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RÉSUMÉ 
 

La localisation de l'ARNm est un mécanisme post-transcriptionnel régulant l'expression des gènes 

qui donne un contrôle précis sur la production spatiale et temporelle des protéines. Des milliers de 

transcrits dans un large éventail d'organismes ou de types cellulaires se sont avérés localisés dans 

un compartiment sous-cellulaire spécifique. La levure bourgeonnante Saccharomyces cerevisiae 

est l'un des organismes modèle les plus étudiés pour comprendre le processus de localisation de 

l'ARNm. Plus de trente ARNm sont activement transportés et localisés à l'extrémité du bourgeon 

de la levure bourgeonnante. Dans cet organisme, la localisation des transcrits à l'extrémité du 

bourgeon, tels que l'ARNm ASH1, dépend de la protéine de liaison à l'ARN She2, qui interagit 

directement avec les éléments de localisation dans ces ARNm durant leur transcription. She2 est 

une protéine liant l’ARN non-canonique, qui s’assemble en tétramère pour pouvoir lier l’ARN. 

Lorsque le complexe ARNm-She2 est exporté vers le cytoplasme, celui-ci interagit avec la protéine 

She3 et la myosine Myo4, qui transportent le complexe vers le bourgeon. Une fois qu'un ARNm 

est correctement localisé, sa traduction est activée pour permettre la synthèse locale de sa protéine.  

Les mécanismes régulant la localisation des ARNm sont encore très peu connus. Cependant, 

plusieurs évidences suggèrent que la machinerie de localisation peut être régulée par des 

modifications post-traductionnelles. Dans notre étude, en utilisant une colonne de purification de 

phosphoprotéines, nous avons constaté que She2 est une phosphoprotéine. Nous avons utilisé une 

approche de phosphoprotéomique pour identifier les résidus phosphorylés dans She2 in vivo. Nous 

avons identifié plusieurs nouveaux phosphosites qui affectent la capacité de She2 à favoriser 

l'accumulation asymétrique de la protéine Ash1. Fait intéressant, plusieurs phosphosites sont 

présents aux interfaces de dimérisation et de tétramérisation de She2. En nous concentrant sur la 

position T109, nous montrons qu'un mutant phosphomimétique T109D inhibe l'interaction She2-

She2 et diminue l'interaction de She2 avec ses cofacteurs Srp1, She3 et l’ARNm ASH1. Fait 

intéressant, la mutation T109D réduit considérablement l'expression de She2 et perturbe la 

localisation de l'ARNm ASH1. Nos résultats montrent que le contrôle de l'oligomérisation de She2 

par phosphorylation représente un mécanisme qui régule la localisation de l'ARNm dans la levure 

bourgeonnante.  
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Dans le but d’identifier la ou les kinases impliquées dans la phosphorylation de She2, nous avons 

recherché des motifs de reconnaissance de kinases connues parmi les phosphosites que nous avons 

identifiés. Nous avons trouvé que les résidus T109, S217 et S224 font partie de sites putatifs de la 

Caséine kinase II (CKII), suggérant que ces positions seraient susceptibles d'être phosphorylés par 

cette kinase. Un essai de phosphorylation in vitro a révélé que She2 est phosphorylée par CKII au 

niveau des résidus S217 et S224, mais pas au résidu T109. Nous avons montré que la 

phosphorylation de la forme monomérique de She2 par CKII in vitro est augmentée par rapport à 

la forme sauvage tétramérique. De plus, nous avons observé que le domaine C-terminal de She2, 

qui contient sa séquence de localisation nucléaire (NLS) est phosphorylé par CKII. Cependant, le 

rôle de la phosphorylation dans le NLS de She2 demeure inconnu. Dans l'ensemble, nos résultats 

montrent que les modifications post-traductionnelles sur She2 régulent la localisation de l'ARNm 

chez la levure. Cette étude permettra d'élucider les mécanismes de contrôle de la localisation de 

l'ARNm chez la levure et comment des modifications post-traductionnelles sur She2 régulent ce 

processus. 

 

Mots-clés: localisation de l'ARNm, ARNm ASH1, modifications post-traductionnelles, 

phosphorylation de She2, signal de localisation nucléaire (NLS), caséine kinase II (CKII), levure. 
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ABSTRACT 
 
mRNA localization is a post-transcriptional mechanism regulating gene expression that gives 

precise control over the spatial and temporal production of proteins. Thousands of transcripts in a 

wide array of organisms or cell types were shown to localize to specific subcellular compartments. 

The budding yeast Saccharomyces cerevisiae serves as one of the best model organisms to study 

the mechanisms of mRNA localization. Over thirty transcripts are actively transported and 

localized at the bud tip of the budding yeast. In this organism, localization of transcripts to the bud 

tip, such as the ASH1 mRNA, depends on the RNA-binding protein She2, which is responsible for 

recognizing localization elements in these mRNAs during transcription. She2 is a non-canonical 

RNA-binding protein which assembles as a tetramer in order to bind RNA. When the mRNA-She2 

complex is exported to the cytoplasm, the protein She3 and myosin Myo4 join the complex to 

transport it to the bud. Once an mRNA is properly localized, its translation is generally activated 

to allow the local synthesis of its protein. 

The mechanisms regulating the localization of mRNAs are still poorly known. Still, several pieces 

of evidence suggest that post-translational modifications may regulate the localization machinery. 

Using a phosphoprotein purification column, we found that She2 is a phosphoprotein. We used a 

phosphoproteomic analysis to identify the phosphorylated residues in She2 in vivo. We identified 

several new phosphosites that impact the capacity of She2 to promote the asymmetric accumulation 

of Ash1. Interestingly, several of these phosphosites are present at the dimerization and 

tetramerization interfaces of She2. Focusing on T109, we show that a phosphomimetic mutant 

T109D inhibits She2-She2 interaction and decreases the interaction of She2 with its co-interactors 

Srp1, She3 and ASH1 mRNA. Interestingly, the T109D mutation significantly reduces the 

expression of She2 and disrupts ASH1 mRNA localization. Altogether, our results show that the 

control of She2 oligomerization by phosphorylation represents a mechanism that regulates mRNA 

localization in budding yeast.  

In order to identify which kinase(s) are involved in She2 phosphorylation, we searched for known 

kinases recognition motifs among the identified phosphosites. We found that T109, S217 and S224 

are putative Casein kinase II (CKII) sites, suggesting that this kinase may phosphorylate these 

residues. Indeed, an in vitro phosphorylation assay revealed that She2 is phosphorylated by CKII 
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at S217 and S224 but not at T109. We found that the phosphorylation of a monomeric She2 mutant 

by CKII in vitro is increased compared to the wild-type tetrameric protein. Furthermore, we found 

that the C-terminal domain of She2, which contains its nuclear localization signal (NLS), is 

phosphorylated by CKII. However, the biological function of the phosphorylation in the NLS is 

still unknown. Altogether, our results show that post-translational modifications in She2 regulate 

mRNA localization in yeast. This study will help elucidate the mechanisms that control mRNA 

localization in yeast and how post-translational modifications in She2 regulate this process.  

 

Keywords: mRNA localization, ASH1 mRNA, post-translational modifications, She2 

phosphorylation, nuclear localization signal (NLS), casein kinase II (CKII), yeast. 
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Introduction 
 
1.1 Post-transcriptional gene regulation 

Post-transcriptional gene regulation is required for cellular metabolism, maturation, 

transport, stability, and degradation of all RNA types. Cells regulate many stages in the RNA-to-

protein route to control gene expression [1]. Most genes are assumed to be regulated at several 

levels, but regulation of transcriptional initiation often predominates. On the other hand, some 

genes are transcribed at a steady rate and rolled by posttranscriptional regulatory mechanisms. 

Following transcription within the nucleus, a series of conserved processing steps, known as post-

transcriptional regulation, are required to produce a mature, functioning mRNA molecule capable 

of translation in the cytoplasm. These processes include: (1) termination of the mRNA 

transcription, (2) alternative mRNA splicing, (3) control of 3 ′-end formation by cleavage and poly-

A addition, (4) RNA editing, (5) control of mRNA transport from the nucleus to the cytosol, (6) 

regulated mRNA degradation, (7) control of mRNA translation initiation [2, 3]. Once in the 

cytoplasm, mRNA can be localized to particular regions of the cell, stored in cytoplasmic bodies 

for future translation or targeted for decay. In this thesis, we focus on the mechanisms of mRNA 

localization and localized translation, which represent crucial steps in post-transcriptional gene 

regulation and protein synthesis.  

1.1.1 mRNA localization 

mRNA localization is a post-transcriptional mechanism regulating gene expression that 

gives precise control over the spatial and temporal production of proteins. Beta-actin mRNA was 

the first localized transcript discovered in the myoplasm of Ascidian eggs in the 1980s [4]. Since 

recent high-throughput technologies have exposed the extent of this phenomenon and revealed that 

it is much more prevalent than previously assumed. Thousands of transcripts were shown to 

localize to specific subcellular compartments in a wide array of organisms or cell types [5, 6]. 

Analysis of thousands of genes has shown that 71% of mRNAs are targeted to a specific subcellular 

location in Drosophila oocytes [7]. Also, a combination of biochemical cell fractionation with 

RNA-sequencing (CeFra-seq) analysis revealed that more than 80% of transcripts are 
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asymmetrically localized in human and Drosophila cells [8]. New technologies such as APEX-RIP, 

an alternate high-throughput method relying on two combined technologies, APEX (engineered 

ascorbate peroxidase-catalyzed proximity biotinylation of proteins and RNA) and 

Immunoprecipitation, allow the detection of localized RNAs in a variety of subcellular 

compartments [9]. Recently, computational predictions of mRNA sub-cellular localization based 

on sequence features, along with microscopy-based approaches, have paved the way to characterize 

mRNA localization for an extensive range of RNAs and conditions [10].  

Restriction of protein expression to a specific subcellular region plays a crucial role during 

developmental processes such as asymmetric cell division, cell migration, neuronal maturation and 

embryonic patterning (Figure 1-1) [11]. Cytoplasmic mRNA transport and localization have been 

studied in various organisms, ranging from yeast to highly polarized cells like neurons. They have 

even been identified in simple systems such as bacteria (Figure 1-1) [12]. Different transcripts in 

these various cells recruit machinery that shares common characteristics. Typically, these 

transcripts contain a cis-acting element(s) in their sequence, known as zipcode or localization 

elements, which are recognized by specific trans-acting elements or RNA-binding proteins [3, 13]. 
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FIGURE 1-1 MRNA LOCALIZATION HAS BEEN FOUND IN A VARIETY OF SPECIES AND CELL 
TYPES.  

(A) ASH1 MRNA LOCALIZATION TO SACCHAROMYCES CEREVISIAE BUD TIP. (B) OSK, GRK, 
AND BCD MRNA LOCALIZATION IN THE DROSOPHILA OOCYTE. (C) VG1/VGT MRNA 
LOCALIZATION IN THE XENOPUS OOCYTE. (D) ꞵ-ACTIN MRNA LOCALIZATION TO THE CELL 
LEADING EDGE OF CHICKEN FIBROBLASTS. (SOURCE: BOVAIRD ET AL., 2018) 

 

1.1.1.1 Biological functions of mRNA Localization 

Subcellular localization of maternal transcripts has been reported in various organisms and 

cells, such as in Drosophila melanogaster, Xenopus laevis, and mammalian cells, which are crucial 

to determine cell fate. During oogenesis in the fruit fly Drosophila, oskar and nanos mRNAs are 

restricted to the posterior pole of the oocyte and are responsible for the posterior development of 

the early embryo [14]. Similarly, proper localization of bicoid mRNA to the anterior pole is 

essential for the anterior development of the embryo [15]. Restriction of several transcripts to the 

vegetal pole of Xenopus oocyte, such as Xcat2/Nanos1, Xdazl, Vg1 and VegT, is necessary for 

mesoderm and endoderm induction and patterning [11]. In addition to the role of localized mRNA 

in embryonic patterning, observation of intracellular trafficking of mRNA in a variety of somatic 
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cells, such as fibroblasts [16], oligodendrocytes [17] and neurons [18], suggests the broader 

biological importance of mRNA localization. In several cell types, β-actin mRNA undergoes 

localization to the cell protrusions, where actin is actively polymerized at the leading edge of 

migratory cells. Chicken fibroblast β-actin mRNA was the first examined transcript in 

differentiated cell types and was shown to be essential for cell motility [19] and in the motility of 

neuron growth cones [20].  

In the central nervous system, mRNA coding for the microtubule-associated protein tau, 

which is responsible for the stabilization of microtubules in neurons, and myelin basic protein 

(MBP) in oligodendrocytes are localized in axons [21-23]. A number of transcripts are 

asymmetrically distributed in the dendrites of mature neurons, like mRNAs encoding the α-subunit 

of calcium-calmodulin kinase II (CaMKII), Arc protein, MAP2, and the α-subunit of the glycine 

receptor [18, 24-26]. In neural cells, mRNA localization regulates synaptic plasticity. The activity-

regulated cytoskeletal (Arc) gene encodes a protein that mediates memory consolidation and is 

involved in synaptic strength and plasticity. Removal of Arc in knockout (KO) animals affects 

long-term learning [27].  

Messenger RNA localization is not only confined to animal cells, but it has also been 

documented in bacteria, algae, and plants [28, 29]. Interestingly, mRNA localization occurs within 

plant cells[30], like rice seed storage protein localization to the specific region of the endoplasmic 

reticulum or in several chloroplast proteins that are targeted to a specific compartment of 

chloroplasts in the green alga Chlamydomonas. In addition, a growing number of mRNA in plants 

undergo extracellular trafficking through plasmodesmata into the plant vascular system. Ham and 

his colleagues revealed that GAIP mRNA undergoes long-distance extracellular trafficking within 

the phloem stream of pumpkin [31]. In the following sections, we will review the currently known 

biological functions of mRNA localization. 
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1.1.1.1.1 Localized mRNAs and cell motility 

Cell motility is a key biological process involved in tissue formation and homeostasis. 

Extending protrusions at a migrating cell's leading front is a crucial step in directed cell migration. 

Signaling and cytoskeletal proteins were discovered to be asymmetrically distributed at the leading 

protrusions, where they play critical roles in cell polarity and motility [32]. A large number of 

protrusion-localized mRNAs have been detected in cultured neurons, cancer cells, fibroblasts, and 

astrocytes using a modified Boyden chamber method to separate cell pseudopodia from the cell 

body [33].  

One of the best-studied mRNAs targeted to cell protrusions is the β-actin mRNA, which 

localizes to the protrusion of migrating fibroblasts, myoblasts and in the growth cone of neurons. 

β-actin mRNA localization requires a conserved 54 nucleotide sequence acting as a zipcode in its 

3' UTR and a combination of microtubule and/or actin-dependent transport, depending on the cell 

type [4, 19]. Early research revealed that chemoattractant signals, like lysophosphatidic acid (LPA) 

and serum, induce ꞵ-actin transcript to rapidly polarize towards the leading edge of motile cells. 

Translationally silent ꞵ-actin mRNA is transported to its destination by the Rho-mediated pathway 

and the subsequent  activity of the motor protein myosin IIB [34]. β-actin mRNA interacts with the 

translation elongation factor 1α (EF1α) once reaching its final destination, and this interaction is 

important for anchoring transcripts to the cytoskeleton (Figure 1-2) [35]. Interestingly, 

delocalization of β-actin mRNA from the leading-edge results in loss of cell polarity and alters the 

cell migration ability [36]. The Zipcode-binding protein 1 (ZBP1) is an RNA-binding protein with 

two KH domains that bind to the ꞵ-actin mRNA zipcode sequence in the nucleus, guiding it through 

the nucleus in a translationally repressed form to the cell edge [37]. The Src kinase phosphorylates 

ZBP1 at the cell edge in response to an extracellular signal, leading to the dissociation of ZBP1 

from β-actin mRNA and translation (Figure 1-2) [38]. In addition to being abundant at the leading 

edge of migratory fibroblasts, ꞵ-actin mRNA is also concentrated at focal adhesions (FAs) and 

enhances the adhesive capabilities of migrating fibroblasts and epithelial cells [39]. 

The tumour suppressor protein adenomatous polyposis coli (APC), which has been less 

investigated than ZBP1, is another trans-acting factor that plays a key role in mRNA localization 
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during cellular migration. Interaction of APC with the plus end of microtubules growing in 

protrusion areas increases the stability of microtubules and cell motility [40]. Mechano-

transduction signals followed by substrate stiffness and microtubule detyrosination promote APC-

dependent RNA localization at cell protrusions [41]. The RNA-binding protein FUS (Fused in 

Sarcoma) is a component of APC-RNPs at cell protrusions and is required for the regulation of 

APC-transported transcripts but not for APC-RNP localization [42]. Mutations and inclusions in 

FUS observed in amyotrophic lateral sclerosis (ALS) patients disrupt microtubule detyrosination 

and prevent transcript targeting through APC, suggesting a direct correlation between mRNA 

localization mechanisms and disease (Figure 1-2) [33]. 

The actin polymerization nucleator ARP2/3 complex is also localized at the leading edge 

during cell migration and plays a critical role in site-directed actin polymerization [43]. All of the 

seven transcripts encoding Arp2/3 complex subunits are localized at the protrusions of primary 

chicken embryo fibroblasts and primary human foreskin fibroblasts [43]. Like β-actin mRNA, the 

localization of Arp2/3 complex subunits is dependent on the activation of Rho and myosin II. Mis-

localization of Arp2 mRNA alone results in a decrease in Arp2/3 complex formation as well as in 

narrow protrusions, increased random cell migration, and a lack of directionality in cell movement 

[44]. In addition to the β-actin and Arp2/3 mRNAs, the Cofilin1 transcript (CFL1 mRNA), which 

encodes for a regulator of actin dynamics by enhancing actin treadmilling, promoting membrane 

protrusion and directed cell motility, is also targeted to the cellular front of motile cells [45, 46]. 

CFL1 deficiency causes distinct changes in cell migration, focal adhesion turnover, and the 

production of abnormal actin structures [47]. The activity of cofilin is regulated not only by post-

translational processes but also by the localization of its mRNA by VICKZ. The VICKZ family of 

RNA-binding proteins (which includes ZBP1) associates with the cofilin mRNA 3′UTR and 

mediates its localization. 
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FIGURE 1-2 TWO MAIN PROCESSES COORDINATE MRNA LOCALIZATION TO CELLULAR 
PROTRUSIONS.  

(A) ZBP1 TRANSPORTS ꞵ-ACTIN MRNA IN A TRANSLATIONALLY SUPPRESSED STATE ALONG 
MICROFILAMENTS AND MICROTUBULES. (B) APC GUIDES MRNAS TO THE POSITIVE (+) END 
OF DETYROSINATED MICROTUBULES. THE RNA-BINDING PROTEIN FUS REGULATES THE 
TRANSLATION OF LOCALIZED MRNAS IN APC-RNP GRANULES. FA: FOCAL ADHESIONS 
(SOURCE: HERBERT ET AL., 2019) 

 

1.1.1.1.2 Localized mRNAs and Asymmetric Cell Division  

Asymmetric cell division is a conserved mechanism that controls cell fate and gives rise to 

cell diversity. Asymmetric mRNA segregation can occur during cell division and participates in 

asymmetric cell division in Drosophila, yeast and other eukaryotes cell types. For instance, 

localization of the glial determinant-encoding glide/gcm mRNA in early Drosophila embryos 

results in the asymmetric division of neuroglioblasts and determines the cell fate of the different 

siblings [48]. The asymmetric localization of cell fate determinants does not always depend on 

mRNA localization. While localization of prospero mRNA is not essential for Prospero 
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asymmetric localization in Drosophila neuroblasts, proper asymmetric location of Ash1 to the 

daughter cell nucleus relies on asymmetric ASH1 mRNA localization in budding yeast [49].  

Interestingly, Spiralian has provided excellent model organisms to study the association 

between the localization of mRNAs and the asymmetric distribution of their protein products. For 

example, centrosomal localization of mRNAs from several patterning genes, such as Eve, DPP and 

Tld, allows their segregation into one daughter cell during cellular division [50]. Widespread 

analysis of mRNA localization revealed that centrosomal localization of mRNAs is found in 

oocytes of the surf clam (Spisula solidissima) and in D. melanogaster embryos [7, 51]. Messenger 

RNA localization to centromeres during embryonic patterning has been frequently observed, which 

suggests that this mechanism is part of the developmental process [52]. A significant proportion of 

mRNAs are localized to one of the two centrosomes and are asymmetrically inherited throughout 

the early cleavage cycles of the Ilyanassa mollusk embryo (Figure 1-3A). The majority of these 

mRNAs encode for proteins involved in developmental patterning and regulate cell fate in these 

animals, suggesting that their differential segregation regulates cell fate determination [50, 53] 

The transcription factor Not mRNA is transferred to the cytoplasm of the future mesoderm-

forming pole in mesendoderm cells of Halocynthia ascidian embryo and is asymmetrically targeted 

to the mesoderm daughter cell by cytokinesis (Figure 1-3B). Not mRNA promotes mesoderm 

destiny and inhibits endoderm fate, implying that asymmetric mRNA inheritance is responsible for 

the segregation of germ layer fates [54]. Furthermore, in Drosophila embryos, neural precursors 

(neuroblasts) usually divide asymmetrically to form an apical ganglion mother cell (GMC) and a 

neuroblast daughter. The prospero mRNA is localized to the basal side of neuroblasts and encodes 

for Prospero, a transcription factor critical for the activation of GMC-specific gene expression. The 

adaptor protein Inscuteable is targeted apically during anaphase in Drosophila neuroblasts and 

promotes coupling of cell division direction and asymmetric mRNA localization. Notably, 

mislocalization of the inscuteable mRNA reduces the apical concentration of Inscuteable protein 

and is related to mitotic spindle misorientation. (Figure 1-3C) [11]. 
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Besides mRNAs, long noncoding RNAs (lncRNAs) are also submitted to asymmetric 

subcellular localization. For instance, the long non-coding RNA cherub segregates into the 

differentiating daughter cell in mitotic larval neuroblasts. Cherub lncRNA relies on Staufen for its 

localization and function as a molecular link between RNA-binding proteins Staufen and the late 

temporal identity factor Syncrip [55]. Surprisingly, the cherub is not required for the normal 

development of neuroblasts but is indispensable for brain tumour development in Drosophila. The 

long non-coding RNA lincGET (Gm45011) plays a key role in cell fate establishment in early 

mouse embryos. LincGET is asymmetrically distributed in two- to four-cell blastomeres and 

interacts physically with coactivator-associated arginine methyltransferase 1 (CARM1), which 

promotes its nuclear localization. LincGET/CARM1 biases early blastomeres towards an inner cell 

mass (ICM) fate by activating inner cell mass genes [56].  

                                      

FIGURE 1-3 MESSENGER RNA LOCALIZATION IN DIVIDING CELLS  
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(A) AT THE 4-CELL STAGE IN ILYANASSA EMBRYOS, DISTINCT MRNAS (BLUE) 
LOCALIZE TO ONE OF THE TWO CENTROSOMES OF METAPHASIC CELLS (LEFT). THESE 
MRNAS ARE INHERITED DIFFERENTLY BY DAUGHTER CELLS DURING DIVISION (RIGHT). (B) 
NUCLEAR MIGRATION DELIVERS NOT MRNA (YELLOW) TO ONE SIDE OF A HALOCYNTHIA 
EMBRYO MESENDODERM CELL. (C) NEUROBLASTS (NB) FROM DROSOPHILA EMBRYOS 
DIVIDE ASYMMETRICALLY TO REPRODUCE A NEUROBLAST AND GENERATE A SMALLER 
CELL, THE GANGLION MOTHER CELL (GMC). PROSPERO (PROS) MRNA (YELLOW) AND PROS 
PROTEIN (GREEN) LOCALIZE BASALLY DURING ANAPHASE, WHEREAS INSCUTEABLE (INSC) 
MRNA (ORANGE) AND INSC PROTEIN (RED) ARE LOCATED TO THE APICAL SIDE OF 
NEUROBLASTS, ENSURING THAT THE TWO COMPONENTS ARE INHERITED DIFFERENTLY. A: 
ANTERIOR; ANI: ANIMAL; P: POSTERIOR; VEG: VEGETAL. (SOURCE: MEDIONI ET AL., 
2012). 

1.1.1.1.3 mRNA localization and embryonic patterning 

In many organisms, including Drosophila, the asymmetric distribution of mRNA molecules 

in oocytes and eggs regulates early development that determines embryonic axes and cell fates 

[11]. The Drosophila oocyte is an established model to study not only mRNA localization but also 

translational regulation. Based on morphological criteria, the development of the egg chamber 

during Drosophila oogenesis is composed of 14 defined stages. A set of 16 germline cells, which 

are enveloped by somatically derived follicular epithelial cells, form an egg chamber. Only one of 

these germline cells gives rise to the future oocyte, whereas the remaining 15 cells develop into 

nurse cells that synthesize maternal mRNAs and cytoplasmic components needed for oocyte 

specification and growth [57]. Anterior-posterior axis specification of the Drosophila embryo is 

one of the most intensively studied developmental processes. Four maternal mRNAs: gurken (grk), 

bicoid (bcd), oskar (osk) and nanos (nos) are, playing key roles in the development of the 

embryonic body axes in the Drosophila oocyte (Figure 1-4A) [58]. During anterior-posterior 

patterning events, bicoid and oskar mRNAs are transcribed in the nurse cells and move to the 

oocyte through cytoplasmic bridges termed ring canals. Oskar mRNA localizes to the posterior of 

the oocyte during mid-oogenesis and is translated immediately to produce the Oskar protein, which 

nucleates the polar granules [59]. Polar granules contain posterior and germ cell determinants such 

as Nos, leading to posterior patterning and primordial germ cell specification in the embryo (Figure 

1-4B) [60, 61]. The establishment of both anterior-posterior and dorsal-ventral axes during 

oogenesis is achieved by Gurken (Grk) protein, an epidermal growth factor receptor (EGFR) 

ligand. The RNA-binding protein Orb/CPEB activates oskar and gurken mRNA translation by 
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promoting their cytoplasmic polyadenylation, which increases mRNA stability and translation [62, 

63]. The Orb protein is phosphorylated by Casein Kinase 2, and Orb phosphorylation is required 

for its proper function, including oskar and gurken mRNAs translational control [62]. 

