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ABSTRACT 

 

 In eukaryotes, the regulation of mRNA translation and decay provides a 

mechanism which can be finely tuned to control gene expression. This ability to control 

the life cycle of an mRNA begins with the control of mRNA export from the nucleus and 

extends to the processes which regulate the degradation of the message. In my work, 

summarized below, I describe how some of the proteins involved in cytoplasmic decay 

regulate many aspects of the control of mRNA and also describe a novel regulatory 

mechanism involving the relocation of cytoplasmic mRNA back into the nucleus of the 

cell. 

 Firstly, I have identified that the protein Pat1, which has been shown to be critical 

for translational repression and activation of decapping, consists of essentially 3 major 

domains. By means of a deletional functional analysis, I show that two of these domains 

are the primary functional domains responsible for all of the currently ascribed function 

of Pat1. One domain promotes translational repression and P-body assembly, while the 

second domain promotes mRNA decapping after assembly of the mRNA into a P-body 

mRNP. Along with the first evidence that Pat1 binds to RNA, we also determine 

numerous domain-specific interactions with mRNA decapping factors. 

 In eukaryotic cells mRNAs are produced in the nucleus followed by what is 

thought to be unidirectional export to the cytoplasm.  In the cytosol, mRNAs either 

associate with ribosomes for translation or can be found in cytoplasmic RNP granules, 

termed P-bodies, when they are translationally repressed.  I have now demonstrated that 
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yeast mRNAs can be re-imported into the nucleus.  Import of mRNAs into the nucleus is 

in competition with translation and increased in strains lacking specific components of 

cytoplasmic processing bodies, which also exhibit nuclear-cytoplasmic shuttling.  This 

indicates that one function of cytoplasmic granules is to limit the import of cytoplasmic 

mRNAs back into the nucleus.   These results demonstrate a novel pathway for mRNA 

import into the nucleus and suggest distinct pathways of mRNA export of nascent 

mRNAs and imported mRNAs.    
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CHAPTER 1: INTRODUCTION 

EXPLANATION OF THE PROBLEM AND ITS CONTEXT 

 

A critical aspect to the regulation of gene expression is the control of mRNA 

translation and turnover. The current dogma suggests that mRNAs spend time in different 

compartments of the cell. They are firstly transcribed in the nucleus, exported out into the 

cytoplasm where they are translated and ultimately undergo degradation. At least three 

compartments have been shown to exist in the cytoplasm of the cell where mRNA can 

accumulate, namely the polysome pool, P-bodies and stress granules (Anderson and 

Kedersha, 2006; Parker and Sheth, 2007). While the existence of mRNA in some of these 

compartments is mutually exclusive, namely polysomes and P-bodies, some, such as P-

bodies and stress granules, show tangible overlap (Anderson and Kedersha, 2006; Coller 

and Parker, 2005).  

 In the context of post-transcriptional regulation, the control of mRNA translation 

and degradation appears to be mechanistically intertwined. Evidence exists that once the 

mRNA is directed toward a translationally repressed state it associates with mRNA decay 

factors in the P-body cytoplasmic foci (Anderson and Kedersha, 2006; Coller and Parker, 

2005; Cougot et al., 2004; Sheth and Parker, 2003). mRNA that is resident within the P-

body exists in a translationally repressed state and its fate is either that of decapping and 

decay or it can remain in a translationally quiescent stored state (Brengues et al., 2005; 

Coller and Parker, 2005; Texeira and Parker, 2005.)  
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Here I describe the involvement of the cytoplasmic decay protein Pat1 in multiple 

stages of the regulation of mRNA. I show that Pat1 is a multi-domain protein, with two 

important functional domains, one of which promotes translational repression and P-body 

assembly, and a second which activates mRNA decapping (Pilkington and Parker, 2008). 

In the context of mRNA regulation I also describe a novel mechanism whereby a number 

of the cytoplasmic P-body proteins involved in mRNA degradation re-import into the 

nucleus. Alongside this re-import of P-body proteins I also describe the novel mechanism 

of the re-import of mRNA back into the nucleus. My evidence indicates that the re-

import of mRNA into the nucleus is in competition with P-bodies as well as with 

translation, and might suggest one functional role for the cytoplasmic granules is to 

prevent the re-import of mRNA into the nucleus. I also show evidence that the re-export 

of the mRNA from the nucleus is dependent on the P-body protein Pat1. These results 

demonstrate a novel pathway for mRNA import into the nucleus and suggest distinct 

pathways of mRNA export of newly transcribed mRNAs and imported mRNAs. 
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A REVIEW OF LITERATURE 

NUCLEAR EXPORT AND IMPORT IN EUKARYOTES 

Since the nuclear envelope is a barrier for the passive diffusion of all macromolecules 

into the cytoplasm, the control of egress through the nuclear pore complex (NPC) has 

evolved to be finely regulated. The translocation through the NPC is driven by the 

interactions of many receptor proteins, which bridge the interaction between the cargo 

being exported/imported and the proteins which make up the nuclear pore complex. The 

interaction of these exportins and importins is in turn regulated by the guanine 

nucleotide-bound state of the small Ran GTP molecule, which promotes association and 

dissociation of the cargo with the receptor. Recently new evidence has emerged that the 

movement of some types of RNA is not unidirectional out of the nucleus, but exhibits 

retrograde movement back into the nucleus, possibly as a novel quality control 

mechanism. This quality control is required to ensure the fidelity of both the splicing 

machinery and the process of translation. In fact the control of translation by sequestering 

critical translation factors or mRNA itself is a theme that is repeated through many 

compartments of the cell. P-bodies are such sites of translational control and they have 

been shown to sequester translationally inert mRNA, until such time as the mRNA is 

either degraded or it re-enters translation. We also provide unique evidence for a novel 

mode of post-transcriptional regulation, whereby mRNA is translocated back into the 

nucleus in a manner that is dependent on cytoplasmic decay proteins. 
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MOVEMENT OF MACROMOLECULES THROUGH THE NUCLEAR PORE 

One critical feature separating eukaryotic cells from prokaryotic cells is the 

presence of a distinct intracellular compartmentalization, most prominently exemplified 

by the presence of a nucleus, in eukaryotes, the separation of nuclear-events from 

cytoplasmic events allows for a much finer degree of control and regulation. However the 

presence of a defined nuclear compartment, separating the processing of genetic 

information from the cytoplasmic processes of proteins synthesis and decay, mandates 

the requirement for a highly specialized mechanism controlling the movement of 

macromolecules between the nuclear and cytoplasmic compartments. In fact, this 

controlled exchange of macromolecules between the nucleus and the cytoplasm has 

become an important aspect of regulation within eukaryotic cells.  The mechanics of the 

translocation of macromolecules between the compartments begins with the 

superstructure known as the nuclear pore complex (NPC), which penetrates the double 

membrane nuclear envelope. 

 

In the simplest terms, the NPC provides a channel between the nucleus and the 

cytoplasm through which active, bi-directional transport of macromolecules occurs 

(Fahrenkrog and Aebi, 2003). Small molecules, no larger than 60kDa, can passively 

diffuse through the NPC by following a concentration gradient differential on either side 

of the nuclear envelope (Yoneda, 2000). The translocation of most proteins and 

ribonucleoproteins involves the highly specific recognition of substrates by soluble 
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receptors which mediate their active transport through the nuclear pore complex (Gorlich 

and Kutay, 1999; Moore and Blobel, 1995).  

 

The structure of the NPC is evolutionarily conserved, and consists of three 

distinct parts. The central core is a cylindrical structure of 8 symmetrical components 

which make contact with the nuclear envelope, and which contains the 10nm wide 

channel, through which all macromolecules must translocate. On the cytoplasmic side are 

flexible fibrils while the nuclear side of the NPC is made up of filaments capped by a ring 

structure, termed the nuclear basket (Fahrenkrog et al., 2001; Rout and Aitchison, 2001).  

 

Analysis of yeast NPCs has determined that they consist of no more than 30 

different protein components known as nucleoporins, which in turn, can be divided into 

three distinct classes. The first class are composed of those nucleoporins found associated 

with the nuclear membrane, and which anchor the NPC to the nuclear envelope. The 

second class are the FG-nucleoporins, which characteristically have repeats of amino acid 

sequences FG, FXFG or GLFG which are separated by hydrophilic domains. These 

nucleoporins are critical for the transport of macromolecules across the NPC, since they 

directly interact with the receptor molecules which activate nuclear translocation (Fabre 

and Hurt, 1997). The final class of nucleoporin, have no defining characteristic apart 

from providing a structural role in the NPC. Interestingly, of the 30 yeast nucleoporins, 
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only 10 are essential for growth suggesting that a certain degree of redundancy exists 

between the nucleoporins which make up the NPC (Fabre and Hurt, 1997). 

