking Start has been long

considered a moment of irreversible commitment to cell cycle entry, recent data suggests

that there may be another decision-making point in the cell cycle between Whi5 exit and

the beginning of replication. Post-Start yeast cells can dephosphorylate and reimport

Whi5 upon glucose starvation if the stress occurs within 20 minutes after Whi5 nuclear

export that is, likely before the replication is initiated. These cells largely regain pre-Start

identity, since they become alpha-factor responsive and initiate a second wave of CLN2

expression once the stress is over. (Irvali et al. 2021)

5.10. Cell size control

Since most growth in budding yeasts (and many other cell types) happens over

G1, they keep control over how much they need to grow before they commit to division,

at Start. A number of factors promoting and inhibiting cell cycle entry have been

identified over the years, mutations in which correspondingly cause cells to grow longer

before Start and to have bigger mean cell size, and vice versa (Soifer and Barkai 2014).

However, the cell size control defined by the cell size distribution across the population

(approximated by the mean divided by the variation coefficient) is strikingly the same

across deletion mutants. This would mean that, while changing the cell size, the cells

change the distribution of sizes proportionally, keeping “control” over how much they

grow on average (Yuping Chen et al. 2020).

Two molecules have been proposed to serve as cell size/growth sensors, Whi5 as

the one to record the past environmental conditions, meaning in particular nutrient

availability (Qu et al. 2019), and Cln3 on the other hand - as a readout of current

environmental conditions, since its transcription, translation, and localization depend on

nutrient availability (Hall et al. 1998; Polymenis and Schmidt 1997; L. Shi and Tu 2013).
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Accordingly, two models of cell size control have been proposed based on how much

Whi5 is diluted by growth, or on an increase in protein synthesis in pre-Start cells leading

to Cln3 concentration reaching a limiting point (Schmoller et al. 2015; Litsios et al.

2019). The underlying features of both proposals have been challenged in follow-up

studies (Litsios et al. 2022; Schmoller et al. 2022).

Additionally, since each of the models is based solely on changes in

concentration of one of the molecules, be that Whi5 or Cln3, the critical experiment was

to look at the cell size distributions under conditions where the abundance of these cell

cycle regulators is independent of cell size, keeping the overall expression at the

wild-type level. This was achieved by expressing Whi5 or Cln3 from the galactose-driven

promoter, and the cell size distributions (and diverse cell cycle correlated growth

parameters for Whi5) turned out to be indistinguishable from those of the wild type. Such

results for the Start players with an established role in cell size control implied that a

more complicated model should be devised. (Barber, Amir, and Murray 2020)

The results of a global study lead to the proposal of a comprehensive model of

cell size control that attempts to make peace between the Whi5 dilution and increased

Cln3 synthesis models. It turns out that there is a striking correlation at the mRNA level:

many activators increase their abundance with cell growth, while inhibitors, on the other

hand, are less abundant in bigger cells. This allowed to propose a hypothesis of collective

cell size determination by activators that increase and inhibitors that decrease their

concentrations with cell growth. The model is supported by the fact that cell size control

is perturbed (i.e. the distribution of cell sizes is broadened) if the mRNA of one of the

leading activators of Start (CLN2) subscales instead of super scaling as in wild type. This

is achieved by a simple CLN2 promoter exchange to the one belonging to an inhibitor

(WHI5). (Yuping Chen et al. 2020)

5.11. The role of NPC acetylation in Start

The connection between the NPC acetylation state and the cell cycle progression

was reported in a recent paper from our group. I briefly mentioned some of the major

findings in sections considering the role of NPC acetylation and Hos3, but here I would

like to highlight them again to show the connection to the questions that I am addressing

in this thesis, before going into the results.

The paper from Kumar et al. centers around the role of Hos3 deacetylase in NPC

deacetylation and the consequences on cell cycle progression, and the key findings are

outlined in the following sections of the introduction: Nuclear pore acetylation, Hos3
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(Protein acetylation and its role in regulation of gene expression) and Nup60 (Nuclear

pore complex). Briefly, it is shown that Hos3 lysine deacetylase associates specifically

with the nuclear pores of daughter cells in mitosis until late anaphase and that its catalytic

activity on the central channel and nuclear basket components of the nuclear pore drives

daughter-specific cell cycle delay in G1. The analysis of acetyl-mimic mutants (lysine to

asparagine) showed that they undergo an advanced G1/S transition, suggesting that they

may be targeted by Hos3 at the nuclear periphery.

It was proposed that deacetylation of the daughter NPC regulates the cell cycle

entry through modulation of the canonical NPC function such as protein and mRNA

transport and gene gating. Accumulation of Whi5 in daughter cells depends on Hos3 and

on the acetylation state of the nucleoporins, indicating that protein transport of certain

cargoes may be affected by nuclear pore acetylation. This possibility remains open for

future studies.

With regard to the proposed role in gene expression and gating, hos3 cells were

found to express the GFP reporter gene under the CLN2 promoter earlier than wild-type

cells which indicates at a possible connection between Hos3 and CLN2 expression timing

(Kumar et al. 2018). This could arise from Hos3 being associated with Whi5 to

downregulate transcription. (D. Huang et al. 2009) The position of the CLN2 gene, which

encodes one of the major drivers of G1/S transition, was shown to be dependent on the

cell cycle stage: CLN2 locus was shown to be mostly at the nuclear periphery in G1 cells

(when CLN2 is repressed) and to be localized mostly in the nucleoplasm interior in cells

that transitioned to S phase. This distribution was perturbed in hos3 mutant cells and in

nucleoporin acetylation mutants, which implies the possibility of a role of the NPC in the

transcription and/or export of mRNA, the processes proposed to be facilitated by gene

gating. In addition, in a screen with hos3-NLS mutant that is constitutively localized to

the nucleus, many nuclear transport receptor molecules were found mislocalized,

including the Mex67 mRNA export factor that normally associates with the nuclear

periphery but was displaced by Hos3. These and other findings indicate that gene

expression and, specifically, mRNA export could be modulated by NPC acetylation.

(Kumar et al. 2018)

This study opened many questions, and we started giving our answers in the

publication central to this thesis. The two main questions we were eager to answer are

1) What is the acetyltransferase that counteracts Hos3 at the nuclear periphery?

2) What is the mechanistic link that connects the nuclear pore complex

acetylation state and the cell cycle progression?
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Article 1

Nuclear pore complex acetylation regulates mRNA export and

cell cycle commitment in budding yeast

This article reveals a previously undescribed pathway contributing to the regulation

of gene expression in budding yeast. Esa1/NuA4 acetyltransferase, a

well-established player in the field of transcription control, acetylates the Nup60

component of the nuclear pore basket, which promotes mRNA export. We describe

the mechanistic link between these two processes and identify the functional role of

Nup60 acetylation in G1/S cell cycle transition and in cellular adaptation to a new

carbon source.

This work is largely a result of my collaboration with a former postdoc Merce

Gomar with a very much appreciated participation of other contributors. My

contribution to this project consisted of strain construction and experimental design,

analysis, and interpretation of the data with the consequent contribution to the

manuscript, before and after the final revision. The experiments that were directly

performed by me are reflected in: Fig.1D; Fig.2C,E; Fig.3, EV2B; EV3A,C; EV4;

S2; S3D; S6; S13. I also contributed with the macro code for high-throughput

analysis of the Spinning disk microscopy images and with the MatLab code for the

analysis of microscopy data from microfluidics chamber experiments and with the

training of Celia Schaal and Bogdan Cichocki who also made contributions to the

final manuscript.
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Nuclear pore complex acetylation regulates mRNA
export and cell cycle commitment in budding yeast
Merc�e Gomar-Alba1,2,† , Vasilisa Pozharskaia1,† , Bogdan Cichocki1, Celia Schaal1, Arun Kumar3,

Basile Jacquel1, Gilles Charvin1,4,5,6 , J Carlos Igual2 & Manuel Mendoza1,4,5,6,*

Abstract

Nuclear pore complexes (NPCs) mediate communication between
the nucleus and the cytoplasm, and regulate gene expression by
interacting with transcription and mRNA export factors. Lysine
acetyltransferases (KATs) promote transcription through acetyla-
tion of chromatin-associated proteins. We find that Esa1, the KAT
subunit of the yeast NuA4 complex, also acetylates the nuclear
pore basket component Nup60 to promote mRNA export. Acetyla-
tion of Nup60 recruits the mRNA export factor Sac3, the scaffold-
ing subunit of the Transcription and Export 2 (TREX-2) complex, to
the nuclear basket. The Esa1-mediated nuclear export of mRNAs in
turn promotes entry into S phase, which is inhibited by the Hos3
deacetylase in G1 daughter cells to restrain their premature com-
mitment to a new cell division cycle. This mechanism is not only
limited to G1/S-expressed genes but also inhibits the expression of
the nutrient-regulated GAL1 gene specifically in daughter cells.
Overall, these results reveal how acetylation can contribute to the
functional plasticity of NPCs in mother and daughter yeast cells. In
addition, our work demonstrates dual gene expression regulation
by the evolutionarily conserved NuA4 complex, at the level of tran-
scription and at the stage of mRNA export by modifying the nucle-
oplasmic entrance to nuclear pores.

Keywords G1-S transition; Hos3; mRNA export; NuA4; nuclear pore complex

Subject Categories Cell Cycle; Post-translational Modifications &

Proteolysis; RNA Biology

DOI 10.15252/embj.2021110271 | Received 24 November 2021 | Revised 16

May 2022 | Accepted 19 May 2022 | Published online 23 June 2022

The EMBO Journal (2022) 41: e110271

Introduction

Nuclear pores are macromolecular assemblies composed of approxi-

mately 30 different nucleoporins that form a channel across the

nuclear envelope (Knockenhauer & Schwartz, 2016; Hampoelz

et al, 2019; Raices & D’Angelo, 2021). The central channel mediates

communication between the nucleus and cytoplasm. Other NPC

substructures include the cytoplasmic filaments and the nuclear bas-

ket, associated with the cytoplasmic and nuclear sides of the central

channel, respectively. The nuclear basket regulates gene expression

through interactions with active genes (Casolari et al, 2004; Cabal

et al, 2006; Light et al, 2010; Brickner et al, 2019) and with regula-

tors of transcription (Texari et al, 2013; Schneider et al, 2015) and

mRNA export (Fischer et al, 2002; Dieppois et al, 2006). These and

other studies have suggested that NPCs can act as regulatory sites

for the coordination of transcript elongation, processing and export

(Sood & Brickner, 2014; Ibarra & Hetzer, 2015).

The nuclear basket also recruits lysine acetyltransferases

(KATs) and deacetylases (KDACs). Acetylation of histones is tightly

associated with transcription, and KATs and KDACs, often residing

in large multiprotein complexes, are thought to target nucleosomes

to regulate transcriptional activity (Sterner & Berger, 2000; Lee &

Workman, 2007). In addition, acetylation of non-histone proteins

is common in eukaryotes and has been implicated in a variety of

biological processes in addition to transcription, such as DNA

damage repair, cell division and signal transduction (Kaluarachchi

Duffy et al, 2012; Narita et al, 2019). Among the best-

characterised yeast KATs are Esa1 and Gcn5, contained in the

NuA4 and SAGA complexes, respectively. Esa1 (known as Kat5 or

Tip60 in mammals) is the only essential KAT in budding yeast and

is involved in DNA transcription and repair (Allard et al, 1999;

Clarke et al, 1999; Doyon & Côt�e, 2004; Bruzzone et al, 2018).

Gcn5 (also known as KAT2A) is not essential but plays a role in

the transcription of most yeast genes (Baptista et al, 2017; Bruz-

zone et al, 2018). KATs and KDACs known to associate with NPCs

include Gcn5 and the type II deacetylases Hos3 (in yeast) and

HDAC4 (in mammals) (Cabal et al, 2006; Kurshakova et al, 2007;

Kehat et al, 2011; Kumar et al, 2018). Despite their presence at

NPCs, how KATs and KDACs act to regulate gene expression at

these sites is poorly understood.
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Regulatory principles of the G1/S transition (known as Start in

yeast) are evolutionarily conserved: activation of cyclin-dependent

kinase (CDK) drives the transcription of hundreds of genes involved

in the start of S phase (Bertoli et al, 2013). Indeed, defects in G1/S

control are tightly associated with oncogenesis. For example, pRB is

a repressor of the G1/S transition thought to be functionally inacti-

vated in most tumour cells (Frolov & Dyson, 2004). In both yeast

and animal cells, inhibition of premature G1/S transition involves

the targeting of KDACs to chromatin, generating an environment

that is unfavourable for transcription (Frolov & Dyson, 2004; Huang

et al, 2009; Takahata et al, 2009; Wang et al, 2009). We recently

discovered that in budding yeast, NPC acetylation regulates the G1/

S transition (Kumar et al, 2018; Gomar-Alba & Mendoza, 2019).

The KDAC Hos3 is cytoplasmic during interphase, but associates

with the yeast division site (the mother-bud neck) in mitosis and

then binds to daughter cell NPCs as they traverse the bud neck dur-

ing anaphase, leading to Hos3 association with the nuclear basket

specifically in daughter cells (Fig 1A). Hos3-dependent deacetyla-

tion of central pore channel nucleoporins in daughter cells enhances

nuclear accumulation of the main Start inhibitor (the transcriptional

A B

C D

Figure 1. KATs Esa1 and Gcn5 counteract the KDAC Hos3 to promote the G1/S transition.

A Localisation and function of the Hos3 deacetylase during mitotic division. Hos3 (in green) associates with the bud neck and with daughter cell NPCs during nuclear
migration into the bud. Hos3 delays the G1/S transition specifically in daughter cells through deacetylation of NPCs (Kumar et al, 2018).

B Growth inhibition upon overexpression of HOS3-NLS driven by the GAL1 promoter is suppressed by overexpression of the KAT Esa1. 10-fold serial dilutions of the indi-
cated strains transformed with an empty vector or with the indicated plasmids were spotted onto SC-Glu and SC-Gal medium (to activate the GAL1 promoter) and
incubated at 25°C for 3 days. Note that HOS3-NLS (under the control of the native HOS3 promoter) does not affect cell growth.

C esa1-ts and gcn5D esa1-ts mutants have bud emergence defects. (Top) Cells of the indicated strains were arrested in G1 by treatment with ɑ-factor for 2.5 h at 25°C,
shifted to 37°C for 1 h and released from the G1 arrest at 37°C. Cells were fixed at the indicated times, and the presence of buds was assessed by microscopy. Mean
and SEM are derived from n = number of independent experiments. At least 200 cells were scored for each strain and time point. (Bottom) Bright-field images of the
indicated strains 60 min after the ɑ-factor washout. Arrowheads point to cell buds. Scale bar, 4 lm.

D Inactivation of ESA1 and GCN5 delays DNA replication. Cells of the indicated genotypes were synchronised as in panel C, and DNA content was evaluated by flow
cytometry. Numbers indicate time in minutes after the release. This experiment was repeated three times with similar results; one experiment is shown.

Source data are available online for this figure.
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repressor Whi5, functional analog of pRB). In addition, deacetyla-

tion of the nuclear basket nucleoporin Nup60 has relatively minor

effects on Whi5 nuclear accumulation but is associated with the per-

inuclear tethering of a key cell cycle control gene (encoding the G1/

S cyclin Cln2, homologue of mammalian Cyclin E) (Kumar

et al, 2018). Thus, acetylation of specific nucleoporins promotes dif-

ferent aspects of nuclear pore function necessary for S-phase entry,

and their deacetylation in daughter cells reinforces cell size control

mechanisms that prevent premature S phase in small daughters

(Turner et al, 2012). However, the identity of the KAT(s) targeting

the NPC for acetylation is unknown, and the molecular mechanism

by which NPC acetylation status affects S-phase entry remains

unclear.

Here, we show that the KAT Esa1 acetylates the nuclear basket

component Nup60 to promote mRNA export and the G1/S transi-

tion. Furthermore, we demonstrate that Hos3-dependent deacetyla-

tion of Nup60 displaces mRNA export complexes from daughter cell

NPCs to inhibit Start. We propose that, in addition to modulating

cell cycle entry and preventing premature division of daughter cells,

this pathway regulates general mRNA export. Thus, the evolutionar-

ily conserved NuA4 complex drives gene expression and cell cycle

progression not only by acetylating chromatin and promoting tran-

scription but also by acetylating the nucleoplasmic entrance to NPCs

to facilitate export of nuclear mRNA, thereby dually controlling the

gene expression state of the cell.

Results

Esa1 is the main lysine acetyltransferase promoting cell
cycle entry

To understand how NPC acetylation regulates the G1/S transition

(Start), we sought to identify the lysine acetyltransferases (KATs)

counteracting the activity of the Hos3 deacetylase. Hos3 displays

asymmetric distribution between mother and daughter cells in wild-

type Saccharomyces cerevisiae. Overexpression of a version of Hos3

fused to a nuclear localisation signal (GAL1pr-HOS3-NLS) leads to

targeting of Hos3 to mother and daughter cell nuclei, deacetylation

of nucleoporins and inhibition of cell proliferation (Kumar

et al, 2018). We tested whether this inhibition could be relieved by

overexpression of yeast KATs, including Eco1, Elp3, Esa1, Gcn5,

Hat1, Hpa2, Hpa3, Rtt109, Sas2 and Spt10. Overexpression of Elp3,

Gcn5 and Spt10 was toxic in wild-type cells, and therefore, their

potential role in opposing Hos3 could not be established using this

assay (Fig EV1). However, we found that of the remaining KATs,

only Esa1 and Hat1 overexpression suppressed Hos3-NLS lethality

(Figs 1B and EV1B).

Inactivation of Hos3 leads to premature onset of S phase in

daughter cells (Kumar et al, 2018). We thus tested whether inacti-

vation of Esa1 or Hat1 (alone or in combination) inhibits the G1/S

transition, as would be expected of KATs counteracting the KDAC

Hos3. We also tested the role of Gcn5, since its loss was previously

reported to cause a mild delay in the G1/S transition (Kishkevich

et al, 2019). The non-essential genes HAT1 and GCN5 were deleted,

whereas Esa1 was inactivated using the well-characterised ther-

mosensitive (ts) mutation esa1-L254P (hereafter called esa1-ts)

(Clarke et al, 1999). Wild-type and mutant cells were arrested in G1

at 25°C by addition of alpha factor, shifted to the restrictive temper-

ature for esa1-ts (37°C), and released from the cell cycle arrest by

alpha-factor removal. The fraction of S-phase cells at different times

after alpha-factor washout was determined by monitoring bud emer-

gence. More than 95% of wild-type cells budded within 60 min of

alpha-factor removal, and gcn5Δ cells exhibited a 15-min delay in

budding as previously reported (Kishkevich et al, 2019). In contrast,

budding was strongly delayed in esa1-ts cells: on average, only 10%

of these cells had formed a bud after 60 min, and approximately

40% lacked a bud after 4 h. Moreover, cells lacking both Esa1 and

Gcn5 had stronger defects in budding than either single mutant:

esa1-ts gcn5Δ cells remained unbudded after 4 h of alpha-factor

washout (Figs 1C and EV2A). Deletion of HAT1 did not delay bud-

ding of either wild-type, gcn5Δ or esa1-ts cells (Fig EV2B). Thus,

HAT1 does not play a role in Start and was not characterised fur-

ther. DNA replication, assayed by flow cytometry, was also delayed

in Esa1-deficient cells. Whereas most wild-type cells replicated their

DNA 40 min after alpha-factor removal, replication was still incom-

plete after 4 h in esa1-ts cells, and was undetectable in esa1-ts

gcn5Δ (Fig 1D). In summary, Esa1 promotes budding and DNA

replication, which are hallmarks of the G1/S transition. In the

absence of Esa1, these functions can be partially compensated by

Gcn5.

Esa1 acts through Nup60 acetylation to promote Start

These data raised the possibility that Esa1, Gcn5 and Hos3 regulate

the G1/S transition, at least in part, by modulating the acetylation

level of shared target proteins. Proteomic studies have indicated that

budding yeast nucleoporins are targeted by multiple KATs, includ-

ing Esa1 and Gcn5, although the role of these modifications

remained unclear (Henriksen et al, 2012; Downey et al, 2015). Fur-

thermore, Hos3-dependent deacetylation of the nuclear basket com-

ponent Nup60 lysine 467 is important for inhibition of Start in

daughter cells (Kumar et al, 2018). Therefore, we investigated

whether Esa1 and Gcn5 promote Start through Nup60 acetylation.

Nup60-GFP was immunoprecipitated from cells expressing Esa1 or

Gcn5 under the control of the inducible GAL1 promoter, and its

acetylation state was assayed with an anti-acetyl-lysine (AcLys)

antibody. This revealed increased Nup60 acetylation after addition

of galactose in GAL1pr-ESA1 and GAL1pr-GCN5 cells (Fig 2A). Thus,

Esa1 and Gcn5 can acetylate Nup60.

We next tested whether acetylation of Nup60 can mediate the

G1/S function of Esa1 and Gcn5. Lysine (K) 467 of Nup60 was

replaced with an asparagine (N) residue, whose biophysical proper-

ties resemble those of acetylated lysine, to generate the acetyl-

mimic Nup60-KN. Cells were released from a G1 block, and their

budding efficiency was determined as previously. Expression of

Nup60-KN partially rescued the budding efficiency of the single

mutant esa1-ts (Fig 2B), although it was not sufficient to restore

budding in cells lacking both Esa1 and Gcn5 (Fig EV3A). Further-

more, the replacement of Nup60 K467 with arginine (R) to mimic

the lack of acetylation (Nup60-KR) led to the opposite phenotype of

Nup60-KN, further delaying the budding of esa1-ts (Fig EV3B).

These results suggest that Esa1 promotes the G1/S transition in part

by acetylation of Nup60.

Start is marked by the transcription of hundreds of genes of the

G1/S regulon, which are required for budding and DNA replication.
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To gain insight into how Nup60 acetylation promotes the G1/S tran-

sition, we first determined the mRNA levels of four representative

regulon genes (CLN2, CDC21, SVS1 and RNR1) during the G1/S tran-

sition using quantitative reverse transcription PCR (RT–qPCR) in

KAT-deficient cells. In wild-type synchronous cultures, CLN2,

CDC21, SVS1 and RNR1 are induced 15 min after alpha-factor

removal, and their mRNA levels decrease as cells enter S phase

(Fig 2C, WT). In agreement with the observed budding and DNA

replication defects, transcription of G1/S genes was impaired in

esa1-ts cells. CLN2 was induced at lower levels and with slower

kinetics than in wild type, whereas CDC21 and SVS1 mRNA levels

did not oscillate during the experiment, and RNR1 was induced at

normal levels but its mRNA remained unusually stable (Fig 2C,

esa1-ts). As previously reported (Kishkevich et al, 2019), deletion of

GCN5 did not affect the mRNA levels of any of the tested genes.

However, the double mutant gcn5Δ esa1-ts showed stronger tran-

scriptional defects than the esa1-ts single mutant (Fig EV3C).

Together, these results indicate that Esa1 drives the coordinated

induction of G1/S genes and that Gcn5 can partially compensate for

the absence of Esa1. Notably, the acetyl-mimic version of Nup60,

which partially rescued budding efficiency of the esa1-ts mutant

(Fig 2B), did not improve its transcriptional defects (Fig 2C, esa1-ts

nup60-KN). To understand how Nup60-KN promotes budding of

Esa1-deficient cells, western blotting was used to determine the pro-

tein levels of the G1/S cyclin Cln2 in esa1-ts and esa1-ts nup60-KN.

Cln2 plays a critical role in driving activation of CDK in late G1 and

robust, irreversible G1/S transition via positive feedback (Skotheim

et al, 2008; Charvin et al, 2010). As expected, Cln2 protein synthe-

sis occurred later and at lower levels in esa1-ts than in wild-type

cells released from a G1 block. Importantly, the delay in Cln2 pro-

tein synthesis was alleviated in esa1-ts nup60-KN (Fig 2D and

Appendix Fig S1). This suggests that Nup60 acetylation promotes

Cln2 expression at the post-transcriptional level.

Finally, we examined the requirement for Esa1 and Nup60 acety-

lation in the G1/S transition of mother (M) and daughter (D) cells,

using time-lapse microscopy of freely cycling cells. To determine the

time of the G1/S transition in single cells, we monitored the nuclear

localisation changes of the Whi5 transcriptional repressor, a G1

marker. Whi5 is imported into the nucleus of M and D cells in late

anaphase, and its export in G1, driven by CDK phosphorylation,

marks the irreversible commitment to S phase (Costanzo

et al, 2004; de Bruin et al, 2004; Charvin et al, 2010). Cells were

incubated at 37°C and imaged at 3-min intervals. In wild-type cells,

nuclear export of Whi5-mCherry occurred first in mothers and later

in daughters relative to Whi5 import (median times, 15 min

[M cells] and 59 min [D cells]; note that the duration of G1 phase in

cells synchronised with alpha factor is not directly comparable with

that of freely cycling cells) (Fig 2E, WT and Appendix Fig S2). This

dichotomy is due to both cell size control in small daughters and

size-independent mechanisms that delay Start specifically in daugh-

ters, including NPC deacetylation (Di Talia et al, 2007; Kumar

et al, 2018). In esa1-ts cells, Whi5 export was markedly delayed in

both M and D cells (median times: 30 min [M] and 123 min [D];

Fig 2E, esa1-ts). Furthermore, the presence of Nup60-KN partially

restored the delay in Whi5 export caused by Esa1 inactivation,

specifically in daughter cells (median times: 33 min [M] and 96 min

[D]; Fig 2E, esa1-ts nup60-KN). Thus, Esa1 promotes Start in both

mother and daughter cells, but constitutive Nup60 acetylation

advances Start specifically in Esa1-deficient daughters. This is con-

sistent with daughter-specific Nup60 deacetylation caused by asym-

metric inheritance of the Hos3 KDAC (Kumar et al, 2018), and

further supports the hypothesis that acetylation of Nup60 in mothers

is reversed by Hos3 in daughter cells.

Esa1 and Nup60-KN promote the export of CLN2 mRNA

Next, we used time-lapse microscopy to determine CLN2 mRNA

localisation, by inserting PP7 stem loops in its 3’ UTR. PP7 stem

loops bind to the bacteriophage coat protein fused to a nuclear local-

isation signal and GFP (PCP-GFP-NLS), allowing visualisation of

CLN2 mRNA foci (Neurohr et al, 2018). We used Whi5-tdTomato to

monitor the G1/S transition in the same cells. Freely cycling cells

(wild type, esa1-ts and esa1-ts nup60-KN) were incubated at 37°C

and imaged at 5-min intervals for up to 6 h. We restricted our analy-

sis to daughter cells, which are most affected by inactivation of

Esa1. In wild type, a single bright perinuclear focus indicative of

CLN2 transcription was detected for 1–2 consecutive frames at the

time of Whi5 nuclear export. This occurred approximately 30 to

◀ Figure 2. Acetyl-mimic Nup60 partially rescues the Start defects of esa1-ts cells.