 

FIGURE 1-4 LOCALIZATION OF PATTERNING MRNAS DURING DROSOPHILA OOGENESIS 

 (A) IN EARLY OOGENESIS, SEVERAL MRNAS, INCLUDING GRK, NOS, OSK, AND BCD, ARE 
TRANSPORTED FROM THE NURSE CELLS THROUGH CYTOPLASMIC BRIDGES CALLED RING 
CANALS INTO THE OOCYTE. ABBREVIATIONS: NC, NURSE CELLS, FC, FOLLICLE CELLS, OO, 
OOCYTE. (B) IN MID-OOGENESIS, OSK MRNA LOCALIZES TO THE POSTERIOR OF THE 
OOCYTE, GRK MRNA LOCALIZES TO THE ANTERODORSAL CORNER IN CLOSE ASSOCIATION 
WITH THE OOCYTE NUCLEUS, AND BCD MRNA LOCALIZES TO THE ANTERIOR POLE. 
(SOURCE: LASKO, 2012). 

 

1.1.1.1.4 Localization and transport of mRNAs in neurons 

Neurons are highly polarized cells with particular dendritic and axonal compartments with 

unique functions that rely on their specific morphologies. In neurons, mRNA localization is 

required for establishing and maintaining such polarity [64]. Messenger RNA localization plays a 

key role in both central and peripheral nervous systems like neuronal cell division and neuroblast 
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maintenance, neuron migration, and synaptic activity (Figure 1-5). Fast Spatio-temporal regulation 

of protein synthesis required for long-term synaptic plasticity, the cellular basis for learning and 

memory, relies on mRNA localization [65]. Several mRNAs have been found to localize to the 

dendrites, among which Camk2a, Map2, Arc and Insp3r1 mRNAs. Recently, thousands of mRNAs 

localized to dendrites have been identified from the dendrite-enriched layer (SR) in the rodent 

hippocampus following a breakthrough approach in deep sequencing technology [66].  

The α subunit of Calcium/calmodulin-dependent protein kinase II (CaMKII) is one of the 

well-studied dendritically localized mRNA at sites receiving high-frequency stimulation [67]. 

NMDA-induced neuronal activation promotes the localization of Calmodulin-3 mRNA into 

dendrites in rat cortical neurons [68]. β-actin mRNA and its associated proteins are among 

transcripts localized in dendritic spines upon neuronal stimulation. Live-cell imaging of a GFP-

tagged version of the β-actin mRNA binding protein ZBP1 in hippocampal neurons revealed the 

movement of the ZBP1 protein from the cell body to the base and spines of dendrites in response 

to KCl-induced depolarization [69]. Some studies suggest that proper subcellular localization of 

mRNAs in neurons is associated with their 3′ untranslated regions (UTR) [70, 71]. For instance, 

MBP mRNA contains cis-regulatory elements in the 3′ UTR, which are sufficient for mRNA 

localization to myelin sheaths in living zebrafish [72]. Despite the fact that some studies determined 

several 3′ UTR cis-acting elements, attempts to identify a universal “zipcode” sequence conducting 

mRNA localization have failed [72]. Microtubule filaments are essential to maintain directed 

mRNA transport in neurons. Two major motor proteins move cargoes in a plus-end or minus-end 

direction, namely kinesin and dynein, respectively [73]. Also, disruption of the actin filaments 

results in slightly affected cue-stimulated increases in axonal mRNA localization, suggesting that 

myosin-driven motor transport might be involved in short-range axonal mRNA transport and 

axonal cargo sorting [74]. 
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FIGURE 1-5 ꞵ-ACTIN MRNA LOCALIZATION IN THE AXON OF CULTURED HIPPOCAMPAL 
NEURONS.  

ARROW INDICATES THE ACCUMULATION OF MRNA IN THE GROWTH CONES OF AXONS. 
(SOURCE: BASSELL ET AL, 1998). 

1.1.1.2 Mechanisms of mRNA localization 

After transcription, most mRNAs leave the nucleus to the cytoplasm, where they are 

translated. However, an increasing number of mRNAs have been found to be targeted to distinct 

regions within the cells. Studies in various systems revealed that three primary mechanisms had 

been documented for mRNA localization. One mechanism consists of the diffusion of the transcript 
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in the cytoplasm and its anchoring to a membrane [75]. Another mechanism of mRNA localization 

is by protecting the transcript from degradation in a particular subcellular compartment via 

selective stabilization while the mRNA is rapidly degraded elsewhere in the cell [76]. Active 

transport of transcripts, which depends on molecular motors, appears to be the most predominant 

mechanism of localization used by the majority of cell types. These mechanisms of mRNA 

localization are not mutually exclusive, and a combination of mechanisms may be involved in the 

localization of a single transcript [77].  

Several molecular motors, like dynein and kinesin, are implicated in the active transport of 

transcripts along microtubules, mostly for transport over long distances [78, 79]. However, non-

canonical type V myosin usually carries mRNA over shorter distances [80]. Most localized mRNAs 

are delocalized in the presence of microtubule or actin-depolymerizing drugs, such as cytochalasin 

and nocodazole, to block the polymerization of actin and microtubules, respectively [81]. This 

supports the importance of active transport mechanisms [82-84]. The sequence of localized 

mRNAs contains specific signals required for reaching their destination. These signals are referred 

to as localization elements (LEs) or zipcodes [85].  

Over the last decade, a large number of RNA-binding proteins have been characterized with 

a direct role in the transport of mRNA to their final destination [86]. An RNA-binding protein can 

interact with multiple transcripts, like the Fragile X mental retardation protein (FMRP), which is 

present in multiple mRNPs and interacts with mRNAs such as Arc, CaMKIIα, and PSD-95 [87]. 

Messenger RNAs, after being recognized by their corresponding RNA-binding proteins, are carried 

to their destination in the form of large RNA granules or particles [88]. The radius of RNA granules 

has been measured to be around 0.7 µm [89], suggesting that these particles can accommodate a 

large amount of RNA-binding proteins and mRNAs. Characterization of several granules in 

neurons demonstrated that such macromolecular complexes contain different RNA-binding 

proteins, localized mRNAs and molecular motors [90, 91].  

Another newly described localization mechanism involves mRNA aggregation through 

phase separation and biomolecular condensates [92]. In this mechanism, mRNAs come together 
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into membrane-less organelles using liquid-liquid phase separation (LLPS) to form liquid-like RNP 

granules. The formation and dissociation of granules are under the control of post-translational 

regulation. Weak and multivalent interactions between RNA-binding proteins (RBPs) and RNAs 

are responsible for LLPS and the formation of RNP droplets [92]. Depending on the cellular 

environment, specific RNAs are enriched within biomolecular condensates in response to cellular 

cues. For instance, in order to reduce energy expenditure during damage repair, mRNAs from 

house-keeping genes, such as β-actin and GAPDH, are concentrated and restricted from translation 

in stress granules, while mRNAs implicated in stress-related repairs, such as heat shock proteins, 

are excluded from stress granules [93]. Despite limited knowledge about the mechanisms of mRNA 

incorporation into these structures, mRNAs enriched in biomolecular condensates play several 

roles during their formation, such as buffering phase separation or regulating the physical state of 

the condensates [94]. 

1.1.1.2.1  Localization elements (LEs) or zipcodes 

Cis-acting elements act as a postal address, or zipcode, which contain the information 

necessary for the final sub-cellular destination of a specific mRNA. LEs are mostly present in the 

3’ untranslated region (UTR) of the mRNA but can also be found in the coding region, like in the 

yeast ASH1 mRNA or Drosophila gurken and bitesize mRNAs [95, 96]. Zipcodes range in length 

from a very short localization element in myelin basic protein mRNA (MBP), which contains only 

11 nucleotides, to several hundred nucleotides [97], or a series of short sequences, as in the case of 

β-actin or Vg1 mRNAs [98]. Each of these elements can lead to the localization of a heterologous 

reporter mRNA molecule (e.g., GFP, YFP, etc.) when fused downstream to the reporter. Studies 

revealed that when localization elements were removed from their original parental transcript, they 

functioned as a separate functional entity [5]. Experiments may not always confirm the precise 

binding process of RNA-binding proteins to zipcodes, perhaps because of various binding 

preferences. The recognition and stabilization of the RBP-RNA interaction by certain RBPs are 

purely dependent on the well-defined sequence of their target RNA, while in other cases, the 

structural characteristics of their target RNA are essential [99].  
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Zipcodes can form different secondary and tertiary structures, such as stem-loops, at the 

RNA level to form the binding site for specific trans-acting factor(s). Eventually, localized mRNAs 

can have several zipcodes containing a number of sequentially acting or repeating signals. Several 

maternal mRNAs are localized in Drosophila and Xenopus oocytes through sequential targeting 

elements in their 3′UTR [100]. The bicoid localization element (BLE) in the bicoid mRNA 3′ UTR, 

with its modular architecture, is a well-known example of a zipcode containing several overlapping 

localization elements involved in sequential transport steps [98]. The whole 625-nucleotide of the 

bicoid mRNA 3′ UTR is required for proper localization of bcd mRNA to the anterior pole of the 

Drosophila oocyte. This includes a 50-nucleotide localization element called BLE1 (bcd 

localization element 1), which is essential to direct bcd mRNA from nurse cells into the oocyte and 

also for the early accumulation of this transcript at the anterior oocyte border [101]. Two stem-loop 

structures (stems IV and V) along with the BLE1 are involved in the early and later stages of mRNA 

localization, while anchoring the mRNA to the anterior pole of the Drosophila embryo requires the 

stem III [102].  

The prevalent belief that zipcodes necessary for mRNA localization are only found in the 

3′ UTR has been called into question since localization elements can be found in the 5′ untranslated 

regions (5′ UTR) or even in the coding sequence in yeast and Drosophila mRNAs [81]. For 

instance, gurken mRNA zipcodes, which are directed to the anterior–dorsal pole of Drosophila 

oocytes, are dispersed in both 5' and 3' regions of the transcript. Sequences in the 5' noncoding 

region enable the transcript to localize in the oocyte during the initial localization steps, while 

signals in the coding region and the 3'UTR are involved in later stages of gurken mRNA 

localization in egg chambers [103]. Another example of the transcript with localization signals 

embedded in its coding sequence is the ASH1 mRNA in budding yeast (see Section 1.3.2).   

1.1.1.2.2 Active mRNA Transport 

There is abundant evidence implicating the active transport of mRNAs along cytoskeletal 

filaments as the most prevalent localization mechanism. Cytoskeletal-associated mRNA 

localization has been reported in neurons, where long-distance transport has been observed, but 

also in smaller cells such as budding yeast and in Drosophila embryos. The role of the cytoskeleton 
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in mRNA transport was revealed by the use of tubulin or actin-depolymerizing drugs, such as 

nocodazole or cytochalasin A, which inhibit mRNA transport and localization [104, 105]. Active 

mRNA transport is driven by motor proteins from all three main classes of motor proteins, which 

include kinesins, dyneins, and myosins, which carry cargoes along the cytoskeleton throughout the 

cell. These motors create force by hydrolyzing adenosine triphosphate (ATP), which causes 

conformational changes and allows active movement of the protein [74].  

Myosins move on actin filaments, while kinesin and dynein motors use microtubules to 

deliver their cargo. While kinesins are responsible for plus-end directed transport (or anterograde 

transport) on microtubules, dyneins are primarily moving toward minus-end (or retrograde 

transport), although they are also able of bidirectional mobility [106-108].  These motor proteins 

can bind to different cargoes, such as cytoplasmic organelles or protein complexes, and then 

transport them to various intracellular regions either directly or through adaptor proteins [109]. 

One example of how motor-based transport is crucial for the localization of RNAs is the kinesin-

based transport of ꞵ-actin mRNA to growth cones in developing neurons [110]. In addition, kinesin 

motors have been implicated in targeting the Vg1 mRNA to the vegetal cortex of Xenopus oocytes. 

This process requires the coordinated activity of the microtubule-associated Kinesin1 and Kinesin2 

motor proteins [111]. Active transport of oskar and bicoid mRNAs in Drosophila melanogaster 

from nurse cells into the oocyte is dependent on dynein to facilitate movement through polarized 

microtubule arrays [112].  

Egalitarian (Egl) is an RNA-binding adaptor protein for the dynein motor and binds directly 

to mRNA and BicaudalD (BicD), the factor responsible for linking the Egl/mRNA complex with 

the dynein motor. Interaction between the Egl/BicD complex and dynein activates mRNA 

localization [113]. Interestingly, Egalitarian (Egl) is required for correct spatial localization of 

oskar, bicoid and gurken mRNAs in Drosophila oocytes and embryos [114]. A recent study 

identified PAT1 as a kinesin adapter which mediates ꞵ-actin mRNA localization to dendrites 

during neural development in mice. PAT1 was discovered to associate directly with ZBP1, and it 

also binds to KLC, a cargo-binding component of kinesin-I. Depletion of PAT1 by siRNAs disrupts 

the morphology of dendritic protrusions and neuronal growth cones [115]. The most well-studied 
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example of myosin-dependent mRNA localization is the budding yeast mRNA localization 

pathway to the bud tip, where several transcripts are actively transported along actin filaments via 

the type V myosin motor Myo4 [116] (see Section 1.3.3.3).  

1.1.2 mRNA localization and translational control 

Messenger RNA targeting combined with localized translation has been recognized as a 

key mechanism to restrict the spatio-temporal expression of proteins in cells. The ability to 

precisely control protein synthesis is particularly relevant for proteins that might be harmful to the 

cell when produced ectopically [117] and enhances interaction fidelity and signalling sensitivity 

[118]. The identification of RNA cis-regulatory elements by trans-acting factors and the subsequent 

formation of RNP complexes with distinctive structures and compositions allows for such accurate 

sorting. These complexes begin to form in the nucleus, sometimes in a co-transcriptional manner, 

and undergo dynamic remodelling at various stages [119]. As these mRNAs are exported to the 

cytoplasm, they must be isolated from the translational machinery until they reach their final 

destination. One solution to this problem involves packing these mRNAs into ribonucleoprotein 

complexes which include translational repressors to inhibit translation at various steps. Conserved 

RNA-binding proteins, such as ZBP1, have been found to mediate both mRNA targeting and 

translational repression, establishing a mechanistic connection between the two processes [120].  

1.1.2.1 Mechanisms of translational control of localized mRNA  

One mechanism to control the translation of localized mRNAs is through the inhibition of 

translation initiation, which is a highly regulated step in translation. Blocking the eIF4E–eIF4G 

interaction by recruiting an eIF4E-binding protein (eIF4E-BP) to the mRNAs is frequently used to 

repress translation during mRNA transport. For instance, in Drosophila oogenesis, translational 

repression of the oskar mRNA is achieved through the interaction of the Cup protein, which is an 

eIF4E-BP, and the RNA-binding protein Bruno, which binds the oskar mRNA 3′ UTR [121], Cup 

is recruited by 3′ UTR-associated repressors Smaug and inhibits translation of non-localized nanos 

mRNA in early Drosophila embryos [122]. The translational repressor Fragile X mental retardation 

protein (FMRP) inhibits translation initiation by recruiting the eIF4E-BP CYFIP1 (Cytoplasmic 

FMR-Interacting Protein-1) and binds several localized mRNAs in mammalian neurons [123]. 
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Similarly, the eIF4E–eIF4G interaction is blocked when 3′UTR-bound CPEB RNA-binding 

protein (Cytoplasmic Polyadenylation Element-Binding protein) interacts with either the eIF4E-

BPs maskin or neuroguidin [124].  

Other steps of the translation initiation process can be targeted to inhibit the translation of 

localized mRNAs. Mammalian non-coding RNA BC1 is enriched in dendrites and synapses and 

may prevent translation initiation of its neuron-associated mRNAs by blocking the activity of the 

eIF4A helicase and the consequent recruitment of the 40S ribosomal subunit [125]. Translational 

repression during mRNA transport can also occur by blocking 60S ribosomal subunit recruitment. 

For example, the pumilio-homology domain family-6 (Puf6) protein blocks the recruitment of the 

60S subunit and interferes with 80S assembly on the ASH1 mRNA by interacting with 

eIF5B/Fun12 in budding yeast [126]. In the same way, the RNA-binding protein ZBP1 impairs the 

formation of 80S ribosomal complexes on the β-actin mRNA, which results in decreased 

translation initiation [120]. Short poly(A) tails have been linked to a repressed state, whereas long 

poly(A) tails enhance translation by recruiting the poly(A)-binding protein PABPC1. Translational 

activation of transported mRNAs is linked to poly(A) tail elongation. The opposing activities of 

poly(A) polymerase and the deadenylation complex regulate the length of poly(A) tails, and various 

translational repressors have been shown to affect this equilibrium [127]. By interacting directly 

with one of the subunits of the CCR4–NOT deadenylation complex, Smaug promotes the 

shortening of the poly(A) tail of unlocalized nanos mRNA [128].  

 

1.1.2.2 Coupling translation with mRNA localization 

Many mRNAs initiate translation as soon as they reach their final destination. This is often 

accomplished by post-translational modification of the translation repressors in a spatially confined 

manner or by competitive binding of pre-localized proteins, resulting in a reduction in their affinity 

for target mRNAs. After localization of the β-actin mRNA, the ZBP1 repressor is inactivated to 

allow the local synthesis of β-actin. Phosphorylation of ZBP1 by the kinase Src has been shown to 

reduce ZBP1 binding affinity for the β-actin transcript. Interestingly, the Src–ZBP1 interaction 

appears to be confined to β-actin translation sites [120]. Another mechanism of activating the local 
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translation of mRNAs can occur through the degradation of a translational repressor. For instance, 

degradation of FMRP is required for translational activation of its target mRNAs. In this case, 

phosphorylated FMRP binds ribosomes and inhibits the translation of several mRNAs localized to 

dendrites [129]. Dephosphorylation of FMRP mediated by the PP2A phosphatase after dendritic 

stimulation leads to its degradation by the ubiquitin-proteasome system [130]. The release of 

translational repressors could be the result of competitive binding between a translational repressor 

and locally produced proteins. For instance, Oskar promotes nanos mRNA translation by blocking 

the activity of Smaug/CCR4-NOT deadenylase in Drosophila embryos [128]. 

1.1.3 mRNA localization to sites of polarized growth in Saccharomyces cerevisiae 

Studies in Saccharomyces cerevisiae revealed that this fungus is an excellent model 

organism to get mechanistic insights that broaden our understanding of mRNA localization 

pathways [131, 132]. Several dozen mRNAs are localized to sites of polarized growth in budding 

yeast, i.e. the bud tip. Among them is the ASH1 mRNA, which was the first asymmetrically 

localized transcript identified in single-cell eukaryotes (Figure 1-6) [84, 133, 134]. In-depth 

analysis of the mechanism of ASH1 mRNA localization led to the characterization of the She2-

She3-Myo4 localization complex (see section 1.3.3 below). Asymmetric localization of ASH1 

mRNA is evolutionary conserved, as the Candida albicans ASH1 mRNA is localized to the hyphae 

in a She3-dependent manner in this organism [135]. Using RNA immunoprecipitation combined 

with DNA microarray analysis, a set of 22 additional She2-She3-Myo4-associated mRNAs were 

identified [133]. These transcripts encode for a wide variety of proteins, including several involved 

in stress responses and cell wall maintenance, and the majority of these mRNAs are localized to 

the bud (Table 1-1).  
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FIGURE 1-6 ASH1 MRNA LOCALIZATION AT THE BUD TIP IN SACCHAROMYCES 
CEREVISIAE.  

FLUORESCENT IN SITU HYBRIDIZATION (FISH) ON ASH1 MRNA (LEFT PANEL). NUCLEAR 
DNA IS STAINED WITH DAPI (MIDDLE PANEL). DIFFERENTIAL INTERFERENCE CONTRAST 
SHOWS THE SHAPE OF THE YEAST CELL IN LATE ANAPHASE (RIGHT PANEL). SCALE BAR: 
10µM. (SOURCE: CHARTRAND ET AL, 2001). 

Among these transcripts, the IST2 mRNA was the second bud-localized mRNA 

characterized in yeast [136].  The Ist2 protein is a cortical ER protein involved in ER-plasma 

membrane tethering. Localization of the IST2 mRNA to the bud is required for the accumulation 

of Ist2 protein at the bud plasma membrane. However, Ist2 diffuses rapidly within the plasma 

membrane, and the asymmetric distribution of Ist2 protein in the bud is maintained by the septin-

mediated membrane diffusion barrier at the mother-bud neck. Another study used microarray 

analyses to globally identify the RNAs associated with the RNA-binding protein She2 and 

identified 41 mRNAs associated with She2 [3]. While this study validated several of the mRNAs 

previously found associated with She2, it also identified several new mRNAs. Interestingly, some 

of these transcripts code for proteins localized to the vacuole, endoplasmic reticulum and 

mitochondria [3]. What emerged from these studies is that specific families of mRNAs are targeted 

to the bud. Some of these mRNAs encode for cell cycle regulators, such as ASH1 and CLB2 mRNA. 

The CLB2 mRNA, which encodes a mitotic regulator B-type cyclin, is localized and translated at 

the bud in S. cerevisiae during the G2/M phase [116]. The CLB2 mRNA is carried to the yeast bud 

by the She2-She3-Myo4 complex via a conserved mRNA zipcode located in its coding sequence. 

Remarkably, whereas the CLB2 mRNA is segregated at the bud tip, the Clb2 protein diffuses back 

to the mother cell nucleus, indicating a rare example of uncoupling between mRNA and protein 
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localization. CLB2 mRNA localization provides a novel function for mRNA localization, possibly 

by regulating cell growth and cell cycle progression by monitoring bud translation capacity through 

CLB2 mRNA transport and local translation [137]. 

Transcripts coding for proteins involved in the regulation of cell polarity also localizes to 

the bud in a She2-She3 dependent manner [138]. For instance, mRNAs coding for the Rho-like 

GTPases Cdc42 and Rho3; the Sec1, Sro7 and Sro77 SNARE regulators; the Sec3 and Exo84 

exocysts components, and the GTPase Ypt1 localize totally or partially to the bud [139]. Finally, 

transcripts coding for proteins involved in cell wall integrity and stress response, such as STL2, 

MID2 and WSC2 mRNAs, are also localized to the emerging bud [133]. Furthermore, mRNA 

localization plays a significant role in lipid biogenesis in yeast. For instance, the ERG2 mRNA, 

coding for a sterol isomerase, localizes to the endoplasmic reticulum membrane. LCB1 mRNA is 

another ER-localized transcript which is implicated in sphingolipid synthesis [133]. 

Under stress conditions, translationally repressed mRNAs can be localized in RNA 

processing bodies (P-bodies) and stress granules, which are phase-separated cytoplasmic bodies 

involved in mRNA degradation and storage, respectively [140, 141]. Recently, novel RNA 

granules termed “Translation factors mRNA granules” have been identified in budding yeast. 

These granules include mRNAs coding for translation initiation factors (eIF4G, eIF4A1, eIF4E) 

and are translationally active under growth conditions. The translation factors mRNA granules are 

targeted to the developing daughter cell in a She2/She3-dependent manner, where a higher protein 

production rate is highly demanded [142].  
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TABLE 1-1 EXAMPLES OF MRNA LOCALIZATION AND THEIR BIOLOGICAL FUNCTION IN 
BUDDING YEAST 

 

 

 

 

 

 

 

 

 

 

 

 

1.1.3.1 ASH1 mRNA localization and mating type switching 

The Ash1 protein is a transcriptional repressor segregated to the daughter cell nucleus in 

late anaphase, where it inhibits mating type switching. Mating type switching is a reversible, 

programmed DNA rearrangement process which regulates the cell differentiation process in yeast 

[143]. The budding yeast S. cerevisiae exists either in a diploid state or, under conditions of nutrient 

Localized mRNAs Protein function/localization 

ASH1, CLB2, CDC42 cell cycle regulation/mating-type  
switching 

IST2, WSC2, MID2 Membrane proteins 

PMT2, ERG2 ER proteins 

SUN4, YSP2 Mitochondrial protein 

ENO2, PDC1 Glycolysis 

BRO1, KSS1   stress response  

ERG2, LCB1   Lipid synthesis 
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deprivation, sporulates and germinates in a haploid state. Two haploid cells of the opposite mating 

type (‘a’ or ‘α’) have the ability to fuse to form a diploid cell. Mating-type switching occurs only 

in the mother cell but not in daughter cells and gives rise to two cells with opposite mating types, 

which allows mating and the formation of a diploid. The sexual behaviour of both haploid and 

diploid cells is determined by two different alleles of the mating-type (MAT) locus: MATa and 

MATα.  

The endonuclease HO is a key actor in the mating-type switching process and is required 

for gene conversion within the MAT locus. The HO endonuclease is responsible for mating-type 

switching by promoting the conversion of an ‘a’ cell to an ‘α’ (or in reverse) by initiating a genomic 

rearrangement of the MAT locus [144]. This site-specific endonuclease cleaves a degenerated 24 

base-pair site at MAT, making a double-stranded break in DNA during late G1 in mother cells to 

initiate switching [145]. Asymmetric expression of the HO endonuclease, which is restricted in the 

mother cells, results in mating-type switching only in the mother cells [146]. This asymmetric 

expression of HO depends on the asymmetric localization of the Ash1 protein in the nucleus of the 

daughter cell [147]. The 66-KDa Ash1 protein is a GATA-family zinc finger protein and a key 

determinant of asymmetric cell fate as it binds at multiple sites in the HO promoter and represses 

its expression in the daughter cell [148].  