 

IMPORT AND EXPORT RECEPTORS 

The NPC provides the structural context for translocation of cargo between the 

nucleus and the cytoplasm, and it is the interactions of the nucleoporin components of the 

NPC with the import/export receptors which drive the movement of cargoes between 

compartments. These cargoes have been shown to contain specific motifs (either amino 

acid or nucleotide sequences) known as nuclear import or export signals, which are 

recognized by the receptors which in turn mediate the translocation through the pore 

(Fornerod et al., 1997; Lei and Silver, 2002; Rodriguez et al., 2004). It is well established 

that the translocation of all types of protein and ribonucleoprotein cargoes, with the 

exception of mRNA, is mediated by a subset of related soluble receptors, members of the 

karyopherin-β family. These receptors, also known as importins or exportins, are 

responsible for the majority of transport between the nucleus and the cytoplasm (Fried 

and Kutay, 2003; Hutten and Kehlenbach, 2007). Yeast contains 14 karyopherin proteins, 

10 of which are importins, 3 are exportins, and 1 exhibits bidirectional translocation; 

while mammalian cells have at least 20 karyopherins, 10 of which are importins, 7 are 

exportins, 1 is bidirectional and 2 are uncharacterised.  
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All members of the karyopherin family have similar molecular weights (90-150 

kDa) and all have similar overall domain structure. The structural organization of a 

karyopherin protein shows 3 distinct domains, an N-terminal Ran-binding domain, a 

central nucleoporin-binding domain and a C-terminal cargo-binding domain (Chook and 

Blobel, 2001; Conti, 2002). A common structural similarity between the different 

members of the karyopherin family is the presence of multiple two- and three-helix 

repeats which form a superhelix, thereby providing extensive interaction surfaces in the 

form of N- and C-terminal arches (Chook and Blobel, 2001; Conti, 2002). Structural data 

has been obtained for at least four members of the karyopherin family, and these data 

have revealed an interesting feature related to the cargo-binding capacity of karyopherin. 

Co-crystal structure of importin-β1 with a piece of karyopherin-α, a fragment of the 

transcription factor SREBP-2, and with the parathyroid hormone-related cargo protein 

PTHrP revealed that distinct contacts are made between the karyopherin and each of its 

cargoes (Cingolani et al., 2002; Cingolani et al., 1999; Lee et al., 2003). These structural 

studies have also revealed that the conformation of the karyopherin can change 

depending on the cargo to which it is bound (Cingolani et al., 2002; Cingolani et al., 

1999; Lee et al., 2003). The implication of these results is that each karyopherin may 

have multiple cargo binding sites, which may help to explain the discrepancy between the 

vast numbers of diverse cargoes being transported by only a limited number of 

karyopherins. 
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RAN AND THE CONTROL OF NUCLEO-CYTOPLASMIC TRANSPORT 

The association/dissociation cycle of the karyopherin-β proteins with their 

cargoes is mediated by the association of their N-terminal domain with the small GTPase 

Ran (Izaurralde et al., 1997; Macara, 2001). Ran mediates this cycle by virtue of the fact 

that it exists in a GTP as well as a GDP-bound form which determines the association and 

dissociation of the cargo with the respective karyopherin. In order to achieve this 

specificity, Ran exists in a gradient between the nucleus and the cytoplasm, with the 

GTP-bound form predominating in the nucleus and the GDP form in the cytoplasm. Ran, 

a member of the Ras superfamily, is an abundant cellular GTPase which actively 

transitions between the GTP-bound and GDP-bound states. It is the ability of Ran 

GTPase to transition between these two states in the nucleus and cytoplasm, with the aid 

of regulatory proteins, that promotes the association and dissociation of karyopherin and 

cargo (Bayliss et al., 2000). The Ran guanine nucleotide exchange factor, RanGEF (also 

called Rcc1) is found in the nucleus where it mostly associates with chromatin by binding 

to the histones H2A and H2B (Nemergut et al., 2001). Conversely, the Ran GTPase 

activating protein, RanGAP1, is found freely in the cytoplasm and also associating with 

nucleoporins on the cytoplasmic face of the NPC (Hopper et al., 1990). Two co-factors 

for RanGAP1 are also found in the cytoplasm, RanBP2 is located at the cytoplasmic face 

of the NPC, while RanBP1 is found in the cytoplasm (Coutavas et al., 1993; Wu et al., 

1995; Yokoyama et al., 1995). The existence of Ntf2, a RanGDP-binding protein which 

mediates the re-import of GDP-bound Ran back into the nucleus, ensures a cyclical 

association of Ran with the nucleo-cytoplasmic compartments (Ribbeck et al., 1998).  
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This localized distribution of nucleotide exchange factors and GTPase enzymes 

results in a cycle whereby Rcc1, the nuclear RanGEF, exchanges the GDP on nuclear 

Ran with GTP, which in turn promotes the association of RanGTP with the karyopherin 

exportin and its cargo. Once translocated through the NPC the cytoplasmic RanGAP 

protein and co-factors RanBP1 and RanBP2 hydrolyze the RanGTP to RanGDP, which in 

turn destabilizes the Ran-exportin-cargo complex allowing for release of the cargo into 

the cytoplasm. The Ntf2 import factor will then associate with the free RanGDP and re-

import it back into the nucleus so that a new round of Ran-mediated export can begin 

(Hutten and Kehlenbach, 2007; Kehlenbach et al., 2001; Pemberton and Paschal, 2005).  

 

THE INTERACTION OF CARGO-BOUND KARYOPHERINS WITH THE NPC 

The actual translocation of cargo through the NPC central channel occurs 

independently of the energy provided by the hydrolysis of NTPs, and is believed to occur 

by the process of facilitated diffusion (Rodriguez et al., 2004). There are two models 

which have been proposed to explain both the selectivity and thereby the directionality of 

the movement through the central channel. The first model proposed by Rout and 

colleagues is called the “Brownian affinity gate model”, and it proposes that the filaments 

of FG-nucleoporins waving around on either side of the NPC would have high affinity for 

receptor-cargo complexes, and this would increase the residence time of these complexes 

at the nuclear periphery, increasing their likelihood of entering the central channel. The 

low affinity for the nucleoporins in the central channel would in turn facilitate their 
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movement through the NPC by a random process of facilitated diffusion. The weave-like 

assembly and diffusive movement of filaments on either side of the NPC would, in turn, 

prove an efficient barrier to large molecules unable to selectively interact with the FG-

nucleoporins (Rout et al., 2003; Rout et al., 2000).  

 

The second model proposed by Ribbeck and colleagues, called the “selective 

phase model”, proposes that the central channel is filled by a meshwork of nucleoporins 

which weakly interact via their FG-repeats. These weak interactions would be dissolved 

by transient, low-affinity interactions with the FG-nucleoporins and the receptor-cargo 

complex, thereby facilitating movement through the nuclear pore (Ribbeck and Gorlich, 

2001; Ribbeck and Gorlich, 2002). It has also been postulated that the directionality to 

the movement through the pore is facilitated by a gradient of increasing affinities of 

transport receptor binding sites along the translocation path (Bednenko et al., 2003; Ben-

Efraim and Gerace, 2001). 

 

THE SELECTION OF KARYOPHERIN-β FOR CARGO 

As previously mentioned, the mechanism by which cargo proteins associate with 

their respective importin/exportin is by means of specific motifs (either amino acid or 

nucleotide sequences) known as nuclear import or export signals, which are recognized 

by the receptors which in turn mediate the translocation through the pore (Fornerod et al., 
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1997; Lei and Silver, 2002; Rodriguez et al., 2004). The first signal to be characterized 

which was shown to be both necessary and sufficient for nuclear export was the classical 

Nuclear Localization Signal (NLS) first identified in the SV40 large T antigen 

(PKKKRKV) and the bipartite nucleoplasmin proteins (KRPAAIKKAGQAKKKK) 

(Gorlich and Mattaj, 1996).  These amino acid NLS sequences are recognized by the 

cytoplasmic heterodymeric complex of proteins, known as importin α and importin β, 

which bind to the cargo, dock at the cytoplasmic face of the NPC and then translocate 

through the pore to disassociate and be released in the nucleoplasm.  Importin α acts as an 

adaptor protein by interacting with the NLS-containing cargo and also with importin β, 

which in turn interacts with the nuclear pore (Nigg, 1997). The importins utilize the Ran 

gradient in order to effect cytoplasmic binding of the NLS-containing cargo, and its 

subsequent dissociation through the NPC into the nucleoplasm. Most importin β proteins 

bind directly to cargoes and don’t rely on an adaptor (Fried and Kutay, 2003; Weis, 

2003), however the NLS used in these cases has been harder to define, and in some 

instances merely contains several basic amino acids, while others are large, glycine rich 

stretches, such as the 38 amino acid M9 NLS (Mosammaparast et al., 2002; 

Mosammaparast et al., 2001; Pollard et al., 1996). The requirement for an NLS-importin 

interaction in order to get access to the nucleus provides an attractive candidate 

mechanism for regulation of this process. Evidence exists for the regulation of this step 

by masking/unmasking the NLS in order for the importin to associate and allow 

translocation. The transcription factor, NFκB is localized in the cytoplasm where its NLS 

is masked by the binding of its cytoplasmic anchoring protein, IκB. When the cells 
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become stimulated, IκB is phosphorylated, targeting it for degradation; which in turn 

unmasks the NLS of NFκB, triggering its import and subsequent transcriptional 

activation (Ghosh and Baltimore, 1990). Similar cycles of 

phosphorylation/dephosphorylation are common in the regulation of nucleocytoplasmic 

transport. This process has been implicated in the localization of cyclins, cyclin-

dependent kinases and the yeast transcription factors, Swi5 and Pho4 (Hagting et al., 

1998; Kaffman et al., 1998; Moll et al., 1991; Yang et al., 1998). Figure 1.1 shows the 

general scheme of export and import through the NPC and the involvement of the Ran 

gradient.   
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Figure 1.1 The general scheme of export and import through the NPC. 
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THE EXPORTINS AND THEIR CARGO SPECIFICITY 

Similar to the mechanism of importins, export karyopherins also recognize 

specific signals referred to as nuclear export signals (NES) (Fried and Kutay, 2003; Weis, 

2003). Historically, the study of HIV-1 RNA export led to the first identification of a 

NES present in the viral Rev protein (Meyer and Malim, 1994). Retroviruses have the 

distinction of producing a single RNA transcript, with alternatively spliced forms, each of 

which at some point must export to the cytoplasm for either translation or packaging. 