A Overexpression of Esa1 and Gcn5 KATs leads to increased acetylation levels of the nuclear basket nucleoporin Nup60. (Top) Nup60-GFP was immunoprecipitated from
extracts of the indicated strains, and its acetylation state probed with anti-AcLys antibodies. (Bottom) Total extracts probed with anti-HA antibodies to verify KAT over-
expression.

B nup60-KN partially rescues the budding defect of esa1-ts cells. (Left) Budding of cells of the indicated strains was determined as in Fig 1C. At least 200 cells were
scored for each strain and time point. Data from three independent experiments are represented as mean and SEM (esa1-ts, esa1-ts nup60-KN). (Right) Bright-field
images of the indicated strains 40 min after the ɑ-factor washout. Arrowheads point to cell buds. Scale bar, 4 lm.

C mRNA levels of CLN2, CDC21, SVS1 and RNR1 were determined for cells of the indicated strains after G1 arrest and release at restrictive temperature, with samples
collected at indicated times. Data from three independent experiments are represented as mean and SEM.

D nup60-KN mutation partially rescues the delay in synthesis of the G1/S cyclin Cln2 in esa1-ts cells. Cells of the indicated strains were processed as in (B), and the
amount of Cln2-HA protein at the indicated times was assessed by Western blot. % of budded cells (budding index, BI) is indicated below for each corresponding
strain and time point. Note the slow, inefficient budding in esa1-ts mutants. In WT, the reduction in Cln2 at 60 min and its increase at 90 min reflect the start of a
second cycle, which is absent in esa1-ts cells.

E nup60-KN partially rescues the Whi5 export defect of esa1-ts daughter cells. Composite of bright field and Whi5-mCherry (left) and quantification of Whi5 nuclear
export (right) in mother (M) and daughter (D) cells of the indicated strains. Whi5 export (arrows) is delayed in esa1-ts mothers and daughters compared to WT
(P < 0.001, log-rank Mantel–Cox test); esa1-ts nup60-KN advances Whi5 export relative to esa1-ts in daughters (P = 0.0105), but not in mothers (P > 0.05). 3
z-confocal slices spaced 0.5 lm were acquired every 3 min; maximum projections of selected timepoints are shown. Time is indicated in minutes; t = 0 marks
Whi5 nuclear import. Scale bar, 5 lm. n = number of cells, pooled from two independent experiments with similar results.

Source data are available online for this figure.
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50 min after Whi5 was imported into the nucleus (Fig 3A–C). CLN2

transcription was followed by the appearance of 5–20 mRNA foci

in the cytoplasm (Fig 3A and D). In esa1-ts, nuclear mRNA foci

appeared later (relative to Whi5 import) than in wild-type cells

(Fig 3B); short-lived nuclear foci could be detected during the

extended G1 phase in these cells (see example in Fig 3A). Impor-

tantly, the fraction of cells with nuclear CLN2 mRNA foci peaked

in both wild-type and esa1-ts at the time of Whi5 export, indicat-

ing that Whi5 export is associated with CLN2 transcription even

in the absence of Esa1 (Fig 3C). However, the fluorescence inten-

sity of nuclear foci was lower in esa1-ts than in wild type

(Fig 3E). Thus, Esa1 promotes the synthesis of CLN2 mRNA. Inac-

tivation of Esa1 was also associated with changes in the localisa-

tion of CLN2 transcripts; nuclear mRNA foci were associated with

the nuclear periphery in 95% of wild-type cells, compared to 80%

in esa1-ts (Fig 3F). In addition, the number of cytoplasmic foci at

the time of Whi5 export was lower in esa1-ts than in wild-type

cells (Fig 3A and E). Strikingly, Nup60-KN did not alter the inten-

sity of CLN2 nuclear foci in esa1-ts cells, but rescued the fraction

of cells with perinuclear mRNA, and increased the number of

CLN2 cytoplasmic foci (Fig 3D and E). These results raised the

possibility that Nup60 acetylation is specifically required for the

nuclear export of CLN2 mRNA.

Together, these findings suggest two distinct roles for Esa1 in

driving cell cycle commitment. First, a major function of Esa1 in

promoting the G1/S transition is to drive the timely transcription of

genes required for cell cycle entry. This is in keeping with an estab-

lished role of Esa1 in promoting transcription of most yeast genes

(Bruzzone et al, 2018). Second, Esa1 may play additional positive

roles in Start, independently of transcription, that are mediated by

Nup60 acetylation and may include mRNA export. To further test

the hypothesis that Nup60 acetylation plays mostly a post-

transcriptional role in gene regulation, we determined genome-wide

mRNA levels in wild-type, nup60-KN and nup60-KR cells by RNA

sequencing. With the exception of minor changes in a handful of

subtelomeric genes, this analysis found no significant changes in

transcription among these strains (Fig EV4). A non-transcriptional

role of Nup60 acetylation in gene expression could also explain why

Nup60-KN rescues the Start defect of esa1-ts but not those of the

double mutant esa1-ts gcn5Δ. Indeed, levels of G1/S mRNAs in this

mutant may be too low to promote S phase, even in the presence of

increased mRNA export efficiency promoted by Nup60-KN.

Esa1 and Nup60 acetylation promote bulk mRNA export

Nuclear basket components are required for the efficient export of

nuclear mRNA through their association with the Transcription and

Export 2 (TREX-2) complex (Fischer et al, 2002). Our previous find-

ings raised the possibility that Nup60 acetylation promotes mRNA

export. We therefore tested whether the cell proliferation defect of

GAL1pr-HOS3-NLS cells, in which Nup60 and other nucleoporins are

deacetylated, can be alleviated by increased levels of mRNA export

factors (Fig 4A). Indeed, we found that the growth of GAL1pr-HOS3-

NLS cells was restored by overexpression of the mRNA export recep-

tors Mtr2 and Mex67, which escort mRNA molecules through the

NPC (Str€asser et al, 2000; Strawn et al, 2001) (Fig 4B). Likewise,

overexpression of the scaffolding subunit of the TREX-2 complex,

Sac3 (Fischer et al, 2002; Jani et al, 2014), also restored growth

of GAL1pr-HOS3-NLS cells (Fig 4C). Note that a truncated Sac3 ver-

sion was used, since overexpression of full-length Sac3 is toxic

(Appendix Fig S3A–C). This further suggests that Hos3, possibly via

Nup60 deacetylation, prevents cell proliferation by inhibiting export

of nuclear mRNA. Overexpression of Mtr2 and Mex67 did not rescue

the growth of Esa1-deficient cells, confirming that mRNA export is

not the only essential function of this KAT (Appendix Fig S3D).

To directly test whether Nup60 deacetylation inhibits bulk mRNA

export, we imaged polyadenylated mRNA by fluorescence in situ

hybridisation (FISH) using a poly-dT probe. This was done in wild

type and in cells in which Nup60 acetylation was reduced by over-

expression of nuclear Hos3 (GAL1pr:HOS3-NLS) or by inactivation

of Esa1 and Gcn5 (esa1-ts, gcn5Δ). As expected, all wild-type cells

showed mRNA localisation diffusely in both nucleus and cytoplasm.

In contrast, approximately 15% of cells exhibited nuclear mRNA

accumulation upon induction of GAL1pr:HOS3-NLS (Fig 4D and

Appendix Fig S4A). Nuclear accumulation of mRNA was dependent

on Hos3 KDAC activity, as it was not observed upon overexpression

of a catalytically inactive mutant (Hos3EN-NLS) (Fig 4D). Further-

more, inactivation of Esa1 (esa1-ts) led to accumulation of nuclear

mRNA in up to 20% of cells, and this fraction rose to 30% in the

double mutant esa1-ts gcn5Δ (Fig 4E and Appendix Fig S4B).

▸Figure 3. Esa1 and Nup60-KN promote the nuclear export of CLN2 mRNA.

A Composite of bright field and Whi5-tdTomato (BF/Whi5) and CLN2-PP7 mRNA labelled with PCP-NLS-GFP (CLN2 mRNA) in mother (M) and daughter (D) cells of the
indicated strains. Arrows indicate nuclear foci. Brighter GFP nucleoplasmic areas may correspond to the nucleolus. Insets show enhanced-contrast images to visualise
cytoplasmic mRNA particles (arrowheads). Numbers indicate minutes relative to Whi5 nuclear import. Maximum projections of whole-cell Z-stacks are shown for
Whi5 and CLN2 mRNA except in the inset and in selected esa1-ts images, where single Z-slices are shown for clarity. Scale bar, 4 lm (inset: 1 lm).

B Fraction of cells of the indicated strains with nuclear CLN2-PP7 mRNA foci, aligned relative to Whi5 import. Symbols represent individual values; lines were generated
by smoothing of the nearest three neighbouring values (0th order polynomial).

C Fraction of cells of the indicated strains with nuclear CLN2-PP7 mRNA foci, aligned relative to Whi5 export.
D Mean fluorescence intensity of nuclear CLN2 mRNA foci at the time of Whi5 export, normalised relative to the nuclear background.
E Number of cytoplasmic CLN2-PP7 mRNA foci in early G1 (5 min after Whi5 import) and at the G1/S transition (5 min after Whi5 export).
F The position of nuclear CLN2-PP7 foci (marked with arrowheads in the examples) was scored relatively to the nuclear periphery (visualised with PCP-NLS-GFP) in the

indicated strains. The fraction of non-perinuclear CLN2-PP7 foci is significantly increased in esa1-ts cells compared to the WT and rescued by nup60-KN mutation
(two-sided Fisher’s exact test, P = 0.0209 and P = 0.0227). Scale bar, 1 lm.

Data information: In (D and E), boxes include 50% of data points, lines represent the median, and whiskers extend to maximum and minimum values. ****, P ≤ 0.0001;
**, P ≤ 0.01; and n.s., P > 0.05, ordinary one-way ANOVA with Tukey’s multiple comparisons test. Adjusted P-values in (D): WT vs. esa1-ts, P < 0.0001; WT vs. esa1-ts
nup60-KN, P < 0.0001; and esa1-ts vs. esa1-ts nup60-KN, P = 0.9845; and in (E): WT vs. esa1-ts, P < 0.0001; and esa1-ts vs. esa1-ts nup60-KN, P = 0.002. Foci were scored
in individual Z-slices spanning the entire cell volume. n = number of cells, pooled from two independent experiments with similar results.
Source data are available online for this figure.
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Notably, deletion of GCN5 alone did not cause nuclear mRNA accu-

mulation, suggesting that this KAT does not play an important role

in promoting mRNA export. The Esa1 function in RNA export

appeared to be specific for mRNA, since depletion of Esa1 (alone or

in combination with Gcn5) did not affect export of ribosomal

RNA (Appendix Fig S5A and B). Importantly, the fraction of Esa1-

deficient cells with nuclear mRNA accumulation was significantly

reduced in esa1-ts cells carrying the acetyl-mimic Nup60 mutation

(Fig 4F). These results suggest that acetylation and deacetylation of

Nup60, mediated by Esa1 and Hos3, respectively, regulate mRNA

export.

Nup60 acetylation recruits the TREX-2 complex to the nuclear
basket to promote Start

We previously found that constitutive nuclear localisation of Hos3

(Hos3-NLS) reduces the amount of NPC-associated mRNA export

factors, such as Sac3, that localise to the nuclear periphery (Kumar

et al, 2018). This suggests that in wild-type cells, Nup60 acetylation

facilitates the recruitment of Sac3 to NPCs and this is inhibited in

G1 daughter cells via Hos3-dependent Nup60 deacetylation. To test

this prediction, we measured the nuclear intensity of GFP-tagged

Sac3 relative to that of the structural NPC component Nup49-

mCherry in mother (M) and daughter (D) nuclei immediately after

cytokinesis. Interestingly, loss of Hos3 (hos3Δ) lead to an increase

in Sac3 nuclear localisation in D cells, and expression of acetyl-

mimic Nup60 (nup60-KN) caused an increase in nuclear Sac3 in

both M and D cells (Fig 5A, nucleus). Importantly, cellular Sac3

levels were not affected by mutations in HOS3 or NUP60 (Fig 5A,

whole cell; see also Appendix Fig S6 for analysis of Sac3 levels by

Western blotting). As wild-type D cells entered S phase (and Nup60

was acetylated), their nuclear Sac3 levels increased; in contrast,

Sac3 levels remained constant from G1 to S phase in hos3 and

nup60-KN daughter cells (Fig EV5). We conclude that Hos3 and

deacetylation of Nup60 reduce the enrichment of Sac3 in G1 daugh-

ter cell nuclei. We then tested whether Esa1 promotes the localisa-

tion of Sac3 to the nuclear basket. To avoid potential confounding

effects due to Esa1 inactivation during S phase, cells were treated

with the microtubule polymerisation inhibitor nocodazole at 25°C,

to arrest esa1-ts cells in mitosis in the presence of Esa1 function.

Nocodazole was then removed, cells were shifted to 37°C to inacti-

vate Esa1, and the nuclear intensity of Sac3-GFP, normalised to that

of Nup49-mCherry, was determined in the following G1. This

revealed that nuclear enrichment of Sac3 is significantly reduced in

◀ Figure 4. Nuclear export of mRNA is inhibited by the KDAC Hos3 and promoted by the KAT Esa1 and Nup60 acetylation.

A Illustration of the physical interactions (dashed lines) of the NPC with mRNA export factors.
B Overexpression of MEX67 and MTR2 rescues the lethality of Hos3-NLS overexpression. 10-fold serial dilutions of the indicated strains transformed with the indicated

plasmids spotted onto SC-Glu and SC-Gal medium and incubated at 25°C for 3 days.
C A high-copy plasmid containing SAC3 rescues the lethality of Hos3-NLS overexpression. Strains carrying a high-copy plasmid containing the SAC3 ORF (nucleotides

467–3,905), or the empty vector, were grown as in (B).
D Overexpression of Hos3-NLS promotes nuclear accumulation of mRNA. (Left) Cultures of the indicated strains were treated with galactose overnight to induce HOS3-

NLS expression, cells were fixed, and FISH was performed using Cy3-Oligo(dT). (Right) The fraction of cells with nuclear mRNA accumulation was determined for the
indicated strains and conditions.

E Inactivation of Esa1 impairs export of poly(A) RNA. (Left) Cultures of the indicated strains were incubated at 37°C. (Right) The fraction of cells with nuclear mRNA
accumulation was determined for the indicated strains and conditions as in (D).

F nup60-KN mutation partially rescues the mRNA export defects of esa1-ts. Cells of the indicated strains were processed as in (E).

Data information: In (D–F), arrows point to polyadenylated RNA in the nucleus, which was visualised by DAPI staining. Data from three independent biological replicates
(7h30) are represented as mean and s.d., and data from two independent biological replicates (0 and 3h30) as mean and range. *, P ≤ 0.05; ***, P ≤ 0.001; and ns,
P > 0.05, two-tailed unpaired t-test. At least 200 cells were scored for each time point and condition. Scale bar, 4 lm.
Source data are available online for this figure.

▸Figure 5. Nup60 deacetylation in daughter cells displaces Sac3 from NPCs and delays Start.

A Depletion of Hos3 or expression of acetyl-mimic Nup60 (nup60-KN) increases the nuclear localisation of Sac3 in G1. Cells of the indicated strains were imaged by
time-lapse microscopy, and the fluorescence levels of the indicated proteins were determined in G1 (after cytokinesis). The NPC component Nup49 was used as a con-
trol for nuclear pore complex protein levels. Fluorescence intensity was measured in sum projections of whole-cell Z-stacks, by segmentation of either the nuclear
area in the mCherry channel or the whole cell in the bright-field channel. The ratio of Sac3 to Nup49 intensities was then normalised relative to the mean intensity
of wild-type mothers.

B Inactivation of Esa1 decreases Sac3 nuclear levels. Wild-type (WT) and esa1-ts cells were arrested in mitosis by treatment with nocodazole at 25°C, shifted to 37°C,
released from the mitosis block in fresh medium at 37°C and imaged by time-lapse microscopy. Fluorescence levels were quantified in G1 as in (A).

C Rapamycin-dependent dimerisation abolishes Sac3 mother/daughter asymmetries. NUP60-mCherry-FKBP SAC3-GFP-FRB cells were incubated with rapamycin (RAPA)
to trigger FRB-FKBP heterodimerisation, or with DMSO as control. Fluorescence levels were quantified in G1 cells as in (A), 15 to 30 min after addition of the drug.

D Sac3 anchoring to the nuclear basket advances Start in esa1-ts daughter cells. Composite of bright field and Whi5-mGFP (top) and quantification of Whi5 nuclear
export timing (bottom) in wild-type (WT) and esa1-ts mother (M) and daughter (D) cells treated with either rapamycin (RAPA) or DMSO and expressing Nup60-FRB
and Sac3-mCherry-FKBP. Sac3 anchoring to Nup60 does not alter Whi5 export timing in WT mother or daughter cells (DMSO vs. RAPA, P > 0.05, log-rank Mantel–Cox
test), but it advances Whi5 export in esa1-ts daughters (P = 0.0001). Whi5 export efficiency was slightly improved also in mother cells (P = 0.0374). 8 z-confocal slices
spaced 0.4 lm were acquired every 3 min; maximum projections are shown. Time is indicated in minutes; t = 0 marks Whi5 nuclear import. Scale bar, 5 lm.

Data information: In (A–C), arrowheads point to daughter cells, and in (D), to Whi5 export. In (A–C), boxes include 50% of data points, the line represents the median, and
whiskers extend to maximum and minimum values. ****, P ≤ 0.0001; **, P ≤ 0.01; and ns, P > 0.05, two-tailed unpaired t-test. Scale bar, 2 lm. n = number of cells,
pooled from three independent experiments with similar results.
Source data are available online for this figure.
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both M and D esa1-ts cells, while total cellular levels of Sac3 were

not affected (Fig 5B and Appendix Fig S6). Together, these data

indicate that Nup60 acetylation, driven by Esa1 and inhibited by

Hos3 in G1 daughter cells, is important for perinuclear recruitment

of the mRNA export factor Sac3.

Sac3 is tethered to the nuclear pore basket, and this localisation

is required for its mRNA export function (Fischer et al, 2002). To

test whether Esa1 promotes Start by targeting Sac3 to NPCs, we

asked whether artificially anchoring Sac3 to the nuclear basket is

sufficient to rescue their Start delay in Esa1-deficient cells. We used

the anchor-away system, which triggers dimerisation of FK506-

binding protein (FKBP) and FKBP–rapamycin binding (FRB) in the

presence of rapamycin (Gallego et al, 2013) to anchor Sac3-FKBP

and Nup60-FRB protein fusions. Consistent with results in Fig 5A,

the distribution of fluorescently labelled Sac3-FRB and Nup60-FKBP

was biased towards mother cells, with a higher bias for Sac3 than

for Nup60 (P < 0.005, unpaired t-test) (Fig 5C). The addition of

rapamycin did not alter the accumulation of Nup60-FKBP in mother

cells. In contrast, rapamycin altered the asymmetric localisation of

Sac3-FRB: whereas Sac3 accumulated preferentially in mother cell

nuclei in DMSO-treated cells, it was partitioned equally to M and D

nuclei in the presence of rapamycin (Fig 5C). Thus, rapamycin

increases the localisation of Sac3-FRB in daughter cells. G1 duration

was then determined by time-lapse microscopy of esa1-ts cells

expressing Whi5-GFP, as in Fig 2E, in the presence of either rapa-

mycin or DMSO. Rapamycin slightly increased Whi5 export effi-

ciency in esa1-ts NUP60-FRB SAC3-FKBP mother cells, and

specifically advanced Whi5 export in daughter cells (Fig 5D). This is

consistent with Hos3-dependent Nup60 deacetylation in daughter

cells (Kumar et al, 2018). We conclude that acetylation of Esa1 and

Nup60 promotes Start, at least in part, by targeting Sac3 to the

nuclear basket, where it mediates mRNA export. Consistent with

the requirement of mRNA export to trigger Start, we find that inacti-

vation of the essential mRNA export factor Mex67 is sufficient to

prevent entry into S phase (Appendix Fig S7).

Nup60 acetylation regulates expression of the inducible
GAL1 gene

Our results indicate that Nup60 deacetylation inhibits mRNA export

and reduces the NPC recruitment of Sac3 to delay Start in daughter

cells, presumably by inhibiting the export of mRNAs required for S

phase. Next, we asked whether Nup60 acetylation can also affect

the expression of genes that are not required for the G1/S transition,

such as the inducible galactokinase (GAL1) gene. To measure GAL1

expression, fast-folding, destabilised GFP (sfGFP) was placed under

the control of the GAL1-10 promoter (GAL1pr) and inserted next to

the endogenous GAL1 locus. Thus, measuring GFP fluorescence

with time-lapse microscopy allows tracking of GAL1 expression in

single cells. Wild-type and Nup60 acetyl-mimic (nup60-KN) were

placed in a microscope chamber, and GAL1 expression was induced

with galactose (Fig 6A). GFP fluorescence appeared earlier and

increased to higher levels in nup60-KN than in wild-type cells, indi-

cating that Nup60 acetylation promotes GAL1 expression (Fig 6B

and Appendix Fig S8). Notably, mRNA levels of GAL1 (measured

by RT–qPCR) were comparable in wild type and nup60-KN. This

indicates that Nup60 acetylation promotes GAL1 expression at the

post-transcriptional level (Fig 6C). Nup60 levels were equivalent

throughout all experiments, suggesting that Nup60 acetylation is

unlikely to affect gene expression through changes in Nup60 stabil-

ity (Appendix Fig S9A and B).

Because Nup60 acetylation is inhibited in daughter cells, we

tested whether GAL1 expression occurs with different strengths in

mothers and daughters. Indeed, GAL1 expression levels were higher

in wild-type mother cells than in their daughters, and these differ-

ences were absent in cells lacking Hos3 or expressing Nup60-KN

(Fig 6D). We conclude that acetylation of Nup60 in mother cells

promotes GAL1 expression, whereas its deacetylation in daughter

cells inhibits expression. Expression of GAL1 was slightly increased

in the double mutant hos3Δ nup60-KN relative to either hos3Δ and

nup60-KN single mutants (Fig 6D). This suggests that Hos3 inhibits

GAL1 expression in daughters largely, but not entirely through

deacetylation of Nup60 at Lys 467.

Induction of GAL1 by galactose is associated with tethering of its

gene locus to the NPC (Cabal et al, 2006). To test whether NPC

association is required for GAL1 regulation by acetylated Nup60, we

induced the GAL1 gene in wild-type and nup60-KN cells with an

oestradiol-dependent hybrid transactivator (the DNA binding

domain of Gal4 fused to the hormone-binding domain of the human

oestrogen receptor and the activation domain of the viral transcrip-

tional activator VP16; GEV) that does not induce gene tethering

(Appendix Fig S10). In cells expressing the GEV hybrid protein,

addition of oestradiol led to similar GAL1 induction profiles in wild-

type, hos3Δ and nup60-KN cells. This was in contrast to GAL1

▸Figure 6. Daughter cell-specific Nup60 deacetylation inhibits GAL1 expression.

A Time-lapse microscopy of WT and nup60-KN cells expressing GAL1pr:sfGFP and Nup60-mCherry at the indicated times of galactose induction. Scale bar, 4 lm.
B Depletion of Hos3, and expression of acetyl-mimic Nup60 (nup60-KN) enhance GAL1 expression. WT, hos3D, nup60-KN and nup60-KN hos3D cells were shifted to

galactose and imaged by time-lapse microscopy to monitor GAL1pr:sfGFP expression during 7 h. Nuclear fluorescence was scored by segmentation of the nuclear area
in the mCherry channel, and mean fluorescence of nuclear GFP and Nup60-mCherry was quantified from sum projections of whole-cell Z-stacks at the indicated
times. At least 200 cells were scored for each strain and time point. Shaded areas indicate the SEM.

C mRNA levels of GAL1 were determined for wild-type (WT) and nup60-KN cells at the indicated times after galactose addition. One of two independent experiments
with similar results is shown (mean and SEM from three technical replicates).

D The GFP intensity of mother/daughter pairs for cells in (B), at 5-min intervals after galactose addition (left) and 425 min after galactose addition (right). Boxes include
50% of data points, the line represents the median, and whiskers extend to maximum and minimum values. ****, P ≤ 0.001; and ns, P > 0.05, two-tailed paired
t-test. N = number of cells. One of two independent experiments with similar results is shown.

E Expression of GAL1pr:sfGFP induced with galactose (left) or ß-oestradiol (right), in the presence of the ß-oestradiol-dependent transactivator Gal4-ER-VP16. Smooth
lines show GFP fluorescence intensity (left x axis); lines with circles show the difference in GFP intensity between the indicated strains (right x axis). The difference
between wild type and hos3Δ, and between wild type and nup60-KN, increases continuously over time in response to galactose, but not to ß-oestradiol.

Source data are available online for this figure.
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expression upon galactose addition, in which hos3Δ and nup60-KN

induced GAL1 more strongly than wild type (Fig 6E and

Appendix Fig S11A and B). Note that the effect of hos3 and nup60-

KN on GAL1 expression in response to galactose was milder in GEV

than in non-GEV strains, probably due to differences in genetic

background. GEV strains are derived from W303, which carries a

functional copy of the galactose permease GAL2. Non-GEV strains

in Fig 6A–D are derived from S288c, which is gal2- and relies on

lower-affinity permeases to import galactose (Mortimer & John-

ston, 1986; Donnini et al, 1992). Thus, Nup60 acetylation may be

particularly important when galactose availability is limited. These

data suggest that for optimal regulation of GAL1 expression by

Nup60 acetylation, the GAL1 gene must be associated with the NPC.

Furthermore, forcing the symmetric distribution of the mRNA

export factor Sac3 to the nuclear basket of mother and daughter

nuclei using the FRB-FKBP system (as in Fig 5C) increased

GAL1 expression specifically in daughter cells (Fig 7A and B and

Appendix Fig S12). These data further support the notion that

Hos3-dependent deacetylation of Nup60 inhibits general mRNA

export in daughter cells.

Discussion

Our data indicate that in budding yeast, the lysine acetyltransferase

subunit of the NuA4 complex (Esa1) promotes cell cycle entry. In

the absence of Esa1, the KAT subunit of the SAGA complex (Gcn5)

can partially fulfil this function. Given that the G1/S transition

depends on the coordinated expression of hundreds of genes, the

involvement of NuA4 and SAGA components in this cell cycle tran-

sition is in line with their common role as transcriptional coactiva-

tors with known functional overlaps. Indeed, NuA4 and SAGA

complexes share the targeting subunit Tra1 (Helmlinger &

Tora, 2017) and are thought to drive gene expression mainly

through acetylation of histone H3 (for SAGA) and H4 (for NuA4)

and subsequent chromatin decompaction (Sterner & Berger, 2000;

Lee & Workman, 2007). However, we demonstrate that Esa1 is

required not only for gene transcription but also for mRNA export.