In an attempt to identify factors that are required for asymmetric HO synthesis, a genetic 

screen revealed a group of proteins that were identified as HO endonuclease expression regulators 

SHE1-SHE5 (for Swi5-dependent HO expression) that are major mRNA localization factors in 

yeast and in control of HO synthesis through ASH1 mRNA localization [146]. In addition, defective 

Ash1 protein localization in she mutants highlighted the importance of the SHE genes for the 

localization of ASH1 mRNA to the incipient daughter cell [84]. 

1.1.3.2 Localization elements involved in mRNA localization to the bud of yeast 

As for other localized mRNAs, localization of transcripts to the bud tip requires the 

presence of cis-acting localization elements. In the ASH1 mRNA, four cis-acting elements (E1, 

E2A, E2B, and E3) direct the targeted localization of this transcript from the mother cell to the bud 
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tip of the daughter cell [149]. While the E1, E2A, and E2B elements are found in the ASH1 coding 

sequence, the E3 element is located in the 3′-UTR, next to the stop codon [95, 150]. Importantly, 

each of these zipcodes can individually target a heterologous reporter mRNA to the bud tip [150]. 

Bioinformatic analyses revealed little similarities in sequence homology or secondary structure 

between these four zipcodes sequences [151]. Interestingly, a common three-dimensional motif has 

been suggested in ASH1 localization elements, which is essential for She2 recognition: the four 

zipcode elements have a consensus sequence motif consisting of a single-stranded CGA-base triplet 

and a single cytosine separated by six bases at either the 3′ or 5′ ends from the CGA triplet [149]. 

This short motif is present in all four elements of the ASH1 transcript, as well as in other localized 

mRNAs such as IST2 and EAR1. It is also found in a zipcode in the coding sequence of the CLB2 

mRNA [137].  

1.1.3.3 Trans-acting factors involved in mRNA localization to the bud 

1.1.3.3.1 She2 –The key component in mRNA localization in budding yeast 

She2 is a small 28 KDa RNA-binding protein and the essential element in the assembly of 

the budding yeast mRNA locasome, i.e. the mRNA localization complex in yeast [84, 152].  She2 

is a non-canonical RNA-binding protein which displays no similarity to previously known nucleic 

acid-binding proteins [153]. She2 shares structural homology with the central domain of 

fumarase/aspartase superfamily members, although these proteins bear no evident evolutionary 

conservation at the sequence level or functional homology. Therefore, She2 is a novel protein fold 

of distinct evolutionary origin [154].  

The main function of She2 is to bind the localization elements of bud-localized mRNAs 

and establish the assembly of these mRNPs [95, 153, 155, 156]. Deletion of SHE2 eliminates the 

association of Myo4 with the ASH1 mRNA [157]. Furthermore, the interaction of She3 with the 

ASH1 mRNA depends on She2, suggesting that She2 binds to the ASH1 mRNA independently of 

She3 and Myo4 [153]. She2 is a key component of the mRNA localization machinery as it interacts 

directly and specifically with each of the mRNA localization elements. Indeed, on ASH1 mRNA, 

She2 binds the localization elements E1, E2A, E2B and E3 in vitro and in vivo [95, 153, 155, 156]. 

Structural studies of She2 in solution revealed an extended conformation of two She2 dimers in a 
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head-to-head arrangement, resulting in an elongated tetramer with two continuous RNA-binding 

sites (Figure 1-7). The assembly of She2 in tetramer structure is required for the recognition of 

localization element RNAs [158]. Besides ASH1 mRNA, She2 associates with more than 50 

additional bud-localized transcripts [3, 133]. The majority of She2-associated mRNAs encode for 

membrane and secreted proteins that are targeted to the endoplasmic reticulum (ER). She2 also 

interacts directly with liposomes, suggesting a membrane-binding activity for this protein [159]. 

Sucrose gradient experiments showed that She2 cofractionates with ER, independently from She3 

and Myo4, indicating that mRNA localization and cortical ER inheritance may be coupled in 

budding yeast [159-161]. 

FIGURE 1-7 SHE2 ASSEMBLES AS A TETRAMER AT PHYSIOLOGICAL CONCENTRATION.  

She2 dimers interact in a head-to-head fashion, resulting in an elongated tetramer with two 

continuous RNA-binding sites required for the recognition of localization element RNAs. (Source: 

Müller et al., 2009) 
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1.1.3.3.2 The adapter protein She3 

She3 is a novel protein present in Saccharomyces, with a homologue in various Candida 

subspecies [135]. She3 is part of the mRNA localization machinery and acts as a protein adapter 

between She2, Myo4 and bud-localized mRNAs. Indeed, She3 interacts directly with Myo4 and 

plays a key role in the association of the Myo4 motor protein with the ASH1 mRNA-She2 complex 

[162]. The N-terminus of She3 forms a coiled-coil domain that interacts with the C-terminal tail of 

Myo4 [163]. She3-Myo4 interaction prevents the dimerization of Myo4, creating a single-headed 

motor [164]. Structural insights from X-ray crystallography showed that a truncated dimeric 

fragment of She3 exposes hydrophobic residues for binding to the globular tail domain of Myo4 

[165]. She3 also forms a synergistic complex with She2 associated with any of the four ASH1 

mRNA localization elements. Surprisingly, She2 has a low binding affinity for RNA, with an 

equilibrium-dissociation constant (Kd) in the low micromolar range for the ASH1 mRNA 

localization elements. She2 has the strongest binding affinity for the E3 RNA localization element 

(Kd = 0.10 µM) and the weakest binding affinity for E2B (Kd= 0.31 µM) [158], which suggests 

that other factors must be present in vivo to reach the high selective transport of transcripts.  

This question was addressed by studies on She3’s RNA-binding characteristics, as well as 

its synergistic interaction with She2. Direct interaction of She2 with the C-terminal domain of She3 

is required for the association of the Myo4-She3 complex to the ASH1 mRNA [153, 156].  Indeed, 

the She2-She3 complex has a 60-fold higher affinity for zipcode-containing RNAs compared to 

She2 alone [151, 166]. A C-terminus fragment of She3 (331–405) binds to She2 and forms a ternary 

complex with an ASH1 mRNA zipcode. She3 interacts with She2 through two distinct sites: the P 

site, which associates entirely with She2, and the R site, which binds both She2 and the RNA, 

suggesting that not only She2 but also She3 participates in RNA recognition and binding (see 

section 1.3.3.4) [167].  

1.1.3.3.3 She1/Myo4- a non-conventional type V myosin motor 

Budding yeast possesses two classes of type V myosins, which mediate the transport of 

cargoes on actin filaments, unlike higher eukaryotes, where long-range transport is mediated by 

microtubules and kinesin/dynein motors [168]. The two budding yeast type V myosins, Myo4 and 
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Myo2, are unconventional myosins because they form dimers, unlike canonical myosins. Both 

Myo4 and Myo2 accumulate at the bud tip of daughter cells [169-172]. Myo2 and Myo4 display 

71% sequence homology in their motor domain but only 18% sequence similarity in their globular 

tail domain [173]. They transport distinct sets of cargoes, perhaps due to the low level of similarity 

between their tail domains [173]. Myo2 is involved in the segregation and inheritance of 

mitochondria, vacuole, peroxisomes and late Golgi compartments to the daughter cell during cell 

division [170, 171, 174-179]. Myo2 is also essential for setting up the alignment of the mitotic 

spindle [180]. She1/Myo4 provides the required motor activity for the transport of the mRNA 

locasome along the actin cytoskeleton to the bud tip of daughter cells [80, 157, 175, 181]. Myo4 is 

also involved in ER inheritance in Saccharomyces cerevisiae [182]. Furthermore, a recent study 

showed that the unidirectional movement of P-bodies from the mother to the daughter cell during 

mitosis relies on the She2/She3/Myo4 transport machinery [183].  

Type V Myosins were known to be necessary dimers, which allow for processive movement 

along the actin filaments [184]. Surprisingly, Myo4 was found to act as a monomer and in a non-

processive manner [185, 186]. Indeed, She3 can dimerize via its N-terminus, and a She3 dimer 

interacts constitutively with a single Myo4 motor in order to form a stable complex [187]. The 

RNA-binding protein She2 recruits Myo4-She3 to form a motile active transport complex via its 

direct interaction with She3 [156, 163, 166, 188]. Assembly of a stable She2/She3/Myo4 complex 

occurs in the absence of RNA at physiological conditions and even at salt concentrations above 

cellular levels [189]. Myo4-She3-She2 complex with the myosin chaperonin She4 and myosin light 

chains are adequate to support the processive transport of ASH1 mRNA along the actin filaments 

[187, 189, 190]. Interestingly, in the transport of pheromone-induced mRNAs, the interaction of 

Myo4 with the RNA-binding protein Scp160 (analogous to She2) is essential for the localization 

of these mRNAs at the schmoo during polarized growth of mating yeast cells [191]. 

1.1.3.3.4 Structural studies of She2 and its complex with She3 and Myo4  

She2 is an RNA-binding protein with a unique protein fold of distinct evolutionary origin. 

She2’s three-dimensional structure has been determined at 1.95 Å resolution and demonstrated that 

this protein folds into a single globular domain with five anti-parallel ɑ helix bundle that forms a 
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symmetric homodimer required for RNA binding [154]. She2 displays no resemblance to known 

nucleic acid-binding proteins when compared to structures already reported in the PDB database. 

However, the central domain of She2 resembles those of fumarase/aspartase homologous 

superfamily members [154], as they share the general structural arrangement of their respective 

five helix cores, with no evolutionary conservation or functional similarity observed [154]. 

Moreover, She2 does not display any clearly defined RNA-binding domain but contains two 

unusual basic helical hairpin-type RNA-binding domains. Mutations in residues of this hairpin 

domain (N36S, R43A, R44A, R52A, R52K, R63A, and R63K) have been found to disrupt the 

interaction between She2 and RNA and consequently abolish ASH1 mRNA localization [154, 192]. 

Interestingly, several RNA-binding motifs, including the RNA recognition motif (RRM), the 

arginine-rich motif (ARM), the RGG box, and the double-strand RNA-binding motif (dsRBD) 

contain conserved arginine residues essential for RNA binding [192]. 

Analytical ultracentrifugation analyses further revealed that two dimers of She2 come 

together in a head-to-head fashion to form a tetrameric complex, which generates a large complex 

with two RNA-binding sites [158]. Cross-linking analyses of She2-RNA complexes revealed that 

one peptide of She2 was cross-linked to the ASH1 mRNA E3 localization element. This peptide is 

part of a short helix that protrudes at a right angle from the She2 core and plays a key role in binding 

to the localization elements and interaction with She3 [151]. Crystallography and small angle X-

ray scattering (SAXS) investigation of the ASH1 E3 element alone and in association with its 

partners She2 and She3 provides significant information regarding the molecular aspects of the E3-

She2-She3 complex interaction (Figure 1-8A).  

Interestingly, the crystal structure of the She2-E3 complex showed significant rearrangements in 

the bulged segment of E3 after binding to She2, going from an elongated state to a kinked state. 

As a result, this E3 RNA element is organized in an L-shaped conformation along the She2 

tetramer. Importantly, She3 interaction with the She2-E3 complex depends on the kinked E3 RNA 

three-dimensional structure instead of any particular RNA sequence (Figure 1-8B). The nucleotides 

C1779 and C1813 are two essential residues in the E3 RNA element that makes specific interaction 

with N36, R52 and R63 amino acids of She2 (Figure 1-8B). She2 mutations at N36, R52 or R63 



 

47  

each result in a complete loss of function. Furthermore, following the co-complex formation of the 

She2-E3-She3, the uracil in position 1780 of E3 is displaced to make space for She3. This rotation 

in the E3 RNA stem is required for the rearrangement of the uracil residue, which promotes She3 

interaction and further maintains the She2-E3-She3 complex [167]. 

A                                               B    

                       

FIGURE 1-8 CRYSTAL STRUCTURE OF THE COMPLEX BETWEEN SHE2 AND THE ASH1 
MRNA E3 LOCALIZATION ELEMENT.  

(A) CRYSTAL STRUCTURE OF SHE2 (AMINO ACIDS 6-246, C-S) FUSED TO SHE3 (AMINO ACIDS 
331–405) IN COMPLEX WITH ASH1 E3 (28-NT LOOP) RNA AT 2.80-Å RESOLUTION. SHE2, 
SHE3 AND ASH1 E3 ARE DEPICTED IN BLUE, GREEN AND RED, RESPECTIVELY. (B) 
SCHEMATIC DRAWING OF PROTEIN CONTACTS WITH THE E3 RNA. EACH OF THE TWO RNA 
CHAINS CONTACTS THREE SHE2 SUBUNITS. THE NUCLEOTIDES C1779 AND C1813 ARE TWO 
ESSENTIAL RESIDUES IN THE E3 RNA ELEMENT THAT MAKES SPECIFIC INTERACTION WITH 
N36, R52 AND R63 AMINO ACIDS OF THE SHE2 TETRAMER. (SOURCE: EDELMANN ET AL., 
2017). 
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Furthermore, a crystal structure of a She2 tetramer bound in complex with a 30 amino acids 

peptide of She3 C-terminus revealed that a highly conserved LPGV motif in the She3 peptide folds 

into a hook-like shape. Each hook binds to a shallow hydrophobic pocket on the surface of one of 

the She2 tetramer subunits, forming a 4:4 stoichiometric She2-She3 complex [193]. The binding 

of the LPGV motif is accompanied by local conformational changes in the She2 tetramer around 

the She3 hook binding regions. A highly conserved motif containing around 20 residues positioned 

N-terminal to the LPGV hook is thought to contribute to the She3 RNA binding site because of its 

basic and aromatic residues. This region of the She3 peptide is aligned with the RNA binding site 

in the waist region of the She2 tetramer, which results in a high-affinity RNA binding site (Figure 

1-9) [193]. 

Structural information is also available for the She3-Myo4 complex. Determination of a 

crystal structure of Myo4 and She3 revealed that Myo4 and She3 form a 1:2 heterotrimer in 

solution. Also, the claw-like C-terminal domain (CTD) of Myo4 attaches to a highly conserved 

pseudocoiled-coil region of She3 to produce a stable complex of [Myo4-She3-She2-RNA] in a 

2:4:4:1 stoichiometry (Figure 1-9. A) C) and two Myo4-She3 heterotrimers with a single She2 

tetramer and at least one RNA zipcode is required [165]. The x-ray structure of the Myo4 globular 

tail was also characterized, and a conserved surface patch containing W1325 and Y1329 is required 

for binding She3 [194]. Furthermore, deletion studies and point mutations in the protease-sensitive 

linker region and globular tail of Myo4 revealed that both regions are required for efficient She3 

binding and ASH1 mRNA localization.  
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FIGURE 1-9 SCHEMATIC MODEL FOR SPECIFIC ASH1 MRNA RECOGNITION AND 
TRANSPORT BY SHE2, SHE3 AND MYO4.  

STEP-BY-STEP ASSEMBLY OF THE SYNERGISTIC TERNARY COMPLEX USING A STRUCTURE-
BASED APPROACH. STEP 1: THE ASH1 E3 RNA FORMS A STEM-LOOP WITH A DYNAMIC 
BULGE REGION IN ITS STEM THAT SERVES AS A FLEXIBLE HINGE. STEP 2: AFTER BINDING TO 
SHE2, THE E3 RNA UNDERGOES SIGNIFICANT REARRANGEMENTS IN THE BULGE AREA OF 
THE STEM AND FORMS AN L-LIKE SHAPE ALONG THE SHE2 TETRAMER. STEPS 3 AND 4: SHE3 
JOINS THE SHE2-RNA COMPLEX ON BOTH SIDES OF THE SHE2 TETRAMER. SHE3 INTERACTS 
WITH SHE2 THROUGH TWO DISTINCT SITES: THE P SITE, WHICH ASSOCIATES ENTIRELY 
WITH SHE2, AND THE R SITE, WHICH BINDS BOTH SHE2 AND THE RNA. SHE3 INCREASES 
AFFINITY FOR THE RNA BY CREATING STERIC RESTRICTIONS AND BRINGS A MYO4 
MONOMER PER SHE3 DIMER. (SOURCE: EDELMANN ET AL., 2017) 

1.1.3.4 Translational regulators of localized mRNAs in yeast 

1.1.3.4.1 The nuclear RNA-binding protein Loc1 

Loc1 is a strictly nuclear protein which was identified as an RNA-binding protein required 

for the proper targeting of ASH1 mRNA to the bud tip of daughter cells [166, 195]. Loc1 binds 

both localization elements E1 and E3 within the ASH1 mRNA. However, Loc1 possesses a lower 

affinity for the E1 localization element compared to the E3 element [195, 196]. Deletion of LOC1 

results in less efficient ASH1 mRNA localization and up-regulation of cytoplasmic ASH1 mRNA 
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translation, suggesting that this protein is required for translational repression during localization 

[195, 197]. Apparently, translational repression of ASH1 mRNA by Loc1 is mediated only by the 

localization element E3 in the 3’UTR of this transcript [197]. Loc1 was shown to bind both She2 

and Puf6 and to promote the co-transcriptional loading of Puf6 on the 3’UTR of ASH1 mRNA 

[193]. Despite the fact that Loc1 is important but not essential for proper ASH1 mRNA localization, 

loc1Δ cells display a slow-growing phenotype [198]. Indeed, Loc1 is also involved in 60S 

ribosomal subunit biogenesis since in the absence of Loc1 protein, levels of mature 25S rRNA are 

dramatically reduced, and the levels of large subunit precursor rRNAs (35S pre-RNA), as well as 

abnormal 23S RNA, were increased [197, 199]. Besides that, 60S nuclear export is reduced in 

loc1Δ cells [198]. A recent study indicates that Loc1 and Puf6 interact co-transcriptionally with 

Rpl43 (ribosomal protein large subunit 43) and form a ternary complex in yeast and the Rpl43 

protein is less stable in the loc1 and puf6 mutants [200]. The proper biogenesis of the 60S subunit 

depends on the formation of Loc1, Puf6 and Rpl43 ternary complex, which is loaded onto pre-60S 

[201]. 

1.1.3.4.2 The translational repressor Puf6 

Puf6 is a specific RNA-binding protein which belongs to the highly conserved pumilio/fem-

3 domain family (PUF), which usually contains eight conserved PUM (pumilio) repeats of ~36 

amino acids required for RNA-binding [202-207]. Unlike classical PUF proteins, which usually 

have eight PUF repeats that recognize specific RNA sequences, crystal structure analyses of human 

Puf-A and budding yeast Puf6 proteins reveal a novel class of PUF family with 11 PUM repeats in 

an L-like shape [208]. Each of the eight RNA-recognition repeats of the PUF domain interacts with 

a single nucleotide in the target mRNA 3'UTR [202, 206]. While the PUF domain binds to a 

conserved UGUR tetranucleotide motif, additional sequences in the 3' UTR are required to 

determine the specificity of PUF–mRNA interactions [209]. Yeast has six PUFs, Drosophila two, 

vertebrates three, C. elegans 12 and Arabidopsis 26 [209]. Each of the six PUF family members in 

yeast binds to a particular set of mRNAs [210]. Inactivated puf mutants display distinctive 

phenotypes, suggesting that they have unique non-redundant functions [211-213]. On the other 

hand, phenotypic analysis of the puf mutants and the existence of common mRNA targets in PUFs 

imply that yeast PUF proteins also act in combination with each other [210, 214, 215].  
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Puf6 and its human ortholog Puf-A (also known as KIAA0020) possess different mRNA 

regulatory functions from the other PUF family members [208]. For instance, in contrast to the 

cytoplasmic localization of PUF proteins, Puf-A and Puf6 are localized to the nucleolus. 

Furthermore, yeast Puf6 co-sediments with the 60S ribosomal subunit and is involved in 60S 

ribosome biogenesis [216, 217]. Puf6 and its human homolog Puf-A bind to single or double-

stranded RNA with no apparent sequence selectivity, and the majority of their PUM repetitions 

lack the distinctive RNA base recognition residues observed in classical PUF proteins [218]. 

However, conserved basic residues in Puf6 N-terminus are required for nucleic acid interaction, 

pre-rRNA processing, and ASH1 mRNA localization [208]. Puf6 binds directly to the ASH1 mRNA 

3′ untranslated region (UTR) and plays an important role in the translational repression of this 

transcript [195, 197, 219]. Puf6 inhibits the translation of the ASH1 mRNA via its interaction with 

the translation initiation factor eIF5B (Fun12 in S. cerevisiae) [126]. Elongating ribosomes and 

She2 compete for access to the E1, E2A and E2B localization elements in the ASH1 mRNA open 

reading frame [150]. Puf6 promotes ASH1 mRNA localization by inhibiting its translation and 

therefore restricts the competition between translating ribosomes and She2 for binding the ASH1 

ORF [220, 221]. Phosphorylation of the N-terminal region of Puf6 by the protein kinase CK2 

(casein kinase II) induces the release of Puf6-mediated translational repression on ASH1 mRNA 

when the complex reaches the bud tip [126]. 

1.1.3.4.3 The translational repressor Khd1/Hek2 

Khd1 belongs to the family of RNA-binding proteins that contains three heterologous 

nuclear ribonucleoprotein K (hnRNP K)-like homology (KH) domains [222]. Khd1 homologues 

in humans are the polyC-binding proteins (PCBP) 1 to 4 and hnRNP K, which also contain three 

KH domains. These homologues regulate mRNA translation and stability [223]. PCBP1, one of 

the Khd1 homologues, is also involved in regulating the translation of localized mRNAs in neural 

cells [224]. Khd1 was first found to repress ASH1 mRNA translation during its transport to the bud 

tip [225]. Two elegant studies revealed that Khd1 is associated with hundreds of mRNAs, 

corresponding to 20% of the yeast transcriptome [226, 227]. Hasegawa and co-workers reported 

that Khd1 binds to a potential recognition motif-containing CNN repeats present 5’ of the E1 

element in ASH1 mRNA [226]. Khd1 represses ASH1 mRNA translation by binding near the 
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localization element E1 in the ASH1 coding sequence and the C-terminal domain of the translation 

initiation factor elF4G [225], reducing translation initiation on this mRNA. Phosphorylation of 

Khd1 by the membrane-associated casein kinase Yck1, the yeast homolog of casein kinase 1 

(CK1), is responsible for decreasing the affinity of Khd1 for RNA, and relieves the translational 

blockage on the ASH1 mRNA, leading to the local expression of the Ash1 protein at the bud tip. 

Through its repression of ASH1 mRNA, Khd1 indirectly regulates filamentous growth by 

regulating the FLO11 transcript. ASH1 is involved in the regulation of yeast filamentous growth 

by activating FLO11 expression, which encodes a cell wall protein required for the filamentous 

growth form. While the repression of FLO11 is ASH1-dependent, Khd1 also represses Flo11 

expression independent of ASH1 [228]. Khd1 also positively regulates the expression of MTL1 

mRNA, which encodes a membrane sensor of the cell wall integrity pathway. Khd1 affects the 

stability of the MTL1 mRNA and prevents its degradation by binding to cis-acting elements in the 

coding region of the mRNA. Under glucose deprivation conditions, Khd1 colocalizes with the 

decapping enzymes in processing bodies (P-bodies) involved in mRNA degradation [229]. This 

suggests that Khd1 is involved in preventing the degradation of MTL1 mRNA in P-bodies [230]. 

Despite the fact that Khd1 binds to numerous mRNAs that encode cell wall and membrane proteins, 

deletion of the KHD1 gene has no detectable phenotype on cell wall synthesis or function. 

However, KHD1 deletion causes severe cell lysis along with the deletion of the CCR4 gene, which 

encodes for a cytoplasmic deadenylase, suggesting a possible role for Khd1 in the cell wall integrity 

pathway in yeast [231]. 

1.1.3.4.4 The DEAD-box RNA helicase Dhh1 

Control of mRNA translation and degradation is an important aspect of eukaryotic gene 

expression regulation. Deadenylation of the 3′ poly(A) tail, followed by cleavage of the 5′ 

m7GpppN caps (decapping), and finally, 5′ to 3′ exonucleolytic degradations, is a general 

mechanism for mRNA decay in eukaryotes [232]. Decapping is a key step in the decay process 

since it allows the degradation of the mRNA body and is a site for many regulatory inputs. The 

two processes of translation and mRNA decapping are linked. For instance, decreasing translation 

initiation increases the rate of decapping. Inversely, the rate of decapping is greatly slowed when 
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translation elongation is suppressed [233]. The Dhh1 protein, which is a member of the yeast 

DEAD-box RNA helicase family, is involved in triggering mRNA decapping in the mRNA decay 

pathway and is a key component of P-bodies (processing bodies) in yeast [234]. Dhh1 is involved 

in the regulation of ASH1 mRNA translation after its proper localization. Dhh1 is associated with 

the 5'-UTR of untranslated ASH1 mRNA, possibly in the cytoplasm, and its co-precipitation with 

Puf6 suggests that a portion of ASH1 mRNAs could remain translationally repressed after 

localization. The loss of the DHH1 gene causes ASH1 mRNA to diffuse in the bud and affects its 

translation [235]. Dhh1 has been thoroughly investigated as a translational repressor, but emerging 

evidence suggests that it also acts as an activator of translation [236, 237]. Dhh1 stimulates STE12 

mRNA translation, which is a major transcriptional activator of roughly 200 mating-specific genes 

in yeast [236]. Dhh1 is functionally connected with Loc1 and Puf6 in order to regulate STE12 

mRNA translation. Notably, Ste12 expression and the Dhh1-Puf6 association were significantly 

reduced when Thr16 in the N-terminus of Dhh1 was phosphorylated [238], suggesting that post-

translational modifications play a crucial role in the repression mechanisms that are mediated by 

Dhh1. 