Typically the cell does not export unspliced mRNA, but retains it in the nucleus until it is 

processed and deemed competent for export (Legrain and Rosbash, 1989). This led to the 

question of how HIV-1 exports all its different RNA variants from the nucleus.  It was 

determined that the HIV-1 Rev protein, which binds to the Rev-response element (RRE) 

of HIV-1 was required for efficient export of the unspliced HIV-1 mRNA. Mutational 

analysis identified a leucine-rich, hydrophobic region in the protein which directed its 

export from the nucleus (Fischer et al., 1995). In studies done in cultured cells, the 

antifungal antibiotic Leptomycin B (LMB) was shown to inhibit Rev export from the 

nucleus, and subsequently its target in Schizosaccharomyces pombe was determined to be 

the exportin protein, Crm1 (Adachi and Yanagida, 1989; Nishi et al., 1994; Wolff et al., 

1997). Subsequent studies determined that Crm1, a member of the karyopherin-β 

superfamily of transport receptors, is the major nuclear export receptor exhibiting a broad 

range of substrates, each of which utilizes the now common NES (Hutten and 

Kehlenbach, 2007).  
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 Of the 4 known exportins found in Saccharomyces cerevisiae, Crm1 is the best 

characterized and has also been implicated in the largest number of export processes 

occurring in the cell (Lei and Silver, 2002). This implies that Crm1 has a wide range of 

specificities, which it maintains by making use of a number of different adaptor proteins 

thereby increasing the range of cargo binding. Not only is Crm1 responsible for the 

export of NES-containing proteins, but it has also been implicated in the nuclear export 

of a variety of RNA types through the interaction with many different adaptor proteins.  

Specifically, it has been shown to export both small and large ribosomal subunits, 

spliceosomal U-small nuclear RNA, viral RNA and a selection of mRNA including 

spliced leader RNA in Trypanosoma brucei, and cyclin D1 and Interferon-α1 in 

mammals (Culjkovic et al., 2006; Cullen, 2003; Johnson et al., 2002; Kimura et al., 2004; 

Ohno et al., 2000; Zeiner et al., 2003) .  

 

Though the atomic structure of Crm1 is still unknown, X-ray crystallography and 

other forms of microscopic modeling using the structure of known karyopherins have led 

to a proposed structural organization for Crm1. It is believed that Crm1 contains similar α 

helical domains to the importins, resulting in a super-helical structure which affords it 

similar binding capabilities for cargo, RanGTP and nucleoporins as they do for importins 

(Andrade et al., 2001; Conti et al., 2006; Petosa et al., 2004). Within the putative NES-

binding region of Crm1 is found a conserved cysteine residue that is the target site for the 

drug Leptomycin B, which binds at the cysteine residue and disrupts the trimeric 

RanGTP-Crm1-NES complex (Fornerod et al., 1997). This cysteine is not present in 
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Saccharomyces cerevisiae rendering it insensitive to Leptomycin B, but a substitution of 

the single residue Thr to Cys at position 539 is sufficient to render S.cerevisiae sensitive 

to Leptomycin B (Neville and Rosbash, 1999).   

 

As a member of the karyopherin family of import/export recptors, Crm1 also 

binds cooperatively to its export cargo and to RanGTP in the nucleus to form a trimeric 

complex which is then competent for translocation through the NPC. Similar to 

importins, the association of Crm1 with the NES cargo can be regulated by 

phosphorylation of the cargo. For example, phosphorylation of cyclin D1 results in 

nuclear export, while phosphorylation of the transcription factor c-Fos inhibits nuclear 

export (Benzeno et al., 2006; Sasaki et al., 2006).  

 

Since it is generally believed that the affinity of RanGTP-Crm1 for its NES cargo 

is relatively low, there is a regulated involvement of accessory factors to facilitate this 

rate-limiting interaction. One of the accessory factors, RanBP3, has been shown to 

increase the affinity of complex formation by two distinct mechanisms. Firstly RanBP3 

tethers Crm1 to the RanGEF, Rcc1; thereby enhancing the catalytic activity of Rcc1 and 

bringing about GDP-GTP exchange. This increased guanine nucleotide exchange while 

tethered to Crm1, increases the likelihood of the formation of a competent export 

complex. Secondly, RanBP3 binding to Crm1 increases the affinity of an NES cargo for 

the Crm1-RanGTP complex (Englmeier et al., 2001; Lindsay et al., 2001; Nemergut et 

al., 2002). 
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Once again, similar to nucleo-cytoplasmic import, very little is actually known 

about the physical mechanism of translocation through the NPC of the Crm1-mediated 

export process. Similar to import, the Ran gradient is critical for the 

association/dissociation of the Crm1 with its NES cargo, thereby providing some 

directionality to the process of export (Fried and Kutay, 2003; Macara, 2001; Pemberton 

and Paschal, 2005; Tran and Wente, 2006). Crm1 is also known to interact with many 

nucleoporins, including high affinity interactions with Nup358 (RanBP2) and Nup214 

(Hutten and Kehlenbach, 2006; Kehlenbach et al., 1999). Since RanBP2 is a major 

component of the cytoplasmic filaments of the NPC, it is believed to have a role in the 

directional export of Crm1-mediated translocation (Bernad et al., 2004; Walther et al., 

2002). Given the high affinity interaction of Crm1 with Nup214, it is believed that this 

interaction provides a terminal docking site for the Crm1 export complex, thereby also 

assisting in driving the directionality of the translocation event (Lindsay et al., 2001). 

 

A host of proteins, RanBP1, Nup358, RanGAP, and Nxt1 have been implicated in 

the dissociation of the export complex once translocation has completed. Even though 

Nxt1 has also been implicated in the export of mRNA, it is believed to associate with the 

Crm1 export complex in the nucleus and assist in its dissociation once the cytoplasmic 

face of the NPC has been reached (Black et al., 2001). Disassembly requires that 

RanGTP within the export complex be hydrolyzed, however RanGTP already associated 

with export receptors is particularly resistant to RanGAP-driven GTP hydrolysis. The 

accessory proteins RanBP1, releases this complex-bound inhibition and along with 
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RanGAP assists in dissociating the export complex (Kehlenbach et al., 1999). It is also 

believed that binding of the export complex to the terminal nucleoporins Nup214 and 

Nup88 assists in the dissociation, possibly by increasing the likelihood of the interaction 

of the complex with the soluble RanBP1-RanGAP proteins. Reimport of Crm1 could then 

possibly be mediated by the interaction with Nup358 (Engelsma et al., 2004; Hutten and 

Kehlenbach, 2006).       

 

THE EXPORT OF RNAS FROM THE NUCLEUS 

In eukaryotes, ribosomal subunits are assembled in the nucleolus from large 35S 

rRNA which is synthesized by RNA Polymerase I, and then cleaved into 18S, 5.8S and 

28S rRNA molecules, along with the addition of approximately 80 ribosomal proteins 

(Fromont-Racine et al., 2003). Many proteomic style studies were done to understand the 

biogenesis of the ribosome, with particular reference to the sequential association and 

dissociation of pre-ribosomal factors until the formation of the mature 40S and 60S 

subunits (Milkereit et al., 2003; Tschochner and Hurt, 2003). Different cellular 

approaches were taken in conjunction with the proteomic studies in order to characterize 

the factors involved in the export of ribosomal subunits.  With this approach it was 

determined that the Ran GTPase system, some NPC proteins and Crm1 were required for 

the export of both large and small ribosomal subunits (Johnson et al., 2002; Thomas and 

Kutay, 2003; Trotta et al., 2003). In yeast, the 60S ribosomal RNA is exported via Crm1 

by means of the adaptor protein Nmd3 (Johnson et al., 2002). Nmd3 has been determined 
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to be a shuttling protein which contains a leucine-rich NES, and accumulates in the 

nucleus under conditions in which Crm1 export is blocked. A deletion of the NES in 

Nmd3 results in the accumulation of both Nmd3 and the large ribosomal subunit in the 

nucleus (Gadal et al., 2001; Ho and Johnson, 1999; Ho et al., 2000a; Ho et al., 2000b). 

Unfortunately no direct evidence exists for the recruitment of Crm1 to the pre-60S 

subunit by Nmd3, however Nmd3 binds to the ribosomal protein Rpl10 at a site which 

potentially only becomes exposed after a later stage of pre-60S biogenesis, thereby 

ensuring that only mature ribosomes are exported (Kallstrom et al., 2003; Nissan et al., 

2002). 

 

Another major RNA type which is exported via a Crm1-dependent pathway are 

the major spliceosomal U snRNAs. After being transcribed in the nucleus, these snRNAs 

require export to the cytoplasm to become hypermethylated on their cap structure and to 

associate with Sm proteins. Once this process has occurred, the mature snRNPs are re-

imported back into the nucleus as functional components of the splicing machinery 

(Hamm et al., 1990; Hamm and Mattaj, 1990; Luhrmann, 1990). Inhibition of export with 

Leptomycin B revelealed that Crm1 is responsible for the transport of U snRNAs from 

the nucleus (Fischer et al., 1995; Fornerod et al., 1997). Crm1, however, does not interact 

directly with U snRNA, but rather interacts with an adaptor protein, PHAX, which binds 

to a  heterodimeric cap-binding complex (CBP20 and CBP80), which in turn interacts 

with the non-methylated cap structure found on U snRNA. The phosphorylation of 

PHAX in the nucleus is required for its interaction with Crm1, resulting in the formation 
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of a competent export complex for U snRNA (Hamm and Mattaj, 1990; Izaurralde et al., 

1995; Ohno et al., 2000). 