Also in this case, Gcn5 can partially compensate for the absence

of Esa1. Importantly, expression of an acetyl-mimic Esa1/Gcn5 sub-

strate, the nuclear pore component Nup60, partially alleviates the

G1/S transition and mRNA export defects of Esa1-defective cells.

A B

Figure 7. Sac3 anchoring to Nup60 promotes GAL1 expression.

A Cells of the indicated strains were incubated with galactose in the presence of either rapamycin (RAPA) to induce FRB-FKBP heterodimerisation, or DMSO as control.
GAL1pr:sfGFP expression was monitored over time as in Fig 6B.

B (Top) Representative images of the indicated cells in rapamycin or DMSO, 250 min after galactose addition. Scale bar, 4 lm. (Bottom) Mother/daughter pairs were
quantified as in Fig 6D at 250 min after galactose addition (pink shaded area in A). Boxes include 50% of data points, the line represents the median, and whiskers
extend to maximum and minimum values. **, P ≤ 0.01; *, P ≤ 0.05; and ns, P > 0.05, two-tailed paired t-test for M-D comparisons, unpaired for comparisons between
strains. n = number of cells. One of two independent experiments with similar results is shown.

Source data are available online for this figure.
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Thus, we propose that Esa1 is the main KAT driving transcription of

G1/S genes (most likely through acetylation of chromatin proteins)

and that it also promotes mRNA export by acetylation of Nup60. To

our knowledge, this is the first time that a KAT is linked to post-

transcriptional regulation of gene expression by modification of

NPCs. Esa1 may acetylate other NPC components in addition to

Nup60 to promote mRNA export (Henriksen et al, 2012; Kumar

et al, 2018). Importantly, we show that Esa1 activity and Nup60

acetylation facilitate the nuclear enrichment of the TREX-2 complex

scaffolding subunit Sac3, which promotes mRNA export at the

nucleoplasmic side of the nuclear pores, thereby driving mRNA

export and cell cycle entry (Fig 8). Our finding that Nup60 acetyla-

tion promotes the Sac3-dependent expression of GAL1, which is not

required for cell cycle entry, further suggests that Esa1 and acetyla-

tion of Nup60 are part of a pathway promoting general mRNA

export during the entire cell cycle.

Our results also indicate that Esa1-dependent mRNA export,

which may be constitutively active in mother cells, is specifically

inhibited in daughter cells to restrain their G1/S transition. This

inhibition is caused by the KDAC Hos3, which deacetylates Nup60

in G1 daughters, contributing to their prolonged G1 phase and

enforcing cell size control. Nup60 acetylation in daughter cells is

restored in S phase, presumably due to removal of Hos3 from NPCs

in G1 (Kumar et al, 2018), thus allowing resumption of normal

mRNA export in daughter cells later in the cell cycle. These observa-

tions reveal an additional level of control of the G1/S transition,

which is also regulated by the differential scaling of Start inhibitors

and activators with cell size (Schmoller et al, 2015; Chen

et al, 2020) and by the daughter-specific inheritance of transcrip-

tional regulators (Di Talia et al, 2009; Kumar et al, 2018). Notably,

our data suggest that gene expression at the G1/S transition is con-

trolled not only through transcription but also at the level of mRNA

export. We speculate that the Hos3-Nup60 pathway downregulates

mRNA export during G1, because Nup60 deacetylation is largely

restricted to this cell cycle phase. Moreover, it is possible that

Nup60 deacetylation does not specifically inhibit expression of the

G1/S regulon, because Hos3 also inhibits expression of the nutrient-

responsive GAL1 gene.

Esa1-deficient yeast cells arrest in late S phase or early mitosis in

a manner dependent on the DNA damage checkpoint (Clarke

et al, 1999). This cell cycle arrest probably masked the role of Esa1

in earlier cell cycle stages, which we reveal here through analysis of

both synchronised populations and freely cycling cells. Moreover,

our results raise the possibility that DNA damage in esa1-ts cells

may stem (at least in part) from replicative stress during S phase

caused by inefficient synthesis and/or export of G1/S mRNAs. Sup-

porting this hypothesis, DNA replication (although delayed) seems

to proceed in many unbudded esa1-ts cells (Fig 1C and D). In addi-

tion, lack of Esa1 activity is associated with aberrant nucleolar frag-

mentation (Clarke et al, 1999). Although the molecular basis of the

nucleolar defect in Esa1-defective cells is unclear, it is interesting

that nucleolar fragmentation is also observed after inactivation of

mRNA export factors, provided that mRNA synthesis is ongoing

(Kadowaki et al, 1994; Schneiter et al, 1995). Thus, nucleolar frag-

mentation after inactivation of Esa1 may be caused by abnormal

accumulation of mRNA in the cell nucleus.

mRNA export factors, including Mex67 and Sac3, contribute to

NPC tethering of active yeast genes and may contribute to their opti-

mal expression (Cabal et al, 2006; Dieppois et al, 2006; Brickner

et al, 2019). Our data indicate that Esa1 promotes the perinuclear

enrichment of Sac3, but whether this localisation affects the interac-

tion of chromosomal loci with NPCs is not known. Interestingly, the

CLN2 locus interacts with NPCs specifically in G1, and this interac-

tion is stabilised by Nup60 deacetylation in daughter cells (Kumar

Figure 8. Esa1 coordinates mRNA synthesis and export during the G1/S transition through Nup60 acetylation.

In mother cells, Esa1 promotes both mRNA synthesis and export. Mechanistically, mRNA export is promoted by acetylation of Nup60, which increases the association
between the mRNA export factor TREX-2 and the nuclear pore basket. In daughter cells, Hos3 deacetylates Nup60, which reduces TREX-2 association with the NPC, and
thus mRNA export. Inhibition of Nup60 acetylation in daughter cells contributes to their longer G1 phase, possibly by delaying the export of mRNAs required for entry
into S phase such as CLN2, and inhibits the expression of the GAL1 gene in response to galactose.
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et al, 2018). It will be of interest to establish how NPC tethering of

G1/S genes such as CLN2 is related to the elongation and export

state of their respective mRNAs, and whether stabilisation of gene

tethering by Nup60 deacetylation corresponds to primed or active

transcriptional conditions.

Whether the role of NuA4 in NPC acetylation and mRNA export

is evolutionarily conserved is not known. As in yeast, the TREX-2

complex is associated with the nuclear pore basket in human cells

(Umlauf et al, 2013) and promotes export of a subset of mRNAs

together with the basket component TPR (Wickramasinghe

et al, 2010, 2014; Aksenova et al, 2020). Furthermore, human

nucleoporins are acetylated, including TPR and the Nup60 homo-

logue Nup153 (Choudhary et al, 2009), and TPR physically interacts

with Tip60/KAT5, the mammalian homologue of Esa1 (Chen

et al, 2013); however, the physiological relevance of these modifica-

tions and interactions has not been determined. Our findings raise

the possibility that mammalian nucleoporins represent a novel cate-

gory of substrates for KATs and for the multiprotein complexes in

which these enzymes reside, with important roles in gene expres-

sion. Testing this possibility, and identifying the molecular mecha-

nisms by which KATs such as NuA4 and SAGA regulate mRNA

export in mammalian cells (e.g. by acetylation of non-histone

proteins such as nucleoporins) remain therefore a key subject for

future studies.

In summary, these data reveal a novel role in mRNA export for

the evolutionarily conserved KAT-containing coactivator complex,

NuA4. They also demonstrate that differences in Nup60 acetylation

determined by the interplay between a KAT (in mother cells) and a

KDAC (in daughter cells) allow the modulation of mRNA export

capabilities of NPCs in different cell types, shaping their gene

expression and cell proliferation profiles. Furthermore, our findings

on the regulation of GAL1 expression by Nup60 acetylation indicate

that differences in NPC acetylation between mother and daughter

cells contribute to the development of heterogeneous gene expres-

sion responses among a population of genetically identical cells.

This type of phenotypic variability (often interpreted as a bet-

hedging strategy) could provide a growth advantage for a clonal

population upon sudden changes in environmental conditions

(Veening et al, 2008). Thus, while specifically assessing the role of

NPC acetylation in cell cycle entry, our study raises the possibility

that acetylation of nuclear pores and regulation of mRNA export

define an important regulatory step in cell identity establishment.

Analogous mechanisms may also contribute to cell differentiation

during the development of multicellular organisms.

Materials and Methods

Strains, plasmids and cell growth

Saccharomyces cerevisiae strains are derivatives of S288c or BY4741

except when indicated (Appendix Table Table S1). Gene deletions

and insertions of C-terminal tags were generated by standard one-

step PCR-based methods (Longtine et al, 1998; Janke et al, 2004).

The acetyl-mimic nup60-KN mutant was generated using CRISPR/

Cas9 to replace the acetylated lysine 467 by asparagine, as described

(Kumar et al, 2018). The deacetyl-mimic nup60-KR mutant was

obtained by homologous recombination with a PCR product

generated from a nup60-KR strain, a gift from Dr. Yves Barral. The

esa1-ts thermosensitive strain carrying the L254P mutation (Clarke

et al, 1999) linked to the kanamycin-resistance cassette KanMX (Li

et al, 2011) was used to obtain the esa1-ts-kanMX cassette and inte-

grate the ts allele in the corresponding S288c-derived strains. The

mex67-ts strain is a gift from Dr. M. del Olmo (Estruch et al, 2009).

pBG1805 2l multicopy plasmids expressing KATs, Mtr2, Mex67

or Sac3 under the control of the GAL1 promoter and carrying a HA

C-terminal tag (Gelperin et al, 2005) were obtained from the Yeast

ORF collection (Thermo Scientific Open Biosystems, YSC3868).

pGP565 2l multicopy plasmids (Jones et al, 2008) containing

Sac3, Sus1, Cdc31, Sem1 and Thp1 are a gift from Dr. S. Leon

(Yeast Genomic Tiling Collection, Open Biosystems). The pUC57

vector containing the superfolder (sf) GFP fused to the CLN2-PEST

degron under the control of GAL1pr (AP2) is described in

Goulev et al (2019), and the Rpl25-GFP plasmid is a gift from Dr. H.

Schmidt.

Cells were grown in exponential conditions (below OD600 = 1) at

25°C in standard yeast extract–peptone–dextrose medium supple-

mented with adenine 70 lg/ml (YPDA) or synthetic complete (SC)

medium with 2% glucose, 2% raffinose (SC-Raf) or 2% galactose

(SC-Gal). Where indicated, cells were incubated in the presence of

15 lg/ml nocodazole and 15 lg/ml a-factor, or transferred to 37°C.

For growth assays in solid media, 10-fold serial dilutions of expo-

nential cultures were spotted onto SC-Glu and SC-Gal medium and

incubated at 25°C for 3 days.

For G1 arrest, exponential cells growing in YPDA medium were

synchronised with 15 lg/ml a-factor (GenScript, Cat. No: RP01002)
for 2 h at 25°C, supplemented with additional a-factor (5 lg/ml)

and incubated 30 min more at 25°C. Then, cells were shifted to

37°C during 1 h, washed three times with pre-warmed YPDA and

released in fresh pre-warmed YPDA medium at 37°C. For the noco-

dazole arrest, cells were incubated during 2 h with nocodazole

15 lg/ml, washed three times and then released in fresh pre-

warmed YPDA medium at 37°C.

For the analyses of GAL1pr-driven expression of the sfGFP

reporter, the GAL1pr:sfGFP-CLN2-PEST cassette was integrated

between the GAL1 and FUR4 loci using the following oligonu-

cleotides:

GALsfGFP-Fw (5’-AAAGTCATTTGCGAAGTTCTTGGCAAGTTGC

CAACTGACGtACGGATTAGAAGCCGCCGA-30) and GALsfGFP-Rv

(5’-AGGACAAAAAGTTTCAAGACGGCAATCTCTTTTTACTGCAATG

Gttagaaaaactcatcgag-30) and the AP2 plasmid as a PCR template. For

induction of the GAL1pr:sfGFP reporter (Fig 6), exponential cells

were grown in glucose, washed three times with SC-Gal and resus-

pended in SC-Gal (2% galactose, 0.1% glucose) for time-lapse imag-

ing. For Nup60-GFP IP assays (Fig 2A), cells were grown in glucose

until exponential phase, diluted and incubated in SC-Raf (2% raffi-

nose, 0.1% glucose) overnight until exponential phase, and 2%

galactose was added to induce GAL1pr:GCN5-HA and GAL1pr:ESA1-

HA expression for 2 h.

For analysis of Gal1-LacO gene tethering, cells were grown

in glucose, washed three times with SC-Gal and resuspended in SC-

Glu, SC-Glu + 90 lM oestradiol or SC-Gal for time-lapse imaging.

For tethering of Sac3 to Nup60, we used inducible dimerisation

of FK506-binding protein (FKBP) and FKBP–rapamycin binding

(FRB) domain, as described in Gallego et al (2013). Sac3 and Nup60

were tagged at the C-terminus. The background of the anchoring

� 2022 The Authors The EMBO Journal 41: e2021110271 | 2022 15 of 20

Merc�e Gomar-Alba et al The EMBO Journal

 14602075, 2022, 15, D
ow

nloaded from
 https://w

w
w

.em
bopress.org/doi/10.15252/em

bj.2021110271 by C
ochrane France, W

iley O
nline L

ibrary on [15/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



strains harbours the tor1-1 mutation and lacks the endogenous FPR1

gene rendering growth insensitive to rapamycin. Exponential cells

were incubated with 20 lM rapamycin (Sigma-Aldrich, Cat. No

R8781) throughout the imaging experiment. Association between

Sac3-GFP-FRB and Nup60-mCherry-FKBP was checked by measur-

ing the disruption of Sac3 asymmetries within 15–30 min of rapa-

mycin addition (Fig 5C). Similar results were obtained for Sac3-

mCherry-FKBP and Nup60-FRB. For the induction of GAL1pr:sfGFP,

cells were grown in glucose, washed three times with SC-Gal and

shifted to SC-Gal (2% galactose, 0.1% glucose) with rapamycin or

DMSO for the time-lapse imaging (Fig 7). For inactivation of esa1-ts,

cells were imaged at 37°C at the moment of rapamycin or DMSO

addition (Fig 5D).

Fluorescence microscopy

For time-lapse microscopy, cells were grown overnight in 50-ml

flasks containing 10 ml of SC medium at 25°C, then diluted to

OD600 = 0.1–0.3 in fresh medium, grown at least for 4 h to mid-log

phase and plated in minimal synthetic medium on concanavalin A-

coated (Sigma-Aldrich) Lab-Tek chambers (Thermo Fisher Scien-

tific). Images were acquired on a Nikon TiE inverted microscope (or

on a Leica DMi8 for Fig 3) equipped with a X1 Yokogawa Spinning

disk confocal head using a Leica HC PL APO 100× NA1.4 objective.

The excitation/emission parameters were as follows: for GFP laser

excitation at 488 nm/bandpass emission filter 525/50 nm and for

tdTomato laser excitation at 561 nm/bandpass emission filter 605/

64 nm. Images were captured with a Photometrics Prime 95B

sCMOS camera. Laser power and camera exposure times were mod-

ulated depending on the samples. A Tokai Hit Environmental Cham-

ber maintained the sample temperature at 37°C. Time-lapse series of

4-lm stacks spaced 0.2–0.3 lm were acquired every 2–5 min. For

Sac3-GFP, a maximum of 13 z-stacks were taken; for Whi5-GFP, 8

z-stacks spaced by 0.4 lm were taken; for Whi5-tdTomato/CLN2-

PP7, 16 z-stacks spaced by 0.25 lm were taken; and in case of

Whi5-mCherry due to low protein abundance and poor fluorophore

stability, 3 z-stacks spaced by 0.5 lm were used. Red channel

images (Whi5-mCherry, Whi5-tdTomato) were subject to Gaussian

blur (radius = 2 px), and Whi5-GFP images were subject to median

filtering (radius = 1 px) to remove noise. The images were pro-

cessed and analysed on 2D maximum or sum projections (unless

mentioned otherwise) using Fiji (https://imagej.net/software/fiji/).

In Figs 2E and 5D, only cells that imported Whi5 30 min after the

start of imaging were included in the analysis. Maximum projections

are shown throughout, except in Figs 5A–C and EV5, where sum

projections are shown.

Nuclear CLN2-PP7 focus intensity (Fig 3D) was calculated by

determining the mean fluorescence of nuclear foci during Whi5

export in a single confocal Z-slice, normalised by the mean fluores-

cence of the whole nucleus in the same slice. Fluorescent levels of

Sac3-GFP, and Nup49- or Nup60-mCherry were determined in

background-subtracted 2D sum projections of whole-cell Z-stacks,

with the nuclear area defined by Nup49-mCherry or by Nup60-

mCherry. For Sac3 (Fig 5A), G1 mother and daughter cells

were quantified in G1, defined as the first 30–45 min after comple-

tion of anaphase and the absence of bud. For the GAL1pr:sfGFP

reporter, the GFP mean fluorescence was determined (Fig 6).

For mother/daughter measurements (Figs 6D right and 7B),

mother/daughter pairs with individual nuclei at the moment of

galactose shift were tracked and their fluorescence was measured at

the indicated times. For the quantification of GAL1pr:sfGFP activa-

tion over time (Figs 6B and 7A), a custom Fiji macros segmented

the nuclear signal (Nup60-mCherry), and after manual correction of

ROI, total fluorescence and mean fluorescence of the mCherry and

GFP channels were automatically determined for all the individual

cells. For measuring GAL1pr-GFP fluorescence in mother and

daughter cells over time (Fig 6D left), sequences of bright-field / flu-

orescence confocal images were processed using DetecDiv (preprint:

Aspert et al, 2021) as follows: cells were segmented using a pre-

trained deep learning-based pixel classification model, after training

it using 14 manually annotated images. Then, the model was

deployed on all (roughly ~1,000) images and slight post-processing

(i.e. small object removal and watershed) was applied to refine cell

segmentation. We then used a tracking routine based on the Hun-

garian method for assignment to map individual cell trajectories

over time, which allowed us to quantify the dynamics of their mean

cytoplasmic fluorescence.

Conventional epifluorescence microscopy was carried out with a

Leica DM4000B widefield microscope equipped with HCX PL APO

100X/1.40 OIL PH3 CS objective, and image acquisition was per-

formed with Hamamatsu ORCA-Flash4.0 LT digital CMOS camera

with the help of Leica Application Suite X (LAS X) software. For

DNA staining, cells were fixed for 5 min by addition of 70% ethanol

and resuspended in 1 lg/ml DAPI (40,6-diamidino-2-phenylindole).

Budding index was scored manually using the transmitted light

images and the cell-counter plug-in of Fiji.

Microfluidics

Microfluidics devices (Fig 6E and Appendix Fig S11) were fabri-

cated and handled as in Jacquel et al (2021). Cells were imaged

with a Zeiss Axio Observer Z1 microscope. Before image acquisi-

tion, cells were washed for 1 h with SC-Glu media, and afterwards,

the media flow was changed either to SC-Glu + 90 lM oestradiol or

to SC-Gal. Raw images were processed using MATLAB-based soft-

ware PhyloCell (Goulev et al, 2017). Imaged cells of all time points

were segmented by the software, and the mean intensity of each

segment was calculated.

Western blotting

Approximately 10 ml of exponential growing cells (OD600 = 0.3–0.6)

was collected, resuspended in 200 ll of 0.1 M NaOH and incubated

for 5 min at room temperature. Cells were collected by centrifuga-

tion, resuspended in 50 ll of Laemmli buffer and incubated for

5 min at 95°C. Extracts were clarified by centrifugation, and equiva-

lent amounts of protein were resolved in an SDS–PAGE and trans-

ferred onto a nitrocellulose membrane. Membranes were blocked

with milk powder 5% in TBS–Tween 0.01% or FBS 10% in TBS–

Tween 0.1% (anti-AcLys) and incubated overnight with primary

antibodies. Primary antibodies were anti-HA peroxidase 3F10 (Roche

Diagnostics, Cat. No: 12013819001) diluted 1:5,000, anti-GFP (Roche

Diagnostics, Cat. No: 11814460001) diluted 1:5,000, anti-GAPDH

(Thermo Fisher Scientific Cat. No: MA5-15738) diluted 1:2,000, anti-

G-6-PDH diluted 1:20,000 (Sigma, Cat. No: A9521), anti-AcLys

diluted 1:1,000 (Cell Signalling, Cat. No: 9681), and anti-Cdc28 (anti-

16 of 20 The EMBO Journal 41: e2021110271 | 2022 � 2022 The Authors

The EMBO Journal Merc�e Gomar-Alba et al

 14602075, 2022, 15, D
ow

nloaded from
 https://w

w
w

.em
bopress.org/doi/10.15252/em

bj.2021110271 by C
ochrane France, W

iley O
nline L

ibrary on [15/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://imagej.net/software/fiji/


Cdk1/cdc2 (PSTAIR)) (Merck, Cat. No: 06–923) diluted 1:2,000.

Blots were developed with anti-mouse IgG and anti-rabbit IgG horse-

radish peroxidase conjugate (Thermo Fisher Scientific, Cat. No: 170–

6,516 or 31,460 respectively) diluted 1:20,000 using the SuperSignal

West Femto Maximum Sensitivity Substrate (Thermo Scientific).

Bands were acquired with ImageQuantTM LAS 4000 mini biomolecu-

lar imager (GE Healthcare) and quantified in ImageJ.

Protein Immunoprecipitation assays

Approximately 100 ml of exponential growing cells (OD600 = 0.5–

0.8) expressing Nup60-GFP were collected and resuspended in

300 ll of Lysis Buffer (50 mM Tris–HCl, pH 8, 250 mM NaCl, 5 mM

EDTA, 1% Triton X-100, 1 mM PMSF, 2.5 mM benzamidine, and

0.1% (w/v) sodium deoxycholate) with Complete Mini Protease

Inhibitor (Roche Diagnostics) and histone deacetylase inhibitors

(iHDAC) 5 lM trichostatin A (Sigma-Aldrich), 10 mM nicotinamide

(Sigma-Aldrich) and 10 mM sodium butyrate (Sigma-Aldrich). Cells

were broken with vigorous shaking in the presence of glass beads,

the cellular debris was removed, and the supernatant was clarified

by centrifugation at 13,400 g for 5 min. 50 ll Dynabeads Protein G

magnetic beads (Invitrogen) were incubated with anti-GFP antibody

(Roche Diagnostics) for 20 min at room temperature and after wash-

ing with phosphate-buffered saline (PBS) containing Tween 0.02%,

incubated with the cell extract for 2 h at 4°C. After washing the

beads four times with PBS Tween 0.02%, the immunoprecipitated

Nup60 was eluted by boiling the beads for 5 min with 100 ll of

Laemmli buffer 2× and analysed by SDS–PAGE followed by Western

blot analysis.

PolyA fluorescence in situ hybridisation

Cells were grown in SC to exponential phase at 25°C, and the cul-

ture was divided into two to incubate half of the culture at 25°C or

37°C or in SC or SC-gal during the indicated times. Approximately

10 ml of exponential cultures (OD600 = 0.5–1) was fixed with 4%

(v/v) formaldehyde (Sigma-Aldrich) during 15 min at room temper-

ature or 37°C. Cells were collected and resuspended in 0.1 M potas-

sium phosphate (KPi), pH = 6.4/4% formaldehyde and fixated for

1 h in agitation at room temperature. The fixation agent was

removed by washing two times with 0.1 M KPi, pH 6.4. Cells were

washed one time with ice-cold washing buffer (0.1 M KPi

(pH = 6.4)/1.2 M sorbitol) and resuspended in 200 ll of ice-cold

washing buffer, and subsequently, cell wall was digested by incu-

bating 100 ll of cells with 0.4 mg/ml of Zymolyase 100T (SEIKA-

GAKU CORPORATION) at 30°C for 5–15 min. Partially

spheroplasted cells were recovered by centrifugation (3,000 g for

5 min), washed one time with washing buffer and resuspended in

30 ll 0.1 M KPi (pH = 6.4)/1.2 M sorbitol. Samples were then

applied on Teflon slides with wells previously coated with poly-L-

lysine. Non-adhering cells were removed by aspiration, cells were

rehydrated with 2X SSC (0.15 M NaCl and 0.015 M sodium citrate)

and incubated with prehybridisation buffer (formamide 50%, dex-

tran sulphate 10%, 125 lg/ml of Escherichia coli tRNA, 4× SSC, 1×

Denhardt’s solution and 500 lg/ml herring sperm DNA) for 1 h at

37°C in a humid chamber. The hybridisation was incubated over-

night at 37°C in a humid chamber with 20 ll of prehybridisation

buffer supplemented with 1 lM of Cy3-end-labelled oligo(dT),

1 mM DTT and RNasin (Promega) 4 U/ml. After hybridisation,

slides were washed with 2× SSC and 1× SSC at room temperature

for 5 min, and subsequently, cells were incubated for 1 min with

2 ll of DAPI 2.5 mg/ml. Cells were washed twice with 1× SSC,

washed with 0.5× SSC, air-dried and mounted with 50% glycerol.

Detection of Cy3-oligo(dT) and DAPI was performed using a Leica

DM4000B fluorescence microscope.

Flow cytometry

DNA content analysis was performed according to the protocol from

Rosebrock (2017). Briefly, cells were fixed in two volumes of 100%

ethanol (overnight �20°C), rehydrated with PBS and digested with

proteinase K (20 lg/ml, Thermo Scientific) and RNase A (10 lg/ml)

for 2 h at 50°C in the presence of SYTOX Green (0.5 lM, Invitro-

gen). Flow cytometry was performed on a LSRII (BD) instrument,

and the data were analysed with the FlowJo software. Gating strate-

gies are shown in Appendix Fig S13.

RT–qPCR

Samples for gene expression analysis containing approximately

4 × 108 cells were frozen in liquid nitrogen and stored at �80°C.