1.1.3.5 Proposed mechanism of ASH1 mRNA localization and translational repression  

From the data presented above, a global mechanism of mRNA localization to the bud tip 

can be proposed in (Figure 1-10). The RNA-binding protein She2 is actively imported into the 

nucleus (see section 1.4.2 below). In the nucleus, She2 interacts with the elongating RNA 

polymerase II machinery via the transcription elongation factor Spt4–Spt5 and binds the nascent 

ASH1 mRNA [239]. She2 is required for the co-transcriptional recruitment of Loc1 and Puf6 to the 

ASH1 mRNA 3’UTR and, thereby, the proper localization of this mRNA at the bud tip of the 

daughter cell [196]. Besides Loc1 and Puf6, the translational repressor Khd1 also binds to the ASH1 

transcript in the nucleus. The particular activity of the nucleoporin Nup60 is required for efficient 

nuclear export of bud-localized mRNAs [240]. Once in the cytoplasm, She3 competes with Loc1 

to bind the ASH1-She2 complex and increases the affinity of She2 for the RNA localization 

elements, leading to a reorganization of the ASH1 mRNP [166]. She3 is associated with Myo4 and 

forms the transport complex termed “locasome.” Through the actin filaments, the locasome 

transports silent ASH1 mRNPs to the bud. Puf6 and Khd1 prevent mRNA translation during this 
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transport. While Puf6 interacts with eIF5B, preventing the 60S ribosomal subunit from being 

recruited, Khd1 binds eIF4G and blocks the recruitment of the 40S ribosomal subunit to the mRNA. 

Once the complex is localized at the bud tip, membrane-associated kinases CK2 and Yck1 

phosphorylate Puf6 and Khd1, respectively, and allow translation of the ASH1 mRNA at the bud.  

 

 

 

 

 

 

 

 

 

FIGURE 1-10 SCHEMATIC DIAGRAM OF MOLECULAR EVENTS INVOLVED IN ASH1 MRNA 
LOCALIZATION TO THE BUD TIP IN SACCHAROMYCES CEREVISIAE.  

MOLECULAR COMPONENTS/PROTEIN FACTORS INVOLVED IN THE NUCLEAR BIOGENESIS, 
MATURATION AND LOCALIZATION OF THE ASH1 MRNA ARE INDICATED BY VARIOUS 
COLOUR-CODED SYMBOLS. EVENTS INVOLVED IN SPECIFIC PROCESSES ARE DESCRIBED IN 
THE MAIN TEXT. (SOURCE: CHAUDHURI A, ET AL., 2020)      
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1.1.3.6 Regulation of the mRNA localization machinery in budding yeast 

Asymmetric sorting of mRNA to its ultimate destination in Saccharomyces cerevisiae is 

mediated by several steps, including RNA binding in the nucleus and nuclear export, assembly of 

transport-competent RNPs, recruitment of molecular motors, mRNA anchoring and local 

translation. Messenger RNA localization is a strictly regulated process, and so far, most research 

on the role of post-translational modifications, such as phosphorylation or ubiquitination, has 

focused on the activation or repression of mRNA translation. For instance, the kinases Yck1 and 

Ck2 phosphorylate Khd1 and Puf6, respectively, leading to their release from the ASH1 mRNP 

complex and translational activation. However, the regulation of mRNA localization factors, such 

as She2, She3 and Myo4, still remains elusive. Some components of the ASH1 mRNA-transport 

complex are known to be phosphorylated, and their phosphorylation impacts mRNA segregation. 

For example, She3 came out in several large-scale phosphoproteomics analyses, which identified 

up to nine distinct phosphorylated residues. Interestingly, She3 phosphomimetic mutants at S348E 

or S343E S361E are both deficient in ASH1 mRNA localization [241]. While these mutants 

maintain the capacity of She3 to bind Myo4 and She2, they reduce the interaction between She3 

and ASH1 mRNA, suggesting that She3 phosphorylation may negatively regulate the association 

of the She2-She3 complex with the ASH1 mRNA [241]. The kinases that mediate these 

phosphorylation events in She3 are still unknown. Myo4 is another phosphorylated protein, but the 

impact of these phosphosites remains unclear. Interestingly, the serine/threonine phosphatase Ptc1 

regulates the distribution of Myo4 cargoes and is required for the proper localization of ASH1 

mRNA at the bud tip, suggesting that Ptc1, and specific phosphorylation events, regulate the 

assembly of Myo4-specific cargoes [242]. 

Ubiquitination is another post-translational modification that affects nearly every aspect of 

eukaryotic biology, with different types of ubiquitylation resulting in different functional 

outcomes, such as DNA repair, protein turnover, stress response, protein binding, subcellular 

localization, and membrane protein trafficking [243]. She3 undergoes ubiquitination by the 

SCF/Grr1 ubiquitin ligase, and its degradation is required for optimal cell growth, but it is not 

required for regulating ASH1 mRNA asymmetric localization. Yet, the role of She3 ubiquitination 

and degradation in the daughter-cell localization of other mRNAs remains unknown [244]. A 
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proteomic study used the expression of lysine-less ubiquitin (K0 Ub), and screening for mono-

ubiquitinated proteins revealed that She2 is ubiquitinated in vivo [245].  She2 ubiquitination 

favours its interaction with the Cdc48 AAA ATPase via its Ubx domain adaptors, which bind 

ubiquitinated proteins in a large protein complex [246].  

1.1.4 Nuclear factors regulating cytoplasmic mRNA localization  

1.1.4.1 Nuclear RNA-binding proteins are required for proper mRNA localization in the 

cytoplasm 

Nuclear binding by trans-acting localization factors and nuclear processing events play 

crucial roles in determining the cytoplasmic fate of localized mRNAs [247, 248]. For example, 

several RNA-binding proteins that shuttle between the nucleus and the cytoplasm are required for 

oskar mRNA localization to the posterior pole of the Drosophila oocyte. One of these RBPs is the 

Drosophila hnRNPA/B homolog Hrp48 which binds co-transcriptionally to three regions in the 

oskar mRNA 3'UTR and represses oskar mRNA translation during transport [249]. Furthermore, 

the multi-protein exon junction complex (EJC), with Y14, Mago, eIF4AIII and Barentsz proteins 

at its core, assembles on mRNA exon-exon junctions upon splicing and follows spliced mRNAs 

until their translation in the cytoplasm. During mRNA nuclear export, the EJC component eIF4AIII 

recruits the cytoplasmic protein Barentsz (BTZ), which is needed for oskar mRNA localization 

[250].  

RNA-binding proteins in the nucleus are also required for the proper cytoplasmic 

localization of mRNAs in vertebrates. For example, the restriction of Vg1 expression to the vegetal 

hemisphere of the Xenopus embryo is essential for the establishment of the animal-vegetal axis 

[251]. Vegetal localization of Vg1 mRNA is initiated with the formation of an mRNP complex in 

the nucleus. In the oocyte nucleus, both PTB/hnRNP I and Vg1-RBP/Vera interact with Vg1 

mRNA. Both proteins play key roles in Vg1 RNP remodelling and mRNA localization [252]. The 

Vg1 mRNP undergoes remodelling during its cytoplasmic transport, which triggers distinct steps 

in the localization pathway. Importantly, PTB/hnRNPI is essential for the remodelling of the Vg1 

mRNA-Vg1RBP/Vera interaction and, eventually, Vg1 localization [252]. The homolog of 
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Vg1RBP/Vera in higher vertebrates, the zipcode binding protein 1 (ZBP1), regulates asymmetric 

localization and translational suppression of the β-actin mRNA [253]. Although ZBP1 is mainly 

cytoplasmic, it binds selectively to the β-actin mRNA zipcode and is detected at β-actin 

transcription sites in the nucleus [254]. Another RNA-binding protein called ZBP2, a shuttling 

heterogeneous nuclear ribonucleoprotein (hnRNP), is mainly nuclear and binds to the nascent β–

actin mRNA co-transcriptionally, allowing ZBP1 to be recruited to the transcription sites, where it 

interacts with the RNA and forms an mRNP complex required for cytoplasmic localization [255]. 

Altogether, these data show that the nuclear history of an mRNA affects its cytoplasmic fate. 

1.1.4.2 She2 shuttles between the nucleus and the cytoplasm 

Several studies have shown that She2 shuttles actively between the nucleus and the 

cytoplasm [220, 256]. She2 is more abundant in the cytoplasm, although there is a pool of She2, 

which is nuclear, and She2 is never excluded from the nucleus [153]. Either inhibition of mRNA 

export, such as in a mex67-5 mutant, or deletion of the first 70 amino acids residues of She2 results 

in the nuclear accumulation of this protein, suggesting that She2 shuttles between the nucleus and 

cytoplasm and its nuclear export depend on its capacity to bind RNA [188]. Proteins with a size 

below the nuclear pore diffusion limit (40 KDa) can passively transit to the nucleus in yeast [257]. 

Although She2 molecular weight is 28 KDa and is small enough to enter passively through the 

nuclear pore, the active form of She2 is a symmetrical homo-tetramer of more than 110 KDa [154, 

167]. Yeast genetic nuclear import assay and two-hybrid assay identified a 30-amino acid sequence 

in She2, which is able to interact with the importin α Srp1 and contains the nuclear localization 

signal (NLS) of She2 [220]. The thirty amino acid sequence at the C-terminus of She2 includes 

only one basic residue and several hydrophobic residues, which is very different from classical 

NLS (see section 1.5.2 below). In addition, mutation of five conserved residues in this non-classical 

NLS impaired the interaction between She2 and Srp1, as well as ASH1 mRNA localization.  

The presence of She2 in the nucleus is essential for the recruitment and proper localization 

of bud-localized transcripts in yeast. In the nucleus, She2 interacts co-transcriptionally with the 

nascent ASH1 mRNA. This interaction is promoted by the association of She2 with the elongating 

form of RNA polymerase II via its interaction with the transcription elongation factor Spt4-Spt5. 
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Mutations in SPT4 or SPT5 significantly decreased the association of She2 with the RNA pol II 

complex and ASH1 mRNA localization at the bud tip [258]. Furthermore, the nuclear import of 

She2 is crucial for the translational repressor Puf6, which is primarily a nucleolar protein, to 

interact with ASH1 mRNA [220] and for the translational repression of this mRNA [256]. Both 

Puf6 and Loc1 are associated with the nascent ASH1 mRNA during its transcription, and their 

association depends on She2 [259], suggesting that the translational regulation of ASH1 mRNA is 

dependent on the nuclear targeting of She2.  

Finally, a study showed that the nuclear export pathway affects downstream ASH1 and IST2 

mRNAs localization to the bud tip. Interestingly, the nuclear pore protein Nup60 is required for the 

formation of a functional locasome complex, which occurs in the nucleus. Also, Nup60 may be 

involved in the quality control of complex cargoes, such as the nonsense-mediated decay of 

premature termination codon-containing mRNAs and has been suggested to be implicated in a 

quality-control step for ASH1 mRNA located at the bud tip. Additionally, Nup60 might link 

transcription to nuclear export by binding the ASH1 gene locus to the nuclear periphery [240].  

 
1.1.5 Mechanisms of nuclear import of proteins 

1.1.5.1 The Nuclear pore complex (NPC) 

NUCLEOCYTOPLASMIC TRANSPORT OCCURS THROUGH THE NUCLEAR PORE 
COMPLEX (NPC) THAT SPANS THE NUCLEAR ENVELOPE, WHICH IS THE DOUBLE MEMBRANE 
THAT ENCOMPASSES THE CELL NUCLEUS [260]. THE NPC IS A LARGE, MULTIMERIC AND 
SIEVE-LIKE STRUCTURE THAT ALLOWS FOR THE PASSIVE DIFFUSION OF SMALL MOLECULES 
WHILE RESTRICTING THE TRANSPORT OF CARGOES LARGER THAN THE TYPICALLY 
REPORTED THRESHOLD, 
OF 40 KDA [261]. THE PROTEINS THAT COMPOSE THE NUCLEAR PORE COMPLEX ARE A 
FAMILY OF AROUND 30 DIFFERENT PROTEINS KNOWN AS NUCLEOPORINS (NUPS) [262]. 
APPROXIMATELY ONE-THIRD OF ALL NUCLEOPORINS CONTAIN HIGHLY CONSERVED 
TANDEMS OF PHENYLALANINE-GLYCINE REPEATS (FG REPEATS) THAT BLOCK THE FREE 
NUCLEOCYTOPLASMIC EXCHANGE OF PARTICLES LARGER THAN APPROXIMATELY 5 NM, 
WHICH FORMS A DIFFUSION BARRIER [263, 264]. NUCLEAR TRANSPORT RECEPTORS (NTRS) 
THAT BIND BOTH THE FG REPEATS AND CARGOES CAN OVERCOME THE NPC PERMEABILITY 
BARRIER BY INTERACTING WITH THE FG REPEATS [263, 265]. NPC CENTRAL REGION HAS 
AN EIGHT-FOLD ROTATIONAL SYMMETRY ACROSS ITS NUCLEO-CYTOPLASMIC AXIS, 
COMPOSED OF THE CYTOPLASMIC, CENTRAL SPOKE, AND NUCLEAR RING STRUCTURES ( 
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Figure 1-11) [266, 267]. Proteinaceous filaments, which extend to the cytoplasm and 

nucleoplasm, are attached to the cytoplasmic and nuclear ring, respectively, with the nuclear 

filament forming the nuclear basket [268-271]. Although overall NPCs architectural features are 

conserved during evolution, the size of the NPC differs from 66 MD in yeast to 125 MD in 

vertebrates [272, 273]. Recent studies showed that yeast NPC harbours only 16 copies of most 

Nups, while human NPC contains twice or more the amount of Nups compared to yeast [274, 275]. 

 

FIGURE 1-11 THE STRUCTURE OF THE NUCLEAR PORE COMPLEX.  

(A) SCHEMATIC REPRESENTATION OF THE NPC ARCHITECTURE. A CUTAWAY VIEW 
DEPICTING HALF OF AN NPC IS SHOWN. (B) COMPARISON OF SIZES OF THE NPC WITH 
OTHER MEMBRANE TRANSPORTERS AND EXAMPLES OF NUCLEOCYTOPLASMIC TRANSPORT 
CARGOES. SURFACE REPRESENTATIONS OF HUMAN AQUAPORIN-1 (PDB 1FQY), BACTERIAL 
SECYEG (PDB 1RHZ), DROSOPHILA MELANOGASTER IMPORTIN 13–MAGO–Y14 (PDB 
2X1G), MAMMALIAN CRM1–RAN(GTP)–SNURPORTIN (PDB 3GJX), AND A 
SACCHAROMYCES CEREVISIAE 60S PRERIBOSOMAL PARTICLE (PDB 3JCT) ARE SHOWN TO 
SCALE WITH THE HUMAN NPC SYMMETRIC CORE. (SOURCE: DH LIN ET AL., 2019) 
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1.1.5.2 Nuclear localization signals (NLS) 

Nuclear localization signals (NLS) are often short peptides that function as signal segment 

that mediates protein trafficking from the cytoplasm into the nucleus. Classical NLS (cNLS) 

sequences are the most well-studied transport signals, which consist of either one (monopartite) or 

two (bipartite) clusters of basic amino acids [276-278]. SV40 large T antigen NLS Pro-Lys-Lys-

Lys-Arg-Lys-Val (PKKKRKV), with five consecutive positively charged amino acids, serves as a 

typical example of monopartite cNLSs [279]. Monopartite cNLS (P640KLKRQ646) in the 

vasopressin/cullin5-activated calcium mobilization protein (VACM1/CUL5) is required for 

localization and cell growth inhibitory effects. This sequence begins with a proline (P) and is 

followed by an amino acid sequence containing three of the four basic radicals (PKLKR)[280]. A 

similar NLS (RPRK) modulates the nuclear translocation of CXCR4 [281].  

On the other hand, the bipartite cNLSs is distinguished by two clusters of 2–3 positively 

charged amino acids connected by a 9–12 amino-acid linker region that includes few proline (P) 

residues [282]. The sequence (K/R)(K/R)X10–12 (K/R)3/5 has been characterized as a putative 

bipartite consensus sequence, where (K/R)3/5 represents at least three lysine or arginine residues 

out of five amino acids in a row [283]. Interestingly, the two clusters of amino acids in the bipartite 

cNLSs are mutually dependent and essential as they work together to achieve protein localization 

to the nucleus. Bipartite cNLSs are exemplified by the nucleoplasmin NLS 

(K155RPAATKKAGQAKKKK170) that promotes nuclear accumulation [276, 277].  

Classical NLS is recognized by importin α, which is an adaptor protein linking cargo to the 

importin ꞵ. Importin ꞵ mediates cargo translocation into the nucleus via its interaction with the 

nuclear pores (see section 1.5.3 below) [284, 285]. Although cNLS motifs promote the majority of 

nuclear protein import, there are many additional nuclear import events mediated by non-classical 

NLS motifs, which are neither canonical nor rich in arginine or lysine residues [286]. Most non-

classical NLS are directly recognized by importin ꞵ, independently of the importin ɑ [287]. PY-

NLS, a non-classical (ncNLS) from the "proline-tyrosine" category, is the most thoroughly studied. 

PY-NLS is distinguished by 20–30 amino acids with a disordered structure, which contains N-

terminal hydrophobic or basic motifs and a C-terminal R/K/H(X)2-5PY motif (where X2-5 is any 
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sequence of 2–5 residues) [288]. The N-terminal motif of two subclasses, hPY-NLS and bPY-NLS, 

were used to classify them. The φG/A/Sφφ motif (where φ is a hydrophobic residue) is found in 

hPY-NLS, whereas basic residues are found in bPY-NLS [27]. In general, PY-NLS consensus is 

[basic/hydrophobic]-Xn- [R/H/K]-(X) 2–5-PY [38], with X being any residue [289]. Human 

heterogeneous nuclear ribonucleoprotein A1 (hnRNP A1) NLS is characterized as an hPY-NLS 

because of its sequence F263GNYNNQSSNFGPMKGGNFGGRSSGPY289, which contains a 

hydrophobic region (F273GPM276) necessary for nuclear localization. The NLS of heterogeneous 

nuclear ribonucleoprotein 1 (Hrp1) is quite similar to that of bPY-NLS. Nuclear import, receptor 

binding, and protein function are all dependent on the basic residues (H511RR513) and the C-terminal 

R525 (X)2-5PY motif [286].  

1.1.5.3 Regulation of NLS activity by phosphorylation 

Post-translational modifications (PTM) at or near nuclear localization signals (NLS) can 

help modulate the capacity of an NLS to promote the nuclear import of a protein. Phosphorylation 

of NLSs can increase or decrease their ability to bind the nuclear transport receptors, adding another 

level of control over nuclear import. An example in budding yeast is the Cbk1-mediated 

phosphorylation of the nucleocytoplasmic shuttling protein Ssd1 within its N-terminal NLS.  Ssd1 

is an RNA-binding protein associated with nearly 50 mRNAs encoding for cell wall proteins and 

targeting them to sites of polarized growth. Ssd1 phosphorylation by the kinase Cbk1 promotes its 

nuclear import and the cortical localization of Ssd1-associated mRNAs [290]. Also, in budding 

yeast, the nuclear import of the transcription factor Pho4 is regulated by phosphorylation. Pho4 

regulates phosphate homeostasis, and upon phosphate starvation, dephosphorylated Pho4 is 

transported to the nucleus to activate genes that respond to the levels of cellular phosphate. On the 

other hand, under circumstances when phosphate is supplied, Pho4 is depleted from the nucleus by 

the nuclear export factor Msn5 after being phosphorylated by the cyclin-dependent kinase (CDK) 

complex Pho80-Pho85 [291]. Finally, the cell cycle-dependent phosphorylation of serine 160 of 

the transcription factor Swi6, located immediately upstream of the NLS, prevents the nuclear 

localization of Swi6 [292]. Phosphorylation of Swi6 by Clb6/Cdc28 leads to its cytoplasmic 

localization and downregulation of its target genes. Conversely, dephosphorylation of serine 160 

correlates with Swi6 nuclear accumulation [293].   
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1.1.5.4 A family of protein transport receptors: The karyopherins 

In vitro transport assay, together with biochemical purifications, have led to the 

identification of soluble factors required for efficient nuclear transport, called karyopherins [294, 

295]. Importin ɑ, also known as karyopherin ɑ, has three functionally distinct domains, including 

the N-terminal importin ꞵ-binding (IBB) domain, the armadillo (Arm) repeats that serve as internal 

cargo cNLS-binding sites, and a C-terminal region that interacts with the nuclear export factor of 

importin ɑ CAS in conjunction with RanGTP [296-298]. Whereas budding yeast contains only one 

importin ɑ, called Srp1, mice and humans encode six and seven subtypes, respectively [299-301]. 

The central region of importin ɑ comprised ten tandem arrays of armadillo motifs of about 42–43 

amino acids. The helical ARM repeats fold into a twisted slug-like structure, whose belly functions 

as the groove that binds to the cNLS.The helical surface groove of Arm repeats can bind classical 

nuclear signals in two NLS-binding sites, known as major (Arm repeats 2-4) and minor (Arm 

repeats 6-8). SV40 large T antigen NLS, as typical monopartite NLS, binds to the major binding 

site, whereas bipartite cNLS, like the nucleoplasmin NLS, binds to both the major and minor 

binding sites [302].  
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FIGURE 1-12 STRUCTURE OF THE NLS (RED) BOUND TO IMPORTIN-Α.  

THE 10 DIFFERENT ARMADILLO (ARM) REPEATS OF IMPORTIN-Α ARE SHOWN IN DIFFERENT 
COLOURS. THE NLS-BINDING SITES ARE LOCATED IN A GROOVE ON THE INNER SURFACE OF 
IMPORTIN-Α: THE MAJOR BINDING SITE SPANS ARM REPEATS 1–4, WHEREAS THE MINOR 
SITE SPANS ARM REPEATS 6–8. (SOURCE: STEWART, 2007). 

 

Importin-ꞵ is another member of the karyopherin family, which, either directly or via 

binding to importin ɑ, can interact with cargoes and mediate their nuclear import. Importin ꞵ is part 

of a large family with 14 members in the yeast Saccharomyces cerevisiae and at least 20 members 

in humans, that play key roles in the nuclear import and export of proteins and RNAs [303]. 

Interestingly, importin ꞵ1 is the only member of the Importin ꞵ family that needs the adaptor 

protein importin ɑ to bind cargoes [304]. Importin ꞵ family can undergo nuclear transport in the 

absence of importin ɑ through direct binding to the nuclear pore FG repeats, possibly due to the 

HEAT repeats, which contain multiple flexible helices [305-307]. 
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1.1.5.5 Ran GTPase: A key to transport directionality 

Ran guanine triphosphatase (GTPase) belongs to the Ras superfamily of GTPase. Ran 

GTPase is a highly abundant small protein located mainly in the nucleus. Several cellular functions, 

including nucleo-cytoplasmic transport, cell-cycle progression, and nuclear envelope assembly, are 

accomplished by Ran GTPase [308-310]. Like other small GTPase, Ran functions as a molecular 

switch which cycles between inactive GDP-bound (RanGDP) and active, GTP-bound states that 

are asymmetrically distributed in the nucleus and cytoplasm, respectively [311-313]. Conversion 

between these two forms is driven by a guanine nucleotide exchange factor (RanGEF), also known 

as RCC1. As chromatin-associated RCC1 is a nuclear protein, Ran in the nucleus is mainly in the 

GTP-bound state [314, 315]. A conformational change induces upon the interaction of importin β 

family molecules with RanGTPase results in the release of both importin-α and its cargo protein 

[302, 316]. On the other hand, although Ran has intrinsic GTPase activity, the cytoplasmic 

hydrolysis of RanGTP to RanGDP is greatly stimulated by the GTPase-activating protein 

RanGAP1, coupled with Ran-binding protein 1 (RanBP1) and/or Ran-binding protein 2 (RanBP2, 

also called Nup358) [317, 318]. The cytoplasmic compartmentalization of Ran GTPase regulators 

generates a relatively high concentration of RanGTP in the nucleus and a lower concentration of 

RanGDP in the cytoplasm. The steep gradient of RanGTP/GDP between the nucleus and cytoplasm 

determines the direction of nuclear transport [311]. In addition, even during mitosis, the steep 

gradient in  RanGTP/GDP ratio is sustained, which plays a critical role in regulating spindle 

assembly [319, 320]. 

1.1.5.6 Molecular mechanism of classical nuclear protein import 

The first step in the protein nuclear import cycle is the recognition of the cNLS-containing 

cargo protein by an adapter molecule, importin α, and subsequently, the interaction of importin α 

with importin β to form a stable complex called nuclear pore-targeting complex (PTAC)[321]. The 

nuclear pore-targeting complex is targeted to the nuclear pore via the association of importin β with 

nucleoporins, where it translocates through the nuclear pore. In the nucleus, the high concentration 

of the small GTPase Ran in its GTP-bound form binds to importin β, which triggers the disassembly 

of the complex, resulting in the release of the cNLS-containing cargo in the nucleus. Other 

molecules that associate with importin α, like the nucleoporin Npap60 or RBBP4 (Retinoblastoma 
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binding protein 4, also refers as RbAp48), are probably involved in the release of importin 

α/importin β1/NLS-cargo complex in the nucleus. Npap60 is an FG repeat-containing nucleoporin 

which directly binds to importin α and promotes the dissociation of the cNLS-cargo from importin 

α [322-324]. RBBP4 could accelerate the dissociation of importin β from importin α by binding to 

the IBB domain of importin α [325]. 

After releasing its cargo in the presence of RanGTP, importin α is exported to the cytoplasm 

by binding to the karyopherin-β family member called CAS/CSE1L as a ternary complex [296, 

297]. Importin β1 also returns to the cytoplasm in the RanGTP-dependent fashion [298]. After 

passing through NPCs, the dissociation of the RanGTP/importin β1 export complex and 

RanGTP/CAS/importin α export complex is made by hydrolysis of RanGTP to RanGDP by 

RanGAP1,  together with accessory proteins RanBP1 and/or RanBP2 in the cytoplasm [326, 327]. 

Like importin α and importin β, Ran recycling between the nucleus and cytoplasm is needed for 

the next round of transport. The Nuclear transport factor-2 (NTF2) acts as a transport receptor for 

Ran, binding especially to RanGDP and allows its rapid entry in the nucleus [328, 329]. 