 

Generally, mRNA export is driven by the receptor mex67/TAP, which is 

unrelated to the karyopherin family of export/import receptors. However, Crm1 has been 

implicated in the export of a select subset of mRNA, with HIV-1 viral RNA (with Rev as 

an adaptor protein) being the evidence for Crm1 involvement. In mammals, CD83 export 

is directed by Crm1, though it uses HuR as an adaptor protein; and there is also evidence 

that Cyclin D1 uses eIF4e to assist with Crm1-dependent export from the nucleus 

(Culjkovic et al., 2006; Cullen, 2003; Prechtel et al., 2006).  

 

THE EXPORT OF OTHER TYPES OF RNA 

Other members of the exportin family are responsible for the export of other RNA 

subtypes. In higher eukaryotes, exportin-t regulates the export of tRNA from the nucleus, 

while exportin-5 is involved in the export of miRNA and some viral RNA; while in yeast 

both exportin-t (Los1) and exportin-5 (Msn5) are implicated in tRNA export (Arts et al., 

1998b; Gwizdek et al., 2001; Kutay et al., 1998). Exportin-t was first identified as a bona 

fide exportin by the fact that it bound to cargo in a RanGTP-dependent manner, and the 

yeast homologue, Los1, showed similar dependencies (Arts et al., 1998a; Kutay et al., 

1998).  
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 tRNA processing and export has turned out to be more complex than originally 

thought, with extra levels of regulation adding to the complexity of the system. In yeast, 

the splicing of tRNA occurs in multiple steps: Introns are spliced from the pre-tRNA by a 

complex of three enzymes, a tRNA-splicing endonuclease, a tRNA ligase and a 2’-

phosphotransferase (Hopper and Phizicky, 2003). Surprisingly, the tRNA-splicing 

endonuclease was found in the cytoplasm of yeast cells, associated with the cytoplasmic 

surface of mitochondria; and subsequent experimental evidence has shown that the pre-

tRNA splicing reaction can actually take place in the cytoplasm (Shaheen and Hopper, 

2005; Yoshihisa et al., 2003). This data, along with the evidence that yeast Los1 is a non-

essential gene suggested that there is more than one tRNA nuclear export pathway in 

some organism (Hurt et al., 1987).  

 

 In a similar manner to other exportins, exportin-t binds to tRNA in the presence of 

RanGTP, translocates through the NPC to the cytoplasm, where the association of the 

complex with RanGAP stimulates the hydrolysis of GTP resulting in the release of the 

tRNA cargo. Exportin-t or Los1 binds preferentially to tRNA with mature 5’ and 3’ ends 

thereby providing a quality control mechanism to ensure only properly mature tRNAs are 

exported. However, because Los1 is not essential in yeast, it was determined that another 

member of the exportin family, exportin-5 or Msn5 in yeast, was partially responsible for 

tRNA export from the nucleus. In this case, Msn5 was shown to bind to tRNA in a 

RanGTP-dependent fashion, and an msn5Δ causes defects in tRNA export (Calado et al., 

2002; Shibata et al., 2006; Takano et al., 2005). 
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 Exportin-5 has an interesting mode of association with its cargo, which first 

became evident when studying the nuclear export of the adenovirus VA1 RNA. This is a 

160 nt long RNA which is transcribed by RNA polymerase III and accumulates in the 

cytoplasm of infected cells at a late stage of infection. It preferentially binds to and 

inhibits the double-stranded RNA-dependent protein kinase R (PKR) which is a critical 

kinase involved in the cells interferon antiviral defense mechanism. PKR normally 

phosphorylates eIF2α resulting in the inhibition of protein synthesis with the outcome 

that viral protein synthesis will then also be down regulated (O'Malley et al., 1986; 

Reichel et al., 1985). The VA1 RNA was determined to contain a terminal minihelix, 

consisting of a double-stranded stem of approximately 14 nt, with a base paired 5’ end 

and a 3-8 nt protruding 3’ end. It was shown that the nuclear export of this minihelix-

containing RNA was dependent on RanGTP, but not dependent on Crm1 or exportin-t, 

but did require exportin-5 for efficient nuclear export (Gwizdek et al., 2001; Yoshida and 

Blobel, 2001). Given the preference of exportin-5 for the export of minihelix-containing 

RNA, it was no surprise that with the identification of microRNAs, and their pre-miRNA 

precursor which contains a minihelix motif, exportin-5 was subsequently implicated in 

their export from the nucleus (Bohnsack et al., 2004; Lund et al., 2004).   
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THE EXPORT OF MRNA 

Unlike the tRNA, rRNA and snRNA, the export of general mRNA does not 

require karyopherins, but requires the nuclear export factors (NXF) family of receptors, 

with the best characterized being the yeast protein Mex67 and its metazoan homologue 

TAP/NXF1 (Ernst et al., 1997; Segref et al., 1997). These receptors must be able to 

distinguish mature mRNA from pre-mRNA in order to translocate only the correctly 

processed mature mRNA from the nucleus. In order to do this, the NXF receptors 

associate with many accessory export adaptors (Yra1, Npl3, Gle1, Gle2, Sub2 and Dbp5) 

which help to couple transcription and RNA processing with Mex67 and regulate nuclear 

export of the mature mRNA. These accessory export adaptors were identified in genetic 

screens for conditional mutants that accumulate poly(A)+ mRNA in the nucleus, and by 

looking for factors which interact with known nucleoporins (Fabre and Hurt, 1997; 

Katahira et al., 1999; Santos-Rosa et al., 1998). 

 

The efficient export of mRNA requires that newly transcribed pre-mRNA 

undergo a range of processing steps in order to become competent for export. These 

precursor processing steps include splicing, 5’ capping, 3’ end cleavage and 

polyadenylation, and as a result, the export of mRNA from the nucleus likely involves the 

rearrangement of the mRNP to dissociate nuclear retention factors for nuclear export 

factors. Unlike the karyopherin receptors, the export receptor Mex67 does not bind to 

RanGTP, but still exhibits all the hallmarks of a nuclear export receptor, including 
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evidence of nucleo-cytoplasmic shuttling, cross-linking to poly(A)+ RNA and strong 

interactions with select nucleoporins (Segref et al., 1997; Zenklusen and Stutz, 2001). 

The NXF family of export receptors all share similar structural organization with the N-

terminal region having a substrate binding domain containing leucine-rich regions, a 

central NTF2-like domain involved in heterodimerization with a necessary accessory 

adaptor protein Mtr2, and a C-terminal UBA-like region proposed to interact with the FG 

nucleoporins of the NPC (Bachi et al., 2000; Braun et al., 2001; Kang and Cullen, 1999). 

 

Interestingly Mex67 has a low affinity for binding to RNA and is suggested to 

bind to mRNA through interactions with adaptor proteins, rather than directly via a 

protein-RNA interaction (Katahira et al., 1999; Santos-Rosa et al., 1998). In yeast, the 

essential hnRNP-like protein, Yra1, was determined by genetic and physical interactions 

to bind to Mex67. Yra1is a member of the evolutionarily conserved REF (RNA and 

export factor binding) family of proteins, which exhibits strong RNA binding activity and 

when depleted result in a pronounced accumulation of poly(A)+ RNA in the nucleus 

(Cole, 2000; Strasser and Hurt, 2000; Stutz et al., 2000).  Injection experiments done on 

Xenopus oocytes, showed that mRNAs generated by a splicing reaction are exported at a 

higher rate than corresponding unspliced synthetic RNA substrates, giving the first 

suggestion that splicing and export are coupled (Luo and Reed, 1999). Since splicing is 

not a ubiquitous process, and only occurs in a few yeast genes, it is proposed that the 

processing of the pre-mRNA increases the association of the REF adaptor protein with 
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the pre-mRNA, thereby increasing the likelihood of efficient export. In fact, export 

stimulating sequences have been found in some intron-lacking transcripts, which might 

aid in recruiting the mRNA export factors to the non-spliced messages (Huang and Steitz, 

2001).   

 

Similar to the translocation of other cargoes through the NPC, very little is known 

about the actual process of mRNA export through the complex. Current understanding 

suggests that the vectored movement through the pore is driven by sequentially changing 

affinities for FG-containing nucleoporins in the NPC (Strasser et al., 2000; Strawn et al., 

2001). Two yeast NPC sub-complexes, Nup84 and Nup159, have been determined to be 

critical for mRNA export. The Nup84 complex has no FG-nucleoporins, but is found in 

the central core of the NPC; while the Nup159 complex are associated with the 

cytoplasmic fibrils and possibly represent the terminal stage of the export process (Rout 

et al., 2000; Stoffler et al., 1999). This subcomplex has been shown to recruit the Mex67-

export complex, as well as the DEAD box RNA helicase, Dbp5. It is believed that Dbp5 

associates with the export complex in the nucleus, and remains associated in an inactive 

state until it reaches the cytoplasmic Nup159 complex. At the cytoplasmic face of the 

NPC the Mex67-mRNA export complex associates with the Nup159 complex, which in 

turn allows Dbp5 to interact with the mRNA export factor, Gle1. This interaction is 

proposed to release the inactivation of Dbp5, which unwinds the mRNA in an ATP-
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dependent fashion resulting in release from the export complex into the cytoplasm 

(Hodge et al., 1999; Schmitt et al., 1999; Strahm et al., 1999). 

 

THE BI-DIRECTIONAL MOVEMENT OF SOME RNA 

Some RNAs can show bidirectional export and import into the nucleus. In 

eukaryotic cells, most of the RNAs that are involved in protein synthesis move in a 

unidirectional manner from their synthesis in the nucleus, to the cytoplasm where they 

are functional; however this is not the case for all types of RNA. Evidence has emerged 

for the retrograde transport of tRNA and snRNPs from the cytoplasm back into the 

nucleus (Hopper and Shaheen, 2008; Rollenhagen and Pante, 2006).  