RiboPure-Yeast (Invitrogen) kit was used to isolate total RNA

according to the manufacturer’s protocol. Briefly, cells were broken

in a Disruptor Genie (Scientific Industries) with Zirconia Beads in

Lysis Buffer with one volume of phenol:chloroform. The lysate was

centrifuged at 16,100 g for 10 min, and the aqueous phase was sep-

arated and mixed with corresponding amounts of 100% ethanol and

binding buffer. The resulting solution was drawn through the

column filter, which was further washed with wash solutions. RNA

was eluted from the filter with 2 × 50 ll of elution buffer and

1 × 50 ll with DEPC-treated Molecular Biology Grade Water (Mer-

ck). RNA samples were quantified with NanoDrop 2000 Spectropho-

tometer (Thermo Scientific). 2.5 lg of RNA was incubated with

ezDNase, and cDNA was obtained with SuperScript IV VILO Master

Mix (both Invitrogen) following the manufacturer’s instructions.

cDNA was analysed in triplicate by quantitative RT–PCR with Light-

Cycler 480 SYBR Green I Master Mix (Roche) using the Roche Light-

Cycler 480 II instrument. mRNA levels of genes of interest were

quantified relative to ACT1 mRNA by the DCt method.

RNA-seq

Cells were harvested by centrifugation, and RNA was extracted from

snap-frozen pellets using the RiboPure-Yeast Kit (Ambion). RNA

concentrations were determined using NanoDrop 1000 (Thermo Sci-

entific), while quality and integrity were checked using a Bioana-

lyzer 2100 (Agilent Technologies). RNA sequencing (RNA-seq) was

performed on a HiSeq 4000 (Illumina). Single-end reads were pre-

processed using cutadapt (Martin, 2011) to remove adapters, polyA

and low-quality sequences. Reads longer than 40 bp were aligned to

the reference S. cerevisiae genome (R64) using STAR version 2.5.3a

(Dobin et al, 2013). Gene expression was quantified from uniquely

aligned reads using HTSeq-count (Anders et al, 2014), v.0.6.1p1,

with annotations from Ensembl release 94 and union mode. TPM

was calculated from raw read counts, and average TPM in each con-

dition was performed and transformed using log2.

� 2022 The Authors The EMBO Journal 41: e2021110271 | 2022 17 of 20

Merc�e Gomar-Alba et al The EMBO Journal

 14602075, 2022, 15, D
ow

nloaded from
 https://w

w
w

.em
bopress.org/doi/10.15252/em

bj.2021110271 by C
ochrane France, W

iley O
nline L

ibrary on [15/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Statistical methods and reproducibility

Graphs and statistical analysis (two-tailed unpaired/paired t-test,

one-sample t-test, ANOVA with Tukey’s multiple comparisons test

and log-rank Mantel–Cox test) were performed with GraphPad

Prism software and R. For all the strains used in this work, at least

two independent clones were tested with similar results. All data

were obtained from at least two independent biological replicates.

Each experiment was repeated on at least two different days. For

most experiments, at least 100 cells were counted for each replicate

(50 cells for time-lapse microscopy). Given two populations of cells,

and two behaviours (0 and 1), a sample size of 100 cells can detect

a difference between the two populations with P < 0.05 of more

than five cells (more than 5%) and with P < 0.001 of more than 10

cells (more than 10%) (Fisher’s exact test).

Data availability

All strains, plasmids and data are available from the authors upon

request. RNA-seq raw data are available at: https://www.ncbi.nlm.

nih.gov/geo/query/acc.cgi?acc=GSE199740

Expanded View for this article is available online.
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Expanded View Figures

A

B

Figure EV1. Effect of KAT overexpression in Hos3-NLS-dependent growth inhibition.

A Overexpression of the KAT Gcn5 is toxic. 10-fold serial dilutions of wild-type (WT), HOS3-NLS-GFP and GAL1pr:HOS3-NLS-GFP (single copy at the endogenous locus)
transformed with an empty vector or the GAL1pr:GCN5-HA plasmid were spotted onto SC-Glu and SC-Gal medium and incubated at 25°C for 3 days.

B Role of KAT overexpression in cell viability and ability to rescue growth in the presence of overexpressed HOS3-NLS. (Left) Exponential cultures of the indicated strains
transformed with an empty vector or plasmids overexpressing the KATs Spt10, Eco1, Hpa2, Hpa3, Sas2, Elp3 or Rtt109 were spotted onto SC-Glu and SC-Gal medium
and incubated at 25°C for 3 days. (Right) The effect of HAT1 overexpression was also assessed in 10-fold serial dilutions as in (A).

▸Figure EV2. Role of ESA1, GCN5 and HAT1 in Start.

A esa1-ts and gcn5D esa1-ts mutants have bud emergence defects. Cells of the indicated strains were arrested in G1 by treatment with ɑ-factor for 2.5 h at 25°C, shifted
to 37°C for 1 h and released from the G1 arrest at 37°C. Cells were fixed at the indicated times, and the presence of buds (arrowheads) was assessed by microscopy.

B HAT1 is not involved in Start. Bright-field images of cells of the indicated strains, treated as in (A) and scored at the indicated times after ɑ-factor washout. The left
subpanel shows the fraction of budded cells in one of two independent experiments with similar results. At least 200 cells were scored for each strain and time point.
Arrowheads point to cell buds. Scale bars in (A and B), 5 lm.

Source data are available online for this figure.
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Figure EV2.
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A

B

C

Figure EV3. G1/S transition in KAT and Nup60 KN/KR mutants.

A Acetyl-mimic Nup60-KN does not rescue the budding defect of the double mutant esa1-ts gcn5Δ. Cells were arrested in G1 by treatment with ɑ-factor for 2.5 h at
25°C, shifted to 37°C for 1 h and released from the G1 arrest at 37°C. Cells were fixed at the indicated times, and the presence of buds was assessed by microscopy.
The left subpanel shows the fraction of budded cells in one of two independent experiments with similar results.

B Non-acetylatable Nup60-KR increases the budding defect of esa1-ts cells. In (A and B), at least 200 cells were scored for each strain and time point. In (B), data from
three independent experiments are represented as mean and SEM. In bright-field images of cells at the indicated times after ɑ-factor washout, arrowheads point to
cell buds.

C mRNA levels of CLN2, CDC21, SVS1 and RNR1 were determined for cells of the indicated strains after G1 arrest and release at restrictive temperature, with samples
collected at indicated times. Data from n > 2 independent experiments are represented as mean and SEM (WT, esa1-ts) and data from n = 2 independent experiments
(gcn5Δ, gcn5Δ esa1-ts) as mean and range. The 2DCt values were then normalised relative to the wild-type value at 0 min.

Data information: (A, B) Scale bar, 4 lm.
Source data are available online for this figure.
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Figure EV4. Nup60-KN and Nup60-KR alleles do not alter mRNA levels.

Expression levels in nup60-KN and nup60-KR strains compared to expression in the wild-type strain (WT) and to each other. Red lines show a fold change of 1. Genes with
FC > 1 are YCR107W, YCR106W and YGL263W (subtelomeric); genes with FC < �1 are YFL065C (subtelomeric), YLR124W and tF(GAA)F (phenylalanine tRNA).

Figure EV5. Sac3 recruitment to daughter cell nuclei in G1 and S phase.

Cells of the indicated strains were imaged by time-lapse microscopy, and the fluorescence levels of Sac3-GFP and Nup49-mCherry were determined in G1 (unbudded cells
after cytokinesis) and S phase (cells with small buds). The NPC component Nup49 was used as a control for nuclear pore complex protein levels. Fluorescence intensity was
measured in sum projections of whole-cell Z-stacks, by segmentation of the nuclear area in the mCherry channel. The ratio of Sac3 to Nup49 intensities was then normalised
relative to the mean intensity of wild-type mothers. Boxes include 50%of data points, the line represents the median, and whiskers extend tomaximum andminimum values.
****, P ≤ 0.0001; ***, P < 0.001, *, P ≤ 0.05; and ns, P > 0.05, two-tailed paired t-test. Scale bar, 4 lm. n = number of cells, pooled from three independent experiments with
similar results. Arrows point to daughter cells.

Source data are available online for this figure.
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Appendix Figure S1.

nup60-KN mutation partially rescues the delay in synthesis of the G1/S cyclin Cln2 in
esa1-ts cells.
Independent biological replicates of the experiment shown in Figure 2D. Cells of the
indicated strains were arrested in G1 by treatment with ɑ-factor for 2.5 h at 25 ºC, shifted to
37 ºC for 1 h and released from the G1 arrest at 37 ºC. Samples for total protein extracts were
collected at the indicated times after ɑ-factor washout and the amount of Cln2-HA protein
was assessed by western blot. G6PDH was used as loading control.
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Appendix Figure S2.

Whi5-mCherry nuclear export and budding for cells in Figure 2E.
Whi5-mCherry nuclear export was scored in the fluorescence channel, and budding was
scored in bright-field images (maximum projections of 3 z-confocal slices spaced 0.5 µm).
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Appendix Figure S3.

Overexpression of the TREX-2 complex component Sac3 rescues the toxicity of
HOS3-NLS overexpression.
(A) Toxicity of full-length SAC3 overexpression. 10-fold serial dilutions of wild-type (WT),
HOS3-NLS-GFP and GAL1pr:HOS3-NLS-GFP cultures transformed with an empty vector or
the GAL1pr:SAC3-HA plasmid were spotted onto SC-Glu and SC-Gal medium and incubated
at 25 °C for 3 days.
(B) List of high-copy (2µ) plasmids from a tiling genome library (Jones et al., 2008)
containing TREX-2 complex genes (SAC3, SUS1, CDC31, SEM1 and THP1) together with
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neighboring genes. Asterisks (*) indicate that the corresponding ORFs are incomplete.
Nucleotides of SAC3 (full length 3905 nt) included in each plasmid are indicated.
(C) A high-copy plasmid containing SAC3(464-3905) is not toxic and relieves the toxicity of
HOS3-NLS over-expression. 10-fold serial dilutions of wild-type (WT) and
GAL1pr:HOS3-NLS-GFP cultures, transformed with an empty vector or the indicated
multicopy plasmids, were spotted onto SC-Glu and SC-Gal medium and incubated at 25 °C
for 3 days. Note that SAC3(464-3905) rescues growth of GAL1pr:HOS3-NLS but that the
overlapping plasmid SAC3(3860-3905), lacking all of SAC3 ORF but 45 nucleotides at its 3’,
does not. The “vector” and SAC3(464-3905) sections of the left image are also shown in
Figure 3C for simplicity.
(D) Overexpression of MEX67 and MTR2 does not rescue the growth defect of esa1-ts and
esa1-ts gcn5Δ cells. 10-fold serial dilutions of the indicated strains transformed with the
indicated plasmids spotted onto SC-Glu and SC-Gal medium. Due to poor growth at 37 °C
on SC-gal, plates were pre-incubated for 24 or 48h at 25 °C and later incubated at indicated
temperatures for up to 5 days from plating.
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Appendix Figure S4.

Hos3-NLS overexpression or depletion of Esa1 impairs export of poly(A) RNA.
(A) Overexpression of Hos3-NLS promotes nuclear accumulation of mRNA. Cultures of the
indicated strains were treated with β-estradiol (90 nM) to induce Hos3-NLS. After induction
overnight, cells were fixed and FISH was performed using a Cy3-Oligo(dT) probe. Arrows
point to polyadenylated RNA in the nucleus, which was visualized by DAPI staining (left).
The fraction of cells with nuclear mRNA accumulation was determined for the indicated
strains and conditions (right).
(B) Representative images of cells processed for poly(A) FISH as in (A) after incubation in
the indicated conditions. Associated with Figure 3E.
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Appendix Figure S5.

Depletion of Esa1 or Gcn5 does not affect export of rRNA.
(A) Wild-type, gcn5Δ, esa1-ts and gcn5Δ esa1-ts cultures were incubated at 25ºC or 37ºC at
the indicated times. In all cases, cells were fixed and in situ hybridization was performed
using Cy3-TXGTTCCTCGTTAAGGXATTTACATTGTACTXCC-Cy3 to target 18S rRNA
and monitor ribosomal 40S subunit nucleo/cytoplasmic distribution. DNA was visualized by
DAPI staining. Cells from stationary cultures exposed to heat shock during 4h were used as
positive control for nuclear accumulation of 18S rRNA.
(B) Wild-type, gcn5Δ, esa1-ts and gcn5Δ esa1-ts cultures transformed with an Rpl25-GFP
plasmid as a reporter for ribosomal 60S subunit nucleo/cytoplasmic distribution were
incubated at 25ºC or 37ºC for 7h and 30 min and imaged at the indicated conditions using
fluorescence microscopy.
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Appendix Figure S6.

Sac3 protein levels are not significantly affected by HOS3 deletion, nup60-KN mutation
and Esa1 inactivation.
Cells of the indicated strains were grown at 25 ºC (and shifted to 37 ºC for 2 h when
indicated), and then collected for total protein extraction. Experiment was repeated three
times, the result of one representative western blot is shown (left). The amount of Sac3-GFP
protein was assessed by western blot, normalized to Cdc28 (PSTAIR) and further normalized
to the WT at the corresponding temperature (right). Exact p-values from one sample t-test are
given.
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Appendix Figure S7.

Bud emergence defects in the mex67-5 thermosensitive mutant.
(A) Bright field (BF) images of wild type (WT) and mex67-5 cells at the indicated times after
the ɑ-factor washout. Cells were arrested in G1 by treatment with ɑ-factor for 2.5 h at 25 ºC,
shifted to 37 ºC for 1 h and released from the G1 arrest at 37 ºC. The DNA was visualized by
DAPI staining.
(B) Cells were fixed at the indicated times and the presence of buds was assessed by
microscopy. At least 200 cells were scored for each strain and time point.
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Appendix Figure S8.

Daughter-cell specific Nup60 deacetylation inhibits GAL1 expression.
(Top) The GAL1pr:sfGFP reporter was integrated on Chr. II between the GAL1 and FUR4
loci. (Bottom) Time Lapse microscopy of WT, hos3∆, nup60-KN hos3∆ and nup60-KN cells
expressing GAL1pr:sfGFP and Nup60-mCherry at the indicated times of galactose induction.
Scale bar, 4 µm.
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Appendix Figure S9.

Nup60 protein levels upon galactose induction of GAL1pr:sfGFP are not changed by the
acetyl-mimic allele of Nup60 (nup60-KN) or Hos3 and Sac3 anchoring to NPCs.
(A) Cultures of WT, hos3Δ, nup60-KN and nup60-KN hos3Δ were shifted to galactose and
imaged by Time Lapse microscopy to monitor Nup60-mCherry fluorescence during 7 hours
of galactose induction of GAL1pr:sfGFP expression. Nuclear fluorescence was scored by
segmentation of the nuclear area in the mCherry channel and total fluorescence of
Nup60-mCherry was quantified as in Figure 6B . At least 200 cells were scored for each
strain and time point. Shaded areas indicate the SEM.
(B) Cells expressing either Nup60-mCherry-FKBP GAL1pr:sfGFP or Nup60-mCherry-FKBP
Sac3-FRB GAL1pr:sfGFP were incubated with rapamycin for FRB-FKBP heterodimerization
or DMSO as control as in Figure 7A. Cells were imaged upon rapamycin and galactose
addition and the Nup60-mCherry fluorescence over time was monitored as in A.
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Appendix Figure S10.

The ß-estradiol-dependent GAL4-VP16 transactivator does not increase the
perinuclear localization of GAL1,10 locus.
GAL1 locus localization in cells incubated with 2% glucose (repression), or 30 minutes after
addition of 2% galactose or 90 μM ß-estradiol (induction). Localisation was scored by
time-lapse microscopy of GAL10::LacO cells expressing LacI-GFP and the
ß-estradiol-dependent transactivator (GEV). Gene localization was scored as “perinuclear”
(arrows) when the nuclear focus was in contact with the nuclear periphery signal
(Nup49-GFP). n indicates the number of cells scored, which were pooled from two
independent experiments.
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Appendix Figure S11.

Independent biological replicate of the microfluidics time lapse microscopy experiment
shown in Figure 5E.
(A) GFP images, and composite of bright field and GFP, from time-lapse microscopy of WT,
nup60-KN and hos3Δ cells expressing GAL1pr:sfGFP at the indicated times after addition of
galactose (left panels) or ß-estradiol (right panels). Scale bar, 4 µm.
(B) sfGFP expression of WT, hos3Δ and nup60-KN strain after switching to 2% galactose
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(top) or estradiol (bottom) containing media was monitored. Mean intensity of the sfGFP
signal quantified from sum projections for each strain (WT, hos3Δ and WT, nup60-KN – left
and right panel correspondingly) and the difference of mean intensity in between the strains
(∆ WT-hos3Δ and ∆ WT-nup60-KN)) is displayed. At least 450 cells have been quantified for
each strain and time point. Shaded areas indicate the SEM.
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Appendix Figure S12.

Mother/daughter pairs were quantified as in Figure 7B at 200 min after galactose
addition.
Boxes include 50% of data points, the line represents the median and whiskers extend to
maximum and minimum values. ***, p ≤ 0.001; **, p ≤ 0.01; *, p ≤ 0.05; ns, p > 0.05,
two-tailed paired t-test for M-D comparisons, unpaired for comparisons between strains.
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Appendix Figure S13.

Gating FACS strategy used in Figure 1D.
Shown are wild-type cells 240 minutes after the release from alpha factor block.
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Appendix Table S1.

Saccharomyces cerevisiae strains used in this work.

Name Strain Genotype Genetic
background

Source

YMM1 wild type (WT) MATa ura3-52 his3Δ200 leu2 lys2-801
ade2-101 trp1Δ63

S288c

YMM5088 wild type (WT) MATa his3 leu2 met15 ura3 BY4741

YMM5737 gcn5Δ MATa ura3-52 his3Δ200 leu2 lys2-801
ade2-101 trp1Δ63 gcn5Δ::kanMX6

S288c This study

YMM5671 esa1-ts MATa ura3-52 his3Δ200 leu2 lys2-801
ade2-101 trp1Δ63 esa1-L254P::KANMX

S288c This study

YMM5686 gcn5Δ esa1-ts MATa ura3-52 his3Δ200 leu2 lys2-801
ade2-101 trp1Δ63 esa1-L254P::KANMX
gcn5Δ::kanMX6

S288c This study

YMM2936 HOS3-NLS-GFP MATa ura3-52 his3Δ200 leu2 ls2-801 ade2-101
trp1Δ63 HOS3-GFP::KAN

S288c Kumar et
al., 2018

YMM3073 GAL1pr:HOS3-NLS-
GFP
MYO1-mCherry

MATa ura3-52 his3Δ200 leu2 lys2-801
ade2-101 trp1Δ63
natNT2::GAL1pr-HOS3-NLS-GFP::KAN
MYO1-mCherry::hphNT1

S288c Kumar et
al., 2018

YMM5121 GAL1pr:HOS3-NLS-
GFP

ura3-52 his3Δ200 leu2 lys2-801 ade2-101
trp1Δ63
natNT2::GAL1pr-HOS3-NLS-GFP::KAN

S288c This study

YMM5123 GAL1pr:HOS3(EN)-
NLS-GFP

ura3-52 his3Δ200 leu2 lys2-801 ade2-101
trp1Δ63 natNT2::GALpr-hos3-EN(H196E
D231A)-NLS-GFP::KAN

S288c This study

YMM3861 GAL1pr:HOS3-NLS-
GFP
MYO1-mCherry
ADGEV

MATa ura3-52 his3Δ200 leu2 lys2-801
ade2-101 trp1Δ63
natNT2::GAL1pr-HOS3-NLS-GFP::KAN
MYO1-mCherry::hphNT1
ADHpr:GAL4-ER-VP16::URA3 (ADGEV)

S288c Kumar et
al., 2018

YMM5761 NUP60-GFP MATa ura3-52 his3Δ200 leu2 lys2-801
ade2-101 trp1Δ63 NUP60-GFP::HIS3MX6

S288c This study

YMM5763 nup60-KN-GFP MATa ura3-52 his3Δ200 leu2 lys2-801
ade2-101 trp1Δ63
nup60(K467N)-GFP::HIS3MX6

S288c This study

YMM5769 esa1-ts NUP60-GFP ura3-52 his3Δ200 leu2 lys2-801 ade2-101
trp1Δ63 NUP60-GFP::HIS3MX6
esa1-L254P::kanMX

S288c This study

YMM5771 esa1-ts
nup60-KN-GFP

ura3-52 his3Δ200 leu2 lys2-801 ade2-101
trp1Δ63  nup60(K467N)-GFP::HIS3MX6
esa1-L254P::kanMX

S288c This study

YMM5027 CLN2-HA MATa ura3-52 his3Δ200 leu2 lys2-801
ade2-101 trp1Δ63 CLN2-6xHA::HIS3

S288c This study

JCY2452 esa1-ts NUP60-GFP
CLN2-HA

MATa ura3-52 his3Δ200 leu2 lys2-801
ade2-101 trp1Δ63 NUP60-GFP::HIS3MX6
esa1-L254P::kanMX CLN2-6xHA::hphNT1

S288c This study
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JCY2450 esa1-ts
nup60-KN-GFP
CLN2-HA

MATa ura3-52 his3Δ200 leu2 lys2-801
ade2-101 trp1Δ63
nup60(K467N)-GFP::HIS3MX6
esa1-L254P::kanMX CLN2-6xHA::hphNT1

S288c This study

YMM5036 mex67-5 MATa leu2Δ1 ura3-52 trp1Δ63
mex67-5::natNT2

FY86 Scarcelli et
al., 2007

YMM5117 SAC3-GFP
NUP49-3xmCherry

MATa ura3-52 his3Δ200 leu2 lys2-801
ade2-101 trp1Δ63 SAC3-GFP::KAN
NUP49-3xmCherry::hphNT1

S288c This study

YMM5119 hos3Δ SAC3-GFP
NUP49-3xmCherry

MATa ura3-52 his3Δ200 leu2 lys2-801
ade2-101 trp1Δ63 SAC3-GFP::KAN
NUP49-3xmCherry::hphNT1 hos3Δ::natNT2

S288c This study

YMM5351 SAC3-GFP
NUP49-3xmCherry

MATα ura3-52 his3Δ200 leu2 lys2-801
ade2-101 trp1Δ63 SAC3-GFP::TRP
NUP49-3xmCherry::hphNT1

S288c This study

YMM5353 SAC3-GFP
nup60-KN
NUP49-3xmCherry

ura3-52 his3Δ200 leu2 lys2-801 ade2-101
trp1Δ63 SAC3-GFP::TRP
NUP49-3xmCherry::hphNT1 nup60(K467N)

S288c This study

YMM5675 SAC3-GFP
NUP49-3xmCherry
esa1-ts

MATα ura3-52 his3Δ200 leu2 lys2-801
ade2-101 trp1Δ63 SAC3-GFP::TRP1
NUP49-3xmCherry::hphNT1
esa1-L254P::kanMX

S288c This study

YMM5549 GAL1pr:sfGFP-CLN
2PEST
nup60-mCherry

MATa his3 leu2 met15 ura3
GAL1pr:sfGFP-CLN2PEST::KAN
NUP60-mCherry::hphNT1

BY4741 This study

YMM5622 hos3Δ
GAL1pr:sfGFP-CLN
2PEST
nup60-mCherry

MATa his3 leu2 met15 ura3
GAL1pr:sfGFP-CLN2PEST::KAN
hos3Δ::natNT2 NUP60-mCherry::hphNT1

BY4741 This study

YMM5557 GAL1pr:sfGFP-CLN
2PEST
nup60-KN-mCherry

MATa his3 leu2 met15 ura3
GAL1pr:sfGFP-CLN2PEST::KAN
nup60(K467N)-mCherry::hphNT1

BY4741 This study

YMM5721 hos3Δ
GAL1pr:sfGFP-CLN
2PEST
nupP60-KN-mCherr
y

MATa his3 leu2 met15 ura3
GAL1pr:sfGFP-CLN2PEST::KAN
hos3Δ::natNT2
nup60(K467N)-mCherry::hphNT1

BY4741 This study

YMM5653 nup60-mCherry-FK
BP  SAC3-FRB-GFP

MATα his3Δ1 leu2Δ0 ura3Δ0 LYS+,
Can1::Ste2pr-Leu2, Lyp1::, tor1-1, Fpr1::Ura
NUP60-mCherry-FKBP::natNT2
SAC3-FRB-GFP::KAN

BY4742 This study

YMM5637 GAL1pr:sfGFP-CLN
2PEST
NUP60-mCherry-FK
BP

MATα his3Δ1 leu2Δ0 ura3Δ0 LYS+,
Can1::Ste2pr-Leu2, Lyp1::, tor1-1, Fpr1::Ura
NUP60-mCherry-FKBP::natNT2
GAL1pr:sfGFP-CLN2PEST::KAN

BY4742 This study

YMM5657 GAL1pr:sfGFP-CLN
2PEST
NUP60-mCherry-FK
BP SAC3-FRB

MATα his3Δ1 leu2Δ0 ura3Δ0 LYS+,
Can1::Ste2pr-Leu2, Lyp1::, tor1-1, Fpr1::Ura
NUP60-mCherry-FKBP::natNT2
GAL1pr:sfGFP-CLN2PEST::KAN
SAC3-FRB::hphNT1

BY4742 This study
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YMM5844 SAC3-mCherry-FKB
P NUP60-FRB
WHI5-GFP esa1-ts

MATα his3Δ1 leu2Δ0 ura3Δ0 LYS+,
Can1::Ste2pr-Leu2, Lyp1::, tor1-1, Fpr1::Ura
SAC3-mCherry-FKBP::natNT2
NUP60-FRB::hphNT1 esa1-L254P::kanMX
WHI5-GFP::HIS3MX6

BY4742 This study

YMM5848 SAC3-mCherry-FKB
P NUP60-FRB
WHI5-GFP

MATα his3Δ1 leu2Δ0 ura3Δ0 LYS+,
Can1::Ste2pr-Leu2, Lyp1::, tor1-1, Fpr1::Ura
SAC3-mCherry-FKBP::natNT2NT2
NUP60-FRB::hphNT1 WHI5-GFP::HIS3MX6

BY4742 This study

YMM5850 NUP60-GFP
WHI5-mCherry

MATa ura3-52 his3Δ200 leu2 lys2-801
ade2-101 trp1Δ63 NUP60-GFP::HIS3MX6
WHI5-mCherry::hphNT1

S288c This study

YMM5854 NUP60-GFP
WHI5-mCherry
esa1-ts

MATa ura3-52 his3Δ200 leu2 lys2-801
ade2-101 trp1Δ63 esa1-L254P::kanMX
NUP60-GFP::HIS3MX6
WHI5-mCherry::hphNT1

S288c This study

YMM5860 nup60-KN-GFP
WHI5-mCherry
esa1-ts

MATa ura3-52 his3Δ200 leu2 lys2-801
ade2-101 trp1Δ63
nup60(K467N)-GFP::HIS3MX6
WHI5-mCherry::hphNT1 esa1-L254P::kanMX