Furthermore, during Ran nuclear import, NTF2 functions as a RanGDP dissociation inhibitor 

(RanGDI) and maintains the GDP-bound state during Ran recycling in the nucleus [330]. 

1.1.6 Hypothesis and research objectives of this project 

Messenger RNA localization has been studied in several organisms, and thousands of 

transcripts have been found to be distributed asymmetrically within cells [116]. Still, in most cases, 

the molecular pathways responsible for the sorting of these mRNAs have not been identified, and 

for just a small number, the regulation of their localization process has been explored [331]. So far, 

most studies have focused on the roles of post-translational modifications in the translational 

regulation of localized mRNAs. For instance, in yeast, the kinases Yck1 and CK2 phosphorylate 

Khd1 and Puf6, respectively, triggering their release from the ASH1 mRNP complex and promoting 

the translation of ASH1 mRNA at the bud tip [126, 225]. How post-translational regulation may 

affect the mRNA localization machinery itself is not clear. In budding yeast, among the mRNA 

localization factors She2, She3 and Myo4, only She3 post-translational modifications have been 

studied so far, but their role(s) remain unclear [332-334]. 
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While She2 is the key RNA-binding protein that plays a critical role in mRNA localization 

at the bud tip, its regulation is still poorly understood. So far, large-scale phosphoproteomic 

investigations have identified only one phosphorylated residue in She2 at S166 [335], and there is 

evidence that She2 is ubiquitinated [245]. How and when post-translational modifications on She2 

may regulate the mRNA localization pathway remains unknown. Our main hypothesis is that 

phosphorylation regulates the activity of She2 and mRNA localization in yeast. We propose the 

following objectives to explore this question: 

1) Perform a phosphoproteomic analysis of She2 to identify novel phosphorylated residues 

2) Determine the role of key phosphosites in the regulation of She2 activity 

3) Identify which kinases(s) are involved in these phosphorylation events 

In chapter 2, we determined that She2 is a phosphoprotein and employed mass spectrometry 

analysis to identify phosphorylated residues in this protein in vivo. We identified several 

phosphosites in She2, including at the oligomerization interfaces of She2 monomers. We 

uncovered a role for T109 phosphorylation in the regulation of She2 dimerization, interaction with 

She3 and binding to ASH1 mRNA. These findings suggest that phosphorylation regulates She2 

oligomerization, which emerges as a key regulatory step in mRNA localization at the bud tip. 

In chapter 3, we aimed to identify the kinases(s) involved in T109 phosphorylation. 

Although T109 is present within a putative casein kinase 2 (CK2) recognition motif, we 

demonstrated that T109 phosphorylation is not dependent on CK2. Instead, we found that She2 

monomers are preferentially phosphorylated by CK2 at S217 and S224 in vitro. Since these two 

amino acids are in the C-terminal NLS of She2, we explored the putative role of these two 

phosphosites in the regulation of She2 interaction with the importin-α Srp1 and its nuclear import. 
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2.2 ABSTRACT 

Messenger RNA (mRNA) localization is an important mechanism for controlling local protein 

synthesis. In budding yeast, localization of transcripts to the bud tip, such as the ASH1 mRNA, 

depends on the RNA-binding protein She2. Despite our understanding of this process in yeast, how 

the mRNA localization machinery is regulated still remains unknown. Herein, we performed a 

phosphoproteomic analysis of She2 in vivo and identified new phosphosites in this protein. 

Interestingly, several of these phosphorylated residues are located at the dimerization or 

tetramerization interfaces of She2. Phosphomimetic mutations at these residues disrupt the capacity 

of She2 to promote Ash1 asymmetric accumulation. A detailed analysis of one of these residues, 

T109, shows that a T109D mutation inhibits She2 oligomerization and its interaction with She3. 

More important, this mutation strongly impairs the capacity of She2 to bind RNA and disrupts 

ASH1 mRNA localization. These results show that control of She2 oligomerization by 

phosphorylation constitutes an important regulatory step in the mRNA localization pathway.  
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2.3 INTRODUCTION 

Messenger RNA (mRNA) localization contributes to the post-transcriptional regulation of 

gene expression by controlling the synthesis, in space and time, of specific proteins [336]. This 

process has been observed in several organisms, tissues and cell types and can involve a significant 

proportion of the transcriptome in some organisms [336, 337]. The budding yeast Saccharomyces 

cerevisiae is an established model organism to study this question since dozens of transcripts are 

transported from the mother cell and localized to the budding daughter cell [133, 338-340]. One of 

these transcripts, ASH1 mRNA, is transported to the bud during late anaphase and has been 

extensively studied [84, 341]. The journey of ASH1 mRNA to the bud tip starts with the co-

transcriptional interaction of She2, the main RNA-binding protein involved in the bud-localization 

of mRNAs, with four cis-acting elements (or zipcodes) along the mRNA sequence [239, 342]. She2 

helps recruit the translational repressor Puf6 on ASH1 via a common partner, Loc1 [196]. Khd1, 

another translational repressor, is also loaded on this transcript in the nucleus [343]. After 

transcription, the ASH1 mRNP complex is exported to the cytoplasm, where She3 replaces Loc1 

to assemble a stable mRNP complex competent for localization [344, 345]. Transport of the mRNP 

requires the type V myosin Myo4 and the actin cytoskeleton until the complex reaches the bud tip, 

where the local translation of the transcript occurs [346, 347]. 

She2 is the key RNA-binding protein (RBP) responsible for the localization of transcripts 

at the bud tip [348, 349]. She2 is a non-canonical RBP which assembles into a tetramer and contains 

two basic-rich RNA-binding domains that can bind two independent RNA localization elements 

[350]. Oligomerization of She2 is also essential for its interaction with Loc1 and She3, which help 

stabilize the RNA-protein complex in the nucleus and cytoplasm, respectively [345, 351]. On the 
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other hand, She2 oligomerization decreases its capacity to bind the importin α Srp1, which 

promotes the nuclear import of She2 via its interaction with a non-canonical nuclear localization 

sequence at the C-terminus [352].  

So far, studies exploring the regulation of mRNA localization and local translation have 

mostly focused on the post-translational mechanisms regulating translational repression [353]. In 

yeast, the translational repressors Khd1 and Puf6 are bound to the ASH1 mRNA and repress eIF4G-

40S and eIF5B-60S interactions, respectively [126, 354]. At the bud tip, the kinases Yck1 and CK2 

phosphorylate Khd1 and Puf6, respectively, leading to the release of translational repression on 

ASH1 and local Ash1 protein synthesis [126, 354]. Still, how the localization machinery itself is 

regulated remains unknown. Both She3 and Myo4 are phosphoproteins, and phosphorylation of 

She3 at S343, S348 and S361 inhibits its capacity to bind RNA [355]. However, the biological 

function(s) of these phosphorylation events remain unknown. More important, little is known about 

the regulation of the key RNA-binding protein She2. While She2 has been reported to be 

phosphorylated in vivo [356], only one phosphorylated residue (S166) has been identified so far in 

a large-scale phosphoproteomic study [357]. 

Here, we used phosphoproteomic analysis to identify the phosphorylated residues in She2 

in vivo. We identified several phosphosites that impact the capacity of She2 to promote the 

asymmetric accumulation of Ash1. Interestingly, some of these phosphosites are present at the 

dimerization and tetramerization interfaces of She2. Focusing on T109, we show that a 

phosphomimetic mutant T109D inhibits She2-She2 interaction and decreases the interaction of 

She2 with its partners Srp1, She3 and ASH1 mRNA. Interestingly, the T109D mutation 

significantly reduces the expression of the She2 protein. Altogether, our results show that the 

control of She2 oligomerization by phosphorylation represents a mechanism regulating mRNA 

localization in budding yeast.    

2.4 RESULTS 

2.4.1 Identification of phosphorylated amino acid residues in She2  
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To determine if She2 is a phosphoprotein, we used the phosphoprotein enrichment Pro-Q 

Diamond column, which binds specifically to phosphoproteins [358], to detect the presence of She2 

in the phosphorylated fraction. Passage of a yeast extract on a Pro-Q column, followed by washes 

and elution, revealed the presence of She2-myc in the eluate (Figure 2-1A), suggesting that a 

fraction of She2 may be phosphorylated in vivo. As a positive control, the phospho-S6 protein was 

also detected in the eluate (Figure 2-1A). To validate the specificity of the Pro-Q column for 

phosphorylated binding She2, yeast extracts were treated with phosphatase prior to loading to the 

column. Compared to She2-myc from untreated yeast extract, which binds to the column, She2-

myc from phosphatase-treated yeast extract was not retained on the Pro-Q column (Figure 2-1B), 

suggesting that phosphorylation of She2 is required for its interaction with this column. Still, it 

remains possible that She2 interaction with a phosphorylated protein may explain its binding to 

this column [358]. Indeed, She2 interacts with She3, which is a known phosphoprotein [355]. To 

eliminate this possibility, yeast extracts were treated with urea to denature proteins prior to loading 

on the Pro-Q column. As shown in (Figure 2-1C), urea treatment did not impact the binding of 

She2-myc to the column, suggesting that She2 directly interacts with the Pro-Q column. Altogether, 

these results suggest that a fraction of She2 is phosphorylated in budding yeast. 

To identify phosphorylated residues in She2, a yeast strain expressing a GST-She2 fusion 

protein under the galactose-inducible GAL1 promoter was generated. This strain allowed sufficient 

induction of GST-She2 for subsequent purification of the full-length protein using glutathione 

beads, SDS/PAGE and LC/MS-MS analysis. Three independent phosphopeptide analyses revealed 

the presence of several phosphosites in She2 (Figure 2-2A and Supplementary Tables 2-1 to 2-3). 

Interestingly, some phosphosites are present at the dimerization interface between two She2 

monomers, such as Y65, S91, S101 and T109 (Figure 2-2A and B). Another phosphosite identified 

(T47) is present at the interface between two She2 dimers (Figure 2-2B) [359]. Finally, two 

phosphorylated residues are in the nuclear localization sequence (NLS) of She2 (S217 and S224). 

2.4.2 Phosphorylation of She2 impacts Ash1 asymmetric distribution 

In order to identify phosphorylated residues that regulate the activity of She2, we generated 

phospho-null (S/T to A; Y to F) and phospho-mimetic (S/T to D) mutations at specific 
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phosphoresidues on a myc-tagged She2 protein expressed from its endogenous promoter on a 

centromeric plasmid. The activity of the mutated She2 proteins was tested in a yeast genetic assay 

to assess the asymmetric distribution of the Ash1 protein and its capacity to repress the HO 

promoter. Using the strain K5547, in which the ADE2 gene is under the control of the HO promoter 

and which contains a deletion of the SHE2 gene, symmetric distribution of Ash1 between mother 

and daughter cells (due to defective ASH1 mRNA localization) leads to repression of the ADE2 

gene and poor growth on plate lacking adenine (-Ade). Expression of WT She2 or a functional 

She2 mutant in this strain would rescue ASH1 mRNA localization and accumulation of Ash1 in the 

daughter cell, so the expression of the ADE2 gene in the mother cell allows growth on -Ade plates 

[175].  

Using serial dilutions and spot assays, the expression of wild-type She2 rescued the growth 

defect of the K5547 strain on a -TRP -ADE medium, while the expression of the She2 M5A mutant, 

which disrupts the NLS of She2 [352], or the empty vector YCPlac22 did not rescue cell growth 

on –TRP –ADE medium (Figure 2-3A). The impact of mutations at phosphorylated residues S2, 

T47, Y65, S91, S101, T109, Y148, S217 and S224 on Ash1 asymmetric localization was tested in 

this genetic assay. As shown in (Figure 2-3B), most mutations at phosphosites did not affect the 

capacity of She2 to promote Ash1 asymmetric distribution and growth on –ADE –TRP medium. 

However, the expression of a T109A mutant only partially rescued the growth defect, while the 

expression of the phosphomimetic T109D mutant did not rescue growth (Figure 2-3A-B). 

Interestingly, besides T109, phosphomimetic mutations at T47 (T47D) or S101 (S101D) did not 

rescue yeast growth on the selection medium, while the phospho-null mutant at T47 (T47A) or 

S101 (S101A) did, suggesting that phosphorylation of these residues also disrupt She2 activity 

(Figure 2-3B, Supplementary Figure 1). 

Expression of the wild-type and T109 mutated She2-myc proteins was measured by western 

blot, which revealed a twofold decrease in the expression of the She2 T109D mutant compared to 

the wild-type She2 protein (Figure 3-3C-D). RT-qPCR analysis of SHE2 mRNA levels showed 

that the T109D mutation did not affect SHE2 mRNA expression (Figure 2-3E), suggesting that a 

phosphomimetic mutation at T109 significantly reduces the accumulation of the She2 protein in 



 

73  

budding yeast. Unlike T109D, expression of the S101D and T47D mutants of She2 was similar to 

the wild-type protein, even if these mutants also disrupt Ash1 protein asymmetric localization 

(Supplementary Figure 1).  

Since phosphomimetic mutations at S101 and T109 strongly impact the function of She2, 

and both residues are located at the dimerization interface between She2 monomers (Figure 2-2B), 

we also tested a phosphomimetic mutant at S166, which is also located at the dimerization interface 

(Figure 2-2A) and was previously identified in a large scale phosphoproteomic study [357]. Unlike 

S101D and T109D, expression of She2 S166D fully complemented the SHE2 knockout, and these 

cells were able to grow on –ADE –TRP medium, like the cells expressing She2 WT (Figure 2-3B). 

Finally, double phospho-null or phosphomimetic mutants were also tested to explore the 

possible contribution of multiple phosphorylation events on the activity of She2. Double phospho-

null mutations at Y65 Y148 or S217 S224 reproduced the same phenotype has a single mutation at 

these residues (Figure 2-3B). Similarly, a double phosphomimetic mutant at S217 S224 showed 

the same growth as She2 WT. On the other hand, the double mutation S101A T109A reproduced 

the same phenotype as a single T109A mutation (Figure 2-3B), suggesting that these mutations do 

not have an additive impact on the function of She2.  

2.4.3 Phosphomimetic mutation at Threonine 109 disrupts She2 dimerization and its 

interactions with Srp1 and She3 

Our phosphoproteomics analysis revealed that phosphorylation at threonine 109 (T109) is 

the most frequently found phosphorylated residue on She2. Indeed, it was the only phosphosite 

found in all three independent experiments, with a total of 30 peptides containing this 

phosphorylated amino acid (Supplementary Tables 2-1 to 2-3). Since a phosphomimetic T109 

mutant in She2 disrupts Ash1 protein asymmetric distribution (Figure 2-3), the impact of T109 

phosphorylation on the function of She2 was explored. First, the impact of the mutations T109A 

or T109D on She2-She2 interaction was assessed in a yeast two-hybrid assay. The assay was 

performed in a she2∆ background to eliminate the potential effect of an endogenous wild-type She2 

on the two-hybrid interaction. As shown in (Figure 2-4A), the presence of a T109A mutation on 
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She2 in both bait and prey leads to a 3-fold reduction in β-galactosidase activity compared to the 

wild-type She2-She2 interaction. The impact of the T109D mutation on She2-She2 interaction is 

even more important, with a nearly 20-fold decrease in interaction for the homodimer She2-T109D: 

She2-T109D or for the formation of the heterodimer She2 WT: She2-T109D (Figure 2-4A). These 

results suggest that phosphorylation at T109 inhibits the dimerization and subsequent 

oligomerization of She2. 

Since She2 oligomerization is important for its interaction with She3 [359] and modulates 

its binding to Srp1 [352], the impact of phospho-null or phosphomimetic mutations at T109 on 

She3 and Srp1 binding was also tested in a yeast two-hybrid assay, as previously described [352]. 

As shown in (Figure 2-4B), the phosphomimetic T109D mutation decreased by twofold the 

formation of the She2-She3 complex, while the T109A mutant had no impact on She2 interaction 

with She3. Another key interactor of She2 is the importin-α Srp1, which mediates the nuclear 

import of She2 via its interaction with an NLS at the C-terminus of She2 [352]. In a yeast two-

hybrid assay to detect the interaction between She2 and Srp1 [352], a six-fold decrease in the 

interaction between She2 T109D and Srp1 was observed compared to She2 WT or She2 T109A 

(Figure 2-4C). Altogether, these results suggest that phosphorylation at T109 inhibits the capacity 

of She2 to interact with its protein cofactors. 

2.4.4 Phosphomimetic mutation at Threonine 109 inhibits She2 interaction with ASH1 

mRNA and localization of this transcript 

A recent structural study of She2 bound to the ASH1 mRNA localization element E3 

revealed that the tetrameric structure of She2 is essential for binding this RNA [350]. Therefore, 

disruption of She2 dimerization should affect its capacity to bind RNA. The impact of phospho-

null or phosphomimetic mutations at T109 on She2 interaction with the ASH1 mRNA was tested 

using immunoprecipitation and RT-qPCR. As shown in (Figure 2-5A), a 40% reduction in ASH1 

mRNA binding was observed with the T109A mutation. On the other hand, the T109D mutation 

had a greater effect, with a reduction of 80% in ASH1 mRNA binding. These results show that a 

phosphomimetic mutation at T109 strongly decreases the capacity of She2 to bind RNA. Even the 

phospho-null mutation T109A significantly impacts the interaction between She2 and ASH1 
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mRNA, which fit previous results showing that mutations in the dimerization interface of She2 

decrease its capacity to bind RNA [154].    

To determine the impact of a phosphomimetic mutation at T109 on the capacity of She2 to 

promote mRNA localization at the bud tip, single-molecule RNA FISH (smFISH) was performed 

on ASH1 mRNA in strains expressing She2 WT or She2 T109D. As shown in (Figure 2-5B), the 

reduced interaction between She2 T109D and ASH1 mRNA results in the delocalization of this 

transcript compared to cells expressing wild-type She2. Altogether, these results suggest that 

phosphorylation at T109 inhibits the capacity of She2 to bind ASH1 mRNA and to promote its 

localization at the bud tip. 

2.5 DISCUSSION 

In this work, we report that the RNA-binding protein She2 is phosphorylated in vivo, and 

we identified several novels phosphorylated amino acids in this protein. While a previous article 

mentioned that She2 is a phosphoprotein, experimental evidences were not provided [356]. 

Furthermore, with the exception of one study[357], global phosphoproteomics analyses in yeast 

have not identified phosphopeptides from this protein so far. We used two complementary assays 

to explore the phosphorylation status of She2. First, using a phosphoprotein enrichment column 

combined with phosphatase treatment, we showed that a fraction of She2 is phosphorylated in vivo 

and can be enriched using this column. Second, we expressed and purified a GST-tagged version 

of She2 from yeast, which was submitted to LC/MS-MS analysis to identify phosphopeptides. 

From three independent experiments, we identified 13 phosphorylated residues: S2, S29, T47, Y65, 

S91, S101, T109, T147, Y148, S155, S217, S224 and T235. With the exception of T147, Y148 and 

S155, all these residues are located on the outside of She2 and are solvent-accessible in the properly 

folded monomeric protein. Surprisingly, five of these phosphosites are present at the dimerization 

or tetramerization interfaces of She2: Y65, S91, S101 and T109 are at the interface between two 

She2 monomers, while T47 is at the interface between two She2 dimers. Interestingly, the only 

other reported phosphosite in She2, S166, is also at the dimerization interface between She2 

monomers [357], suggesting that She2 oligomerization interfaces may constitute important sites of 

regulation for this protein.  
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These observations raised questions about the role(s) of these phosphorylation events in the 

regulation of She2 and mRNA localization in budding yeast. A review of published mutagenesis 

studies on She2 revealed that mutagenesis of T235 to tyrosine (T235Y) has no impact on the 

capacity of She2 to bind RNA (Niessing et al., 2004). On the other hand, mutation of T47 to 

tyrosine (T47Y) leads to decreased RNA binding (Niessing et al., 2004), suggesting that some of 

these phosphosites may have regulatory functions. To identify these residues, we performed site-

directed mutagenesis at phosphorylated amino acids to identify key residues that impact She2 

capacity to promote the asymmetric accumulation of Ash1, which was assessed in a genetic assay. 

With the exception of T109, phospho-null substitutions at positions S2, T47, Y65, S91, S101, 

Y148, S217 and S224 retained proper asymmetric localization of Ash1, suggesting that 

phosphorylation at these residues is not essential for ASH1 mRNA localization. Regarding T109, 

a T109A mutation partially disrupts yeast growth in the genetic assay. This phenotype can be 

explained by a reduction in She2-She2 and She2-ASH1 mRNA interactions, as shown in yeast two-

hybrid and co-immunoprecipitation assays, respectively. It is possible that the hydroxyl group of 

T109 participates in important hydrogen bond interactions at the binding interface between She2 

monomers, interactions that would be disrupted with the alanine mutant. Therefore, we think that 

phosphorylation at T109 is not essential for ASH1 mRNA localization.  

A similar analysis was performed with phosphomimetic mutations, which revealed that the 

substitution of S2, S91, S217 or S224 with aspartic acid did not impact the function of She2. On 

the other hand, phosphomimetic mutations at T47, S101 and T109 disrupt the asymmetric 

accumulation of Ash1. Interestingly, all these amino acids are at the interface between two She2 

monomers or dimers. Still, not all residues at these interfaces are essential for the function of She2 

since phosphomimetic mutations at S91 and S166 remained fully functional. However, we cannot 

eliminate the possibility that these phosphosites are involved in other regulatory functions that are 

not essential for the capacity of She2 to promote mRNA localization.    

Threonine 109 is the most frequently phosphorylated residue in She2, as it was detected in 

all three LC/MS-MS analyses, with a total of 30 peptides identified with this modification. 

Functional analysis of the phosphomimetic mutation at T109 revealed that this mutant strongly 



 

77  

inhibits She2-She2 interaction, including heterologous interaction between She2 WT and She2 

T109D, suggesting that this mutant is possibly monomeric. The T109D mutation also disrupted the 

interaction between She2 and the importin α Srp1, which is surprising since previous results 

showed that monomeric She2 interacts more strongly with Srp1 compared to the She2 tetramer 

[352]. Consequential with the strong impact of T109D on She2 oligomerization, this mutant 

displays strongly reduced interaction with both She3 and ASH1 mRNA, leading to the 

delocalization of this transcript from the bud tip.   

 Since the T109D mutant has such a negative effect on the function of She2, what could be 

the biological function of this phosphosite? The observation that the T109D mutant results in a 

twofold decrease in She2 levels raise the possibility that this phosphorylation may lead to the 

destabilization of the protein. Since She2 expression levels are regulated by ubiquitination[360], it 

will be interesting to explore the link between She2 phosphorylation and its ubiquitination.  

Previous biophysical and structural studies on recombinant She2 revealed that this protein 

assembles as a tetramer at physiological concentration [359]. This tetrameric structure is essential 

for the interaction of She2 with both RNA and She3 [350]. Recent observations from in-depth 

phosphoproteomic analyses in budding yeast suggest that phosphorylation at protein-protein 

interfaces constitutes an important regulatory mechanism [361]. Our data support these 

observations and suggest that phosphorylation controls the assembly of the She2 tetramer and 

constitutes an important regulatory mechanism for She2 activity in vivo. How She2 can be 

phosphorylated at these interfaces remains unclear. One possibility is that only newly synthesized 

monomers of She2 are phosphorylated. It is also possible that phosphorylation occurs after the 

disassembly of the She2 tetramer and inhibits its reassembly by blocking interactions between She2 

monomers or dimers. Dephosphorylation of She2 by phosphatase(s) may allow the reassembly of 

the tetramer at some point. Which kinases are responsible for these phosphorylation events is still 

unknown. 

Besides She2, other components of the budding yeast mRNA localization machinery are 

also regulated by post-translational modifications. Indeed, She3 is negatively regulated by 
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phosphorylation at S343, S348 and S361, which inhibits its capacity to bind RNA but still 

maintains its interaction with She2 and Myo4[355]. These phosphorylation events have been linked 

to the stress response, such as osmotic stress or exposure to the reducing agent dithiothreitol 

(DTT)[362, 363]. This suggests that, in the presence of stress, the mRNA localization pathway 

may be inhibited, in part via She3 phosphorylation. Some of the phosphorylation events on She2 

could play a similar role and may be part of a mechanism that inhibits the mRNA localization 

pathway in specific conditions.  
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2.7 METHODS 

2.7.1 Yeast strains and DNA manipulation 

Yeast growth was performed in YPD or synthetic selective media at 30˚C. PCR-based gene 

disruption was performed as described previously[364]. Gene disruptions were all confirmed by 

PCR analysis of genomic DNA. The strains used are listed in Supplementary (Table 2-2). 

2.7.2 Plasmids construction 

To generate She2 mutants, YCP22-She2-myc was PCR amplified using primers containing 

the appropriate mutation and cloned into PstI/KpnI sites of YCPlac22. The She2 mutants T109A 

and T109D were also cloned in pGADT7 and pGBKT7 plasmids for yeast two-hybrid assay. All 

constructions were confirmed by Sanger sequencing. The plasmids used are listed in 

Supplementary (Table 2-1). 