 

In higher eukaryotes pre-tRNA splicing occurs in the nucleus followed by 5’ and 

3’ end maturation (Lund and Dahlberg, 1998; Paushkin et al., 2004). In contrast to this, in 

yeast tRNAs undergo end processing in the nucleus, followed by splicing in cytoplasm, 

re-import into the nucleus where aminoacylation and possibly quality control occurs prior 

to re-export back into the cytoplasm (Hopper and Shaheen, 2008). Since pre-tRNA 

splicing was discovered to be cytoplasmic in yeast it provided an explanation for the fact 

that when nuclear export of pre-tRNA is blocked, intron-containing pre-tRNA 

accumulate in the nucleus (Yoshihisa et al., 2003). This conundrum could be explained 

by two potential models: 1) The splicing machinery moves from the cytoplasm to the 

nucleus when pre-tRNA nuclear export is blocked; or 2) mature, spliced tRNA move in a 
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retrograde manner back into the nucleus. Since a GFP tagged version of the catalytic 

subunit of the splicing endonuclease, Sen2, was shown to remain cytoplasmic following 

multiple different blocks to pre-tRNA nuclear export, the only remaining hypothesis was 

that mature tRNA move back into the nucleus following splicing (Shaheen and Hopper, 

2005). 

 

In a heterokaryon experiment, where a kar1 mutant causes a defect in nuclear 

fusion following mating, resulting in a common cytoplasm with two separate parental 

nuclei; the ability to follow the import of a tagged component into the unrelated nucleus 

can be a useful tool for determining if novel re-import is occurring. When two separate 

groups independently used the heterokaryon assay to look for the re-import of tRNA, 

they found that both the nucleus producing the tagged tRNA as well as the non-producing 

nucleus contained evidence for the presence of the tagged tRNA (Shaheen and Hopper, 

2005; Takano et al., 2005). Interestingly, they noticed that retrograde movement happens 

both under conditions in which cells are starved for amino acid, as well as under more 

constitutive growth conditions. Though both results argue that the retrograde movement 

is an actively process, there appears to be functional differences depending on which 

growth conditions the cell is in. Of the two mechanisms that exist for this re-import, the 

condition in which there are low amino acid conditions appears to utilize a RanGTP-

driven import mechanism; while the second mechanism using a Ran-independent 

pathway might be more constitutively active (Shaheen and Hopper, 2005; Takano et al., 

2005).  
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Like tRNAs, snRNA have also been shown to re-import back into the nucleus 

following a cytoplasmic processing step (Rollenhagen and Pante, 2006). The spliceosome 

is a large RNA and protein macromolecule made up of several ribonucleoprotein 

components called uridine-rich small nuclear ribonucleoproteins (U snRNP). All of the 

components of the u snRNPs are assembled in the cytoplasm and then have to be re-

imported back into the nucleus so that the can assemble into the spliceosome. The 

spliceosome is made up of five U snRNPs, U1, U2, U4, U5 and U6, each of which 

consists of a short, 200 nt long uridine-rich RNA molecule surrounded by a core of seven 

Sm proteins, and a few other snRNP-specific proteins. There is evidence that only four of 

the five snRNPs, U1, U2, U4 and U5 exit the nucleus to be processed in the cytoplasm 

(Izaurralde et al., 1995). After their transcription in the nucleus, the U snRNAs acquire a 

7-methylguanosine (m
7
G) cap structure at their 5’ end. This in turn interacts with a 

nuclear cap-binding complex, which then interacts with the export adaptor protein 

PHAX. This allows for the association of Crm1 in order to effect translocation through 

the nuclear pore in a RanGTP-dependent manner. After release at the cytoplasmic side, 

the snRNA interacts with the SMN complex which aids in the proper loading of the Sm 

proteins onto the snRNA. Once the snRNP is assembled, the 5’ m
7
G cap is 

hypermethylated to a trimethylguanosine (m3G) cap structure, followed by the removal of 

some nucleotides from the 3’ end of the snRNA (Gubitz et al., 2004; Rollenhagen and 

Pante, 2006). This complex must now be re-imported back into the nucleus for 

spliceosome assembly to occur.   
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U snRPs can enter the nucleus in two distinct pathways. One pathway uses a 

classic Nuclear Localization Signal (NLS) in proteins that make up the snRNP structure, 

while the second, better characterized pathway uses an m3G cap-dependent interaction to 

re-import (Huber et al., 1998; Marshallsay and Luhrmann, 1994). Both pathways use the 

importin-β receptor that is used in all classic NLS-driven import, with the differences 

being the adaptor protein which connects the two mechanisms to the importin-β receptor. 

Interestingly, the choice of pathway for nuclear re-import is determined by the type of 

snRNP as well as the species involved (Marshallsay and Luhrmann, 1994; Rollenhagen 

and Pante, 2006). The protein snurportin 1 (Snp1) has been identified as the adaptor in 

the m3G cap-dependent import pathway (Huber et al., 1998). Snp1 interacts with the m3G 

cap at its C-terminus and with the importin-β receptor at its N-terminus. The importin-β 

then interacts with the NPC in order to translocate the U snRNP through the central 

channel in a RanGTP-independent manner (Fischer and Luhrmann, 1990; Huber et al., 

2002). The adaptor for the classic NLS pathway is the importin-α protein, which binds to 

the importin-β receptor and facilitates translocation in a RanGTP-dependent manner 

(Fischer et al., 1991; Michaud and Goldfarb, 1992). It still remains a mystery as to 

whether these two pathways interact or co-ordinate in vivo, or even whether they allow 

for some semblance of redundancy for the critical process of U snRNP import. Figure 1.2 

describes the adaptors and receptors utilized for the export and re-import of different 

RNA types. 
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Figure 1.2 The export and re-import of different RNA types. 
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CYTOPLASMIC LOCALIZATION AND TRANSLATIONAL CONTROL OF MRNA 

One mode of regulating protein synthesis from some transcripts such that it occurs 

in a specific location of the cell is to repress the translation of the mRNA, transport it to 

the desired location and then de-repress the translation. This mechanism of protein 

sorting is involved in a wide range of biological processes like asymmetric cell division, 

neuronal growth and embryonic axis determination in a wide range of organisms (Kindler 

et al., 2005; St Johnston, 2005). Saccharomyces cerevisiae has a well characterized 

mRNA localization pathway, and has served as a model system for studying the 

requirements for this type of post-transcriptional regulation (Chartrand et al., 2001; 

Darzacq et al., 2003).  

 

One example of this type of regulation of mRNA translation and localization is 

the ASH1 transcript. Even though over 30 transcripts in yeast have been shown to 

undergo specific localization to the budding daughter cell, ASH1 mRNA has been the 

best characterized of all. ASH1 mRNA is actively localized to the distal bud tip where its 

translation is de-repressed to allow for the asymmetric sorting of the Ash1 protein. This 

protein is a transcriptional repressor of the HO endonuclease which prevents mating type 

switching in the daughter cell (Long et al., 1997; Takizawa et al., 2000; Takizawa and 

Vale, 2000). 
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  Within the sequence of ASH1 mRNA are 4 localization elements, E1, 

E2A, E2B and E3, which have been determined to fold into stem loop structures and each 

of which are sufficient for correct bud tip localization. The stem loop folds interact with 

the RNA binding protein, She2; which in turn interacts with She3. She3 is an adaptor 

protein which bridges the interaction between ASH1 mRNA-She2 and the type-V myosin 

motor, Myo4, which moves the complex along the actin cytoskeleton toward the bud tip 

(Bohl et al., 2000; Chartrand et al., 1999; Long et al., 2000; Olivier et al., 2005).  

 

 One of the features of the bud-localized transcripts is that the sequence 

elements responsible for their localization are mostly present within their coding 

sequences. This has proven to be an important factor in co-ordinating the repression of 

the transcripts until their correct location has been reached, following which the release 

from the transport machinery then allows for translation of the transcript to take place 

(Chartrand et al., 1999; Gonzalez et al., 1999; Shepard et al., 2003). This has been tested 

by showing that the translation of the ASH1 message affects its localization, and that 

alteration of its translatability results in impaired anchoring at the bud tip (Gonzalez et 

al., 1999; Irie et al., 2002). Interestingly the four localization elements in ASH1 mRNA 

are also responsible for regulating the translation of the message, since moving them all 

to the 3’UTR of the mRNA still maintained proper localization to the bud tip, but resulted 

in a decreased asymmetric distribution of Ash1 protein, indicating that the localization 
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elements in the coding region interfere with translation of the ASH1 mRNA (Chartrand et 

al., 2002). 

 

Puf6 is a new protein that has recently been indentified which binds to the UUGU 

motif present within the E3 localization element of ASH1 mRNA. As part of a family of 

translational repressors, related to the Drosophila Pumilio RNA-binding protein, Puf6 has 

been implicated in the translational repression effect of the localization elements. In 

strains that are deleted for PUF6, there is a defect in the asymmetric distribution of Ash1 

protein; which can be rescued by introducing a stem-loop in the 5’UTR of ASH1 mRNA 

(Gu et al., 2004). Yet another protein implicated in the regulation of ASH1 mRNA is the 

RNA-binding protein, Khd1 (Irie et al., 2002). It was shown that Khd1 decreases the 

ribosome load on the ASH1 transcript, lowering the expression levels and preventing the 

ectopic expression of Ash1 protein. Khd1 associates with a range of translation initiation 

factors, including eIF4E, eIF4G1, eIF4G2 and Pab, and was found to directly bind to 

eIF4G1 which has been shown to be required for the regulation of ASH1 mRNA (Berset 

et al., 2003; Gavin et al., 2002; Paquin et al., 2007).  