S288c This study

YMM5773 gcn5Δ esa1-ts
NUP60-GFP

MATa ura3-52 his3Δ200 leu2 lys2-801
ade2-101 trp1Δ63 NUP60-GFP::HIS3MX6
esa1-L254P::kanMX gcn5Δ::kanMX6

S288c This study

YMM5775 gcn5Δ esa1-ts
nup60-KN-GFP

MATa ura3-52 his3Δ200 leu2 lys2-801
ade2-101 trp1Δ63 nup60-KN-GFP::HIS3MX6
esa1-L254P::kanMX gcn5Δ::kanMX6

S288c This study

YMM5019 CLN2-PP7
NLS-PCP-EGFP
WHI5-tdTomato

MATa, ADE2, leu2-3, ura3, trp1-1, his3-11,15,
can1-100, psi+, WHI5- tdTOMATO::KAN,
URA::NAT::pCYC1-NLS-PCP-GFP-ADH1ter
m::ura3 CLN2- 24xPP7SL::loxP

W303 Neurohr et
al., 2018

YMM6020 CLN2-PP7
NLS-PCP-EGFP
WHI5-tdTomato
NUP60-6xHA

MATa, ADE2, leu2-3, ura3, trp1-1, his3-11,15,
can1-100, psi+, WHI5- tdTOMATO::KAN,
URA::NAT::pCYC1-NLS-PCP-GFP-ADH1ter
m::ura3 CLN2- 24xPP7SL::loxP
NUP60-6xHA::HIS3MX6

W303 This study

YMM6022 CLN2-PP7
NLS-PCP-EGFP
WHI5-tdTomato
NUP60-6xHA
esa1-ts

MATa, ADE2, leu2-3, ura3, trp1-1, his3-11,15,
can1-100, psi+, WHI5- tdTOMATO::KAN,
URA::NAT::pCYC1-NLS-PCP-GFP-ADH1ter
m::ura3 CLN2- 24xPP7SL::loxP
NUP60-6xHA::HIS3MX6 esa1-ts::hphNT1

W303 This study

YMM6026 CLN2-PP7
NLS-PCP-EGFP
WHI5-tdTomato
nup60-KN-6xHA
esa1-ts

MATa, ADE2, leu2-3, ura3, trp1-1, his3-11,15,
can1-100, psi+, WHI5- tdTOMATO::KAN,
URA::NAT::pCYC1-NLS-PCP-GFP-ADH1ter
m::ura3 CLN2- 24xPP7SL::loxP
nup60(K467N)-6xHA::HIS3MX6
esa1-ts::hphNT1

W303 This study

YMM6077 NUP60-GFP MATa ura3-52 his3Δ200 leu2 lys2-801
ade2-101 trp1Δ63 NUP60-GFP::HIS3MX6

S288c This study
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YMM6081 nup60-KR-GFP MATa ura3-52 his3Δ200 leu2 lys2-801
ade2-101 trp1Δ63
nup60(K467R)-GFP::HIS3MX6

S288c This study

YMM6085 NUP60-GFP esa1-ts MATa ura3-52 his3Δ200 leu2 lys2-801
ade2-101 trp1Δ63 NUP60-GFP::HIS3MX6
esa1-ts::kanMX

S288c This study

YMM6087 nup60-KR-GFP
esa1-ts

MATa ura3-52 his3Δ200 leu2 lys2-801
ade2-101 trp1Δ63
nup60(K467R)-GFP::HIS3MX6
esa1-ts::kanMX

S288c This study

YMM6070 hat1∆ MATa ura3-52 his3Δ200 leu2 lys2-801
ade2-101 trp1Δ63 hat1Δ::natNT2

S288c This study

YMM6072 gcn5Δ hat1∆ MATa ura3-52 his3Δ200 leu2 lys2-801
ade2-101 trp1Δ63 gcn5Δ::kanMX6
hat1Δ::natNT2

S288c This study

YMM6070 esa1-ts hat1∆ MATa ura3-52 his3Δ200 leu2 lys2-801
ade2-101 trp1Δ63 hat1Δ::natNT2
esa1-ts::kanMX

S288c This study

YMM3836 Gal10-LacO
LacI-GFP
NUP49-GFP

MATa ura3-52 his3Δ200 leu2 lys2-801
ade2-101 trp1Δ63 LacI-GFP::HIS
Gal10-LacO::TRP NUP49-GFP

W303 Susan
Gasser lab

YMM6104 Gal10-LacO
LacI-GFP
NUP49-GFP
Gal4-ER-VP16
(ADEGV)

MATa ura3-52 his3Δ200 leu2 lys2-801
ade2-101 trp1Δ63 LacI-GFP::HIS
Gal10-LacO::TRP NUP49-GFP
Adh1pr-Gal4-ER-VP16::URA

W303 This study

YMM6101 Gal4-ER-VP16(ADE
GV)

MAT𝛼 leu2-3,112 trp1-1 can1-100 ura3-1
ade2-1 his3-11,15 Gal4-ER-VP16::ADE

W303 This study

YMM6140 sfGFP-CLN2PEST
Nup60-mCherry
Gal4-ER-VP16(ADE
GV)

MAT𝛼 leu2-3,112 trp1-1 can1-100 ura3-1
ade2-1 his3-11,15
GAL1pr:sfGFP-CLN2PEST::KAN
Nup60mCherry::hphNT1 Gal4-ER-VP16::ADE

W303 This study

YMM6142 sfGFP-CLN2PEST
Nup60KN-mCherry
Gal4-ER-VP16(ADE
GV)

MAT𝛼 leu2-3,112 trp1-1 can1-100 ura3-1
ade2-1 his3-11,15
GAL1pr:sfGFP-CLN2PEST::KAN
Nup60(K467N)mCherry::hphNT1
Gal4-ER-VP16::ADE

W303 This study

YMM6144 sfGFP-CLN2PEST
hos3Δ
Nup60-mCherry
Gal4-ER-VP16(ADE
GV)

MAT𝛼 leu2-3,112 trp1-1 can1-100 ura3-1
ade2-1 his3-11,15 hos3Δ::natNT2
GAL1pr:sfGFP-CLN2PEST::KAN
Nup60mCherry::hphNT1 Gal4-ER-VP16::ADE

W303 This study

YMM6138 NUP60-GFP gcn5Δ MATa ura3-52 his3Δ200 leu2 lys2-801
ade2-101 trp1Δ63 NUP60-GFP::HIS3
gcn5Δ::kanMX6

S288c This study
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Article 2

Impact of chromosome fusions on 3D genome organization and

gene expression in budding yeast

In this article, we used budding yeast chromosome fusions and 3D chromatin

modeling to reveal mild but consistent and genomewide transcription changes upon

global changes in nuclear organization. These changes are well correlated with

changes in distance from the periphery and are most prominent for subtelomeric

genes. Once the chromosomes are fused, one of the centromeres needs stay active

(this chromosome is termed donor), while others need to be inactivated (termed

acceptor). Some predictions of the interphase chromatin bead-and-string polymer

model upon chromosome fusions include that the donor chromosomes are displaced

from the SPB; that chromosome regions next to the telomeres are displaced from

the periphery; and that the distance between chromosome loci in the donor

chromosome are reduced, implying higher level of compaction upon increased

physical constraints of interphase chromatin.

Here I did a minor contribution in finishing strain construction of some of the

strains and performing the microscopy experiments and data analysis for Fig.6C,D

in order to validate the results of the modeling.
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ABSTRACT The three-dimensional (3D) organization of chromosomes can influence transcription. However, the frequency and magnitude
of these effects remain debated. To determine how changes in chromosome positioning affect transcription across thousands of genes
with minimal perturbation, we characterized nuclear organization and global gene expression in budding yeast containing chromosome
fusions. We used computational modeling and single-cell imaging to determine chromosome positions, and integrated these data with
genome-wide transcriptional profiles from RNA sequencing. We find that chromosome fusions dramatically alter 3D nuclear organization
without leading to strong genome-wide changes in transcription. However, we observe a mild but significant and reproducible increase in
the expression of genes displaced away from the periphery. The increase in transcription is inversely proportional to the propensity of a
given locus to be at the nuclear periphery; for example, a 10% decrease in the propensity of a gene to reside at the nuclear envelope is
accompanied by a 10% increase in gene expression. Modeling suggests that this is due to both deletion of telomeres and to displacement
of genes relative to the nuclear periphery. These data suggest that basal transcriptional activity is sensitive to radial changes in gene position,
and provide insight into the functional relevance of budding yeast chromosome-level 3D organization in gene expression.

KEYWORDS budding yeast; computational modeling; gene expression; nuclear organization; single-cell imaging

CHROMOSOMES in interphase nuclei are spatially distrib-
uted in a nonrandom manner. Indeed, chromosomes are

organized in distinct structural units and their organization

influences nuclear functions such as transcription, replication,
and DNA damage repair [reviewed in Gibcus and Dekker
(2013), Furlan-Magaril et al. (2015), Lemaître and
Bickmore (2015), and Denker and De Laat (2016)]. In ani-
mal cells, individual chromosomes tend to occupy defined
nuclear regions termed “chromosome territories” (CTs)
(Cremer et al. 1982; Haaf and Schmid 1991; Cremer and
Cremer 2001; Branco and Pombo 2006), and the spatial dis-
tribution of CTs can be size- and gene density-dependent. In
several cell types, gene-poor chromosomes associate prefer-
entially with the nuclear periphery, whereas gene-rich chro-
mosomes are enriched in the nuclear interior (Croft et al.
1999; Boyle et al. 2001). In addition, distinct structural do-
mains at the subchromosomal level have been identified
by microscopy, termed chromosomal domains (Markaki
et al. 2010). Chromosomal domains may correspond to
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subchromosomal units defined by their increased interaction
frequencies with each other or with the nuclear lamina. In
particular, the nuclear periphery is a transcriptionally repres-
sive environment in yeast and metazoans (Andrulis et al.
1998; Pickersgill et al. 2006; Guelen et al. 2008; Green
et al. 2012), and gene repositioning from the nuclear interior
to the periphery leads to repression of some, but not all, genes
tested (Kosak et al. 2002; Zink et al. 2004; Kumaran and
Spector 2008; Reddy et al. 2008; Finlan et al. 2008). Notably,
individual genes can display mobility within chromosomal
and subchromosomal domains, and this has been correlated
with changes in their expression levels during cell differenti-
ation (Peric-Hupkes et al. 2010). However, it remains unclear
if the position of individual genes within the nucleus affects
their expression, and/or their ability to be silenced or activated
in response to different stimuli, or if these expression-related
properties are merely correlated with spatial organization.

Studies in the budding yeast Saccharomyces cerevisiae
have provided insight into the functional role of nuclear
spatial organization [reviewed in Taddei et al. (2010),
Zimmer and Fabre (2011), and Taddei and Gasser (2012)].
In this organism, chromosome organization is highly ste-
reotypical. The 16 centromeres localize around the spindle
pole body (SPB, the equivalent of the animal cell cen-
trosome), whereas the 32 telomeres cluster in three to
eight different foci at the nuclear periphery. Chromosome
arms thus extend away from the SPB toward the nuclear
periphery where telomeres are anchored, and their specific
distribution is linked to their length. Finally, the nucleolus
is positioned on the opposite side of the SPB, and is
organized around 100–200 repeats of ribosomal DNA
(rDNA) located in chromosome XII. Certain aspects of nu-
clear organization can have an impact on gene expression
in budding yeast. On one hand, artificial tethering of re-
porter genes to subtelomeric regions and to the nuclear
periphery can lead to their repression (Gottschling et al.
1990; Andrulis et al. 1998; Pryde and Louis 1999; Taddei
et al. 2009). Moreover, perinuclear tethering of the CLN2
cyclin gene in daughter cells mediates its repression during
the G1 phase (Kumar et al. 2018). The association of silent
information regulator (SIR) factors with telomeres also
contributes to perinuclear repression (Taddei et al. 2009). Ac-
cordingly, genes within 20 kb of telomeres are poorly
expressed, and this depends at least partially on SIR pro-
teins and telomere anchoring to the nuclear periphery
(Wyrick et al. 1999; Taddei et al. 2009). On the other hand,
some inducible genes translocate from the nuclear interior
to the periphery upon activation, where they interact with
nuclear pore complexes (Casolari et al. 2004, 2005;
Schmid et al. 2006; Taddei et al. 2006; Akhtar and
Gasser 2007), and artificial targeting of genes to nuclear
pores can also lead to their transcriptional activation
(Brickner and Walter 2004; Menon et al. 2005; Taddei
et al. 2006). Thus, the yeast nuclear periphery appears to
harbor transcriptionally repressing and activating do-
mains. How the three-dimensional (3D) organization of

the yeast genome shapes global transcription levels re-
mains largely unexplored.

To study the effect of nuclear organization on transcription
in budding yeast, we took advantage of previously described
strains bearing fusion chromosomes (FCs) (Neurohr et al.
2011; Titos et al. 2014). These cells have a grossly altered
nuclear organization in interphase that is not associated with
dramatic genome-wide changes in transcription, consistent
with previous observations in yeast cells with extensively
fused chromosomes (Luo et al. 2018; Shao et al. 2018). How-
ever, we find that displacement of FC genes away from the
nuclear periphery does lead to mild, but consistent and re-
producible, changes in expression across a large number of
genes; on average a 10% shift away from the nuclear periph-
ery leads to a 10% increase in expression. These effects are
associated with both deletion of telomeric sequences and
with displacement away from the nuclear periphery. These
results suggest that radial chromosome-level spatial organi-
zation plays a limited, but significant, role in transcriptional
regulation in budding yeast.

Materials and Methods

Polymer modeling

Each yeast chromosome of wild-type and FC strains was
modeled using a bead-and-spring polymer model previously
used and validated for modeling chromatin fibers (Rosa and
Everaers 2008). This model consists of three different energy
contributions, each describing a general physical property of
the chain:

1. Excluded volume (purely repulsive Lennard-Jones poten-
tial). Each particle occupies a spherical volume of diame-
ter equal to 30 nm and cannot overlap with any other
particle in the system. Considering the typical compaction
ratio of the chromatin fiber in yeast (Bystricky et al. 2004,
2005), each particle contains �3.2 kb of DNA.

2. Chain connectivity (finite extensible nonlinear elastic po-
tential). Consecutive particles on the chain are connected
with elastic potential, which allows a maximum bond ex-
tension of 45 nm. The simultaneous action of the excluded
volume and the chain connectivity prevents chain crossing.

3. Bending rigidity (Kratky–Porod potential). The bending
properties of an ensemble of polymer chains are usually de-
scribed in terms of the persistence length, which is the length
scale where the chain changes its behavior from rigid to
flexible. According to the bending properties experimentally
measured for the yeast chromatin fiber (Cui and Bustamante
2000; Bystricky et al. 2004; Langowski 2006), the persis-
tence length of each model chain was set to 61.7 nm
for internal regions of the chromosomes and to 195.0 nm
for the terminal ones. The regions of the chains correspond-
ing to the telomeres (the 20 kb at the chromosomes ends),
in fact, are more compact and rigid (Dekker 2008).

Since the modeling aims to describe the chromosomal
configuration of haploid strains, the total number of beads
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in the system is 4062, resulting from the presence of one
copy of each yeast chromosome (Supplemental Material,
Tables S5–S6). Each chromosome is initially folded in a
solenoidal arrangement, where a rosette pattern is repeat-
edly stacked to yield an overall linear, rod-like conforma-
tion, see Figure 1 (Rosa and Everaers 2008; Di Stefano
et al. 2013, 2016).

The chromosome chains are consecutively placed inside a
sphereof radius1.0 centered in theorigin (0,0,0). This sphere,
describing the typical shape of the yeast nucleus in G1,
according to imaging data, interacts with the chromosome
particles as a rigid wall. To obtain the initial chromosome
nuclear locations, thepositions of the chromosomecenters are
picked in a random, uniform way inside the nucleus, and the
orientation of the rod axis is chosen randomly. The iterative
placement proceeds from the longest to the shortest chromo-
some in a way that the newly added chromosomes must not
clash with previously placed ones. In case of a clash, the
placement attempt is repeated. Next, the following biological
restraints (i–iii) are satisfied using a short preliminary run of
Langevin dynamics, spanning 60 tLJ, where tLJ is the Lennard-
Jones time and is used as the time unit in Large-scale Atomic/
Molecular Massively Parallel Simulator (LAMMPS):

1. To simulate the tethering of the centromeres to the SPB,
the motion of the centromere particles was restrained into
a spherical compartment of radius RSPB = 150 nm cen-
tered in cSPB = (2850,0.0,0.0).

2. rDNA particles were restrained to a region occupying 10%
of the total nuclear volume and located at the opposite
side of the SPB, to simulate the nucleolus. Nucleolar vol-
ume was derived from experimental measurements. This
region was defined by the intersection of the nuclear
sphere with a sphere of radius RNUCL = 640.92 nm whose
center is located at cNUCL = (1000,0.0,0.0). Conversely,
the other no-rDNA particles of the chromosome models
were restrained to stay out of the same nucleolar region.

3. Finally, to represent the tendency of the telomeres to stay
anchored to the nuclear envelope (NE), the periphery of
the sphere (a shell within RPER = 126 nm from the NE,
which accounts for one-third of the nuclear volume) was
set to be attractive for the terminal particles of the chro-
mosome chains. This effect, unexplored so far, was accom-
plished using a Lennard-Jones attraction (Jones 1924). It
is important to note that telomeres were not strictly con-
fined at the nuclear periphery of our models, but they
were only favored to be close to the NE using a short-range
interaction, which could be overcome by forces acting in
the telomeres of chromosomes. Indeed, the first and last
beads of each chromosome (telomeres) were not always
peripheral in our simulations. If the nucleus was divided
into three concentric spherical shells of the same volume,
telomeres occupied the medium or central parts of the
nucleus in �40% of the models, as shown in Figure S7.

The restraints listed abovewere imposed, applying on each
of the involved particles a force F, only when the particle did

not satisfy theconfinementconditions,using theoption indent
of the software LAMMPS (Plimpton 1995):

FðrÞ¼ -10ðr - RÞ2;

where r is the distance from the particle to the center of the
sphere and R is the radius of the sphere.

In the FC strains, the chromosomes involved in the fusion
were attached to each other using additional connectivity
bonds (chain connectivity in point 2 above) between the
telomeres involved in the fusion process. These telomeres,
which were attracted to the periphery in the wild-type strain
models, behavedas internal chromosomal sequences in theFC
strains and lost the telomeric attraction to the NE.

Finally, the system was relaxed using a run of Langevin
dynamics of 30,000 tLJ, and one conformation every 3000 tLJ
(10 models per trajectory) was retained for analysis. Repli-
cating the complete simulation 1000 times generated 10,000
genome-wide conformations per strain.

Analysis of the genome-wide models and calculation of
changes in % peripheral

Various measures were performed to characterize the gener-
ated structural models:

1. Building on the representations in Tjong et al. (2012),
two-dimensional (2D) localization probability density
plots of chromosomes were generated. For each chromo-
some, the Cartesian coordinates (x, y, z) of the particles
were collected and then projected into a 2D reference
frame made of an axial coordinate (along the SPB-to-nu-
cleolus direction of the model nucleus that is x-axis in this
work) and a radial one: (a, r)=(x,

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
y2 þ z2

p
). In the 2D

(a, r) plan, the points are represented in a grid to produce
the final heatmap. The grid size was 23 2 mm and the cell
dimension was 10 nm. Once a point (ac, rc) is mapped
onto the grid, since the particle is larger than the pixel
of the grid, a Gaussian blur ðs ¼ 30nmÞ is applied cen-
tered at the corresponding pixel. The values of the heat-
map are finally normalized from 0 to 1 (Figure 1A and
Figure 4).

2. To characterize the nuclear positioning of each locus, the
volume of the model nucleus was divided into three con-
centric shells, each spanning one-third of the total nuclear
volume. In each simulation, all chromosome particles
(3.2-kb loci) were next categorized as central, middle,
or peripheral depending on which of the three shells they
occupied. This measure was used to generate the plots of
the predicted percentage in periphery per particle and the
percentage of shell occupation per terminal (telomeres)
particle (Figure S9). The latter quantities were averaged
over the ensemble of 10,000 model conformations.

3. By mapping the annotated genes on the 3D models, the
predicted percentage in the periphery for each gene was
computed as the average of the constitutive particles. Sub-
tracting the percentage in periphery computed in thewild-
type to the value in the FC strain and taking the absolute
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value, the decrease in percentage in the periphery was
then calculated (Figure 7).

4. The “displacement from NE” and the “difference in dis-
tance to the NE” the for 10-kb regions of the models were
computed as follows. First, the distance between each
particle and the NE was computed for each strain. Next,
each chromosome was partitioned in groups of three con-
secutive particles (which correspond to about 10 kb) and
the distance of each 10-kb locus from the NE was com-
puted as the average distance of the particles within the
locus. The displacement and the difference in the distance
were then computed comparing the FC strains to the wild-
type one (Figure 5).

5. The genomic locations of the LYS4 and TRP4 genes were
mapped on the models, and the distances from the NE (or
from SPB or between the two genes) were computed as
the average of the corresponding particle-based distances
(Figure 6).

6. The contact maps were computed for the wild-type strain
using a distance cutoff between particles of 120 nm and
binning at 32 kb (corresponding to 10 model particles) of
resolution. The 3C (Chromosome Conformation Capture)
interaction maps (used for model validation, not as input
formodeling) were obtained by downloading the data sets
from Duan et al. (2010) obtained using theHindIII restric-
tion enzyme and the raw reads from Gene Expression
Omnibus (GEO) accession number SRR5077790 from
Lazar-Stefanita et al. (2017). The latter was next analyzed
using the TADbit (Serra et al. 2017) pipeline to obtain the
raw interactionmaps and the OneD procedure (Vidal et al.
2018) to normalize it (Figure S1).

7. The median telomere–telomere (terminal particle of the
chromosome model) distance was computed for each of
the 60 telomere pairs considered in Therizols et al. (2010)
(Figure S2) and correlated with the experimental mea-
sures performed therein.

8. The displacement of model particles from the SPB in Fig-
ure S4 was computed as follows: (i) for each strain and all
model conformations, the distances between each particle
individually and the SPB were computed; (ii) the average
particle–SPB distances were computed for each particle in
each strain; (iii) for each FC strain, the difference in the
(average) distance to the SPBwith respect to the wild type
were computed for each particle; and (iv) the difference
was computed such that positive values indicated a (typ-
ical) displacement away from the SPB in the FC strains
and negative values indicated displacement toward the
SPB in FC strains.

Previously published modeling approaches

The S. cerevisiae genome has been previously modeled using
twomain restraint-based approaches. First, 3C data sets have
been used as input restraints to reconstruct the 3D conforma-
tion of the yeast genome (Duan et al. 2010; Lesne et al.
2014; Lazar-Stefanita et al. 2017). Second, and in a similar

approach to that used in our work, models were built using
genome tethering to nuclear elements as restraints (Tjong
et al. 2012; Wong et al. 2012). The differences between our
approach and these previously published studies are mini-
mal. For example, in this work, the genome was represented
as a series of spherical beads compared to cylinders previ-
ously used by Wong et al. (2012). Moreover, the initial con-
ditions of the simulation, the confinement of the genome, and
the minimization protocols were different in our work com-
pared to those used by Tjong et al. (2012). However, these
differences are likely to minimally change the final conclu-
sions of ourmodeling approach compared to those previously
published.

Strains, cell growth, and microscopy

S. cerevisiae strains are derivatives of S288c. TetO/LacO cells
and chromosome fusions were previously described. Briefly,
FC chromosomes were obtained by successive rounds of ho-
mologous recombination between subtelomeric regions of
two chromosomes, by transformation of haploid yeast cells
with a PCR-generated DNA fragment containing a resistance
cassette flanked by sequences homologous to the subtelo-
meric regions of two different chromosomes. Formation of
dicentric chromosomes was avoided through activation of a
GAL1,10 promoter inserted next to centromere 4 and selec-
tion of FC recombinants in galactose. When fusing three or
four chromosomes, one of the centromeres was deleted and
fusion with another chromosome was repeated. To allow the
reuse of selection markers, the URA3 cassette was deleted by
homologous recombination and ura- recombinants were se-
lected on 5-FOA. Finally, the conditional CEN4 locus was de-
leted or replaced with a wild-type copy to ensure robust
growth in glucose. Strains were confirmed by PCR, and by
the segregation timing of TRP1 and LYS4 loci by time-lapse
imaging, as previously described in detail (Neurohr et al.
2011; Titos et al. 2014). Live-cell microscopy was carried
out on a confocal spinning disk (Nikon, Garden City, NY)
equipped with an HCX plan APO 100X objective and a Pho-
tometrics Prime 95B camera. Eleven 0.2-mm thick z-sections
were collected. Distances were measured between local max-
ima (i.e., the brightest pixels of fluorescent spots or the center
of the nuclear rim) on single planes using ImageJ (http://
rsb.info.nih.gov/ij/), although for clarity, figures are repre-
sented as 2D maximum projections of whole-cell Z-stacks.
Graphs and statistical analysis (Student’s t-test allowing
for unequal variance) were performed with R and Excel
(Microsoft).