2.7.3 Pro-Q® Diamond phosphoprotein enrichment columns 
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Yeast strain K699 she2 + YCP22-SHE2-WT was grown in 500 ml of selection media until 

OD600 of 0.8. After centrifugation to pellet the cells, the pellet was resuspended in 5 ml of ice-cold 

lysis buffer (50 mM HEPES pH 7.5, 10 % Glycerol, 150 mM NaCl, 0.1 % NP-40, 1µM okadaic 

acid, protease inhibitors and RNAsin) and incubated 30 minutes on ice. Using tissue lyser II with 

a pre-cooled adapter set and glass beads, cells were lysed for 2 min at 20 Hz and centrifuged at 

14000xg for 30 min at 4°C. The supernatant was collected, and protein concentration was measured 

with Bradford assay. The lysate was diluted with the wash buffer provided with the Pro-Q® 

Diamond phosphoprotein enrichment kit to a final concentration of 0.1 mg/ml. Pro-Q columns 

were prepared according to the manufacturer and equilibrated with 2x 1 mL of wash buffer. The 

diluted lysate was applied on the column, 1 mL at a time, followed by 3 washes with 1 ml of wash 

buffer. Flow-through and the three washes were conserved for western blot analysis. Elution of the 

phosphoproteins from the column was performed with 5x 250 μL of elution buffer (provided with 

the kit). Eluates were pooled and concentrated to a volume of 50 μL with 25mM Tris pH 7.5, 0,25% 

CHAPS using a Vivaspin® filtration concentrator. For phosphatase treatment, 10 μL of fastAP 

Thermosensitive Alkaline phosphatase (1U/ul) was added to a solution of 0.1mg/ml of yeast protein 

extract in 1x reaction buffer (10 mM Tris-HCl pH 8.0, 5 mM MgCl2, 100 mM KCl, 0.02 % Triton 

X-100 and 0.1 mg/ml BSA). The extract was incubated at 37°C for 3 hours before loading on the 

Pro-Q column. For urea-mediated protein denaturation, the yeast lysate was diluted 10 times with 

the Pro-Q Diamond phosphoprotein Enrichment Kit Wash buffer containing 8M urea and run 

through the column. The column was washed 3 times with the same wash buffer containing 8 M 

urea before elution with the elution buffer. 

2.7.4 She2 purification and Mass spectrometry analysis 

Yeast strain YS1052 GST-SHE2 with GAL1prom-GST-SHE2 was grown in YEP + 2% 

raffinose until OD600 0.2, where GST-She2 expression was induced with 3% galactose. At OD600 

0.8, total proteins were extracted using glass beads in lysis buffer (20mM HEPES pH. 7.5, 20% 

glycerol, 250mM NaCl, 0,05% NP-40, 50x protease inhibitors + PMSF, 5mM Na3VO4 and 25mM 

Na3F). GST-She2 was purified using glutathione beads and eluted with 25mM glutathione in 

1xPBS. Following elution from the beads, GST-She2 was further purified on an SDS-PAGE gel, 

stained with Coomassie blue and GST-She2 bands were cut from the gel. Destaining was 
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performed in 50% MeOH. Bands were shrunk in 50% ACN, reconstituted in 50 mM ammonium 

bicarbonate with 10 mM TCEP and vortexed for 1 h at 37°C. Chloroacetamide was added for 

alkylation to a final concentration of 55 mM. Samples were vortexed for another hour at 37°C. 1 

µg of trypsin was added, and the digestion was performed for 8 h at 37°C. Peptide extraction was 

conducted with 90% ACN. Extracted peptide samples were dried down and solubilized in ACN 

5% formic acid (FA) 0.2%. Samples were loaded on a homemade C18 pre-column (0.3 mm i.d. x 

5 mm) connected directly to the switching valve and separated on a homemade reversed-phase 

column (150 µm i.d. x 150 mm) with a 56-min gradient from 10–30% acetonitrile (0.2% FA) and 

a 600 nl/min flow rate on an Ultimate 3000 nano-LC (Dionex) connected to a Q-Exactive Plus 

(Thermo Fisher Scientific). Each full MS spectrum acquired with a 70,000 resolution was followed 

by 12 MS/MS spectra, where the 12 most abundant multiply charged ions were selected for MS/MS 

sequencing. Tandem MS experiments were performed using HCD at a collision energy of 25%. 

The data were processed using PEAKS 7.0 (Bio-informatics Solutions) and the Saccharomyces 

cerevisiae Uniprot database. Tolerances on precursors and fragments were 10 ppm and 0.01 Da, 

respectively. Variable selected post-translational modifications were carbamidomethyl (C), 

oxidation (M), deamidation (NQ), and Phosphorylation (STY). The identification of 

phosphopeptides was further validated using Mascot. Cutoff for phosphopeptide identification 

probability was established at 70%. Three independent mass spectrometry analyses were 

performed, with peptide coverage of She2 at 76%, 86% and 99%, respectively.  

2.7.5 Yeast two-hybrid assay 

Yeast two-hybrid assay was performed as previously[349, 352]. Plasmids pGADT7 or 

pGBKT7 expressing She2, She2T109A and She2T109D were transformed in pJ69-4A she2∆ strain 

with the appropriate bait. Expression of the fusion proteins was confirmed by western blot. β-

galactosidase activity was measured in solution using ONPG (o-nitrophenyl-D-galactopyranoside) 

as previously described[352], from at least three independent yeast cultures.  

2.7.6 RNA immunoprecipitation and RT-qPCR analysis 

Yeast cells were grown at 30°C in 50 ml culture of –TRP + 2% glucose to an OD600 ~1.0. 

Cells were harvested by centrifugation and resuspended in 900 µl of lysis buffer (25mM HEPES 
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pH 7.5, 2mM MgCl2, 0.1% IGEPAL, 150mM KCl, 1mM DTT, protease inhibitors, 2mM VRC and 

100U/ml of RNAsin). The cells were broken with glass beads by vortexing 6x 1 minute, with 1 

minute pause on ice between each vortex. The lysate was centrifuged 10 minutes at 6500 RPM for 

10 minutes, and the supernatant was recovered. From the supernatant, 600 µl was used for 

immunoprecipitation, and 300 µl was kept as input. Immunoprecipitation of She2-myc was 

performed using 10 µg of 9E10 mouse anti-myc antibody added to the supernatant and incubated 

overnight at 4°C. The day after, the solution was incubated for 4 hours with 30 µl of Protein G 

Sepharose at 4°C. The beads were washed once with the lysis buffer for 5 minutes, followed by 

three washes of 5 minutes with the wash buffer (25 mM HEPES pH 7.5, 150 mM KCl, 2 mM 

MgCl2). Elution was performed by incubation of the beads with 200 µl of 20mM Tris pH 8.0, 

100mM NaCl, 2mM EDTA, 5% SDS for 10 minutes at 65°C. From the eluate, 35 µl was used for 

western blot to detect She2-myc.With the remaining volume of eluate, phenol/chloroform and 

ethanol precipitation were performed to recover the RNA. Reverse transcription was performed 

using half of the purified RNA with 0.2 µg of pd(N)6 oligos, incubated at 70°C for 5 minutes and 

quickly chilled on ice. A control without pd(N)6 oligos was prepared with the remaining RNA. 

Reverse transcription was performed on samples in the Reverse transcriptase buffer with 100U/ml 

of RNAsin, 10 mM dNTPs and 100U of reverse transcriptase for 1 hour at 42°C. The enzyme was 

inactivated by incubation at 70°C for 15 minutes. Quantitative real-time PCR on cDNA was 

performed as previously [196], using primers on ASH1 and ACT1 mRNA. Cycle thresholds (Ct) 

for each triplicate of sample and input were averaged, and immunoprecipitation enrichment was 

calculated by dividing the amount of IP over input using the 2 -ΔCT
 formula. 

2.7.7 Fluorescence in situ hybridization on ASH1 mRNA  

Yeast strain K699 she2 + C3319 expressing YCP22-SHE2 WT or T109D was grown in 50 

ml of selection media until OD600 0.6-0.8. Cells were fixed for 45 minutes with 4% 

paraformaldehyde and harvested by centrifugation at 2500g for 4 minutes at 4°C. The cell pellets 

were washed three times using ice-cold 1X buffer B (1.2M Sorbitol, 0.1M potassium phosphate at 

pH 7.5), with 4 minutes of spins at 2500g at 4°C between each wash. The pellets were resuspended 

in 1ml of buffer B containing 20 mM vanadyl ribonucleoside (VRC), 28 mM β-mercaptoethanol, 
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0.06 mg/ml phenylmethylsulfonyl fluoride (PMSF) and 120 U/ml of RNAse inhibitor. Cells were 

transferred into a tube containing 250 units of lyticase (Sigma-Aldrich) and incubated for 5-10 

minutes at 30°C until the cell wall was fully digested. The spheroplasts were pelleted by 

centrifugation for 4 minutes at 2500g at 4°C, and washed with 1 ml of ice-cold 1xbuffer B. The 

pellets were resuspended in 750 µl of 1xbuffer B, and 100 µl of spheroplast suspension was spotted 

per poly-L-lysine coated coverslip. The coverslips were stored at 4°C for 30 minutes. The 

spheroplasts were dehydrated by adding 5 ml of 70% ethanol and incubated for at least 20 minutes 

at -20°C before performing the in-situ hybridization.   

A set of 18 ASH1 smiFISH probes was designed using Oligostan R[365], and diluted to a 

concentration of 0.833 µM in Tris-EDTA pH 8.0 (TE) buffer. The diluted probe-set was hybridized 

with 50 µM of a Cy3-labelled FLAP oligo in a PCR machine. Coverslips were rinsed once with 

1xPBS and incubated in 15% formamide freshly prepared in 1xSSC for 15 minutes at room 

temperature. The hybridization Mix 1 (2xSSC, 34 µg of E. coli tRNA, 30% formamide and FLAP-

bound ASH1 probe-set) and Mix 2 (20 µg of RNAse-free BSA, 4 mM VRC and 21% dextran 

sulphate) were put together and spotted on the coverslips. The coverslips were incubated in an 

airtight hybridization chamber at 37°C overnight[366]. After being placed in a 6-well plate, the 

coverslips were washed twice for 30 minutes with freshly prepared 15% formamide/1xSSC 

solution at 37°C and rinsed twice in 1xPBS before mounting. The coverslips were placed on slides 

with Vectashield antifade mounting medium containing DAPI (VECTOR Laboratories). Imaging 

was performed using a Zeiss Axio-Imager Z2 upright microscope. 

2.8 FIGURES LEGENDS 

Figure 2-1: She2 is a phosphoprotein. (A) Binding of She2-myc on the Pro-Q phosphoprotein 

enrichment column. Detection of She2-myc by western blot from the whole lysate (I: input), flow-

through (FT), first wash (W1), third wash (W3) and eluate (E) from the Pro-Q column. 

Phosphorylated ribosomal protein S6 (phospho-S6) was used as the positive control (bottom). (B) 

Binding of She2 to the Pro-Q column depends on its phosphorylation state. Yeast extracts were 

treated with Fast phosphatase (+ phosphatase) or incubated without phosphatase (- phosphatase) 

prior to binding to the Pro-Q column. Detection of She2-myc was performed as in A. (C) 
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Denaturation of She2 with urea does not reduce its binding to the Pro-Q column. Yeast extracts 

were treated with 8M urea (+ urea) or not (- urea) prior binding to the Pro-Q column. Detection of 

She2-myc was performed as in A.     

Figure 2-2: Identification of phosphorylated residues in She2. (A) Sequence of She2 with 

phosphorylated amino acids identified by LC-MS/MS colored in red. Amino acids in the 

dimerization interface of She2 are underlined. Amino acids in the dimer-dimer interface of She2 

are in bold. Amino acid in blue are phosphosites identified in previous studies.  (B) Structure of 

the She2 tetramer. The location of phosphorylated residues T47, S91, S101 and T109 in the 3D 

structure is highlighted. She2 3D structure was generated with PyMOL software using the 5MOJ 

structure from PDB database.  

Figure 2-3:  Specific phosphoresidues modulate the capacity of She2 to promote the 

asymmetric distribution of Ash1. (A) Genetic assay to assess Ash1 asymmetric distribution in 

She2 mutants. Serial dilutions of K5547+YCP22-She2-myc, K5547+YCP22-She2-M5A-myc, 

K5547+YCP22-She2-T109A-myc, K5547+YCP22-She2-T109D-myc and K5547+YCP22 empty. 

(B) Impact of various phospho-null and phosphomimetic mutants of She2 on the growth of K5547 

on –ADE –TRP medium. (C) Western blot analysis of She2-myc WT, T109A and T109D 

expression in the K5547 strain. YCP: K5547+YCPlac22 empty. Tubulin was used as loading 

control. (D) Quantification of She2 WT, She2 T109A and She2 T109D expression in K5547 strain. 

*** p< 0.005. N=3. (E) Relative expression of SHE2 mRNA in K5547 strain expressing YCPlac22 

(YCP), She2 WT, She2 T109A or She2 T109D proteins. N=2. 

Figure 2-4:  Phosphomimetic mutation at T109 inhibits the oligomerization of She2 and its 

interaction with cofactors Srp1 and She3 

(A) Yeast two-hybrid assay to detect She2-She2 interaction. Homo- or hetero-oligomerization of 

wild-type She2 (WT), She2 T109A (T109A) or She2 T109D (T109D) was quantified by measuring 

β-galactosidase activity (N=3). ** p<0.01; *** p<0.005. (B) Yeast two-hybrid assay to detect 

interaction between She3 and She2 mutants at T109. Interaction between She3 and wild-type She2 
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(WT), She2 T109A (T109A) or She2 T109D (T109D) was quantified by measuring β-

galactosidase activity (N=3). ** p<0.01. (C) Yeast two-hybrid assay to detect interaction between 

Srp1 and She2 mutants at T109. Interaction between Srp1 and wild-type She2 (WT), She2 T109A 

(T109A) or She2 T109D (T109D) was quantified by measuring β-galactosidase activity (N=3). 

**** p<0.001.   

Figure 2-5: Mutation at T109 disrupts She2 interaction with ASH1 mRNA and its localization 

at the bud tip. 

(A) RNA immunoprecipitation of ASH1 mRNA by She2 wild-type or mutants. Myc-tagged wild-

type She2 (WT), She2 T109A (T109A) or She2 T109D (T109D) were immunoprecipitated using 

anti-myc antibody, followed by RNA purification and RT-qPCR analysis. Left panel: Enrichment 

of ASH1 mRNA following immunoprecipitation is reported as a ratio immunoprecipitate versus 

input (IP/INPUT), with wild-type She2 set as 1.0. Right panel: Western blot of Myc-tagged wild-

type She2 (WT), She2 T109A (T109A) or She2 T109D (T109D) from input or immunoprecipitate 

(IP). (N=3). * p<0.05. (B) Fluorescent in situ hybridization (FISH) on ASH1 mRNA in yeast cells 

expressing wild-type She2 (WT) or She2 T109D (T109D) proteins. Scale bar: 5 µm. 
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FIGURE 2-1 SHE2 IS A PHOSPHOPROTEIN. 
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FIGURE 2-2 IDENTIFICATION OF PHOSPHORYLATED RESIDUES IN SHE2. 
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FIGURE 2-3 SPECIFIC PHOSPHORESIDUES MODULATE THE CAPACITY OF SHE2 TO PROMOTE 
THE ASYMMETRIC DISTRIBUTION OF ASH1. 
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FIGURE 2-4 PHOSPHOMIMETIC MUTATION AT T109 INHIBITS THE OLIGOMERIZATION OF 
SHE2 AND ITS INTERACTION WITH COFACTORS SRP1 AND SHE3 
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FIGURE 2-5 MUTATION AT T109 DISRUPTS SHE2 INTERACTION WITH ASH1 MRNA 

AND ITS LOCALIZATION AT THE BUD TIP. 
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Supplementary Figure 1: Phosphomimetic mutations at She2 S101 and T47 disrupt 

asymmetric distribution of Ash1. (A) Genetic assay to assess Ash1 asymmetric distribution in 

She2 S101 mutants. Serial dilutions of K5547+YCP22-She2-myc (WT), K5547+YCP22 empty 

(vector), K5547+YCP22-She2-S101A-myc and K5547+YCP22-She2-S101D-myc. (B) Western 

blot analysis of She2-myc WT, S101A and S101D expression in the K5547 strain. YCP: 

K5547+YCP22 empty. Tubulin was used as loading control. (C) Genetic assay to assess Ash1 

asymmetric distribution in She2 T47 mutants. Serial dilutions of K5547+YCP22-She2-myc (WT), 

K5547+YCP22 empty (vector), K5547+YCP22-She2-T47A-myc and K5547+YCP22-She2-

T47D-myc. (D) Western blot analysis of She2-myc WT, T47A and T47D expression in the K5547 

strain. YCP: K5547+YCP22 empty. Tubulin was used as loading control. 
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Supplementary Figure 1: Phosphomimetic mutations at She2 S101 and T47 disrupt asymmetric 
distribution of Ash1. 
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SUPPLEMENTARY DATA 

 Tables 2-1 to 2-3 are in the Annex appended to the thesis (Excel files) 

TABLE 2-1 PLASMIDS USED IN THIS STUDY 

Plasmid Features Source 

YCPlac22 
Single copy yeast vector with TRP1 selectable 

marker 
Gietz, 1988 

YCP22-SHE2MYC 
Expresses SHE2-6xMYC from endogenous 

promoter 

Long et al., 

2000 

YCP22-SHE2-MYC S2A 
Expresses SHE2-S2A-MYC from endogenous 

promoter 
This study 

YCP22-SHE2-MYC S2D 
Expresses SHE2-S2D-MYC from endogenous 

promoter 
This study 

YCP22-SHE2-MYC 

T109A 

Expresses SHE2-T109A-MYC from endogenous 

promoter 
This study 

YCP22-SHE2-MYC 

T109D 

Expresses SHE2-T109D-MYC from endogenous 

promoter 
This study 

YCP22-SHE2-MYC 

S101A 

Expresses SHE2-S101A-MYC from endogenous 

promoter 
This study 
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YCP22-SHE2-MYC 

S101D 

Expresses SHE2-S101D-MYC from endogenous 

promoter 
This study 

YCP22-SHE2-MYC 

T47A 

Expresses SHE2-T47A-MYC from endogenous 

promoter 
This study 

YCP22-SHE2-MYC 

T47D 

Expresses SHE2-T47D-MYC from endogenous 

promoter 
This study 

YCP22-SHE2-MYC 

S91A 

Expresses SHE2-S91A-MYC from endogenous 

promoter 
This study 

YCP22-SHE2-MYC 

S91D 

Expresses SHE2-S91D-MYC from endogenous 

promoter 
This study 

YCP22-SHE2-MYC 

Y65F 

Expresses SHE2-Y65F-MYC from endogenous 

promoter 
This study 

YCP22-SHE2-MYC 

Y148F 

Expresses SHE2-Y148F-MYC from endogenous 

promoter 
This study 

YCP22-SHE2-MYC 

Y65F Y148F 

Expresses SHE2-Y65F Y148F-MYC from 

endogenous promoter 
This study 

YCP22-SHE2-MYC 

S217D 

Expresses SHE2-S217D-MYC from endogenous 

promoter 
This study 

YCP22-SHE2-MYC 

S166D 

Expresses SHE2-S166D-MYC from endogenous 

promoter 
This study 
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YCP22-SHE2-MYC 

S224A 

Expresses SHE2-S224A-MYC from endogenous 

promoter 
This study 

YCP22-SHE2-MYC 

S224D 

Expresses SHE2-S224D-MYC from endogenous 

promoter 
This study 

YCP22-SHE2-MYC 

S101A T109A 

Expresses SHE2-S101A T109A-MYC from 

endogenous promoter 
This study 

YCP22-SHE2-MYC 

S217A S224A 

Expresses SHE2-S217A S224A-MYC from 

endogenous promoter 
This study 

YCP22-SHE2-MYC 

S217D S224D 

Expresses SHE2-S217D S224D-MYC from 

endogenous promoter 
This study 

pGADT7 
Yeast two-hybrid vector expressing protein fused 

to the Gal4 activation domain 
Clontech 

pGBKT7 
Yeast two-hybrid vector expressing protein fused 

to the Gal4 binding domain 
Clontech 

pGADT7-She2 plasmid for expression of She2-Gal4AD 
Shen et al., 

2009 

pGBKT7-She2 plasmid for expression of She2-Gal4BD This study 

pGADT7-She2-T109A plasmid for expression of She2-T109A-Gal4AD This study 

pGADT7-She2-T109D plasmid for expression of She2-T109D-Gal4AD This study 
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pGBKT7-Srp1 plasmid for expression of Srp1-Gal4BD This study 

pGBKT7-She3-CT plasmid for expression of She3-CT-Gal4BD This study 

C3319 
YEPlac181 with ASH1 under endogenous 

promoter 

Jansen et al., 

1996 

 

 

TABLE 2-2 STRAINS USED IN THIS STUDY 

Strain Genotype Source 

K699 MATa ade2-1 trp1-1 can1-100 leu2-3,112 

his3-11,15 ura3-1 

Jansen et al., 

1996 

K699 she2 K699 she2::KAN Shen et al., 2009 

K5547 Matα, his3, leu2, ade2, trp1, ura3, HO-ADE2, 

HO-CAN1, she2::URA3 

R-P Jansen lab 

YS1052 MATa ade2-1 trp1-1 can1-100 leu2-3,112 

his3-11,15 ura3 cdc28-as1 

S. Michnick lab 

YS1052 GST-SHE2 MATa ade2-1 trp1-1 can1-100 leu2-3,112 

his3-11,15 ura3 cdc28-as1 GAL1prom-GST-

SHE2::KAN 

This study 
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pJ69-4A MATa trp1-901 leu2-3,112 ura3-52 his3-200 

gal4∆ gal80∆ LYS2::GAL1-HIS3 GAL2-

ADE2 met2::GAL7-lacZ 

S. Field lab 

YS1116 pJ69-4A SHE2::KAN This study 
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3.2 ABSTRACT 

Asymmetric mRNA localization is used by several eukaryotes as a mechanism to control gene 

expression with precise temporal and spatial regulation. In budding yeast, transport and selective 

distribution of mRNAs from the mother cells to the bud of the daughter cell are achieved by specific 

mRNA localization proteins. Among them, the RNA-binding protein She2 is a key player in the 

bud-localized mRNP and its presence in the nucleus is crucial for the formation of initial nuclear 

mRNPs. She2 nuclear import relies on the interaction between the importin-α Srp1 and a non-

canonical nuclear localization signal (NLS) at the C-terminus of She2. In this study, we show that 

phosphorylation of She2 is required for its interaction with Srp1. We identified the casein kinase 

CK2 as the main kinase that phosphorylates She2 at S217 and S224, two residues which are 

embedded in its NLS. Analysis of mutants at S217 and S224 reveals that these phosphorylation 

events do not impact She2 interaction with Srp1 or with the adaptor protein She3. So far, the 

specific role of She2 phosphorylation at S217 and S224 and phosphorylation-mediated regulation 

of nuclear import of She2 is still unknown. 
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3.3 INTRODUCTION 

mRNA localization is a widespread mechanism that has been identified in a variety of 

organisms and that gives precise control over spatial and temporal production of proteins. 

Subcellular localization of mRNA followed by localized protein expression to a specific cell-

compartment is associated with many vital cellular processes such as establishment of cell polarity, 

cell asymmetry, embryonic axis determination, and neuronal plasticity [5]. Unicellular budding 

yeast Saccharomyces cerevisiae is used as a robust model organism to study mRNA localization, 

in which more than 30 mRNAs localize at its bud tip [3, 133, 367]. Among them, the ASH1 mRNA 

is a well-studied transcript that is localized to the distal tip of daughter cells and is required for 

mating type-switching inhibition by preventing HO transcription in daughter cells [368].  

The RNA-binding protein She2 is the main protein involved in targeting bud-localized 

transcripts by binding to the cis-acting elements (or zipcodes) along the mRNA sequence. In the 

nucleus, She2 recognizes ASH1 mRNA co-transcriptionally by binding to an RNA polymerase II-

associated protein complex Spt4–Spt5/DSIF to form an initial mRNP complex in the nucleus [239]. 

She2 also promotes the recruitment of the translational repressor Puf6 on ASH1 through Loc1, an 

exclusively nuclear RNA-binding protein [259]. As the ASH1 mRNA is exported to the cytoplasm, 

Loc1 is replaced by She3 and forms a stable mRNP complex  [166]. She3 recruits the Myo4 myosin 

motor, which allows this complex to be transported along the actin cytoskeleton and anchored to 

the bud tip [152]. Once localized at the bud tip, the translational repressors Khd1 and Puf6 are 

released from ASH1 mRNA by phosphorylation [225, 369]. 

Nuclear import of She2 is required for its recruitment on its target mRNAs and for its 

interaction with the translational repressors Loc1 and Puf6 in the nucleus [220, 256]. The C-

terminal domain of She2 is necessary and sufficient for its interaction with the importin-α Srp1 

and nuclear import. Surprisingly, only one highly conserved lysine, and no arginine, were found in 

an alignment of this C-terminal domain of She2 from Saccharomyces sensu stricto species, 

suggesting that She2 contains a non-classical NLS [220]. Furthermore, mutations in five conserved 

residues in this NLS disrupted the interaction between She2 and Srp1, as well as the localization 

of ASH1 mRNA. However, the regulation of nuclear import and nuclear availability of She2 and 
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its effect on mRNA localization is still unclear. A number of distinct mechanisms controls nuclear 

transport. Among them, the best-understood process by which protein nuclear import is regulated 

is by post-translational modification (PTM) at or near the NLS, particularly through 

phosphorylation [292, 370].  

In a recent study, we used mass spectrometry analysis to identify phosphopeptides from the 

She2 protein in vivo and identified several phosphorylated serine and threonine residues [371]. 

Among these residues, a phosphomimetic mutation at T109 disrupted the dimerization of She2 and 

its interaction with She3 and ASH1 mRNA, suggesting a regulatory role for these phosphorylation 

events. Herein, we aim to identify the kinase(s) responsible for She2 phosphorylation.  

3.4 RESULTS 

3.4.1 She2 is phosphorylated by CK2 in vitro  

We previously performed a phosphoproteomic analysis of She2 using mass spectrometry 

and identified several new phosphosites in She2 by three separate phosphopeptide analyses [371]. 

Several phosphosites, such as Y65, S91, S101, and T109 are located at the dimerization interface 

of She2 monomers. Another phosphosite discovered at T47 is at the interface of two She2 dimers 

[158]. We found that a phosphomimetic mutation at T109 disrupts She2 dimerization, its 

interaction with She3 and binding to the ASH1 mRNA [371], suggesting that this phosphosite has 

an inhibitory effect on She2 activity. An analysis of the amino acid sequence surrounding T109 

revealed that this phosphosite is present within the sequence E108TFD111, which shows similarities 

to the consensus CK2 site: D/E/X-Sp/Tp-D/E/X-D/E/X-D/E-D/E/X (where X is any non-basic 

amino acid) (Figure 3-1A) [372]. We therefore decided to explore whether She2 is phosphorylated 

by CK2.  