 

The local translational activation of ASH1 mRNA is directed by the interaction of 

Khd1 with the plasma membrane-associated protein, Yck1. This interaction results in the 

phosphorylation of Khd1 by Yck1, which reduces its affinity for RNA, thereby releasing 

the translational repression of the ASH1 mRNA once the correct bud tip localization has 
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been achieved (Paquin et al., 2007; Ptacek et al., 2005). This theme has been repeated in 

other translational regulation mechanisms, and is also found in neurons, where the protein 

Zbp1 directs the localization and translational repression of the β-actin mRNA. Zbp1 is 

the homologue of Khd1, in that it associates directly with the β-actin message, and once 

the complex has localized to the tip of the growing neuron, Zbp1 is phosphorylated by the 

membrane-bound tyrosine kinase, Src. This phosphorylation event releases the binding of 

Zbp1 from the β-actin mRNA, which is then translated at the growth cone resulted in 

extension of the actin cytoskeleton (Huttelmaier et al., 2005). Figure 1.3 describes the 

mechanism of Ash1 mRNA translational repression and localization. 
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Figure 1.3 The translational repression and localization of ASH1 mRNA. 
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P-BODIES ARE CYTOPLASMIC SITES OF MRNA REGULATION 

A critical aspect of the regulation of eukaryotic gene expression is the control of 

mRNA turnover. In eukaryotes, two major pathways exist for the decay of mRNAs, both 

of which are initiated by deadenylation, with the predominant nuclease being the 

Ccr4p/Pop2p/Not1-5p deadenylase complex (Muhlrad et al., 1994; Pillai et al., 2005).  

Following deadenylation, the transcript is susceptible to one of the two pathways of 

decay.  In the 3' to 5' decay pathway, the deadenylated mRNA is degraded 3' to 5' by a 

complex of proteins known as the exosome (Anderson and Parker, 1998). Alternatively, 

and the mechanism that predominates in Saccharomyces cerevisiae, the mRNA is 

decapped by the decapping enzyme (Dcp1p/Dcp2p), making the mRNA susceptible to 

the 5' to 3' exonuclease Xrn1p (Beelman et al., 1996; Decker and Parker, 1993; Dunckley 

and Parker, 1999; Hsu and Stevens, 1993; Muhlrad et al., 1994)(Beelman et al., 1996; 

Decker and Parker, 1993; Dunckley and Parker, 1999; Hsu and Stevens, 1993; Muhlrad 

et al., 1994). Decapping is modulated by a set of proteins including Dhh1p, the Lsm1-7p 

complex, Edc1-3p, and also Pat1p (Bonnerot et al., 2000; Coller et al., 2001; He and 

Parker, 2000; Tharun et al., 2000).  

 

Decapping is a critical node in the control of the life of an mRNA.  Moreover, the 

processes of mRNA decapping and translation are mechanistically intertwined and appear 

to compete with each other, at least in yeast (Coller and Parker, 2004). For example, 

decreasing translation initiation by a variety of means increases the rate of mRNA 

decapping (LaGrandeur and Parker, 1999; Muhlrad and Parker, 1999; Schwartz and 
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Parker, 1999). Conversely, an inhibition of translation elongation leads to a significant 

decrease in the rate of decapping (Beelman and Parker, 1994). Moreover, co-

immunoprecipitation experiments suggested that prior to decapping, an mRNA exits 

translation and then assembles into a translationally repressed messenger 

ribonucleoprotein (mRNP) complex (Tharun and Parker, 2001).  

 

Additional evidence for a discrete population of nontranslating mRNPs has been 

that non-translating mRNAs and the decapping machinery accumulate in discrete 

cytoplasmic foci called P-bodies (also referred as GW182 or Dcp bodies) (Cougot et al., 

2004; Ingelfinger et al., 2002; Lykke-Andersen, 2002; Sheth and Parker, 2003). P-bodies 

have now been observed in yeast, insect cells, nematodes, and mammalian cells and 

contain various proteins involved in mRNA decay, including the decapping enzyme 

(Dcp1p/Dcp2p), activators of decapping Dhh1p, Pat1p, Lsm1-7p, Edc3p and the 

exonuclease Xrn1p (Anderson and Kedersha, 2006; Eulalio et al., 2007; Parker and 

Sheth, 2007). Moreover, P-bodies have been suggested to be functionally involved in 

mRNA decapping (Cougot et al., 2004; Sheth and Parker, 2003), nonsense-mediated 

decay (Sheth and Parker, 2006; Unterholzner and Izaurralde, 2004), mRNA storage 

(Bhattacharyya et al., 2006; Brengues et al., 2005), general translation repression (Coller 

and Parker, 2005; Holmes et al., 2004), miRNA-mediated repression (Jakymiw et al., 

2005; Liu et al., 2005; Pillai et al., 2005), and possibly viral packaging (Beliakova-

Bethell et al., 2006). In these cases, the analysis of P-bodies, translation repression and 

decapping suggests that the process of translation repression and mRNA decapping 
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involves an initial step wherein the mRNA ceases translation and assembles an mRNP 

capable of decapping and accumulation in P-bodies.  This initial step would then be 

followed by a subsequent decapping reaction, although the relationship between 

translation repression, P-body mRNP assembly, and actual catalysis of decapping 

remains unclear.   

 

An important protein in the process of mRNA decapping and translation 

repression is Pat1.  Yeast strains lacking Pat1 show the strongest defects in decapping of 

any mutant besides defects in the decapping enzyme Dcp1/Dcp2 (Bonnerot et al., 2000; 

Bouveret et al., 2000; Tharun et al., 2000). In addition, efficient translation repression 

during glucose deprivation and P-body assembly requires Pat1(Coller and Parker, 2005; 

Holmes et al., 2004; Teixeira and Parker, 2007). Moreover, over-expression of Pat1 leads 

to a global repression of translation and accumulation of mRNAs in P-bodies (Coller and 

Parker, 2005). Pat1 is also a conserved protein and is found in P-bodies in 

Saccharomyces cerevisae, Drosophila, and mammalian cells as well (Coller and Parker, 

2005; Eulalio et al., 2007; Scheller et al., 2007; Sheth and Parker, 2003).  

 

P-BODIES ARE SITES OF MRNA STORAGE 

Several lines of evidence exist to show that mRNA is a crucial component of p-

bodies. Firstly, P-bodies are sensitive to the RNase A treatment. When semipurified P-

bodies are treated with RNase A, there is a marked dissolution of their size and number 



49 
 

(Teixeira et al., 2005). Secondly, if mRNA is trapped as a decay intermediate, by means 

of a block to the Xrn1 exonuclease, then there is a concomitant increase in P-body size 

and number (Teixeira et al., 2005). Thirdly, if mRNA is trapped in a polysome-associated 

state with the addition of cyclohexamide, which blocks translational elongation, then 

there is an observed decrease in P-body size and number (Sheth and Parker, 2003; 

Teixeira et al., 2005). This data also suggested that mRNA present in P-bodies is in a 

state of translational repression, and when general translational repression is increased by 

overexpression of the necessary factors, a dramatic increase is seen in the size and 

number of P-bodies (Coller and Parker, 2005). 

 

The current understanding is that P-bodies represent not only sites of mRNA 

decapping and decay, but also are sites of mRNA storage. This process was characterized 

by 1) showing that P-bodies disappear following the recovery from a stress in a manner 

dependent on translation initiation, 2) following the accumulation of a reporter mRNA in 

P-bodies when translational initiation is blocked and their dissolution when translation is 

restored, and 3) showing that the large P-bodies present in stationary phase cells can be 

reduced by shifting the cells back to active growth conditions (Bhattacharyya et al., 2006; 

Brengues et al., 2005). The fact that P-bodies also appear to be related to other RNA 

storage granules is further support for the hypothesis that they are involved in mRNA 

storage. Both maternal granules and neuronal granules in Xenopus and Drosophila are 

sites of translationally repressed, stored mRNA which contain many of the same proteins 
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as P-bodies, like Dhh1 orthologues and the decapping enzyme (Anderson and Kedersha, 

2006; Barbee et al., 2006). Figure 1.4 describes the eukaryotic mRNA cycle. 
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Figure 1.4 The eukaryotic mRNA cycle. 
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CONCLUDING REMARKS 

The post-transcriptional control of RNA is a theme that is repeated throughout the 

different compartments of the cell, and has been shown to involve multiple levels of 

regulation. Since the nuclear envelope is a barrier for the passive diffusion of all 

macromolecules into the cytoplasm, the control of egress through the nuclear pore 

complex (NPC) has evolved to be finely regulated. Following transcription, the RNA 

must translocate through the NPC in a manner that is dependent on a multitude of 

receptor and adaptor proteins. The translocation through the NPC is primarily driven by 

the interactions of the specific receptor proteins, which bridge the interaction between the 

cargo being exported and the proteins which make up the nuclear pore complex. The 

interaction of these exportins is in turn regulated by the guanine nucleotide-bound state of 

the small Ran GTP molecule, which promotes association and dissociation of the cargo 

with the receptor.  