Immunofluorescence and FISH

To make FISH probes, a 6-kb PCR fragment in the TEL4R
region was amplified from genomic DNA with primers: 59-
ATCTTTCCTTACACATAAACTGTCAAAGGAAGTAACCAGG-39
and 59-GTAACATACAAACTCAACGCCTACTAAGATTAATACA
TCA-39, and labeled with Alexa Fluor 488 by nick translation
using the FISH Tag-DNA Multicolor Kit (Invitrogen, Carlsbad,
CA). FISH-immunofluorescence was performed essentially as
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described (Gotta et al. 1999), with minor modifications. First,
1–29 cells of exponential cultures (OD600 = 0.5–1) were col-
lected, resuspended in 500ml of 0.1MEDTA/KOH pH8.0 and
10 mM DTT, and incubated for 10 min at 30�. Cells were
collected and resuspended in 0.1 M KPi (pH = 6.4)/1.2 M
sorbitol and digested with 0.4 mg/ml Zymolyase 100T (Sei-
kagatu) for 5–15 min at 30� in 0.1 M KPi (pH = 6.4)/1.2 M
sorbitol. This treatment allowed the cells not to be completely
converted into spheroplasts, but instead partially retain their
cell walls, to help stabilize their 3D structure. Partially sphero-
plasted cells were fixed for 20 min with 3.7% paraformalde-
hyde in YPD/1.2 M sorbitol at room temperature. Cells were
recovered by centrifugation (1000 3 g for 5 min), washed
three times in YPD/1.2 M sorbitol, resuspended in 0.1 M KPi
(pH = 6.4)/1.2 M sorbitol, and spotted on Teflon slides; after
being left to air-dry for 5 min, they were immersed in cold
methanol for 6 min and in cold acetone for 30 sec. Slides were
then rinsed in PBS containing 0.1% Triton X-100 (PBS-T) and
1%BSA, and incubated for 30min at room temperature. Spots
of the slide were dried and incubated overnight at 4� (or for
1 hr at 37�) with anti-Nuclear Pore Complex antibody
(Mab414, ab24609, Abcam), diluted 1:2 in PBS-T 1% BSA.
Slides were then washed in PBS-T and incubated with anti-
mouse Alexa 647 (A-21236, Life Technologies) diluted 1:200
in PBS-T and 1% BSA at 37� for 1 hr. Next, slides were fixed
again in PBS containing 3.7% paraformaldehyde for 20 min
and incubated overnight in 43 SSC, 0.1% Tween 20, and
20 mg/ml of RNase A at room temperature. Slides were then
washed in water, sequentially immersed for 1 min in 70, 80,
90, and 100%ethanol at220�, and air-dried. Slideswere then
denatured at 72�with 70% formamide and 23 SSC, immersed
for 1 min sequentially in 70, 80, 90, and 100% ethanol
at220�, and air-dried. The hybridization solution (50% form-
amide, 10% dextran sulfate, 23 SSC, 0.05 mg/ml labeled
probe, and 0.2 mg/ml single-stranded salmon sperm DNA)
was then applied and slides were incubated at 10min at 72�.
Slides were incubated for 48 hr at 37� to allow probe hy-
bridization, and washed twice for 10 min each at 42� in
0.053 SSC and twice in buffer (0.15 M NaHCO3 and 0.1%
Tween 20, pH 7.5) with 0.05% BSA for 30 min. After three
washes in BT buffer, 2 ml of DAPI (Roche Diagnostics)
2.5 mg/ml were added and incubated for 1 min. Slides were
washed twice with 0.053 SSC and mounted in 13 PBS,
50% glycerol, and 24 mg/ml 1,4diazabicyclo-2,2,2,octane,
pH 7.5.

RNA sequencing

Cellswereharvestedby centrifugationandRNAwasextracted
from freshpellets using theRiboPureYeastKit (Ambion).RNA
concentrations were determined using a NanoDrop 1000
(Thermo Scientific), while quality and integrity were checked
using a Bioanalyzer 2100 (Agilent Technologies). RNA sequenc-
ing (RNA-seq) was performed on a HiSeq2000 (Illumina).
Paired-end reads of 50 bp were aligned to the reference S.
cerevisiae genome (R64-1-1) using kallisto quant -i orf_coding_
all.idx -o output -b 100 read1_file.fastq.gz read2_file.fastq.gz.

To obtain a robust and accurate wild-type expression level
for each gene, we averaged across strains. For each strain in
which the gene was predicted to increase or decrease time
spent in the nuclear periphery by , 1%, we took the median
expression value across all strains (four independent RNA-
seq replicate experiments per strain). Fold-change in expres-
sion was calculated as the log2 ratio of expression in the FC
strain divided by expression in this median expression value.
Similar results were obtained if expression for the wild-type
control strain was used, but as many of the genes were
expressed at very low levels, and hence represented by very
few reads, averaging across strains was more robust to ran-
dom counting noise.

Data availability

Yeast strains are available upon request. Data and codes
are available at https://github.com/Lcarey/DiGiovanni_
DiStefano_FC. RNA-seq raw data are available at https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE108261
with GEO accession Nr GSE108261. Supplemental material
available at figshare: https://doi.org/10.25386/genetics.
11516508.

Results

A computational model to study the impact of yeast
nuclear organization in gene expression

To study how the 3D organization of the genome affects gene
expression, we first sought to establish how gene position
correlateswith transcription levels inwild-type budding yeast
cells. To estimate gene position, we built computational
models of chromosomes in the interphase G1 nucleus, a
strategy that has proven useful in recapitulating chromo-
some-level nuclear organization in budding yeast (Tjong
et al. 2012; Wong et al. 2012; Dultz et al. 2016). Wemodeled
chromosomes as bead-and-spring chains, an approach pre-
viously validated for modeling the general physical proper-
ties of chromatin fibers (Rosa and Everaers 2008; Di Stefano
et al. 2013). Details of the polymer modeling process are
found in theMaterials andMethods and summarized in Figure
1A. Briefly, chromosomes were confined inside a sphere of
2 mm diameter corresponding to the interphase nuclear size.
Centromeres were confined to a spherical region of radius
150 nm at one pole of the nuclear sphere to account for the
tethering of centromeres to the SPB by microtubules (O’Toole
et al. 1999). The dynamic association of telomeres with the NE
was modeled with the periphery of the sphere attracting the
terminal beads of chromosome chains. Finally, to reproduce
the confinement of the rDNA in the nucleolus, the particles
corresponding to rDNA were restrained to a region located at
the opposite side of the SPB. An ensemble of chromosomal
polymer models was generated using Brownian motion dy-
namics. A total of 10,000 model conformations satisfying all
the imposed restraints were then selected, and analyzed for
the likelihood of particular loci and chromosomes being posi-
tioned in specific regions of the cell nucleus (Figure 1B).
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Asanorthogonal validationof ourmodel,we compared the
probability of contact among all chromosomal particles in the
wild-type models with the experimentally measured intra-
and interchromosomal contact frequencies observed by a
3C-derived technique (Duan et al. 2010; Lazar-Stefanita
et al. 2017). Specifically, we compared the internal corre-
lations between models’ and experimental contact matrices
(Imakaev et al. 2012) and the correlations between matrix
elements grouped by genomic distance (Figure S1B and C)
and found in both cases significant similarities between
models and experiments. In addition, we compared the pre-
dicted median telomere–telomere distances from our models
with analogous experimental data obtained using imaging
(Therizols et al. 2010). In both comparisons, we found that
our models, based on the physical properties of chromatin
and minimal biological restraints, accurately described
wild-type yeast nuclear organization (Figures S1–S2).
This confirms the validity of polymer-based modeling to re-
produce nuclear organization features (Tjong et al. 2012;
Wong et al. 2012).

To determine if our computationalmodels were consistent
with the experimentally measured low gene expression at the
nuclear periphery, the predicted gene position relative to the
nuclear periphery was correlated with genome-wide messen-
ger RNA (mRNA) levels obtained by RNA-seq. Genomic re-
gionswithin 30kbof the ends ofwild-type chromosomeswere
poorly expressed, consistent with previous reports (Wyrick
et al. 1999) (Figure 2, A and B). Importantly, lower expres-
sion was also correlated with gene peripheral localization, as
predicted by polymer modeling (Figure 2B). Because most

subtelomeric sequences are also restricted to the perinuclear
region, the above analysis confounds the contributions of se-
quence proximity to chromosome ends [one-dimensional
(1D) effect] and proximity to the nuclear periphery (3D ef-
fect) to steady-state mRNA levels. However, we found that,
while distance to the telomere and predicted location in the
nuclear periphery were correlated, they were imperfectly so
(Figure 2C). Especially for genes with low expression, the
fraction of modeled nuclei in which a gene was predicted
to be at the nuclear periphery was more highly correlated
with expression than distance to the telomere in both linear
(correlation =20.093) and log space (Figure 2D and Figure
S3). Furthermore, in a linear model that predicts expression
from both of the two variables, % peripheral is a slightly more
important feature (Table S1). These data open the possibility
that localization to the periphery, and not only distance from
the telomere, is partially responsible for low expression.

Computational modeling and cell imaging validate
nuclear reorganization after chromosomal
rearrangements

To experimentally determine if spatial organization affects
expression, we next examined how large-scale chromosome
rearrangements affect nuclear reorganization. In previously
described FC strains, up to three “donor” chromosomes were
sequentially fused to the end of a “recipient” chromosome
(Neurohr et al. 2011; Titos et al. 2014). Centromeres were
simultaneously removed from donor chromosomes to avoid
formation of toxic dicentrics; telomere elements at the site of
the fusion were also removed. Thus, like normal chromosomes,

Figure 1 Computational modeling of the haploid
budding yeast nucleus in interphase. (A) The
16 chromosomes were modeled as bead-and-spring
chains with 30-nm beads each comprising 3.2 kb
of DNA. The chains were confined into the nucleus
(1-mm radius sphere) and beads corresponding to
centromeres were constrained in a sphere of radius
150 nm attached to the nuclear envelope to mimic
the attachment to SPB-mediated by microtubules.
The rDNA was restrained in a region occupying
10% of the nuclear volume at the opposite side
of the nucleus with respect to the SPB. The telo-
meres were attracted to the nuclear envelope to
have higher propensity to occupy the nuclear pe-
riphery, which is defined as the spherical shell, that
is the closest to the nuclear envelope and occupies
one-third of the total volume of the nucleus
(Materials and Methods). (B) The chromosomal
polymer models, representing the genome-wide
chromosome arrangement, were initialized as cylin-
drical solenoids of radius 150 nm. The solenoid
chromosome states serve the sole purpose of
obtaining an initial chain conformation that is com-
pact, yet not entangled, without making any claim
to reproducing any specific quantitative features of

mitotic yeast chromosomes. Next, the restraints on centromeres, rDNA, and telomeric particles were satisfied using a short preliminary run of Langevin
dynamics, spanning 60 tLJ. Finally, the system was relaxed with a 30,000 tLJ run of Langevin dynamics, in which all the spatial restraints are in place. This
run is used to obtain 10 steady-state conformations per trajectory (one every 3000 tLJ). Each strain was modeled in 1000 independent replicates to
obtain 10,000 genome-wide conformations per strain (Materials and Methods). rDNA, ribosomal DNA; SPB, spindle pole body.
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FCs contain two telomeres and one centromere (Figure 3, A
and B). These chromosome fusions only minimally changed
the genomic content relative to wild-type strains, since only
5 to 26 subtelomeric ORFs are lost during the fusion proce-
dure (Table S2). However, we hypothesized that FC strains
would display dramatically altered interphase chromo-
some organization. Indeed, this is dependent on chromosome
number and length, centromere attachment to SPBs, and
telomere anchoring to the NE, all of which are altered in
FC strains. Importantly, chromosome fusions led to a maxi-
mal reduction in chromosome and centrosome number from
16 to 13, reduction of telomere number from 32 to 26, and
lengthening of the longest chromosome arm (excluding chro-
mosome XII, containing the variable rDNA array) from 1 to
almost 4 Mb (Figure 3B).

We thenapplied theprinciples used inmodelingwild-type
nuclei to determine nuclear organization in the 10 different
FC strains (Figure 3B). FCs used in this study are named
using the following convention: FC is followed by the chro-
mosomes that comprise the fusion indicated in brackets,
followed by the centromere of the recipient chromo-
some. Thus, strain FC(IV:XV:V)CEN4 bears an FC in which

chromosome IV is the recipient, and chromosomes XV and
V are the donors.

The model predicts two major changes in the FC strains.
First, large (. 300 nm) displacements of donor chromosomes
away from the SPB and slight (10–20 nm) displacement of
recipient chromosomes toward the SPB (Figure 4 for IV:XII
fusions, and Figure S4 for all FCs). Both of these displace-
ments can be interpreted as a consequence of the deletion of
centromeres in donor chromosomes. Indeed, centromere de-
letion removes the anchoring of donor chromosomes to the
SPB, while also reducing chromosome density close to the
SPB. Thus, abnormally large FCs will tend to occupy the
space far from the SPB, whereas remaining centromeres will
be allowed to occupy positions closer to the SPB. The com-
bined action of these phenomena induces an effective pres-
sure on the recipient chromosomes, which are pushed closer
to the SPB compared to in the wild-type scenario (Figure S4).

Second, the model predicts displacement of loci in the
fused chromosomes away from the nuclear periphery, as
shown in Figure 5. To quantify this prediction, we computed
the distance from the nuclear periphery of all 10-kb loci from
the surface of the nuclear sphere for all chromosomes in all

Figure 2 Localization in the nuclear periphery is
associated with lower expression. (A) mRNA ex-
pression (red) and predicted time spent in the
nuclear periphery (blue) are shown for each
chromatin bead along each of the 16 yeast Chrs.
(B) Median expression level for genes binned by
distance to the telomere (red) or by predicted %
peripheral (blue). Correlation values are for Pear-
son correlation on unbinned data. (C) Predicted
% peripheral is not perfectly correlated with dis-
tance from the telomere. (D) The y-axis values
are absolute values of the correlation of either
kb from the telomere (red) or % peripheral
(blue), with gene expression. The two distribu-
tions (red and blue) are generated by randomly
sampling the data 1000 times. Across all but
one grouping, gene expression is more strongly
correlated with predicted % peripheral (blue)
than with log(distance to the telomere) (red).
The difference is larger with linear distance to
the telomere (not shown). Boxplots show me-
dian correlation across 1000 random samplings
of 90% of genes. All distributions are signifi-
cantly different from each other due to the large
number of computational samplings. The statis-
tical differences and effect size are largest in
genes in the bottom 25% of expression. Chr,
chromosome; mRNA, messenger RNA; TPM,
transcripts per million.
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strains relative to wild-type. Themodel predicts that only loci
on fused chromosomes are displaced away from the nuclear
periphery, while the relative location of loci in nonfused chro-
mosomes never varies by .50 nm (Figure 5A). Loci with the
largest predicted displacement were located near telomeres
(Figure 5, B–D) or centromeres (Figure 5E) before the fusion
event. These displacements can be interpreted as a result of
the deletion of centromeres and telomeres in fused chromo-
somes, as these elements provide anchoring to the SPB and
the NE, respectively.

To validate predicted chromosome displacement in FC
strains, we determined the distances of chromosome loci to
each other, to the SPB, and to the nuclear periphery using
fluorescence microscopy in wild-type and FC strains during
G1. Loci in chromosome IV were visualized through Tet re-
pressor fused to monomeric red fluorescent protein (TetR-
mRFP) and Lac inhibitor fused to green fluorescent protein
(LacI-GFP) reporters in cells bearing tetracycline and lactose

operator arrays. These arrays were inserted, respectively, at
the TRP1 locus 10-kb away from CEN4 in the right arm of
chromosome IV and at the LYS4 locus in the middle of the
chromosome IV right arm, 470-kb away from TRP1. Spc42-
GFP and Nup49-mCherry were used to label SPBs and the
nuclear periphery, respectively.We first determined distances
between these nuclear landmarks in wild-type and in the two
FC strains FC(IV:XII)CEN4 and FC(IV:XII)CEN12 (see scheme
in Figure 6A). We then compared these measured distances
with model predictions. Measured and predicted distances
were significantly correlated for all distances across the ex-
amined strains (Figure 6, B and C). Neither TRP1 nor LYS4
changed their distances from the nuclear periphery in either
FC, consistent with model predictions. In contrast, the CEN4-
associated TRP1 locus was located in the vicinity of the SPB in
wild-type and FC(IV:XII)CEN4 nuclei, whereas the same locus
was displaced away from the SPB in FC(IV:XII)CEN12 (Figure
6C). This is consistent with the mitotic segregation timing
(relative to spindle elongation) of these FCs (Neurohr et al.
2011; Titos et al. 2014) and with model predictions that
donor chromosomes are displaced away from the SPB, as
compared to the wild-type configuration. Furthermore, we
observed that the distance between TRP1 and LYS4 was re-
duced in the FC(IV:XII)CEN12 relative to wild-type and
FC(IV:XII)CEN4 cells, and that this was in agreement with
the models (Figure 6C). Shortening of TRP1-LYS4 distances
was observed in all FC strains in which chromosome IV acted
as a donor (Figure 6D), and again, this was in agreement with
the models (Figure 6E). These observations suggest that dis-
placement of a genomic region away from an active centro-
mere and/or to a nuclear region away from the SPB leads to
its increased compaction. This could be due to elimination of
microtubule-dependent pulling forces on the neighboring
kinetochore and/or to increased chromatin crowding in
SPB-distal nuclear regions. Finally, FISH established that
the TEL4R-proximal locus was closely associated with the
nuclear periphery (labeled with DAPI) in wild-type cells,
whereas the mean distance between TEL4R and the nuclear
periphery was increased in both FC(IV:XII)CEN4 and
FC(IV:XII)CEN12 fusions (Figure 6F). Because the TEL4R re-
gion is engaged in chromosome fusions in all FC strains (Fig-
ure 3B), this region is most likely displaced in these strains as
well. This confirmed themodel’s prediction that subtelomeric
loci engaged in a chromosome fusion event are displaced
away from the periphery (Figure 5, B–D). Together, these
results quantitatively confirm the model predictions that
chromosome fusions lead to large changes in the subnuclear
organization of chromosome regions relative to each other, to
the SPBs, and to the nuclear periphery.

Chromosomal rearrangements reveal a correlation
between increased expression and gene displacement
from the nuclear periphery

To determine whether the genome reorganization caused by
chromosome fusions led to changes in gene expression, we
performed RNA-seq in the 10 FC strains (Figure 3), with four

Figure 3 Generation of FC strains. (A) The generation of FCs [originally
described in Neurohr et al. (2011) and Titos et al. (2014)] starts with the
integration of pGAL1 sequence upstream of the centromere to be inacti-
vated. Next, the Chrs are fused by homologous recombination between a
bridging PCR fragment and the telomeres of the Chrs. Finally, the de-
letion of one of two centromeres and the excision of the pGAL1 se-
quence, as appropriate, generates the FC strain. Black circle is the
centromere, black rectangle is the selection marker. (B) Schemes of all
the FC strains used in this work. Chr IV is shown for comparison. Arrows
indicate the relative orientation of this Chr in the fusions. Ble, bleomycin
resistance cassette; Chr, chromosome; FC, fused chromosome; Gal,
galactose; Glu, glucose; Nat, nourseothricin resistance cassette.
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independent RNA-seq replicate experiments per strain. Con-
sistent with all FC strains having wild-type growth rates
(Neurohr et al. 2011; Titos et al. 2014), the presence of FCs
did not correlate with strong changes in gene expression (Fig-
ure S5). This suggests that spatial chromosome displacements
(such as changes in gene location relative to the SPB and to
other chromosomes) do not strongly affect gene expression.

We then asked whether mild changes in expression corre-
lated with changes in predicted gene position relative to the
nuclear periphery. Gene expression analysis was performed
with four biological replicates for wild-type, and three or four
biological replicates for each of 10 FC genotypes, for a total of
42 RNA-seq experiments. To calculate differential expression
we compared the median expression in the four replicates of
wild-type to themedian expression for all replicates of each FC
strain. Thus, for each gene, we obtained 10 differential expres-
sion values. As each FC strain was also modeled separately, we

generated a matched set of 10 predicted changes in location.
Thus, each gene in each FC strain was a point defined by its
measured change in expression and its predicted change in
location. To obtain a more accurate value for expression in the
absence of changes in nuclear location, for each gene we used
the average expression level of that gene across all strains in
which the percent peripheral was not predicted to increase or
decrease by . 1%. From this baseline expression value, we
compared the fold change in expression for each strain with
the predicted change in the frequency with which each gene
was located in the nuclear periphery. Genes deleted during the
fusion events were not considered. The results of this analysis
showmild but statistically significant genome-wide expression
changes for genes that change location relative to the nuclear
periphery after chromosomal fusions (Figure 7, A and B). For
example, the median gene with a predicted 25% decrease in
association with the periphery due to chromosome fusion

Figure 4 The donor Chrs are predicted to be
strongly displaced in the nucleus. (A) Cartoon represen-
tations of WT, FC(IV:XII)CEN4, and FC(IV:XII)CEN12
strains. “Donor” and “recipient” Chrs are labeled
“D” and “R,” respectively. (B) Predicted Chr loc.
probability densities for Chrs IV, XII, and VII in the
wild-type strain (central column), and the FC strains
FC(IV:XII)CEN4 (left column) and FC(IV:XII)CEN12
(right column), shown normalized by the WT strain.
The heatmaps show large differences in the posi-
tioning of the recipient and donor Chrs, and almost
no difference in the nuclear organization of the
largest nonfused one, Chr VII. Chr, chromosome;
FC, fused chromosome; loc., location; rDNA, ribo-
somal RNA; WT, wild-type.
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exhibits a 25% increase in expression in FC strains (Figure 7B).
While the effect on expression is weak, it is consistent across
changes in localization and strains, and remains if we limit our
analysis to genes not involved in the stress response, or to only
highly expressed genes (Brauer et al. 2008; Gasch et al. 2000)
(Figure S6). Importantly, the correlation between increased
expression and predicted displacement from the nuclear pe-
riphery holds for both subtelomeric and nonsubtelomeric genes
(Figure 7, C and D). Examples of correlated changes in expres-
sion and localization are shown for the TEL4R-proximal region,
which is perinuclear in wild-type cells but is displaced away
from the nuclear periphery in FC(IV:XII) (Figure 6F), and pre-
sumably in all other FC strains, as this region is always engaged
in fusions (Figure 3). Most genes in this region show increased
expression after predicted displacement toward the nuclear in-
terior (Figure 7E). Of the almost 500 genes that were predicted
to change their peripheral localization by.5%, 85 experienced
changes in expression (Figure 7F, listed in Tables S3–S4).

The effects of nuclear location vs. centromere and
telomere deletion

Increased expression couldbe causedbydeletionof repressive
elements in telomeres and centromeres during chromosome
fusion, genedisplacement away fromthenuclearperiphery, or

from a combination of these two factors. As deletion of the
centromere is highly correlated with changes in location, to
determine if deletion of a centromere affects expression, we
used ANOVA to determine if the distance to the centromere is
predictive of changes in gene expression after first taking into
account predicted changes in location and wild-type gene
expression. We find that after taking into account the pre-
dicted change in location, the distance to the centromere
(whether deleted or not) is not predictive of changes in
expression (Figure 8). This suggests that spreading of a re-
pressive signal in cis around centromeres is unlikely to mea-
surably affect expression, and that distance to the nuclear
periphery may be the dominant effect.

Deletion of telomeres may affect the expression of sub-
telomeric genes. To measure the effects of telomere deletion
on gene expression, we used all FC strains and the subset of
genes on a chromosome arm that underwent fusion and
telomere loss, and predicted changes in expression from both
distance to the deleted telomere and from the predicted
frequency in the nuclear periphery. We then asked which is
abetterpredictor of changes ingeneexpression. For the subset
of genes on chromosomearms that underwent fusion,we took
all genes X kb (+/2 10 kb) from the deleted telomere, and
used a linear model to predict changes in expression from

Figure 5 Loci predicted to be dis-
placed away from the nuclear pe-
riphery are near centromeres and
telomeres of fused chromosomes. (A)
The predicted displacement with re-
spect to the N.E. for loci of 10 kb in
fused (blue) and nonfused (orange)
chromosomes. Brown is the superpo-
sition of blue and orange. Only loci
on fused chromosomes are displaced
from the nuclear periphery. (B–E) The
predicted displacement from the N.E.
(y-axis) as a function of the distance
from the telomere before chromo-
some fusion (x-axis). Each circle rep-
resents a 10-kb locus in the model.
Models of all FC strains are included.
In each panel, circles corresponding
to a subset of chromosomes are col-
ored, whereas the rest are gray. In
(B–D), chromosomes are color-coded
as “nonfused” (red), “fused with no
intact telomeres” (blue), and “fused
with one intact telomere” (green).
For example, chromosome XV is
fused with no intact telomeres in
FC(IV:XV:V) strains, and fused with

one intact telomere in FC(IV:XV) strains. (B) Loci in nonfused chromosomes are not displaced relatively to the N.E. (all values are near zero). (C) Loci
in fused chromosomes that have both telomeres engaged in fusion events show two types of displacement. Most loci that are displaced away from the
periphery are subtelomeric (orange arrows), indicating that subtelomeres that participate in fusions lose attachment to the nuclear periphery. However,
some nonsubtelomeric loci are also displaced (blue arrows). (D) Loci in fused chromosomes that have only one telomere engaged in fusion events also
show two types of displacement. Some subtelomeric loci are displaced from the periphery (presumably those that participate in a fusion event; orange
arrows). Some nonsubtelomeric loci are also displaced (blue arrows). (E) Loci are colored not according to their location in fused or nonfused
chromosomes, but according to their distance to a centromere before fusion. This shows that all noncentromeric loci that are displaced away from
the periphery in (B–D) were pericentromeric before the fusion occurred. N.E., nuclear envelope.
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Figure 6 Validation of polymer models by live- and fixed-cell microscopy. (A) Position of TRP1 (red), LYS4 (green), and TEL4R (asterisk) on Chr IV and its
indicated FC derivatives. (B) Live-cell microscopy of G1 cells of the indicated strains showing the localization of TRP1 (red dot, marked with +), LYS4 (faint
green dot, arrowhead), the SPB (bright green dot, marked with an asterisk), and the nuclear periphery labeled with Nup49-mCherry (red). (C)
Correlation of measured and predicted distances between the indicated nuclear loci, the SPB, and the nuclear periphery in the indicated strains. Graphs
show the means and SDs for WT (151 cells), FC(IV:XII)CEN4 (152 cells), and FC(IV:XII)CEN12 (153 cells), and 10,000 independent simulations. (D) Live-cell
microscopy of G1 cells of the indicated strains showing the localization of TRP1, LYS4 and the SPB marked as in (B). Note that the NE is not labeled
and the dotted line indicates the CW. Strains shown are: (i) FC(IV-XII)CEN4, (ii) FC(IV-XII)CEN12, (iii) WT, (iv) FC(IV-XV)CEN4, (v) FC(IV-XV)CEN15, (vi)
FC(IV-XV-V)CEN4, (vii) FC(IV-XV-XVI)CEN4, (viii) FC(IV-V-VII-XV)CEN4, (ix) FC(IV-XV-V)CEN5, (x) FC(IV-XV-XVI)CEN16, and (xi) FC(IV-V-VII-XV)CEN7. Bar,
2 mm. (E) Correlation of measured and predicted distances between TRP1 and LYS4 in the indicated strains. Graphs show the means and SDs for
simulations (10,000 iterations) and experimental data (.100 cells for each strain). Distances are shorter in strains in which Chr IV acts as a donor (cen4D)
compared to Chrs in which it acts as a recipient of fusions (CEN4). (F) FISH of G1 cells of the indicated strains showing the localization of TEL4R (green
dot, arrows) and the nuclear periphery labeled with DAPI (magenta). Graph shows the means and SDs from WT (95 cells), FC(IV:XII)CEN4 (82 cells), and
FC(IV:XII)CEN12 (102 cells), and 10,000 independent simulations. Bar, 1 mm. Chr, chromosome; CW, cell wall; FC, fused chromosome; NE, nuclear
envelope; SPB, spindle pole body; WT, wild type.
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% peripheral or from distance to the deleted telomere for this
set of genes, allowing us to correlate changes in expressionwith
each feature. Thus, we obtained an r2 for each, and the feature
with the higher r2 is the better predictor (Figure 9, A and C).
Taking the log2(ratio) of the r2 values, if the log2(ratio)
is .0, then % peripheral is a better predictor. While both
features are similarly predictive, increased expression corre-
lates better with predicted frequency in the nuclear periphery
for genes that are both close to the deleted telomere, as well
as for genes further away (Figure 9, B and D). This suggests
that these expression changes are not, or not entirely, due to
distance from the deleted telomere, and that distance from
the periphery plays a slightly more important role.