Protein kinase CK2 is a constitutively active serine/threonine kinase found in almost all 

eukaryotes and is involved in a wide range of cellular functions. In Saccharomyces cerevisiae, this 

tetrameric enzyme is comprised of two catalytic (Cka1 and Cka2) and two regulatory subunits 

(Ckb1 and Ckb2) [373]. A previous proteomic analysis using TAP-tagged She2 revealed that the 

Cka2 catalytic subunit is associated with She2-TAP, suggesting that She2 could be a substrate of 
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this kinase [126]. To explore the possibility that She2 is phosphorylated by CK2, recombinant 

GST-She2 was purified and tested as substrate in an in vitro phosphorylation assay in the presence 

of [γ-32P] ATP and recombinant CK2, followed by separation on SDS-PAGE and autoradiography. 

As shown in (Figure 3-1B), our result reveals that She2 is a substrate for CK2 in vitro. Since T109 

is at the dimerization interface between She2 monomers, we also tested as a substrate the GST-

She2-M2 mutant (S120Y), which is a monomeric and properly folded She2 protein [154]. 

Interestingly, the She2 monomer demonstrates higher level of phosphorylation by CK2 in vitro 

compared to the wild-type She2 (Figure 3-1B), suggesting that the She2 monomer is a better 

substrate for this kinase.  

3.4.2 Mutations at Ser217 and Ser224, but not at T109, inhibit the phosphorylation of She2 

by CK2 in vitro 

In order to determine if T109 is a putative residue phosphorylated by CK2, we performed 

an in vitro phosphorylation assay with purified GST-tagged She2 containing an alanine mutation 

at position T109 in order to abolish its phosphorylation. Recombinant GST-She2 and GST-She2- 

T109A were incubated with CK2 and [γ-32P]-ATP, followed by autoradiography. Surprisingly, 

the T109A mutation did not abolish the phosphorylation of She2 by CK2 (Figure 3-2A). On the 

contrary, an increased phosphorylation was observed with this mutant. This could be explained by 

our previous observation that the T109A mutant of She2 partially disrupts the dimerization of this 

protein [371], and the monomer is a better CK2 substrate, as we showed with the She2 S120Y 

mutant (Figure 3-1B).    

Still, these results raise questions regarding which other amino acids in She2 may be 

phosphorylated by CK2. An analysis of the sequence surrounding the known phosphosites in She2 

revealed two others putative CK2 sites: Ser217 (sequence S217ILD220) and Ser224 (sequence 

S224ALD227) (Figure 3-1A). To determine if these residues are phosphorylated by CK2, we 

generated a double mutation S217A S224A in GST-She2 and tested this mutant in the in vitro CK2 

phosphorylation assay. As shown in (Figure 3-2A), the double mutant S217A S224A abolished 

phosphorylation by CK2, suggesting that Serine 217 and 224 might be the primary CK2 

phosphorylation sites in She2.    
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In order to validate these results, we cloned the C-terminal peptide of She2, which contains 

the NLS with the two serine at the positions 217 and 224. We generated the phospho-null mutations 

S217A and S224A in the peptide and expressed this peptide in fusion with GST. We purified 

recombinant GST-She2 C-terminus WT and 2A (S217A S224A) containing the NLS, followed by 

in vitro phosphorylation with CK2. Our results show that the She2 C-terminus is a good substrate 

for CK2 (Figure 3-2B). On the other hand, mutation of S217 and S224 to alanine inhibits the 

phosphorylation of this peptide (Figure 3-2B), which indicates that the She2 NLS is a substrate for 

the CK2 kinase.  

3.4.3 Interaction between She2 and Srp1 depends on phosphorylation 

Previous work from our lab has shown that the importin-α Srp1 interacts with a non-

canonical NLS at the C-terminus of She2 and this interaction is required for She2 nuclear import 

[220]. Herein, our data show that She2 is phosphorylated in its NLS at residues Ser217 and Ser224. 

Phosphorylation represents an important mechanism that regulates the nuclear transport and 

consequently the function of an NLS cargo protein [374]. To test whether phosphorylation of She2 

modulates its interaction with Srp1, we carried out a GST-Srp1 pulldown assay of She2-myc or 

She2-M2-myc from yeast extracts, with or without phosphatase treatment. Our results reproduced 

previous data showing that She2 and Srp1 interact in this assay (Figure 3-3A) [220]. Interestingly, 

treatment of yeast extracts with phosphatase prior to the GST pull-down shows that She2-myc 

interaction with Srp1 is eliminated, while She2-M2-myc interaction with Srp1 is reduced (Figure 

3-3A). Altogether, these results suggest that She2 phosphorylation is required for its interaction 

with Srp1.  

 

3.4.4 Phosphorylation of She2 monomer at S217 and S224 does not control its interaction 

with Srp1 

Since i) the interaction between She2 and Srp1 depends on phosphorylation, and ii) S217 

and S224 in the NLS of She2 are the main sites of CK2-dependent phosphorylation and are solvent-

accessible at the surface of the She2 C-terminal helix (Figure 3-3B), this raises the possibility that 
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phosphorylation of She2 by CK2 regulates its interaction with Srp1 and its nuclear import. To test 

this possibility, we used a yeast two-hybrid assay to determine whether CK2-dependent 

phosphorylation at S217 and S224 affects the interaction between She2 and Srp1. We generated 

the phospho-null S217A S224A or phospho-mimetic S217D S224D mutations in the She2-M2 

monomeric protein and expressed these mutants in the yeast two-hybrid strain with Srp1 as bait. 

We found that both phospho-null or phospho-mimetic mutations at S217 and S224 do not affect 

the interaction of She2-M2 with Srp1 (Figure 3-3C). These results suggest that phosphorylation at 

S217 and S224 does not modulate the She2-Srp1 interaction in the context of the monomeric She2 

protein.  

3.4.5 Impact of mutations at S217 and S224 on the interaction between a minimal She2 NLS 

and Srp1 

Still, these results do not eliminate the possibility that phosphorylation at S217 and S224 

may regulate the interaction between She2 and Srp1 in combination with other phosphorylated 

residues in the She2 protein. Therefore, we decided instead to focus on the nuclear localization 

signal (NLS) of She2, where the residues S217 and S224 are embedded, and how these 

phosphosites may affect the interaction between the NLS and Srp1. Our previous work identified 

a thirty amino acids non-canonical nuclear localization signal at the C-terminus of She2 (amino 

acids 200-230) [220], but its exact minimal length required for interaction with the importin-α Srp1 

has never been defined. Sequence alignment of amino acids 200-230 of She2 from Saccharomyces 

and its close species (Zygosaccharomyces, Candida, Kazachstania) shows that the N-terminal 

amino acids of this peptide are more conserved than the C-terminus (Figure 3-4A). To better 

characterize the She2 NLS residues important for Srp1 binding, we generated a series of deletions 

at the N- and C-terminus of the 30 amino acids NLS, as shown in (Figure 3-4A). Interaction 

between Srp1 and the She2 NLS deletions were tested in the yeast two-hybrid assay. The 

experiment was carried out in a she2∆ background to avoid the possibility that the endogenous 

wild-type She2 may impact the two-hybrid interaction. Surprisingly, we observed that all three 

deletion mutants showed a strong decrease in the interaction with Srp1, suggesting that the 30 

amino acids She2 NLS is the minimal size required for its interaction with Srp1 (Figure 3-4B). 
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We used this minimal NLS to assess the impact of phosphomimetic S217D S224D or 

phospho-null S217A S224A mutations on the interaction with Srp1 in the yeast two-hybrid assay. 

As shown in (Figure 3-4C), phosphomimetic mutations at S217 and S224 in the minimal She2 NLS 

lead to a 1.7x fold increase in Srp1 interaction. However, the difference is not statistically 

significant. Phospho-null mutations at S217 and S224 lead instead to a decreased interaction with 

Srp1. Again, this difference is not statistically significant (Figure 3-4C). These results suggest that 

phosphorylation on Serine 217 and 224 does not play a role in modulating the interaction between 

the NLS of She2 and Srp1.  

3.4.6 Mutations at S217 and S224 on She2 do not affect its interaction with She3 

She3 is the protein adaptor between She2 and bud-localized mRNAs, and it is essential for 

the binding of the Myo4 motor protein to the mRNA-She2 complex [375]. Interestingly, She3 itself 

is a phosphoprotein and it has been suggested that She3 interaction with RNA could be negatively 

regulated by phosphorylation [241]. Structural analysis of the She3 C-terminus in complex with 

She2 and the ASH1 mRNA localization element E3 revealed that joining She3 to the She2-mRNA 

complex enhanced the binding of She2 to the ASH1 mRNA zipcode [167]. She3 binds She2 at two 

independent sites: a P-site and a R-site [167]. A detailed analysis of She2-She3 interaction revealed 

that residues A214, W215 and I218 of She2 are present at the P-site and interact with P365 and 

L364 of She3 [376]. Since the phosphorylation of She2 by CK2 at S217 and S224 occurs near the 

P-site, this prompted us to explore the possibility that these phosphosites may impact She2 

interaction with She3. To address this question, the interaction between She2 WT and She2 mutants 

S217A S224A (2A) or S217D S224D (2D) with the C-terminal domain of She3 was investigated 

in a yeast two-hybrid assay. Our results show that a strong interaction was still detected between 

the She3 C-terminus and She2 with phospho-null or phosphomimetic mutations at S217 and S224, 

similar to the She2WT (Figure 3-5), suggesting that She2 phosphorylation at S217 and S224 does 

not affect its interaction with She3. 

3.5 DISCUSSION 

She2 is the main RNA-binding protein of the RNA localization machinery that promotes 

the accumulation of mRNAs from the nucleus of the mother cells to the bud of the daughter cell. 
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Previous studies showed that She2 shuttles between the cytoplasm and the nucleus, and a non-

classical nuclear localization signal (NLS) promotes its active nuclear import [220]. In the present 

study, we determined that She2 is phosphorylated by CK2 in vitro and demonstrated that amino 

acids S217 and S224 in the NLS region of She2 are phosphorylated by this kinase. This result is 

consistent with our previous study which showed that She2 is a phosphoprotein and identified 

several phosphorylation sites within She2, including T109, S217 and S224 with the use of LC/MS-

MS analysis [371]. However, She2 phosphorylation at S217 and S224 does not affect the 

interaction of She2 with She3 or the importin-α Srp1. Also, we observed that She2 phosphorylation 

is required for its interaction with the importin-α Srp1. Our previous study showed that 

phosphorylation of She2 controls its oligomerization [371]. Since monomeric She2 interacts with 

Srp1 better than the She2 dimer [220], this suggests that kinase(s) may participate in the modulation 

of She2 nuclear import by regulating the oligomeric state of She2.  

Which kinases may participate in the phosphorylation of She2 besides CK2? Large-scale 

protein microarrays study showed that She2 interacts with the protein kinases Iks1 and Kkq8 [377]. 

IKS1 expression is increased in the response to mild heat, copper sulphate, and sorbate stress [378-

380]. Iks1 is phosphorylated by CK2 at S295, raising the possibility that She2 could be a substrate 

of CK2 and Iks1 kinases [381]. Although the function of Kkq8 is unknown, it may be involved in 

the cellular response to heat due to its interaction with heat shock transcription factors [382].  

An alignment of amino acids 200-230 of the She2 NLS from ten Saccharomyces sensu 

stricto species identified 6 highly conserved amino acids, including only one lysine at position 222. 

Previous research found that mutations at K222, and its adjacent amino acids (W215, I219, L220, and 

L223) disturbed the interaction between She2 and Srp1 [220]. We sought to determine whether other 

highly conserved amino acids within the NLS, such as P201, V202, and E207, are required for the 

interaction with Srp1. We identified a minimal NLS in She2 that is required for its interaction with 

Srp1, which suggests that these three conserved amino acids are required for the interaction with 

Srp1. As described in this study, phosphorylation is a key regulatory mechanism for She2 nuclear 

import. Phosphorylation not only regulates She2 stability via its oligomeric state [371], but it also 

affects its nuclear availability. We show that She2 NLS could be phosphorylated by casein kinase 
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2 in vitro. However, this phosphorylation does not increases the affinity of She2 for importin-α 

Srp1, as being demonstrated through yeast two-hybrid assay. Therefore, we cannot conclude that 

She2 nuclear import is dependent on phosphorylation of its NLS.  

Still, we cannot rule out the possibility that phosphorylation at other residues plays a role 

in the nuclear import of She2. For instance, phosphorylation of histone chaperone Nap1 by CK2 

mediates its nuclear import in a NLS-dependent manner. However, the mechanism by which CK2 

phosphorylation promotes nuclear import of Nap1 is not clear yet since phosphorylation does not 

affect the interaction of Nap1 with its known karyopherin Kap114 [383]. Interestingly, Nap1 has 

been found in two major state: dimer and octamer. Nap1 higher oligomer was identified in the 

nucleus and phosphorylation was suggested to regulate its dimer/octamer equilibrium and nuclear 

import [384]. In a previous study, we we identified 13 phosphorylated residues in She2 in vivo, 

including S2, S29, T47, Y65, S91, S101, T109, T147, Y148, S155, S217, S224 and T235. Of 

which, S217, S224 and T235 are located at or near She2 NLS [371]. Although, we did not detect 

phosphorylation of T235 by CK2, it remains possible that phosphorylation of this site by another 

kinase could be necessary for She2 nuclear import.   

Importin-α Srp1 interacts with a non-canonical NLS at the C-terminus of She2 and this 

interaction is required for She2 nuclear import and its proper function [220]. In this study, She2 

WT and a monomeric mutant of She2 was used in a pull-down assay with Srp1. The addition of 

phosphatase before the pull-down assay disrupted completely the interaction between She2 and 

Srp1, while monomeric mutants of She2 showed a reduced interaction. In agreement with previous 

study, our data suggest that monomeric She2 interacts more strongly with Srp1 compared to the 

She2 tetramer. Previously, we determined that phosphorylation controls the oligomeric state of 

She2 and inhibit its oligomerization [371]. We propose that a fraction of She2 is phosphorylated 

in the cytoplasm, which inhibits the formation of She2 tetramers and favors the accumulation of 

She2 monomers. Phosphorylation may lead to a structural rearrangement of She2 that exposes other 

site(s), possibly on the dimerization or tetramerization interface, for subsequent modification. She2 

may undergo another phosphorylation, probably in the NLS domain to increase its capacity to bind 

the importin-α Srp1. Since direct interaction of Iks1 and She2 has been reported and this kinase is 
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a substrate for CK2, a cascade of kinases including Iks1 and CK2 may be involved in She2 

monomerization and nuclear import.  

In conclusion, our data show that phosphorylation of She2 is required for its interaction 

with Srp1. We identified two residues within the NLS of She2 that are phosphorylated by CK2. 

However, these phosphorylation events do not modify the capacity of She2 to bind Srp1. It is 

possible that phosphorylation at S217 and 224 is not sufficient to modulate She2-Srp1 interaction, 

and other residues within or adjacent to the NLS may also be involved. Further analysis of other 

phosphosites in She2 will be necessary to identify key phosphorylation events that modulate the 

nuclear import of this protein. 

3.6 MATERIAL AND METHODS 

3.6.1 Yeast strains and DNA manipulation 

Yeast growth was carried out at 30°C in yeast extract peptone dextrose (YPD) or synthetic 

selective medium [385]. Yeast transformation was performed using single strand nucleic acids 

carrier according to Gietz and Schiestl [386]. Gene disruption using PCR was carried out as 

explained previously [387]. PCR examination of genomic DNA validated all of the gene 

disruptions. Yeasts strains and plasmids used in this study are described in the Supplementary 

(Table 3-1 and 2), respectively.  The C-terminus of She2, containing amino acids 201 to 235, was 

cloned in the pGEX-6P1 plasmid.  

3.6.2 Protein Expression and purification  

Expression of recombinant GST-She2 was achieved in Escherichia coli BL21 cells 

transformed with the pGEX-6P1-She2 plasmid. Protein induction was conducted overnight at 25°C 

using 1 mM final concentration of Isopropyl beta-D-1-thiogalactopyranoside (IPTG) after cells had 

grown to the mid-log phase in Luria–Bertani (LB) medium. Cells were extracted and resuspended 

in Tris 50 mM pH 8, 5 mM EDTA, 1 M NaCl, complete protease inhibitor cocktail (Roche), 1 

mg/ml lysozyme, and RNase A at 15 ug/ml final concentration after centrifugation (15 000 g, 15 

min, 4°C). The lysate was sonicated after being incubated on ice for 30 minutes. Centrifugation 
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(16 000 g, 15 min, 4°C) separated the soluble proteins from pellet, and the supernatant was used 

for affinity chromatography with glutathione sepharose beads (GE healthcare). Beads were washed 

four times using wash buffer (Tris 50 mM pH 8, 5 mM EDTA, 1.5 M NaCl), and proteins were 

eluted from beads by using reduced glutathione (Sigma) at a final concentration of 10 mM in PBS. 

When necessary, the GST tag was cleaved by PreScission protease (GE healthcare). 

3.6.3 GST pull-down assay 

For the interactions between recombinant GST-Srp1 and endogenous She2-myc or She2-

M2-myc, 5 μg of recombinant GST-Srp1 was bound to glutathione-Sepharose 4B and incubated at 

18°C for 2.5 h with extract from yeasts expressing She2-myc or She2-M2-myc. For phosphatase 

treatment, yeast extracts were treated with 5 µl of alkaline phosphatase for 1 hr at 37°C prior pull-

down. The matrix was recovered by centrifugation and washed four times with 500 μl of binding 

buffer. The bound proteins were eluted with pre-heated SDS sample buffer (50 mM Tris-HCl, pH 

6.8, 2% SDS, 10% glycerol, 1% β-mercaptoethanol, 12.5 mM EDTA, and 0.02% bromophenol 

blue). Eluted proteins were analyzed by Western blot. 

3.6.4 In vitro phosphorylation of recombinant She2 

GST-tagged She2 WT, She2-M2, She2-T109A, She2-S117A S224A, She2-Cterminus or 

GST proteins were purified from E. coli using glutathione beads. The recombinant proteins (each 

4 μg/reaction) were incubated in kinase reaction buffer [50 mM Tris-HCl. pH7.5, 200 mM NaCl, 

10 mM MgCl2, 2 mM EDTA, 1 mM DTT, 100 μM ATP] with 100 U casein kinase II (P6010, New 

England Biolabs, Ipswich, MA, US) in the presence or absence of 100 μCi of [γ-32P] ATP for 

30 min at 30℃. The reaction was terminated by adding SDS sample loading buffer (50 mM Tris–

Cl. pH 6.8, 2% SDS, 10% glycerol, 0.2% bromophenol blue dye, 4% β-mercaptoethanol). After 

separation on SDS-PAGE, the gel was transferred into a PVDF membrane and visualized by direct 

exposure of the membrane to X-ray film. 
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3.6.5 Yeast two-hybrid assay 

Yeast two-hybrid assay was carried out as previously described [388]. Yeast strain pJ69-4A 

she2∆ was transformed with the plasmids pGADT7 expressing She2 WT or mutants, as well as 

pGBKT7 expressing suitable baits (Srp1 or She3 C-terminus). O-nitrophenyl-β-d-O-nitrophenyl-

d-galactopyranoside (ONPG) was used to assess β-galactosidase activity from at least three 

different yeast cultures, as described before [388]. β-Galactosidase activity is expressed as 

nmole/minute/mg protein. 

3.7 FIGURES LEGENDS 

Figure 3-1: She2 is phosphorylated by CK2 in vitro  

(A) Sequence of She2 with phosphorylated amino acids identified by LC-MS/MS colored in red. 

Amino acids in the dimerization interface of She2 are underlined. Amino acids in the dimer-dimer 

interface of She2 are in bold. Amino acid in blue are phosphosites identified in previous studies. 

(B) In vitro phosphorylation of recombinant wild-type GST-She2 (WT) or GST-She2 M2 mutant 

(M2) by CK2. Arrowhead: phosphorylated full-length GST-She2; *: phosphorylated truncated 

She2 fragments  

Figure 3-2: Mutations at Ser217 and Ser224 suppress the phosphorylation of She2 by CK2 in 

vitro 

(A) In vitro phosphorylation of recombinant wild-type GST-She2 (WT), GST-She2 T109A mutant 

(T109A) or GST-She2 S217A S224A mutant (S217A S224A) by CK2. (B) In vitro 

phosphorylation of recombinant wild-type GST-She2 C-terminus (WT), GST-She2 C-terminus 

S217A S224A mutant (2A) or GST alone by CK2. Arrowhead: phosphorylated full-length GST-

She2; *: phosphorylated truncated She2 fragments 

 

 



 

111  

Figure 3-3: Interaction between She2 and Srp1 depends on She2 phosphorylation 

(A) GST pulldown assay to detect the interaction between Srp1 and She2-myc or She2-M2-myc 

from yeast extracts. Input: total She2-myc or She2-M2-myc in yeast extracts; GST-Srp1: She2 

from yeast extracts interacting with GST-Srp1; GST-Srp1+ Phos: She2 from yeast extracts pre-

treated with phosphatase interacting with GST-Srp1. (B) Zoomed view on the 3D structure of She2 

C-terminal helix with highlighted amino acids S217 (green) and S224 (red). (C) Yeast two-hybrid 

assay using pGBK-Srp1 and pGAD-She2-M2 with mutations S217A S224A (M2-2A) or S217D 

S224D (M2-2D). Interaction between Srp1 and She2 was determined by measuring β-galactosidase 

activity. pGAD: plasmid expressing Gal4 activation domain only. N=4. ns: non-significant. 

Figure 3-4: Mutations at S217 and S224 of She2 NLS do not impact its interaction with Srp1 

(A) Mapping the minimal NLS of She2 required for its interaction with Srp1. Sequence alignment 

of a 30 amino acid peptide containing the NLS of She2 in various fungi. Deletion fragments of 

NLS: fragment ∆1, fragment ∆2, fragment ∆3.  (B) Yeast two-hybrid assay between Srp1 and She2 

minimal NLS or NLS fragments ∆1, ∆2 or ∆3. Interaction between Srp1 and She2 NLS was 

determined by measuring β-galactosidase activity. pGAD: plasmid expressing Gal4 activation 

domain only. (C) Yeast two-hybrid assay between Srp1 and She2 minimal NLS or NLS with 

mutations S217A S224A (NLS-2A) or S217D S224D (NLS-2D). Interaction between Srp1 and 

She2 NLS was determined by measuring β-galactosidase activity. pGAD: plasmid expressing Gal4 

activation domain only. N=3. ns: non-significant.  

Figure 3-5: Mutations at S217 and S224 on She2 do not affect its interaction with She3 

Yeast two-hybrid assay between She3 C-terminal domain and She2 wild-type (WT) or with 

mutations S217A S224A (2A) or S217D S224D (2D). Interaction between She3 and She2 was 

determined by measuring β-galactosidase activity. pGAD: plasmid expressing Gal4 activation 

domain only. N=4. ns: non-significant. 
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FIGURE 3-1 SHE2 IS PHOSPHORYLATED BY CK2 IN VITRO 
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FIGURE 3-2 MUTATIONS AT SER217 AND SER224 SUPPRESS THE PHOSPHORYLATION 
OF SHE2 BY CK2 IN VITRO 
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FIGURE 3-3 INTERACTION BETWEEN SHE2 AND SRP1 DEPENDS ON SHE2 
PHOSPHORYLATION 
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FIGURE 3-4 MUTATIONS AT S217 AND S224 OF SHE2 NLS DO NOT IMPACT ITS 
INTERACTION WITH SRP1 
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FIGURE 3-5 MUTATIONS AT S217 AND S224 ON SHE2 DO NOT AFFECT ITS 

INTERACTION WITH SHE3 
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3.8 SUPPLEMENTARY DATA 

TABLE 3-1 PLASMIDS USED IN THIS STUDY 

Plasmid Features Source 

pGEX-6P1 Vector for the expression of GST fused 

proteinswith PreScission cleavage site 

GE healthcare 

 

pGEX-6P1-SHE2 Vector for expression of She2-GST 
 

 

Shen Z, 2010 

pGEX-SHE2-M2 pGEX-6P1 vector for expression of GST-
She2 mutant M2 

 

Shen Z, 2010 

pGEX-SRP1 pGEX-6P1 vector for expression of GST-

Srp1 

Shen Z, 2010 

YCPlac22 Single copy yeast vector with TRP1 

selectable marker 

Gietz, 1988 

YCP22-SHE2MYC Expresses SHE2-6xMYC from endogenous 

promoter 

Long et al., 2000 

YCP22-SHE2-MYC 

T109A 

Expresses SHE2-T109A-MYC from 

endogenous promoter 

This study 
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YCP22-SHE2-MYC 

T109D 

Expresses SHE2-T109D-MYC from 

endogenous promoter 

This study 

YCP22-SHE2-MYC 

S217A 

Expresses SHE2-S101A-MYC from 

endogenous promoter 

This study 

YCP22-SHE2-MYC 

S217D 

Expresses SHE2-S217D-MYC from 

endogenous promoter 

This study 

YCP22-SHE2-MYC 

S224A 

Expresses SHE2-S224A-MYC from 

endogenous promoter 

This study 

YCP22-SHE2-MYC 

S224D 

Expresses SHE2-S224D-MYC from 

endogenous promoter 

This study 

YCP22-SHE2-MYC 

S101A T109A 

Expresses SHE2-S101A T109A-MYC from 

endogenous promoter 

This study 

YCP22-SHE2-MYC 

S217A S224A 

Expresses SHE2-S217A S224A-MYC from 

endogenous promoter 

This study 

YCP22-SHE2-MYC 

S217D S224D 

Expresses SHE2-S217D S224D-MYC from 

endogenous promoter 

This study 

pNIA Yeast 2μ, TPR1 vector expressing mLexA-

Gal4 AD fusion protein 

(Rhee et al. 2000) 

pNIAVirE2 Yeast 2μ, TPR1 vector expressing mLexA-
Gal4 AD-VirE2 fusion protein 

 

(Rhee et al. 2000) 
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pGADT7 Yeast two-hybrid vector expressing protein 

fused to the Gal4 activation domain 

Clontech 

pGBKT7 Yeast two-hybrid vector expressing protein 

fused to the Gal4 binding domain 

Clontech 

pGADT7-She2 plasmid for expression of She2-Gal4AD Shen et al., 2009 

pGBKT7-She2 plasmid for expression of She2-Gal4BD This study 

pGBKT7-Srp1 plasmid for expression of Srp1-Gal4BD This study 

pGBKT7-She3-CT plasmid for expression of She3-CT-Gal4BD This study 
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TABLE 3-2 STRAINS USED IN THIS STUDY 

Strain Genotype Source 

K699 MATa ade2-1 trp1-1 can1-100 leu2-3,112 his3-11,15 ura3-1 Jansen 

et al., 

1996 

K699 she2 K699 she2::KAN Shen et 

al., 

2009 

K5547 Matα, his3, leu2, ade2, trp1, ura3, HO-ADE2, HO-CAN1, 

she2::URA3 

R-P 

Jansen 

lab 

YS1052 MATa ade2-1 trp1-1 can1-100 leu2-3,112 his3-11,15 ura3 cdc28-

as1 

S. 