 

This RNA is then processed in the cytoplasm, where it either undergoes splicing, 

assembly or translation, depending on the type of RNA. Recently new evidence has 

emerged that the movement of some of these RNAs  is not unidirectional out of the 

nucleus, but exhibits retrograde movement back into the nucleus, possibly as a novel 

quality control mechanism. This quality control is required to ensure the fidelity of both 

the splicing machinery and the process of translation. In fact the control of translation by 

sequestering critical translation factors or mRNA itself is a theme that is repeated through 
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many compartments of the cell. P-bodies are such sites of translational control and they 

have been shown to sequester translationally inert mRNA, until such time as the mRNA 

is either degraded or it re-enters translation. We also provide unique evidence for a novel 

mode of post-transcriptional regulation, whereby mRNA is translocated back into the 

nucleus in a manner that is dependent on cytoplasmic decay proteins. The emergence of a 

new mechanism for the regulation of messenger RNA, suggests there exist many 

important transitions in the post-transcriptional life of a typical RNA molecule, each of 

which increase the fidelity of the processes of translation and decay. 
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AN EXPLANATION OF THE DISSERTATION FORMAT 

 In accordance with the Manual of Theses and Dissertations of the University of 

Arizona Graduate College and policies of the graduate program of the Department of 

Molecular and Cellular Biology, I present my work in two chapters and two appendices, 

the latter consist of a manuscript that is already published (Appendix A) and one 

manuscript that is in preparation (Appendix B). The two chapters provide an introduction 

to the problem and a review of the literature (Chapter 1) and a description of the present 

study (Chapter 2), in which I summarize the conclusions of each of the two manuscripts. 

 My contributions to each of the manuscripts are delineated as follows. 

 Appendix A: This manuscript is my own work in its entirety 

 Appendix B: This manuscript is my own work in its entirety. 

 

Neither of these manuscripts would exist without the invaluable input provided by my 

mentor, Roy Parker. His insights into the value of each piece of data collected are 

tremendously influential, and his guidance has definitively helped direct my research. I 

would also like to acknowledge members of the Parker lab, past and present, for both 

intellectual and social support.  
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CHAPTER 2: PRESENT STUDY 

The methods, results and conclusions of the present study are present in the papers 

appended to this dissertation. The following is a summary of the most important findings 

of each of the manuscripts. 

PAT1 CONTAINS DISTINCT FUNCTIONAL DOMAINS THAT PROMOTE P-BODY ASSEMBLY 

AND ACTIVATION OF DECAPPING (APPENDIX A) 

 

The control of mRNA degradation and translation are important aspects of gene 

regulation.  Recent results suggest that translation repression and mRNA decapping can 

be intertwined and involve the formation of a quiescent mRNP, which can accumulate in 

cytoplasmic foci referred to as P-bodies.  The Pat1 protein is a key component of this 

complex and an important activator of decapping yet little is known about its function.  In 

this work we analyze Pat1 in Saccharomyces cerevisae function by deletion and 

functional analyses.  Our results identify two primary functional domains in Pat1, one 

promotes translation repression and P-body assembly, and a second domain promoting 

mRNA decapping after assembly of the mRNA into a P-body mRNP.   In addition, we 

provide evidence that Pat1 binds RNA and has numerous domain specific interactions 

with mRNA decapping factors.   These results indicate that Pat1 is an RNA binding 

protein and a multi-domain protein that functions at multiple stages in the process of 

translation repression and mRNA decapping.  
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IMPORT OF CYTOPLASMIC MRNA INTO YEAST NUCLEI (APPENDIX B) 

In eukaryotic cells mRNAs are produced in the nucleus followed by what is 

thought to be unidirectional export to the cytoplasm.  In the cytosol, mRNAs either 

associate with ribosomes for translation or can be found in cytoplasmic RNP granules, 

termed P-bodies, when they are translationally repressed.  We now demonstrate that yeast 

mRNAs can be re-imported into the nucleus.  Import of mRNAs into the nucleus is in 

competition with translation and increased in strains lacking specific components of 

cytoplasmic processing bodies, which also exhibit nuclear-cytoplasmic shuttling.  This 

indicates that one function of cytoplasmic granules is to limit the import of cytoplasmic 

mRNAs back into the nucleus.   These results demonstrate a novel pathway for mRNA 

import into the nucleus and suggest distinct pathways of mRNA export of nascent 

mRNAs and imported mRNAs.    
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APPENDIX A 

PAT1 CONTAINS DISTINCT FUNCTIONAL DOMAINS THAT PROMOTE P-

BODY ASSEMBLY AND ACTIVATION OF DECAPPING. 
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ABSTRACT  

 In eukaryotic cells mRNAs are produced in the nucleus followed by what is 

thought to be unidirectional export to the cytoplasm.  In the cytosol, mRNAs either 

associate with ribosomes for translation or can be found in cytoplasmic RNP granules, 

termed P-bodies, when they are translationally repressed.  We now demonstrate that yeast 

mRNAs can be re-imported into the nucleus.  Import of mRNAs into the nucleus is in 

competition with translation and increased in strains lacking specific components of 

cytoplasmic processing bodies, which also exhibit nuclear-cytoplasmic shuttling.  This 

indicates that one function of cytoplasmic granules is to limit the import of cytoplasmic 

mRNAs back into the nucleus.   These results demonstrate a novel pathway for mRNA 

import into the nucleus and suggest distinct pathways of mRNA export of nascent 

mRNAs and imported mRNAs.    
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INTRODUCTION 

The controlled exchange of macromolecules between the nucleus and the 

cytoplasm is an important aspect of eukaryotic cells.  The nuclear pore complex provides 

a channel between the nucleus and the cytoplasm through which active, bi-directional 

transport of macromolecules occurs (Fahrenkrog and Aebi, 2003). The translocation of 

most proteins and ribonucleoproteins involves the specific recognition of substrates by 

soluble receptors that mediate the transport through the nuclear pore complex (Gorlich 

and Kutay, 1999; Moore and Blobel, 1995). The cargoes contain specific motifs (either 

amino acid or nucleotide sequences) known as nuclear import or export signals, which 

are recognized by the receptors and these in turn mediate the translocation through the 

pore (Fornerod et al., 1997; Lei and Silver, 2002; Rodriguez et al., 2004). These soluble 

receptors are members of the karyopherin-β family, also known as importins or exportins, 

and are responsible for the majority of transport between the nucleus and the cytoplasm 

(Fried and Kutay, 2003; Hutten and Kehlenbach, 2007).  

 

The association/dissociation cycle of the karyopherin-β proteins with their 

cargoes is mediated by their association with the small GTPase Ran (Izaurralde et al., 

1997; Macara, 2001). Ran exists in the nucleus in a GTP-bound state, which promotes the 

association of exportin and cargo (Bayliss et al., 2000). Following translocation through 

the nuclear pore, the Ran GTPase is hydrolysed to its GDP-bound form by the 

cytoplasmic GTPase activating protein Rna1, and this leads to the dissociation of the 
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exportin-cargo complex (Hutten and Kehlenbach, 2007; Kehlenbach et al., 2001).  In 

contrast, karyopherins that serve as importins bind their cargo in the presence of RAN-

GDP and then release their cargo in the nucleus when RAN-GDP is converted to RAN-

GTP by the nucleotide exchange factor, Rcc1.  Interaction of importins with their cargo is 

typically mediated by  specific elements in the cargo referred to as Nuclear Localization 

Signals (NLS), first identified in the SV40 large T antigen and the bipartite 

nucleoplasmin proteins (Gorlich and Mattaj, 1996).   

 

 Historically, the study of HIV-1 RNA export led to the first identification of a 

Nuclear Export Signal (NES) present in the viral Rev protein (Meyer and Malim, 1994). 

Mutational analysis identified a leucine-rich, hydrophobic region in the protein which 

directed its export from the nucleus (Fischer et al., 1995). In studies done in cultured 

cells, the antifungal antibiotic Leptomycin B (LMB) was shown to inhibit Rev export 

from the nucleus, and subsequently its target in Schizosaccharomyces pombe was 

determined to be the exportin protein, Crm1 (Adachi and Yanagida, 1989; Nishi et al., 

1994; Wolff et al., 1997). Crm1, a member of the karyopherin-β superfamily of transport 

receptors, is the major nuclear export receptor exhibiting a broad range of substrates, 

each of which utilizes the now ubiquitous NES (Hutten and Kehlenbach, 2007).  

 

 Crm1 has been implicated in the nuclear export of a variety of RNA types and 

often interacts with specific adapter proteins to export a given RNA.  Specifically, Crm1  
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has been shown to export both small and large ribosomal subunits, spliceosomal U-small 

nuclear RNA, viral RNA and a selection of mRNAs including the spliced leader RNA in 

Trypanosoma brucei, and cyclin D1 and Interferon-α1 in mammals (Culjkovic et al., 

2006; Cullen, 2003; Johnson et al., 2002; Kimura et al., 2004; Ohno et al., 2000; Zeiner 

et al., 2003).  To interact with these cargos, Crm1 uses the adaptor protein NMD3 to 

export the  60S ribosomal RNA (Johnson et al., 2002).  Similarly, HIV viral RNA uses 

the Rev protein as an adaptor, and in mammals, the cellular mRNA CD83  uses HuR as 

an adaptor and the Cyclin D1 mRNA may use eIF4e to assist with export from the 

nucleus (Culjkovic et al., 2006; Cullen, 2003; Prechtel et al., 2006).  Crm1 is thought to 

be involved in the export of mRNA in some manner since defects in Crm1 function lead 

to the accumulation of polyA+ RNAs in the nucleus in both yeast and mammals but the 

specific class of mRNAs or role of Crm1 in mNRA export has not been determined.  

Other members of the exportin family are responsible for the export of other RNA 

subtypes. Exportin t regulates the export of tRNA from the nucleus, while exportin 5 is 

involved in the export of miRNA and some viral RNA (Arts et al., 1998b; Gwizdek et al., 

2001; Kutay et al., 1998).  