Discussion

Interphase yeast chromosomes are organized with centro-
meres clustering around the SPB, telomeres associating with
the NE, and chromosome arms extending between these two

anchoring points in a brush-like fashion. How this organiza-
tion affects nuclear functions is not fully understood. Previous
studies have reported altered expression of subtelomeric
genes in mutants that disrupt heterochromatin formation or
telomere clustering (Wyrick et al. 1999; Taddei et al. 2009).
Importantly, these studies did not directly address the role of
3D chromosome organization, as the genetic perturbations
used (depletion of histone H4, and mutations of the silencing
factor SIR3 and of the telomere tethering proteins YKU70 and
ESC1) affected multiple processes, including heterochromatin
formation, genome-wide gene expression, and DNA repair.

In this study, we used tailored chromosome fusions (FC
cells) to alter interphase nuclear organization in otherwise
wild-type cells. Computational modeling validated with sin-
gle-cell imaging revealed significant changes in nuclear orga-
nizationafter thesechromosome fusionevents.These changes
included displacement of donor chromosomes away from the
SPB after deletion of their centromeres and displacement of
chromosome regions away from the nuclear periphery after

Figure 7 Gene displacement away
from the nuclear periphery correlates
with increased expression. (A) Shown
for all genes and all strains are the fold
changes in expression, and changes in
the predicted localization to the nuclear
periphery. Red line shows a LOESS fit
with a window size of 100 genes (MAT-
LAB smooth() with the “rloess” option).
(B–D) The same data as in (A), with
genes grouped by the predicted de-
crease in peripheral localization. (E)
Measured expression and predicted
change location for the six genes
around TEL4R, which are shown to be
displaced from the periphery in Figure
6F. Colors mark genes and symbols
mark strains. This region is predicted
to be in the periphery, has �15% fewer
nuclei, and all genes save YDR537C in-
crease in expression. (F) The number of
genes predicted to move .5% that ex-
hibit significant (Student’s t-test P ,
0.05) changes in expression. (B–D) P-val-
ues are tests for difference in the mean
between each group and the nondis-
placed group, using Tukey’s honestly
significant difference criterion to correct
for multiple hypothesis testing, using
anova1() and multcompare() in MAT-
LAB. LOESS, locally estimated scatter-
plot smoothing.
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deletion of neighboring telomeres. Furthermore, the dis-
tance between two chromosome loci in the arm of a donor
chromosome was reduced upon fusion to a receiving chro-
mosome, in both live cells and computational models. No-
tably, reduced distances between the same chromatin loci in
FC strains were previously observed during anaphase chro-
mosome segregation (Neurohr et al. 2011; Titos et al. 2014).
This suggests that physical constraints acting on interphase
chromatin of fused donor chromosomes can lead to their
increased compaction, which is thenmaintained throughout
the cell division cycle. This highlights the power of polymer-
based modeling to reproduce nuclear organization features
(Tjong et al. 2012; Wong et al. 2012) and further extends the

applicability of these approaches to predict nuclear organiza-
tion of yeast strains with chromosome fusions, based only
on minimal imposed constraints.

Our analysis reveals that genome-wide gene expression
levels remained generally unaffected by changes in chromo-
some organization. However, we also find that chromosome
fusions result in consistent and reproducible increases in
expression, with.100 genes exhibiting a mild but significant
increase. This is consistent with normal growth of FC strains
in rich media (Titos et al. 2014), and with recent reports that
overall transcription is not affected by fusion of all yeast
chromosomes into one or two mega-chromosomes (Luo
et al. 2018; Shao et al. 2018). These two studies also

Figure 8 Deletion of the CEN element does not account for changes in the expression of nearby genes. ANOVA F-Statistic (the predictive power of each
variable) for measured change in expression [log2(FC/WT)] for all genes, or only genes 200, 100, 75, or 15 kb from the centromere. Multivariate ANOVA
shows that the only significant predictors of change in expression are the predicted change in localization relative to the nuclear periphery (D%P) and, to
a lesser extent, the expression of that gene in WT cells (*** P , 0.05 after multiple hypothesis testing). In this ANOVA, terms are added sequentially, so
the model is testing if WTexpr adds to the predictive power of a model that already includes D%P, then tests if adding CENdist further improves the
model, and so on. CENdist tests if the distance to the centromere is correlated with changes in expression after taking into account all other features in
the model (change in %peripheral, WT expression, etc). CENlost tests if deletion of a CEN element affects expression after taking into account all other
features in the model (change in %peripheral, WT expression, etc). CENdist*CENlost (the last bar) is an interaction term testing if the distance to the
centromere specifically matters for deleted centromeres. Cen, centromere; expr, expression; FC, fused chromosome; WT, wild-type.
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reported derepression of subtelomeric genes near chromo-
some fusion sites, which was attributed to disruption of
telomeric silencing. These studies used one to three RNA-
seq biological replicates, whereas we used four biologi-
cal replicates for wild-type, and three or four biological
replicates for each of 10 FC genotypes, for a total of 42
experiments. Accurate quantification of expression changes
of ,50% requires .10 replicates (Schurch et al. 2016), po-
tentially explaining why we identified a relatively higher
number of genes with changes in expression of 10–20%. Be-
cause increased expression of these genes is correlated with
both their 1D distance to the former telomere and their 3D
distance to the periphery, both deletion of neighboring telo-
meres and spatial displacement away from the nuclear pe-
riphery may contribute to increased expression levels of
subtelomeric genes. Our results suggest that, while deletion
of telomere sequences may play a role, 3D distance to the
periphery is likely a major factor affecting gene expression
(Figure 9).

It is interesting to consider our results in the context of
previous studies on themechanisms of subtelomeric silencing
in budding yeast. Transcription levels are known to decrease
in proximity to telomeres [reviewed in Mondoux and Zakian

(2006)]. Moreover, gene targeting to the nuclear periphery,
either by integration of reporters in subtelomeric regions or
by artificial anchoring to perinuclear proteins, leads to silenc-
ing that is dependent on perinuclear enrichment of SIR fac-
tors (Gottschling et al. 1990; Andrulis et al. 1998; Pryde and
Louis 1999; Taddei et al. 2009). These observations led to the
hypothesis that the NE is a transcriptionally repressive envi-
ronment due to the local accumulation of repressive factors.
However, a truncated telomere that does not localize to the
nuclear periphery can still support silencing of a URA3 re-
porter (Mondoux et al. 2007), and microarray analysis has
shown that almost 80% of subtelomeric genes are still si-
lenced after telomere detachment from the nuclear periphery
in esc1 yku70 mutants (Taddei et al. 2009). These findings
raised the possibility that subtelomeric gene position and
expression are independent of each other. In contrast, our
results suggest that displacement from the nuclear periphery
affects the expression levels of native subtelomeric genes, but
that this effect is relatively mild, which may have escaped
previous analysis using growth on selective media or micro-
arrays. These findings support the hypothesis that regulation
of perinuclear localization of subtelomeric genes (e.g.,
by telomere detachment) may affect their expression in

Figure 9 The predicted change in % peripheral
is a better predictor of changes in gene expres-
sion than is the distance to the telomere. Using
data from all FC strains, we selected the subset
of genes on all chromosome arms that under-
went fusion, and calculated the fold-change in
expression (relative to wild-type), the change in
% peripheral, and the distance to the former
telomere. (A and C) The r2 for predicting change
in expression as a function of either % periph-
eral or distance to the telomere for all genes
within a 20- (A) or 50-kb (B) moving window.
This measures the correlation of each feature
within each window. (B and D) Each point
shows the fold difference between the ability
of changes in % peripheral to predict expression
and the ability of the log distance to the telo-
mere to predict expression. Each value is the
log2(r2%peripheral/r2dist-to-tel) for the set of genes that
are in a 20- (B) or 50-kb (D) moving window
centered X kb from the former telomere.
Gene sets in which changes in % peripheral
are better predictors of changes in expression
(log2(r2%peripheral/r2dist-to-tel) . 0) are colored blue.
dist-to-tel, distance to telomere; FC, fused
chromosome.
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response to environmental signals. Since chromosome de-
tachment in the FC strains examined here caused relatively
mild changes in expression, it remains unclear to what extent
changes in position may contribute to the induction of sub-
telomeric gene expression in stress conditions.
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7. Discussion
7.1. General conclusions on the paper

Figure 6 Esa1 coordinates mRNA synthesis and export during the G1/S transition

through Nup60 acetylation In mother cells, Esa1 promotes both mRNA synthesis and

export. Mechanistically, mRNA export is promoted by the acetylation of Nup60, which

increases the association between the mRNA export factor TREX-2 and the nuclear pore

basket. In daughter cells, Hos3 deacetylates Nup60, which reduces TREX-2 association

with the NPC, and thus mRNA export. Inhibition of Nup60 acetylation in daughter cells

contributes to their longer G1 phase, possibly by delaying the export of mRNAs required

for entry into the S phase such as CLN2, and inhibits the expression of the GAL1 gene in

response to galactose.

The results presented in the paper indicate that Esa1 lysine acetyltransferase

(KAT) promotes G1/S transition termed Start in budding yeast. We show that the function

of Esa1 is partially complemented by the acetyltransferase activity of Gcn5 which

however plays a minor role. Esa1 and Gcn5 form parts of conserved NuA4 and SAGA

complexes respectively, and together they are considered to be responsible for the

majority of acetylation-driven transcriptional regulation in cells with partially shared
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functions. SAGA and NuA4 are known to be recruited to activator-bound promoter

regions through the interaction of a shared subunit Tra1 (Brown et al., 2001; Helmlinger

& Tora, 2017) and to acetylate histone H3 and H4 N-terminal tails accordingly. This

together with other functions of the complexes is thought to promote local chromatin

remodeling and facilitate transcription, and we believe that our results indicate an

important role of NuA4 and SAGA for transcriptional activation of hundreds of genes at

G1/S transition.

However, both Esa1 and Gcn5 are known to target many non-histone proteins

(Downey et al., 2015; Henriksen et al., 2012), and we find that the same protein

complexes target nuclear pore complexes (NPC) to promote G1/S gene expression in a

parallel pathway. We show that Esa1 and Gcn5 can acetylate Nup60 when overexpressed,

and that acetylation of this nucleoporin promotes the export of CLN2 mRNA encoding

the periodically expressed G1 cyclin, one of the main drivers of G1/S transition. Nup60

acetylation contributes to the mRNA export mechanism utilized for many mRNAs since

it partially compensates for the pronounced mRNA export defect observed in cells

deficient in Esa1 function. Another indication of global mRNA export regulation by NPC

acetylation is that Nup60 acetyl-mimic allele promotes GAL1 promoter-driven

expression, which is cell-cycle independent.

The most intriguing part of our findings is that Nup60 acetylation promotes

mRNA export through increasing the interaction of TREX-2 complex (TRanscription and

EXport complex 2) scaffold component Sac3 with the nuclear pore. TREX-2 at the

nuclear periphery is known to promote mRNA export, yet we demonstrate its related role

in G1/S cell cycle transition possibly linked with the export of CLN2 and/or other

mRNAs. The mechanism is inhibited in yeast daughter cells contributing to its longer G1

duration due to selective NPC deacetylation by the Hos3 enzyme localized specifically to

the daughter nuclear pores in mitosis. Overall we have shown the predominant role of

Esa1 in G1/S specific gene transcription and the existence of an Esa1-dependent pathway

that regulates mRNA export through NPC acetylation in G1/S transition and beyond.

7.2. Role of lysine acetyltransferases in transcriptional regulation in

G1/S
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Figure 7 ChIP-seq profiles of the S.cerevisiae genes analyzed in (Gomar-Alba et al.,

2022) by RT-qPCR ChIP-seq profiles of diverse transcription factors (Nrm1, Swi4, and

TBP) and gene expression co-activators (Gcn5 and Esa1) aligned against budding yeast

genome for G1/S activated genes (CLN2, CDC21, SVS1, and RNR1) and their promoter

regions and RPL41b gene implicated in ribosome biogenesis known to be regulated by

Esa1/NuA4. Open reading frames are marked as blue bars at the bottom next to the gene

names, red arrowheads indicate the protein binding peaks. Data is taken from a publicly

available database located at yeastepigenome.org, track numbers: Gcn5 #11826, Esa1

#18477, Nrm1 #12878, Swi4 #12000, TBP/Spt15 #8599.

The G1/S transition is happening in a switch-like and largely irreversible

manner, bringing along the transcriptional induction of hundreds of genes. The

coordinated gene expression is partially ensured by the dissociation of the Whi5

transcriptional repressor from the promoters and its export from the nucleus to the

cytoplasm. CLN2 is a gene that belongs to the regulon and, once expressed, Cln2 protein

creates a crucial positive feedback loop increasing its own transcription and providing

rapid activation of the rest of the regulon through targeting of Cdk1 to Whi5, causing

whi5 phosphorylation and inactivation. Transcriptional induction is thus crucial for G1/S

transition, and transcriptional activation is linked with the enrichment of lysine

acetyltransferase complexes within the promoter regions and the coding sequences. These

molecular machines are thought to facilitate transcription via histone tail acetylation,

histone deubiquitination, recruitment of chromatin remodeling complexes, and

contribution to pre-initiation complex formation.
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Gcn5 acetyltransferase was found implicated in cell cycle progression through

regulation of key molecules (e.g. cyclins and transcription factors) in chicken cell culture

(Kikuchi et al., 2005) and later on it was shown to mildly affect the transcription of genes

activated at Start in budding yeast. The minor effect of the GCN5 deletion on the

transcription with a significant concomitant decrease in Gcn5 histone targets (Kishkevich

et al., 2019) indicated that, if histone acetylation is important for G1/S gene transcription

then Gcn5 is not the main enzyme performing the task.

In our work, we have established an important role for Esa1 acetyltransferase in

this process. Interestingly, if we compare the pattern of G1/S gene transcription (Figure 2

in the Gomar et al. 2022) with the association of the general transcription factor TBP

(Spt15) in asynchronous cells (Figure 7), then we will see a clear correlation. The genes

that have high levels of Spt15 bound in the promoter regions reach their maximal

transcript levels upon Esa1 inactivation at the same time as the wild-type cells (CLN2 and

RNR1), whereas the peak of transcript abundance is shifted toward a later time point in

the absence of Spt15 promoter enrichment (CDC21 and SVS1). It could be hypothesized

that Esa1 promotes timely expression at CDC21 and SVS1 promoters, possibly by

contributing to the TFIID-dependent mode of TBP recruitment and pre-initiation

complex formation. Both Esa1 and Gcn5 modulate the efficiency of transcription for all 4

genes evaluated, albeit to a different extent (Figure EV3 in the Gomar et al. 2022), likely

by increasing promoter accessibility and RNA pol II association (Bruzzone et al., 2018;

Imoberdorf et al., 2006). However, if Esa1 contributes to the expression as described

above, it must be recruited to these genes, and since there is no prominent association of

Esa1 with CLN2, CDC21, SVS1, or RNR1 genes in asynchronous culture, it could be

recruited dynamically at G1/S transition. This possibility remains to be explored in the

future.

7.3. NPC acetylation in gene expression regulation

In our work we find that NPC acetylation promotes TREX-2 association with the

nuclear periphery, which according to the known functions of TREX-2 could promote

transcription and/or mRNA export of certain mRNAs. Cln2 protein accumulation is

delayed in NuA4 deficient cells and this delay is rescued in cells expressing Nup60 allele

mimicking its constitutive acetylation, however, no transcriptional advance for CLN2 was

found neither by regular RT-qPCR on total RNA nor by the analysis of nascent RNA

production (my unpublished data), that allows to directly assess the synthesis rate and is
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more sensitive (Wissink et al., 2019). However, we do demonstrate the role of Esa1 and

NPC acetylation in promoting mRNA export.

At the end of anaphase, Hos3 deacetylase opposes Esa1 at the daughter nuclear

baskets and deacetylates the NPC. We find that Esa1 and Nup60 acetylation contributes

to faster G1/S transition, and Hos3 on the other hand delays G1/S transition specifically

in daughter cells. While we directly show that CLN2 mRNA export is impaired in

Esa1-deficient cells, we also see the significant accumulation of polyadenylated RNA in

the nuclei of Esa1-deficient cells and in cells with Hos3 constitutively localized to the

nuclear periphery in mother and daughter cells (Hos3-NLS), suggesting a global mRNA

export defect affecting multiple mRNAs. In wild-type cells, the association of Hos3 with

the NE, corresponding to NPC deacetylation is quite transient and ends as cells exit

mitosis. However, the low level of NPC acetylation assessed for Nup60 persists for 20-40

minutes after release from Cdc20-dependent anaphase arrest meaning that NPC is not

reacetylated at least until late G1. Is mRNA export completely blocked during this time?

That seems unlikely, since the cells preferentially grow in the G1 phase, which

presumably requires continuous export of many RNAs. It is therefore more plausible that

the export of a subset of mRNAs including

1) the one(s) essential for cell cycle progression

2) the one(s) that are required in the following S

3) the one(s) that are undesired in the current G1

are affected by NPC acetylation. If that is the case, there must exist additional

mechanisms that link the RNP structure and the probability to be exported depending on

the NPC acetylation. In our work, we find that TREX-2 is less enriched in the nuclear

periphery of daughter cells and that TREX-2 is increased at the periphery when the

Nup60-KN allele mimicking constitutive acetylation of Nup60 is expressed. A recent

study indicates that TREX-2 does not associate with some pores devoid of the Mlp1/2

components, termed “basketless”, present both in the nucleolus-associated and in other

parts of the NE (Bensidoun et al., 2022). The decrease in TREX-2 in the nuclear

periphery of the daughter cells that we observe could be therefore correlated with the

increased number of basketless pores, which is an intriguing possibility we would like to

verify.

If that is the case, what could be the consequences of the mRNA export for the

daughters? The export of bigger transcripts and mRNAs containing longer polyA tail has

been shown to preferentially occur through TREX-2-associated basket-containing pores

(Bensidoun et al., 2022). Thus cell cycle-dependent regulation of polyA length coupled to
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the regulation of the TREX-2 availability at the nuclear basket could present a

mechanism of mRNA export regulation for a number of transcripts. One possible

example is the case of histone mRNAs: for a long time it was known that their abundance

peaks in the S phase and that they are barely detected in other cell cycle stages (Hereford

et al., 1981), however, a more recent study uncovered an additional level of regulation for

HTB1 mRNA. Its polyA tails are longer in G1 and decrease their length roughly twofold

as cells enter the S phase, which nicely correlates with HTB1 mRNA being largely

retained in the nucleus in G1. (Beggs et al., 2012) It may be proposed that certain

mRNAs possessing longer polyA tails are selectively retained in the nucleus of G1

daughters due to a lower abundance of NPCs bound by TREX-2 and hence competent for

export of such mRNAs.

Interestingly, CLN2 was found within the limited group of mRNAs

demonstrating a high population of oligoadenylated (3-5 adenosines) species (Tudek et

al., 2021), which may indicate that CLN2 is also regulated at the level of polyA length

modulation. This is supported by the notion that overexpression of polyA-binding protein

Pab1 suppresses the lethality of bck swi6-ts mutant cells, at the same time bringing CLN2

mRNA levels almost to wild-type levels, which is coherent with the rescue of this mutant

by ectopic G1 cyclin expression. However, in synchronized cells, the levels were not

found to be increased (perhaps at G1/S, with compensation at other cell cycle stages -

data was not shown), which could mean that it is not just the overall abundance, but the

specific characteristics of the mRNA, such as polyA tail, could be modulated by Pab1 at

G1/S. (Flick & Wittenberg, 2005)

Another link between mRNA metabolism of G1/S expressed genes and the NPC

lies within the NPC association with the conserved Ccr4-Not complex: it modulates

transcription initiation and elongation with the preference towards SAGA-controlled

genes and contributes to mRNA degradation pathway (Azzouz et al., 2009; Cui et al.,

2008), interacts with the Mlp1 of the nuclear basket (Kerr et al., 2011) and its RNA

substrate recruiting subunit Not2 genetically interacts with Hos3 (Collins et al., 2007).

The acute depletion of 2 of the Ccr4-Not components (Caf1 deadenylase and Not1

scaffold protein) leads to a major accumulation of mRNA in the cell and a delayed global

downregulation of transcription; however, the decrease in transcription is significantly

faster than the average for a number of G1- and S-specific genes. The authors

hypothesize that the accumulation of these mRNAs (or of some related molecular player)

signals back to inhibit transcription via the mechanisms that monitor cell size, nutrient

availability, or to other cellular sensors. (Chappleboim et al., 2022) It could be proposed
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that Ccr4-Not plays a role in the Hos3-dependent delay of daughter cells in the following

way: Nup60 deacetylation leads to decreased number of Mlp1-containing NPCs and/or to

decrease the association of Ccr4-Not with the nuclear periphery, thus causing the

accumulation of mRNAs (or mRNA decay products) through the similar mechanism as

upon Ccr4-Not depletion, resulting in the negative feedback signal to the transcription.

This mechanism could be important for CLN2 and/or other G1/S transition-regulating

genes.

In order to directly show what kind of RNAs are affected by NPC acetylation,

we would like to perform selective biotinylation of nuclearly retained RNAs with the

following isolation of biotinylated RNAs and sequencing (Padrón et al., 2019). This

could be done in cells synchronized in G1 to compare wild-type cells and the ones with

HOS3 deletion or otherwise to compare asynchronous cells with or without

overexpression of Hos3-NLS. Such an experiment will give us a list of mRNAs that may

contain candidate genes with a documented role in cell cycle progression regulation.

Their retention in the wild type can be further verified by orthogonal methods (such as

RNA FISH) and the functional significance of such retention can be assessed by a

modification of the regulatory elements defining this retention.

So far in our work, we have been mostly focusing on the role of Nup60

acetylation in the function of the nuclear basket. Meanwhile, the nuclear basket seems to

be the most prominently acetylated part of the NPC, its components being more

reproducibly identified as acetylated and their acetylation being more conserved (see

Supplementary tables 1 and 2). We would like to explore the consequences of acetylation

for other basket nucleoporins. Nup2 mimicking constitutive acetylation, for example,

could not rescue the G1/S transition delay of esa1-ts cells (my unpublished data). In our

lab we want to make a comprehensive map of the nucleoporin acetylation sites in the

wild-type cells and in the mutants of acetylation-modulating enzymes. To this end,

Bogdan Cichocki works on the protocol to isolate all basket nucleoporins under

denaturing conditions and to maximize the conservation of acetylation modifications for

further detection by mass spectrometry.

7.4. How does Nup60 acetylation lead to Sac3 increased peripheral

localization?

The answer to this question is yet hard to predict, partially because there is still

not much known about the nuclear pore dynamical structural changes and the impact of

post-translational modifications of its components on that. For example, there is a certain
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incoherence between our results and the results reported in (Meinema et al., 2022)

regarding the functional consequences of Nup60 acetylation on mRNA export. Nup60

acetylation in the NPCs adjacent to the nucleolus results in the loss of nuclear basket

components (except Nup1) and the decreased association of mRNA export factors with

the pores, including TREX-2 component Sac3. The fact that we observe the opposite

effect while looking at the nuclear periphery as a whole, not focusing on the part next to

the nucleolus, can be presumably explained by the compartment-specific effects of

Nup60 acetylation on the NPC structure. Alternatively, it could be connected with

changes in cell physiology of physiologically aged cells in (Meinema et al., 2022). At the

same time it seems that in NPCs that are not associated with the nucleolus, the absence of

Mlp1/2 in the presence of the rest of the basket nucleoporins is associated with decreased

interaction with Sac3 (Bensidoun et al., 2022), indicating that Mlp1/2 plays a role in Sac3

driven mRNA export.

While Sac3 is known to interact with Nup1 (which likely binds the NPC

independently of the rest of basket nucleoporins, at least in NPCs adjacent to the

nucleolus), loss of either Nup1 or Nup60 causes an mRNA export defect (Fischer et al.,

2002, 2004; Jani et al., 2014). Could it be that the Mlp1 component of the basket (whose

binding depends on Nup60) promotes the interaction of Sac3 with Nup1 via the direct

interaction of Mlp1 with the mRNP associated with Sac3? In this model, TREX-2 could

establish interaction with Nup1 only upon mRNP passage through the channel, and this

would be consistent with Nup60/NPC acetylation favoring the formation of

Mlp1-containing baskets. The absence of Sac3 at the nuclear basket of Mlp1-devoid

NPCs would be explained by TREX-2 preferential binding at Mlp1-positive baskets.

In order to verify this hypothesis I can do several simple experiments. First - I

can check whether, indeed, Mlp1 association with the pore depends on NPC acetylation.

For this, I will label Mlp1/2 in wild-type, hos3, and nup60-KN mutant cells, as well as in

esa1-ts and esa1-ts nup60-KN cells, and examine the distribution/colocalization of Mlp1

with the central core nucleoporin such as Nup49 or Nup170. Next, I can check whether

upon MLP1 deletion Sac3 is localized to the nuclear periphery/co-immunoprecipitates

with Nup1. Finally, I can check if upon global transcription shutdown, Sac3 relocalizes

from the nuclear periphery.

The alternative explanations are multiple and none of them seems more plausible

than the other. Nup60 acetylation could change the NPC structure in a different way than

the one proposed above so that Nup1 has a higher probability of binding Sac3; Nup60

acetylation could either directly or indirectly affect Nup1 binding to the NPC and/or its
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ability to bind Sac3; Nup60 upon acetylation could obtain the ability to bind Sac3 itself.

To distinguish between these possibilities, it will be necessary to obtain structural

information on the nuclear basket in different acetylation states.

One of the possible ways that Nup60 acetylation could influence the NPC

structure is through modulation of Nup60 protein stability. Unpublished data from the lab

(Merce Gomar) indicates that Nup60-KN demonstrates slightly but consistently elevated

total protein levels as measured by western blot (data not shown); additionally, my data

indicates that Nup60 levels in gcn5 mutant cells and esa1-ts cells at restrictive

temperature tend to be decreased compared to the wild type. If Nup60, one of the core

nucleoporins of the basket, is degraded less upon acetylation, the basket may become

more stable and this could influence Nup1 and its binding to Sac3. However, the cause

and consequence, in this case, could be inverted, and a less stable basket may lead to

higher levels of Nup60 degradation. To verify the first possibility we could first check

whether upon protein synthesis shutdown Nup60 degrades faster than Nup60-KN and if

yes, we could see if Sac3 association with the NPC is more stable in mutants of the

protein degradation pathway.