Michni

ck lab 

YS1052 GST-SHE2 MATa ade2-1 trp1-1 can1-100 leu2-3,112 his3-11,15 ura3 cdc28-

as1 GAL1prom-GST-SHE2::KAN 

This 

study 

pJ69-4A MATa trp1-901 leu2-3,112 ura3-52 his3-200 gal4∆ gal80∆ 

LYS2::GAL1-HIS3 GAL2-ADE2 met2::GAL7-lacZ 

S. Field 

lab 

YBZ1 

 

MATa, ura3-52, leu2-3,112, his3-200, trp1-1, 

ade2,LYS2:(LexAop)-lacZ, LexA-MS2-MS2 coat (N55K) 

(Hook 

et al. 

2005) 
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4 Discussion 

 
4.1 Mapping She2 phosphorylation sites reveals phosphorylation events that regulate mRNA 

localization. 

Although mRNA localization is a widespread phenomenon, it is still being determined how 

the mRNA localization machinery is regulated. In budding yeast, She2 is the main RNA-binding 

protein involved in assembling the mRNA locasome, which targets the bud of daughter cells [220]. 

According to previous structural studies, She2 forms a tetramer with two dimers in a head-to-head 

conformation required for RNA binding and activity of this protein [167]. The N-terminus of each 

subunit in the tetrameric state points to the poles of the elongated structure, while the C-terminus 

points to the waist, where the two opposing dimers meet [193]. She2 oligomerization is required 

for its interaction with Loc1 and She3, which assist in stabilizing the RNA-protein complex in the 

nucleus and cytoplasm, respectively [151, 166]. How the She2 function is regulated and how it 

impacts mRNA localization remains mostly unknown. 

In this thesis, we report that She2 is a phosphoprotein in vivo. Using a phosphoproteomics 

approach, we identified novel She2 phosphorylated residues, including 13 phosphorylated amino 

acids: S2, S29, T47, Y65, S91, S101, T109, T147, Y148, S155, S217, S224 and T235. All of these 

residues, except for T147, Y148, and S155, are present at the surface of She2 and are solvent-

accessible in the properly folded monomeric protein. Five of these phosphosites are found at the 

dimerization or tetramerization interfaces of She2: Y65, S91, S101, and T109 are at the interface 

between two She2 monomers, while T47 is at the interface between two She2 dimers. Studies 

showed that phosphorylation at a protein‐protein interface could result in steric or electrostatic 

clashes predicted to disrupt interaction and potentially play key regulatory roles [332]. Our results 

show that T109 is a novel and the most abundant phosphosite in She2. A phosphomimetic mutant 

at T109 inhibits She2-She2 interaction and decreases She2 association with its co-interactors Srp1, 

She3, and ASH1 mRNA. 
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4.2 Functional significance of She2 oligomeric structure 

She2 is a homo-oligomeric complex which exists in equilibrium between dimers and 

tetramers or higher order complex in physiological conditions [154, 389]. The advantages of homo-

oligomeric complexes over monomer proteins include increased function diversification, allosteric 

modulation, resistance to denaturation, and the ability to build oligomers without increasing genome 

size [390]. In certain instances, phosphorylation may affect transitions between various oligomeric 

states in homo-oligomers. This might be a key mechanism for controlling the activity of these 

proteins [391-393]. In this case, phosphosites tend to be located at binding interfaces in protein 

complexes, and reversible phosphorylation events may regulate the reversible transitions between 

different oligomeric states in the homo-oligomeric complexes. Substitution of residues located at 

the interaction interfaces by other amino acids (for example, Ala) can result in significant 

differences in binding energy and, consequently, in the complex’s destabilization [394].  

In our study, we found residues Y65, S91, S101 and T109, located at the interface between 

two She2 monomers, and T47, which is at the interface between two She2 dimers, can be 

phosphorylated in vivo. Phosphorylation of these residues might promote a transition from tetramer 

to dimer or monomer. All these residues are located at the surface of She2 and are solvent-

accessible in the properly folded monomeric protein (Figure 4-1). The She2 protein, in its 

tetrameric state, has a significantly smaller buried surface interface than the monomer–monomer 

interface, implying that She2 tetramers potentially disassemble more easily into dimers than She2 

dimers into monomers [389]. She2 dimers may require post-translational modification, such as 

phosphorylation, to change local configuration and be able to favour the monomeric state. Indeed, 

our data show that the phosphomimetic T109D mutation inhibits She2 oligomerization and its 

interaction with She3 and ASH1 mRNA. A phosphomimetic mutation at S101 also disrupts the 

function of She2, suggesting that phosphorylation at this residue may impede She2 dimerization.  

Phosphorylation has been seen predominantly in flexible, disordered and accessible protein 

regions [395, 396]. However, phosphorylation at a helix's interior or the C-terminal position may 

disrupt the helical structure [397]. Several phosphorylated residues in She2 are present within α-

helices (Figure 4-1), including S29, Y65, S101, T109, T147, Y148, S217 and S224. She2 
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expression levels are reduced twofold in the T109D mutant. The position of T109 within the helix 

may explain its significant impact on She2 function, most likely by destabilizing this protein and 

decreasing its capacity to promote mRNA localization. Phosphomimetic mutations at S101 and 

T47 do not have the same impact on the stability of She2. On the other hand, phosphomimetic or 

phospho-null mutations at phosphosites such as Y65, Y148, S217 and S224  did not affect the 

capacity of She2 to promote Ash1 asymmetric localization. However, we cannot rule out the 

possibility that these phosphosites are engaged in other regulatory functions and do not directly 

impact mRNA localization.  

 

 

 

 

 

 

 

 

 

FIGURE 4-1 SHE2 SECONDARY STRUCTURE AND RELATIVE SOLVENT ACCESSIBILITY 
(CHAIN A) 

The location of phosphorylated amino acids identified by LC-MS/MS in this study is 

highlighted in red. She2 secondary structure was visualized with POLYVIEW-2D software using 

the SABLE prediction structure [398].  

 

Oligomeric proteins degrade at a slower pace than monomeric proteins, and 

oligomerization hampers degradation [399]. This impact appears to be mediated, at least partially, 

by burying ubiquitination sites and internal disordered segments, which would allow the protein to 

escape from proteasomal detection and engagement [400]. Phosphorylation of She2 at T109 may 



 

125  

lead to the exposure of ubiquitination sites or disordered segments and affect protein degradation 

rates (Figure 4-3) [399].  

A phosphosite at S166, also located at the dimerization interface between two She2 

monomers, was previously found in a whole-yeast proteome phosphoproteomics study, indicating 

phosphorylation of this residue may also play a role in regulating She2 oligomerization and its 

function in mRNA localization [335]. We also identified phosphorylation sites at T235 and T47, 

with T47 at the interface of interaction between two She2 dimers (Figure 4-3). A previous 

mutagenesis study revealed that mutation of T235 to tyrosine does not affect the ability of She2 to 

bind RNA. Interestingly, the T47 mutation to tyrosine resulted in decreased RNA binding, 

suggesting that phosphorylation may interfere with She2 tetramerization and its RNA binding 

activity [154]. Indeed, the tetrameric structure of She2 is essential for binding to the ASH1 mRNA 

[167].  

She2 is not only an RNA-binding protein, but it also binds to ER-derived membranes [401]. 

She2 does not contain any known membrane-binding domain. Therefore, the association of She2 

with ER is less likely to be dependent on phosphorylation. Importantly, the association of She2 to 

the ER membrane depends on its oligomerization but not its RNA-binding activity. The fraction of 

She2 that comigrates with the ER in sucrose gradients is reduced in a mutant carrying the L130Y 

or S120Y mutations, which impair the tetramerization of She2 [401]. She2 tetramerization seems 

to affect the capacity of She2 to bind membranes, probably by broadening the interaction interface 

of She2 with components of the cytoplasmic ER membrane [401]. Since some of the She2 

phosphosites, including S91, S101, T109 and T47, are located at the interfaces between two 

monomers or dimers, it is probable that phosphorylation may also regulate She2-ER association.  

4.3 Possible cross-talk between different protein PTMs in mRNA localization   

The presence of one post-translational modification can influence the appearance of others. 

For instance, phosphorylation can promote subsequent ubiquitylation in one substrate, in which 

phosphorylation more frequently precedes ubiquitylation [402]. Moreover, ubiquitination can also 

turn on/off the kinase activity on a protein. The coordinated targeting of a substrate by several 

https://en.wikipedia.org/wiki/Kinase
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modification types is likely best demonstrated by phosphodegrons, in which one or more 

phosphorylation site(s) function in-cis to promote subsequent ubiquitylation of a substrate. She2 

was found to be ubiquitylated in a large-scale proteomic study, with a ubiquitination site mapped 

at the N-terminus M1SKDKDIK8 peptide [245]. Also, the ubiquitination of She2 is regulated by 

Cdc48 and its UBX domain adaptors, which may be linked to ER-associated degradation [403]. In 

this thesis, we found that the T109D mutant causes a two-fold reduction in She2 expression. 

Because She2 ubiquitination regulates its expression level, it is possible that T109 phosphorylation 

may cause protein instability and degradation via ubiquitination. In addition, S91 is another 

phosphosite that was discovered in our study and is located at the She2 dimerization interface. This 

residue is in a potential PEST motif (K82NELDPEADSFDK94) predicted using ePESTfind [404]. 

Future investigations will be needed to shed light on the link between She2 phosphorylation and 

its ubiquitination.  

Post-translational modifications control She2 and other members of the mRNA localization 

machinery in budding yeast. Phosphorylation of She3 at S343, S348 and S361 inhibits its ability 

to bind RNA while maintaining its interaction with She2 and Myo4 [241]. The stress response, 

including osmotic stress and exposure to the reducing chemical dithiothreitol (DTT), has been 

connected to these phosphorylation events [333]. This shows that She3 phosphorylation may play 

a role in the stress-induced regulation of the mRNA localization pathway. Additionally, the She 

complex targets are species-specific. Since Candida albicans lack a She2 orthologue, it is possible 

that She3 is directly interacting with the mRNA-protein complex or that this interaction is 

maintained by an unidentified RNA-binding protein. C. albicans contains two orthologues of SHE3 

[405], one of which is necessary for hyphal development and for the transport of ASH1 and other 

mRNAs to the hyphal tip [135]. The CHT2 mRNA and other cell wall-encoding mRNAs are among 

the targets of the She machinery in C. albicans, and the She complex is necessary for chitin 

remodelling in response to low pH [406]. Consequently, the She complex is necessary for correct 

cell wall biosynthesis in response to environmental stress.  
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4.4 Prediction of potential kinases involved in She2 phosphorylation  

More than 129 Ser/Thr protein kinases expressed in Saccharomyces cerevisiae have been 

categorized into seven groups [407]. The majority of human protein kinases, such as protein kinase 

A (PKA), protein kinase C (PKC), Akt (PKB), calcium/calmodulin-dependent kinase type II 

(CaMK2), 5'-AMP-activated kinase (AMPK), cyclin-dependent kinases (CDKs), mitogen-

activated protein kinases (MAPKs), casein kinase II (CK2), with the exception of protein tyrosine 

kinases, have yeast orthologues [408]. Tyrosine can be phosphorylated by yeast dual-function 

kinases, usually simultaneously with serine/threonine residues, such as kinases involved in MAPK 

pathways and the protein kinase Swe1 [409]. Saccharomyces cerevisiae possesses five MAPK 

pathways, which are mediated by Fus3 and Kss1, Hog1, Slt2 (also named Mpk1), and the non-

conventional Smk1 MAPK [410, 411]. In our first manuscript, we identified 13 phosphorylated 

residues in She2: S2, S29, T47, Y65, S91, S101, T109, T147, Y148, S155, S217, S224 and T235 

from three independent mass spectrometry analyses. We also showed that She2 is phosphorylated 

by CK2 at S217 and S224 in vitro. However, the kinases that are responsible for the 

phosphorylation of the other residues are still unknown. Identifying these kinases will allow us to 

better understand the function of phosphorylation events that regulate the function of She2.   

To determine which kinase could phosphorylate She2 phosphosites, we used the NetPhosK 

and KinasePhos prediction tools [412]. One of the phosphorylated residues identified in our study 

is T109, which disrupts She2 dimerization and regulates mRNA localization. An analysis of the 

amino acid sequence surrounding T109 revealed that this phosphosite is present within the 

sequence E108TFD111, which shows similarities to the consensus CK2 site: D/E/X-Sp/Tp-D/E/X-

D/E/X-D/E-D/E/X (where X is any non-basic amino acid). Interestingly, the NetPhosYeast 

software predicts that T109 could be phosphorylated by CK2 (Figure 4-2). NetPhosYeast also 

predicts that S91 is a target of CK2 (Figure 4-2). To determine if T109 is a putative residue 

phosphorylated by CK2, we carried out an in vitro phosphorylation assay with purified GST-tagged 

She2 containing an alanine mutation at position T109 in order to abolish its phosphorylation. 

Surprisingly, the T109A mutation did not abolish the phosphorylation of She2 by CK2. We showed 

in this work that other She2 phosphosites, namely S217 and S224, are phosphorylated by CK2 in 

vitro. Both phosphorylation sites have been identified in our phosphoproteomic analysis, and while 
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NetPhosYeast predicted these phosphosites with high probability, it did not assign CK2 as their 

potential kinase.  

 

FIGURE 4-2 NETPHOS SERVER OUTPUT FOR SHE2 PHOSPHORYLATION SITES AND 
THEIR PUTATIVE KINASES 

We also found that T47 is phosphorylated in She2, where a phosphomimetic mutation at 

this residue interferes with the asymmetric accumulation of Ash1. T47 is present within a putative 

protein kinase C (Pkc1) consensus sequence that contains positively charged arginine residues 
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adjacent to the site of phosphorylation (RXXS/T, where X indicates any amino acid). She2 is also 

phosphorylated at T235, which is not found in a Pkc1 consensus motif but is predicted to be 

phosphorylated by this kinase. In budding yeast, the Pkc1 kinase plays a key role in the highly-

conserved cell wall integrity signalling pathway, which regulates functions essential for growth 

and the integrity of proliferating cells [413]. Pkc1 kinase regulates a MAPK pathway in response 

to cell wall stress, which is triggered by five plasma membrane proteins that act as sensors to 

activate the cell wall integrity pathway, including Wsc1, Wsc2, Wsc3, Mid2, and Mtl1 [414]. 

Interestingly, MID2 and WSC2 mRNAs interact with She2 [3]. Furthermore, Puf6 interacts with 

several transcripts of the cell wall integrity pathway, and its co-transcriptional recruitment to these 

mRNAs depends on She2 [259]. Altogether, that could point toward additional roles for She2 in 

the cell wall integrity pathway.  

In addition, we identified S2 as a phosphorylated amino acid in She2. Intriguingly, the 

NetPhosYeast software predicts that S2 could be phosphorylated by Casein kinase I (CK1). 

Furthermore, She3 was predicted to be phosphorylated by CK1 on both S199 and S202. Mutation 

on S199 and S202 increases She3 stability and its interaction with the E3 ubiquitin ligase F-box 

protein Grr1, which promotes She3 degradation [415]. It is possible that phosphorylation of S2 on 

She2 may play the same role as in She3 since the She2 ubiquitination site mapped to the 

M1SKDKDIK8 peptide that contains the S2 phosphosite. Three protein kinases involved in the 

DNA repair pathway, including DNAPK, ATM and PKA, were predicted to phosphorylate S155 

on She2.  

Interestingly, She2 was found to interact with the putative serine/threonine kinases Kkq8 

and Iks1 in a large-scale protein microarray analysis [377]. Iks1 not only physically interacts with 

She2 but also genetically interacts with this protein [416], suggesting that Iks1 may be a strong 

candidate kinase that could phosphorylate She2 [416]. Iks1 expression is increased in response to 

mild heat, copper sulphate and sorbate stress, but its function and specificity remain unknown [378-

380]. Although the function of Kkq8 is not known yet, it may be implicated in the cellular response 

to heat due to its interaction with two heat shock transcription factors [382]. 
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4.5 Coupling She2 oligomerization and its nuclear import 

She2 has been reported to shuttle actively between the cytoplasm and the nucleus. A non-

canonical nuclear localization signal (NLS) promotes its active nuclear import via a direct 

interaction with the importin-α Srp1 [220]. In this work, we observed that phosphorylation is 

required for the interaction of She2 with the importin-α Srp1 since treatment of yeast extract with 

phosphatase inhibits the pull-down of She2-myc by GST-Srp1. We show that the NLS region of 

She2 is phosphorylated by CK2 at S217 and S224 in vitro. Still, She2 phosphorylation at S217 and 

S224 did not affect the binding of She2 with the importin-α Srp1 or with She3, suggesting 

phosphorylation of She2 at S217 and S224 may be implicated in another role of She2, such as RNA 

binding or association with membranes. Although our data do not support a role for S217 and S224 

in modulating the interaction with Srp1 [372], it remains possible that other phosphosites in She2, 

such as T235, which is located at the She2 NLS, may also play a role in this interaction (Figure 

4-3). 

Since monomeric She2 interacts better with Srp1 than the She2 dimer [220], this raises the 

possibility that phosphorylation may play a key role in the modulation of She2 nuclear import by 

regulating the oligomeric state of the protein. Therefore, it is possible that phosphorylation at S91, 

Y65, S101 or T47, which disrupt the She2 dimer or tetramer, may be implicated in promoting the 

interaction with Srp1 and She2 nuclear import. On the other hand, we observed that a 

phosphomimetic mutation at T109 decreases the interaction between She2 and Srp1, probably by 

destabilizing the She2 protein. We speculate that the She2 nuclear localization signal (NLS) may 

be less accessible in the She2 tetramer, while in the monomeric state, the NLS of She2 is 

conformationally more accessible to interact with Srp1 (Figure 4-3). This model also fits with our 

observation that S217 and S224 in the NLS of the She2 monomer are more accessible for CK2 

phosphorylation in vitro compared to the NLS of the wild-type She2 protein. Our data suggest that 

the transition of She2 tetramer to monomer is essential to increase the accessibility of the NLS 

prior to Srp1 binding and CK2 phosphorylation.  

One example of coupling between phosphorylation and nuclear import is the 

phosphorylation of the histone chaperone Nap1 by CK2, which mediates its nuclear import in an 

NLS-dependent manner. The mechanism by which CK2 phosphorylation promotes the nuclear 

import of Nap1 is not clear yet since phosphorylation does not affect the interaction of Nap1 and 
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its known karyopherin Kap114 [383]. Interestingly, Nap1 has been found in two major states: dimer 

and octamer. The Nap1 oligomer was identified in the nucleus and, phosphorylation was suggested 

to regulate its dimer/octamer equilibrium and nuclear import [384]. How the non-canonical NLS of 

She2 is recognized by Srp1 remains unclear. An alignment of amino acids 200-230 of the She2 

NLS from ten Saccharomyces sensu stricto species identified 6 highly conserved amino acids, 

including only one lysine at position 222. Previous research found that mutations at K222 and its 

adjacent amino acids (W215, I219, L220, and L223) disrupt the interaction between She2 and Srp1 

[220]. We sought to determine whether other highly conserved amino acids within the NLS, such 

as P201, V202, and E207, are required for the interaction with Srp1. We found that a minimal NLS of 

She2 must include these three amino acids, which suggests that all three conserved amino acids 

may be required for the interaction with Srp1.   

Additional work will be needed in order to understand the role of She2 phosphorylation by 

CK2. As we showed that phosphorylation is required for She2-Srp1 interaction, it will be 

interesting to elucidate the role of CK2 phosphorylation in the regulation of She2 nuclear import 

by treating yeast extract with CK2 kinase inhibitor (CX-4945) prior to pull-down of She2 with 

GST-Srp1. Additionally, it will be useful to examine the interaction between She2 and Srp1 in 

cka2ts cells at non-permissive temperatures. 

 

4.6 Limitations of the approaches for mapping and analyzing phosphorylation sites 

The most frequent post-translational modification that occurs within proteins is 

phosphorylation. Phosphorylation is involved in the regulation of most of the major functions that 

occur within eukaryotic organisms and governs a variety of physiological functions, including gene 

expression and metabolism [417]. However, only around 5% of the thousands of newly found 

phosphosites in yeast have been functionally annotated [418]. Recent studies determined that more 

than 75% of yeast proteins are phosphorylated [419]. Although protein phosphorylation has been 

investigated for decades, the identification and validation of phosphorylation sites within proteins 

and their related function is historically a challenge. In this study, we used three LC/MS-MS 

analyses to identify novel phosphopeptides in She2, with a peptide coverage at 76%, 86% and 99%, 

respectively. While we performed three independent LC/MS-MS analyses to provide more reliable 
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phosphopeptide detection, we used a single sequence-specific protease (trypsin) for each analysis. 

This may affect the overall sequence coverage because not every phosphorylated residue is located 

in areas that will produce MS-friendly peptides after being digested by a single protease [420]. 

On the other hand, the stoichiometry of the phosphorylation site, also known as its 

occupancy, cannot be determined by means of standard mass spectrometry. This is due to the fact 

that phosphorylated and unphosphorylated peptides act differently during mass spectrometry 

because they are chemically distinct. Therefore, comparing the ratios of phosphorylated and 

unphosphorylated peptides does not provide enough data to determine the stoichiometry of 

phosphorylation [421].  

We analyzed the sites identified by mass spectrometry and generated phosphomimetic 

mutations to determine their biological significance and to study the constitutively phosphorylated 

state. In this method, serine or threonine are mutated to aspartic acid residues. This approach has 

its drawback. While the Asp carboxylate might roughly reflect a single negative charge linked to 

phosphate-mediated electrostatic effects, the carboxylate moiety possesses only one negative charge 

that does not fully match the dianionic phosphate monoesters of a phosphorylated residue at 

physiological pH. Additionally, phospho-Ser and phospho-Thr have distinct geometries and are 

larger than Asp residue, which is critical, especially in mediating adaptor interactions [422]. As a 

result of these limitations, the behaviour of some phosphomimetic mutations may be difficult to 

comprehend. A combination of in vivo and in vitro research may be required to confirm the role of 

phosphorylation in order to overcome this limitation. 
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      FIGURE 4-3 THE PHOSPHORYLATION OF SHE2 AFFECTS ITS FUNCTION BY 
CONTROLLING ITS OLIGOMERIZATION STATE. 
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4.7 CONCLUSION 

 
1) We report that the RNA-binding protein She2 is phosphorylated in vivo and identified 13 novel 

phosphorylated residues in this protein. Although a prior study indicated that She2 is a 

phosphoprotein, no experimental support was provided. Moreover, with the exception of one 

study, no phosphopeptides from this protein have been detected in global phosphoproteomics 

investigations in yeast. 

 
2) Phosphorylation state of She2 was investigated using two distinct assays. First, we demonstrate 

that a fraction of She2 is phosphorylated in vivo and can be isolated using a phosphoprotein 

enrichment column in combination with phosphatase treatment. Second, we purified a GST-

tagged version of She2 from yeasts, which was then analyzed using LC/MS-MS to identify 

phosphopeptides. 

 

3) In the present study, our attention was mainly focused on phospho-Thr109 and phospho-S217 

and S224. Threonine 109 is a major phosphosite in She2, and its phosphorylation disrupts She2 

oligomerization, interaction with She3 and binding to ASH1 mRNA. S217 and S224 are located 

in the NLS in the C-terminal domain of She2. Although casein kinase CK2 phosphorylates 

She2 at S217 and S224, these phosphorylation events do not affect She2 interaction with Srp1 

or the adaptor protein She3. Identifying the specific role of She2 phosphorylation at S217 and 

S224 would be an interesting future study. 

4) Our results suggest that phosphorylation of She2 is required for its interaction with the 

importin-α Srp1. Treatment of yeast extracts with phosphatase prior to the GST-Srp1 pull-down 

shows that She2-myc interaction with Srp1 is eliminated in such conditions, while She2-M2-

myc interaction with Srp1 is only reduced.  
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5)  We identified a minimal She2 NLS required for interaction with Srp1. A 30 amino acids peptide 

NLS is the minimal size required for interaction with Srp1. This peptide includes highly 

conserved amino acids within the NLS, such as P201, V202, and E207.              

    

6) In the future, it will be interesting to investigate the kinase (s) that phosphorylate T109 and also 

to identify clearly the biological function of phosphorylation at S217 and S224 in She2. As 

She2 plays a key role in mRNA localization in yeast, the present study will help us better 

understand how mRNA localization machinery are regulated in yeast and other organisms. 
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