7.5. “Meet me at the pore” or why genes go to the NPC

We have established that in the case of CLN2 expression Nup60 acetylation

plays a role in facilitating mRNA export but does not promote transcription. However, it

remains to be answered what is the correlation between CLN2 gene locus position within

the nucleus and its mRNA export efficiency and/or its expression. Previous data from our

lab indicates that the CLN2 locus is located at the nuclear periphery in G1 and moves

towards the nuclear interior in the S phase and that this does not depend on the

positioning within the chromosome (Kumar et al., 2018). My preliminary data suggests

that the moment of the switch between more constrained positioning at the nuclear

periphery and the detachment, quantified relative to the moment of full Whi5 nuclear

export, coincides with the moment when CLN2 expression starts, according to the live

CLN2 mRNA measurements. This may suggest two non-mutually exclusive scenarios of

CLN2 regulation at the periphery:

1) CLN2 locus binding to the nuclear periphery is inhibitory

2) CLN2 locus needs to be at the nuclear periphery to be activated (i.e. it is

“primed” for transcription)

The previously published work from our lab began to explore this question and

CLN2 locus was found to be repressed upon constitutive targeting to the integral
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membrane protein Yif1, which localizes to the inner nuclear membrane. Initially, this was

interpreted as evidence suggesting that CLN2 is repressed at the NPC. However, Yif1

targeting may restrict CLN2's ability to interact with the NPC, which could be the

opposite beneficial for gene induction, this is why we would like to modify this

experiment and directly target the CLN2 locus to the NPC.

Nevertheless, it is intriguing to speculate on the mechanism by which CLN2

could be activated at the NPC. We show that Nup60 does not regulate transcription of

CLN2 but it promotes mRNA export, and the preliminary data from Max Ledoux Vanek

is that in alpha-factor synchronized cells HOS3 deletion does not promote transcription of

CLN2. However, I would like to speculate on ways CLN2 could be activated not via NPC

acetylation, and this kind of mechanism realized through Hos3 could be in place in

asynchronous cells, but lost in cells that are under prolonged arrest with alpha-factor.

CLN2 expression is thought to be inhibited by the Whi5-dependent recruitment

of the Rpd3(L) complex to the promoter region (Takahata et al., 2009). Rpd3 is a class I

deacetylase, and its metazoan homologue HDAC1 is regulated by sumoylation, although

the reported effects of the modification are conflicting with each other, ranging from

sumoylation being required for transcriptional repression to no effect (Colombo et al.,

2002; David et al., 2002). Even though the lysines modified in metazoans are absent in

the budding yeast Rpd3 deacetylase, it could be that the overall mechanism of Rpd3(L)

complex regulation by sumoylation is conserved. In particular, a sumoylated peptide

belonging to Rpd3 was found in a mass spectrometry study looking for SUMO acceptor

lysines (Esteras et al., 2017), while Sds3 and Rxt2 Rpd3(L) complex components are

sumoylated under stress (Lewicki et al., 2015).

The desumoylation of Rpd3(L) complex by Mlp1-associated SUMO protease

Ulp1 and its consequent inactivation leading to CLN2 derepression could present part of

the NPC-dependent mechanism of CLN2 expression activation. Interestingly, it is the

deletion of Ulp2 SUMO protease (which is localized to the nucleus), but not that of Ulp1,

upon deletion leads to slow growth phenotype which is rescued by frequently occurring

adaptive aneuploidy resulting in double the number of Chr I carrying CLN3 and CCR4

genes (S. J. Li & Hochstrasser, 2000). The alternative target for this kind of regulation at

CLN2 promoter is Tup1, a known transcription repressor that is thought to be removed

from the promoter upon Ulp1-driven desumoylation (Jani et al., 2014; Texari et al.,

2013).

While desumoylation of of Tup1, Rpd3(L), or some other factors localized next

in the CLN2 promoter region could contribute to its enhanced expression, the initial
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binding to the Ulp1-containing NPC could depend on Sac3 (which is present at

Mlp1-containing nuclear pores able to bind Ulp1). My preliminary data indicates that

Nup60 acetylation mildly affects the delay between CLN2 locus detachment from the

nuclear periphery and complete Whi5 nuclear export: acetyl-mimic Nup60 leaves the

nuclear periphery slightly earlier, and the opposite effect is observed for Nup60 allele

mimicking constitutively deacetylation. Overall, sumoylation could be one of the

directions to explore relative to the CLN2 regulation at the nuclear pore.

The role of Nup60 acetylation and acetylation in general in the expression of

GAL locus genes seems to be quite complex and requires careful exploration and

interpretation in the future. For example, the unpublished observations from the lab

(Maxime Ledoux Vanek) are that GAL1 mRNA export is not promoted by Nup60-KN in

esa1-ts cells, but the mRNA levels are increased, which would mean that acetylation of

Nup60 has an effect in promoting transcription, but not export. However this observation

seems to be limited, not just to the esa1-ts cells (we do not find a transcriptional effect for

Nup60-KN in otherwise wild-type cells (Gomar-Alba et al., 2022)), but also to this

specific background: the strains in this set of experiments have PP7 loops in GAL1

mRNA, and the GAL1 RNA levels are much lower than in the wild type cells. This could

affect the results since the increase in GAL1 transcript levels by Nup60-KN mutation is

not reproduced in the strains with wild type GAL1 gene. It is therefore important to use

smFISH to verify the conclusions done with the PP7 strain.

Finally, our unpublished data indicate that, unlike nup60-KN mutation, HOS3

deletion increases the mRNA levels of GAL locus genes compared to the wild type. This

strengthens the suggestion that we make based on GAL1/10::sfGFP induction in

(Gomar-Alba et al., 2022) that Nup60 is not the only target of Hos3 that acts in promoting

GAL locus expression, which implies that other targets of Hos3, maybe within the nuclear

pore, among histones or other proteins, upon deacetylation decrease the transcription of

GAL locus.

The option that we never explored is that Hos3 regulates the GAL genes

indirectly. It is interesting to note that though our RNA-seq data suggests that Nup60-KN

has minimal effects on steady state RNA levels in regular culture conditions (YP, glucose

2%), the few genes that we find to be significantly differentially expressed between the

wild type and nup60-KN strains are predominantly lowly expressed stress response genes,

located next to the telomeres or centromeres of different chromosomes. These genes are

located not too far from the pore in unperturbed cells due to the yeast chromatin

organization principles that include anchoring of both telomeres and centromeres to the
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nuclear periphery (Goh & Kilmartin, 1993; Gotta et al., 1996). When the cells sense the

lack of glucose in the media and adapt to a new carbon source, genes upstream of GAL

locus are activated, and some of them may be regulated by NPC acetylation and/or by

Hos3. For example, the GAL3 gene, which is induced by galactose and potentiates the

expression of genes from the GAL locus (Lavy et al., 2012; Platt & Reece, 1998), is

located right next to the centromere. It would be therefore interesting to check if GAL3

expression is changed in hos3 mutant cells. Another alternative to explore is whether the

nuclear import of Gal3 or the Gal3-Gal80 protein complex (Peng Gang & Hopper James

E., 2000) depends on NPC acetylation.

7.6. Correlations with other studies

In this section I will draw the parallels between our study and two other ones. I

have already briefly discussed the conclusions of (Bensidoun et al. 2022) and I will refer

to this study. I will briefly summarize another study by (Meinema et al. 2022), and then

discuss matters that arise from our two studies.

Meinema et al. showed that in NPCs bound to extrachromosomal DNA circles,

SAGA mutations, and acetylation-defective Nup60 mutants cause displacement of

Nup60, Nup2, and Mlp1 (but not Nup1), and a number of cytoplasmic nucleoporins from

NPCs of the NPC cap - the nuclear envelope structure associated with the DNA circles.

Strikingly, the expression of the non-acetylatable mutant Nup60K467R restores not only

its own binding to the NPCs, but also the binding of the cytoplasmic nucleoporins is

recovered. This points towards a major remodeling of NPCs loaded with DNA circles,

driven presumably just by Nup60 acetylation. Of note, Mlp1 is not restored as the

component of the basket in the mutant Nup60K467R, which indicates that Mlp1

displacement from the DNA circle-associated NPCs is caused by additional mechanisms

besides acetylation of Nup60. In addition, Nup60K467R mutant strain displayed a

slightly but significantly increased longevity, which may stem from cells retaining part of

their nuclear basket and cytoplasmic complexes which are otherwise lost in aged cells.

Another finding is that DNA circle-bound NPCs remodeled by SAGA-driven acetylation

of Nup60 are devoid of mRNA export and surveillance factors (including Sac3, Ulp1,

Mex67, Mtr2, Dbp5, Yra1, and Nab2). On the contrary, most protein import and export

factors were unaffected by DNA circle binding, and protein import and retention of

proteins was not affected in aged cells containing many DNA circle-bound NPCs.

(Meinema et al., 2022)
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One could say that the fact that our conclusion that acetylation of Nup60

improves mRNA export contradicts the conclusions of Meinema et al, since they find that

acetylation of Nup60 by SAGA decreases the association of mRNA export factors with

the NPCs. However, there are two things that one should keep in mind. The first one is

that the conditions in which we observe budding yeasts are quite different - we are

looking at young daughter/mother cells, while in (Meinema et al. 2022) the authors are

looking at cells with excessive amounts of DNA circles or old cells with increasing

amounts of ERCs - thèse conditions could impact the effect of Nup60 acetylation on

mRNA export.

The second point is that, while peripheral and certain basket nucleoporins as well

a number of mRNA export factors are recovered in non-acetylatable Nup60K467R

mutant, we do not know whether Sac3 localization is restored, while we definitely know

that Mlp1 localization is not recovered at the NPC cap. If Sac3, the same as Mlp1, does

not go back to the nuclear pore, this would be consistent with the publication of

(Bensidoun et al. 2022) that claims that the pores that do not bind Mlp1 also lack Sac3.

This would also be consistent with our results: non-acetalatable Nup60 could make the

NPC less efficient in binding Sac3, than the acetylated one.

However, some questions would still be remaining. For example, is the

acetylation of Nup60 sufficient to explain its dissociation from the NPC? Our results that

acetyl-mimic Nup60K467N localizes to the NPC in amounts equal to the wild type

indicate that there may be additional determinants of NPC integrity that are acting

together with Nup60 acetylation in order to detach basket and cytoplasmic NPC

components from the pore and to inhibit mRNA export in NPCs that bind the DNA

circles. Another question is - why Mlp1 is not coming back to the NPC cap in the

Nup60K467R mutant? My hypothesis would be that there is/are other modification(s) in

the NPC components that lead to the NPC remodeling, in addition to Nup60 acetylation.

In order to learn what they could be, profound studies of the NPC modifications are

required, for example in the system used in (Meinema et al. 2022) in order to monitor

changes in protein modifications.

One can think of at least two approaches. The first one is a candidate search. I

would base the search on the nucleoporins that are facing the nucleoplasmic surface of

the NPC, likely the central core ones, but also Nup1, which is the only basket one that

remains; I would also include the non-nucleoporin components of the INM. The other

approach is to go for NPC purification and further comparison between cells with
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centromeric plasmids VS cells with excised centromere (making it DNA circles, see

(Meinema et al. 2022) methods).

Additionally, there is a non-mentioned possibility, that it is not proteins that are

modified, but the lipids (since both Nup60 and Nup1 have amphipathic helices

interacting with the NE, this could be important). I have not found indications that DNA

circles (or a naturally occurring form of circles, ERCs) are associated with the NE of

some specific lipid mixture, however, this cannot be excluded.

7.7. Conservation in metazoans

Given that the NPC components, the lysine acetyltransferase complex NuA4,

and the mRNA export machinery are largely conserved from budding yeast to metazoans,

we are particularly interested in whether the role of NuA4 in NPC acetylation and mRNA

can be demonstrated in mammals. Many individual features comprising the mechanism

that we observe in budding yeasts are conserved. As in yeast, the TREX-2 complex is

associated with the nuclear pore basket in human cells (Umlauf et al., 2013) and

promotes the export of a subset of mRNAs together with the basket component TPR

(Aksenova et al., 2020; Wickramasinghe et al., 2010, 2014). Furthermore, human

nucleoporins are acetylated, including TPR and the Nup60 homologue Nup153 (see

Supplementary table 2), and TPR physically interacts with Tip60/KAT5, the mammalian

homologue of Esa1 (P. B. Chen et al., 2013); however, the physiological relevance of

these modifications and interactions has not been determined.

The unpublished results from our lab (Faezeh Forouzan Far) indicate that indeed

Tip60 (Esa1 homologue) plays a role in one of the stages preceding the mRNA exit to the

cytoplasm since polyadenylated RNA accumulates in nuclear speckles upon Tip60

depletion in mouse embryonic stem cells (mES cells). Interestingly, even though nuclear

speckles have been identified as splicing sites, they have been shown to incorporate

naturally intronless mRNAs and promote their export competence (K. Wang et al., 2018).

Since most budding yeast mRNAs are intronless, one could speculate that NuA4 may

play a conserved role in promoting mRNA export for intronless genes.

It may very well be that Tip60/NuA4 promotes mRNA export already at the

transcription site by co-transcriptional recruitment of factors necessary for further

efficient export. The alternative hypothesis is that NuA4 functions within the speckles to

promote the formation of export-competent mRNPs. Such a mechanism could be

imagined since Esa1/Tip60 were reported to form discrete nuclear bodies in budding

yeast and mammalian cells (Bakshi et al., 2017; Galarneau et al., 2000; Wee et al., 2014).
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The simple candidate protein to be recruited by Tip60 would be TPR itself - like many

other metazoan nucleoporins it can be found in the nucleoplasm (Zimowska et al., 1997)

and it is specifically required for nuclear export of short mRNAs/lncRNAs containing

few to one single exon (E. S. Lee et al., 2020).

Testing these possibilities, and identifying the still unexplored molecular

mechanisms by which other KATs (such as SAGA) could regulate mRNA export in

mammalian cells (e.g. by acetylation of non-histone proteins such as nucleoporins)

remain a key subject for future studies.
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Supplementary tables
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Supplementary table 1

S.cerevisiae nucleoporins and their mapped acetylation sites

Nucleoporin Acetylated lysine (K) position

Nup1 675(Henriksen et al. 2012; Downey et al. 2015), 568(Henriksen et al. 2012)

Nup2 {262, 272} our unpublished data & (Henriksen et al. 2012; Downey et al. 2015), 228(Downey et al. 2015; Henriksen et al. 2012), {51, 57,
136, 280, 327, 378, 383, 409, 489, 509} (Henriksen et al. 2012)

Nup60 467(Henriksen et al. 2012; Downey et al. 2015), 57 our unpublished data x3 & (Henriksen et al. 2012), {29, 358, 363, 425}(Henriksen et al.
2012), {254} our unpublished data

Nup53 7(Downey et al. 2015), 223(Henriksen et al. 2012), 415(Downey et al. 2015)

Nup159 {840, 902, 1019}(Downey et al. 2015)

Nup100 714(Downey et al. 2015)

Mlp1 146(Henriksen et al. 2012), 1716(Downey et al. 2015)

Nup49 {371, 382}(Henriksen et al. 2012)

Nup57 382(Henriksen et al. 2012)

Nsp1 308(Henriksen et al. 2012)

Nup170 106(Henriksen et al. 2012)

Nup188 1638 (our unpublished data)

Nup145 779 (our unpublished data x2)

In bold are lysine acetylation sites detected in >2 studies
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Supplementary table 2
Mammalian nucleoporins and their mapped acetylation sites

Nucleoporin Acetylated lysine (K) position Nucleoporin Acetylated lysine (K) position

Nup50 83a,b(Choudhary et al. 2009; Lundby et al. 2012; Beli et al. 2012; Weinert et al. 2013), 127a,b,c(Lundby

et al. 2012; Sol et al. 2012; Weinert et al. 2013), {59,275*}a,b,c(Lundby et al. 2012; Yue Chen et al.

2012; Weinert et al. 2013), 173a,c(Yue Chen et al. 2012; Weinert et al. 2013), 8b,c(Lundby et al. 2012;

Yue Chen et al. 2012), 459b(Lundby et al. 2012), {192,311,320}a(Weinert et al. 2013),
257c(Yue Chen et al. 2012)

Pom121 {714,717}a(Choudhary et al. 2009)

Nup107 423c(Yue Chen et al. 2012), 699b(Lundby et al. 2012)

Nup153 {384,954}a,b(Choudhary et al. 2009; Beli et al. 2012; Lundby et al. 2012; Weinert et al. 2013),
718a,b(Choudhary et al. 2009; Lundby et al. 2012; Weinert et al. 2013), 1120a(Choudhary et al. 2009),
460a(Weinert et al. 2013), 597c(Yue Chen et al. 2012),
{16,28,195,372,411,447,705,1072,1141,1150}b(Lundby et al. 2012)

Nup88 590b(Lundby et al. 2012)

Nup155 998b(Lundby et al. 2012)

Tpr 755*a,b,c(Choudhary et al. 2009; Beli et al. 2012; Sol et al. 2012; Lundby et al. 2012; Yue Chen et al.

2012; Weinert et al. 2013), 748a,b,c(Beli et al. 2012; Sol et al. 2012; Lundby et al. 2012; Yue Chen et al.

2012; Weinert et al. 2013), 713*a,b,c(Beli et al. 2012; Sol et al. 2012; Lundby et al. 2012; Weinert et al.

2013), 723a,b,c(Beli et al. 2012; Yue Chen et al. 2012; Lundby et al. 2012), 312a,b,c(Lundby et al.

2012; Sol et al. 2012; Beli et al. 2012), {252*,449}a,b,c(Yue Chen et al. 2012; Lundby et al. 2012;

Weinert et al. 2013), 1670a,b,c(Lundby et al. 2012; Sol et al. 2012; Weinert et al. 2013),
{531,1501}b,c(Sol et al. 2012; Lundby et al. 2012) {925,1571}a(Weinert et al. 2013),
1202c(Sol et al. 2012), 1760c(Yue Chen et al. 2012),
{16,261,346,349,352,365,391,418,475,478,495,844,854,855,896,
1380,1428}b(Lundby et al. 2012)

RAE1 131a(Weinert et al. 2013)

Nup93 103a,c(Sol et al. 2012; Weinert et al. 2013)

Nup205 41a(Choudhary et al. 2009; Beli et al. 2012), 44a(Choudhary et al. 2009)

Nup98 193c(Yue Chen et al. 2012), 586a(Choudhary et al. 2009)

Nup214 143a(Choudhary et al. 2009; Weinert et al. 2013), 226a,b(Lundby et al. 2012; Weinert et al. 2013),
680a(Weinert et al. 2013)

Nup160 574c(Yue Chen et al. 2012)

Nup188 38a,b(Choudhary et al. 2009; Lundby et al. 2012) Nup133 786b,c(Yue Chen et al. 2012; Lundby et al. 2012; Sol et al. 2012), 758a(Weinert

et al. 2013), 823b(Lundby et al. 2012)

a: Homo sapiens, b: Rattus norwegicus, c: Mus musculus

In bold are lysine acetylation sites detected in >2 studies; in case of incomplete homology causing different site numbers between species sites are numbered according
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Contrôle de l'expression génétique et du cycle 
cellulaire par modulation des complexes des 

pores nucléaires 

 

 

Résumé 

Les complexes des pores nucléaires (NPC) assurent la communication entre le noyau et le cytoplasme et régulent ainsi 

l'expression génétique en interagissant avec les facteurs de transcription et d'exportation de l'ARNm. Les lysine 

acétyltransférases (KAT) favorisent la transcription par l'acétylation de protéines associées à la chromatine. Nous 

avons découvert que Esa1 (la sous-unité KAT du complexe NuA4 chez la levure) acétyle également Nup60 (un 

composant nucléoplasmique du pore nucléaire) et promeut ainsi l'exportation de l'ARNm. L'acétylation de Nup60 

recrute le facteur d'exportation d'ARNm Sac3 (la sous-unité échafaud du complexe  de Transcription et d'Exportation 

2 (TREX-2)) vers l'unité nucléoplasmique du NPC. L'exportation nucléaire des ARNm médiée par Esa1 favorise en 

conséquent l'étape du passage de la phase G1 à la phase S. Chez les cellules filles en G1, cette étape est inhibée par la 

désacétylase Hos3 afin d'empêcher l'initiation prématurée d'un nouveau cycle cellulaire. Ce mécanisme ne se limite 

pas qu'aux gènes de progression dans le cycle cellulaire, mais inhibe également l'expression du gène GAL1 (qui lui est 

régulé par les nutriments) spécifiquement chez les cellules filles. Globalement, ces résultats révèlent par quels 

mécanismes l'acétylation peut contribuer à la plasticité fonctionnelle des NPCs chez les cellules mères et filles. De 

plus, notre travail démontre une double régulation de l'expression des gènes par le complexe NuA4, au niveau de la 

transcription et au stade de l'exportation de l'ARNm en modifiant le domaine nucléoplasmique des pores nucléaires. 

Mots clés : complexe du pore nucléaire, Nup60, expression génétique, exportation de l'ARNm, acétylation, transition 

G1/S 
 

 

Résumé en anglais 

Nuclear pore complexes (NPCs) mediate communication between the nucleus and the cytoplasm, and regulate gene 

expression by interacting with transcription and mRNA export factors. Lysine acetyltransferases (KATs) promote 

transcription through acetylation of chromatin-associated proteins. We find that Esa1, the KAT subunit of the yeast 

NuA4 complex, also acetylates the nuclear pore basket component Nup60 to promote mRNA export. Acetylation of 

Nup60 recruits the mRNA export factor Sac3, the scaffolding subunit of the Transcription and Export 2 (TREX-2) 

complex, to the nuclear basket. The Esa1-mediated nuclear export of mRNAs in turn promotes entry into S phase, 

which is inhibited by the Hos3 deacetylase in G1 daughter cells to restrain their premature commitment to a new cell 

division cycle. This mechanism is not only limited to G1/S-expressed genes but also inhibits the expression of the 

nutrient-regulated GAL1 gene specifically in daughter cells. Overall, these results reveal how acetylation can contribute 

to the functional plasticity of NPCs in mother and daughter yeast cells. In addition, our work demonstrates dual gene 

expression regulation by the evolutionarily conserved NuA4 complex, at the level of transcription and at the stage of 

mRNA export by modifying the nucleoplasmic entrance to nuclear pores. 

Keywords : nuclear pore complex, Nup60, gene expression, mRNA export, acetylation, G1/S transition 

 


	 Abstract
	 Intro�duc�tion
	embj2021110271-fig-0001

	 Results
	 Esa1 is the main lysine acetyl�trans�ferase pro�mot�ing cell 	cycle entry
	 Esa1 acts through Nup60 acety�la�tion to pro�mote Start
	 Esa1 and Nup60-KN pro�mote the export of CLN2 mRNA
	embj2021110271-fig-0002
	 Esa1 and Nup60 acety�la�tion pro�mote bulk mRNA export
	embj2021110271-fig-0003
	 Nup60 acety�la�tion recruits the TREX-2 com�plex to the nuclear bas�ket to pro�mote Start
	embj2021110271-fig-0004
	embj2021110271-fig-0005
	 Nup60 acety�la�tion reg�u�lates expres�sion of the inducible GAL1 gene
	embj2021110271-fig-0006

	 Dis�cus�sion
	embj2021110271-fig-0007
	embj2021110271-fig-0008

	 Mate�ri�als and Meth�ods
	 Strains, plas�mids and cell growth
	 Flu�o�res�cence microscopy
	 Microflu�idics
	 Western blot�ting
	 Protein Immuno�pre�cip�i�ta�tion assays
	 PolyA flu�o�res�cence in&thinsp;situ hybridi�s�a�tion
	 Flow cytom�e�try
	 RT-qPCR
	 RNA-seq
	 Sta�tis�ti�cal meth�ods and repro�ducibil�ity

	 Data avail�abil�ity
	 Acknowl�edge�ments
	 Author contri�bu�tions
	 Disclosure and competing interest state�ment
	 Ref�er�ences
	embj2021110271-bib-0001
	embj2021110271-bib-0002
	embj2021110271-bib-0003
	embj2021110271-bib-0004
	embj2021110271-bib-0005
	embj2021110271-bib-0006
	embj2021110271-bib-0007
	embj2021110271-bib-0008
	embj2021110271-bib-0009
	embj2021110271-bib-0010
	embj2021110271-bib-0011
	embj2021110271-bib-0012
	embj2021110271-bib-0013
	embj2021110271-bib-0014
	embj2021110271-bib-0015
	embj2021110271-bib-0016
	embj2021110271-bib-0017
	embj2021110271-bib-0018
	embj2021110271-bib-0019
	embj2021110271-bib-0020
	embj2021110271-bib-0021
	embj2021110271-bib-0022
	embj2021110271-bib-0023
	embj2021110271-bib-0024
	embj2021110271-bib-0025
	embj2021110271-bib-0026
	embj2021110271-bib-0027
	embj2021110271-bib-0028
	embj2021110271-bib-0029
	embj2021110271-bib-0030
	embj2021110271-bib-0031
	embj2021110271-bib-0032
	embj2021110271-bib-0033
	embj2021110271-bib-0034
	embj2021110271-bib-0035
	embj2021110271-bib-0036
	embj2021110271-bib-0037
	embj2021110271-bib-0038
	embj2021110271-bib-0039
	embj2021110271-bib-0040
	embj2021110271-bib-0041
	embj2021110271-bib-0042
	embj2021110271-bib-0043
	embj2021110271-bib-0044
	embj2021110271-bib-0045
	embj2021110271-bib-0046
	embj2021110271-bib-0047
	embj2021110271-bib-0048
	embj2021110271-bib-0049
	embj2021110271-bib-0050
	embj2021110271-bib-0051
	embj2021110271-bib-0052
	embj2021110271-bib-0053
	embj2021110271-bib-0054
	embj2021110271-bib-0055
	embj2021110271-bib-0056
	embj2021110271-bib-0057
	embj2021110271-bib-0058
	embj2021110271-bib-0059
	embj2021110271-bib-0060
	embj2021110271-bib-0061
	embj2021110271-bib-0062
	embj2021110271-bib-0063
	embj2021110271-bib-0064
	embj2021110271-bib-0065
	embj2021110271-bib-0066
	embj2021110271-bib-0067
	embj2021110271-bib-0068
	embj2021110271-bib-0069
	embj2021110271-bib-0070
	embj2021110271-bib-0071
	embj2021110271-bib-0072
	embj2021110271-bib-0073
	embj2021110271-bib-0074