 

  The export of bulk mRNA requires the nuclear export factors (NXF) family of 

receptors, with the best characterized being the yeast protein Mex67 and its metazoan 

homologue TAP/NXF1 (Ernst et al., 1997; Segref et al., 1997). These receptors must be 

able to distinguish mature mRNA from pre-mRNA in order to translocate only the 
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correctly processed mature mRNA from the nucleus. In order to do this, the NXF 

receptors associate with many accessory export adaptors, such as Yra1, Npl3 and Sub2 

which help to couple transcriptional processing with Mex67 and regulate nuclear export 

of the mature mRNA (Katahira et al., 1999; Santos-Rosa et al., 1998). 

 Some RNAs can show bidirectional export and import into the nucleus.  For 

example, evidence has emerged for the retrograde transport of tRNA from the cytoplasm 

back into the nucleus (Hopper and Shaheen, 2008; Shaheen and Hopper, 2005). tRNAs 

undergo splicing in cytoplasm, re-import into the nucleus where aminoacylation and 

possibly quality control occurs prior to re-export back into the cytoplasm (Hopper and 

Shaheen, 2008). It is believed that two mechanisms exist for this re-import, one using a 

Ran-dependent mechanism possibly in low amino acid conditions; and a second 

mechanism using a Ran-independent pathway which might be more constitutively active 

(Shaheen and Hopper, 2005; Takano et al., 2005). snRNA also appears to re-import into 

the nucleus using two distinct pathways (Rollenhagen and Pante, 2006). One pathway 

uses a classic Nuclear Localization Signal (NLS) in proteins that make up the snRNP 

structure, while the second pathway using an m3G cap-dependent interaction to re-import 

(Huber et al., 1998; Marshallsay, 1994). These compelling sets of data argue for a 

precedent wherein RNA can re-import and re-export from the nucleus, though at present 

only for a limited subset of RNA types. 

 



99 
 

The current dogma suggests that mRNAs spend time in different compartments of 

the cell. They are firstly transcribed in the nucleus, exported out into the cytoplasm via 

the NXF family of receptors where they are translated and ultimately undergo 

degradation. At least three compartments have been shown to exist in the cytoplasm 

where mRNA can accumulate, namely the polysome pool, P-bodies and stress granules 

(Anderson and Kedersha, 2006; Parker and Sheth, 2007). While the existence of mRNA 

in some of these compartments is mutually exclusive, namely polysomes and P-bodies, 

some, such as P-bodies and stress granules, show tangible overlap (Anderson and 

Kedersha, 2006).   

 

In the context of post-transcriptional regulation, the control of mRNA translation 

and degradation appears to be mechanistically intertwined. Evidence exists that once the 

mRNA is directed toward a translationally repressed state it associates with other mRNA 

decay factors in cytoplasmic foci called processing bodies (P-bodies) (Anderson and 

Kedersha, 2006; Coller and Parker, 2005; Cougot et al., 2004; Ingelfinger et al., 2002; 

Sheth and Parker, 2003). The mRNA resident within these P-bodies is translationally 

repressed and its fate is either that of decapping and decay, or it can remain in a 

translationally quiescent stored state, with the potential to re-enter translation (Brengues 

et al., 2005; Coller and Parker, 2005; Parker and Sheth, 2007; Teixeira and Parker, 2007; 

Teixeira et al., 2005). The storage of mRNA in a cytoplasmic foci is not unusual, and has 

been seen in maternal mRNA granules in Xenopus and Drosophila, as well as in neuronal 
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granules in Drosophila which control the localization and translation of neuronal mRNA 

(Barbee et al., 2006; Minshall et al., 2001; Nakamura et al., 2001). However, the 

relationship of the mRNPs in P-bodies to nuclear-cytoplasmic transport of mRNA is 

unclear.  

 

 In order to address the relationship of mRNPs in P-bodies with the export of 

mRNAs from the nucleus, we investigated whether components of P-bodies shuttle 

between the nucleus and the cytosol.  We observed that both protein and mRNA 

components of P-bodies can shuttle between the nucleus and the cytosol.  Import of 

mRNAs into the nucleus is in competition with translation and increased in strains 

lacking specific components of cytoplasmic processing bodies, which also exhibit 

nuclear-cytoplasmic shuttling.  This indicates that one function of cytoplasmic granules is 

to limit the import of cytoplasmic mRNAs back into the nucleus.   More importantly, 

these results demonstrate a novel pathway for mRNA import into the nucleus and suggest 

distinct pathways of mRNA export of nascent mRNAs and imported mRNAs.    
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RESULTS 

Components of P-bodies exhibit nuclear-cytoplasmic shuttling in yeast and 

mammals.  

 Earlier work had shown that shown that a Pat1-GFP fusion protein accumulated in 

the nucleus in an lsm1Δ strain (Teixeira and Parker, 2007). This result suggested that 

Pat1p and possibly other components of P-bodies might show nuclear-cytoplasmic 

shuttling.  To examine if other components of P-bodies also showed nuclear cytoplasmic 

shuttling we performed a number of experiments.   

 

 Initially, we examined the subcellular distribution of some P-body components in 

mutants lacking other P-body proteins.  These experiments led to two significant 

observations.  First, we observed that an Lsm1-GFP fusion protein accumulated in the 

nucleus in a pat1∆ strain at high cell densities (Figure 1a).  Second, we observed that 

Dcp2p showed weak nuclear accumulation in an edc3∆ strain, and a robust nuclear 

accumulation in a edc3∆ pat1∆ double mutant (Figure 1b).  These results indicate that 

Dcp2 and Lsm1 proteins are also likely to undergo nuclear-cytoplasmic shuttling in a 

manner affected by other components of P-bodies.  

 

  In subsequent experiments, we examined how P-body components were 

exported to the cytosol.  Since proteins in P-body interact with mRNA, we determined if 
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they showed nuclear accumulation in strains defective in mRNA export.  Thus, we 

examined their subcellular distribution in strains with conditional Mex67 allele (mex67-

5), or defective in Crm1 mediated export using a conditional allele in this protein (xpo1-

1).  Using GFP tagged constructs, we observed that Dcp2, Pat1, Lsm1, Dhh1, and Edc3, 

but not Dcp1, all accumulated in the nucleus in the xpo1-1 strain at the non-permissive 

temperature (Figure 1c).  In contrast, mex67-5 strains did not accumulate these proteins in 

the nucleus (data not shown).  Taken together, these results indicate: 1) that multiple 

components of the mRNPs seen in yeast P-bodies shuttle between the nucleus and the 

cytoplasm, 2) their distribution between these two compartments can be affected by other 

components of P-bodies, and 3) their export to the cytoplasm is dependent on the Crm1 

exportin.  

 

 To determine if nuclear-cytoplasmic shuttling of P-body components and their 

Crm1 dependent re-export to the cytoplasm was conserved in mammalian cells, we 

examined the sub-cellular distribution of several components of P-bodies in HeLa cells 

with and without treatment with leptomycin B (LMB), which blocks Crm1 dependent 

export (Yashiroda and Yoshida, 2003). We observed that Dcp2, Dcp1a, Lsm1, Pat1, 

Edc3, and Rck (the ortholog of Dhh1) all accumulated in the nucleus following LMB 

treatment (Figure 2).  Interestingly, in some cases perinuclear accumulation of the 

proteins was also observed (e.g. Dcp2, and Rck).  This demonstrates that nuclear-
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cytoplasmic shuttling of P-body components is conserved in mammalian cells including a 

Crm1 dependent mechanism of re-export to the cytoplasm.   

 

Nuclear-Cytoplasmic Shuttling of Pat1p is required for effective mRNA decapping. 

 

 To determine if nuclear-cytoplasmic shuttling of these proteins affected 

decapping, we focused on mapping the regions of Pat1p that modulate its nuclear 

cytoplasmic distribution and then examining the consequences of mutations in those 

localization elements.   We focused on Pat1p since it is the most potent activator of 

mRNA decapping in yeast (Bonnerot et al., 2000; Bouveret et al., 2000; Tharun et al., 

2000) and also has significant functions in translation repression and P-body assembly 

(Coller and Parker, 2005; Holmes et al., 2004; Pilkington and Parker, 2008; Teixeira and 

Parker, 2007).  

 

 Examination of the Pat1 sequence identified a possible leucine-rich nuclear export 

signal (NES) in the N terminal domain (Figure 3).  Mutations in this putative NES led to 

Pat1 accumulating in the nucleus (Figure 3a), reduced growth at 37°C (Figure 3c), and 

caused a defect in mRNA decapping as judged by the accumulation of full length 

deadenylated mRNA and a reduction in the levels of a mRNA fragment produced by 5' to 

3' digestion following decapping (Figure 3c).  Moreover, insertion of a NES sequence 
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from Pab1p into the pat1-nes allele reduced nuclear Pat1 accumulation (Figure 3a), 

restored growth at 37°C, and restored mRNA decapping (Figure 3c).  These results 

identify a NES in Pat1 and indicate that efficient Pat1 export to the cytoplasm is required 

for Pat1 function.  

  

 To identify a nuclear localization sequence (NLS) in Pat1, we examined the sub-

cellular distributions of a series of deletions in a Pat1-GFP fusion protein.  We observed 

that a GFP fusion protein lacking amino acids 10-697 showed strong nuclear 

accumulation, while a GFP fusion lacking amino acids 10-763 accumulated in the cytosol 

(Figure 3b).  This identifies the region between 697-763 as being required for nuclear 

import of Pat1p.  Pat1 proteins lacking this region also show a minor defect in mRNA 

decapping (Figure 3d) and partially reduced growth at 37°C (Figure 3d), which suggests 

that nuclear import of Pat1 is optimal function of this protein in decapping.  Moreover, 

replacement of this region of Pat1 with a bona fide NLS from SV40 (Kalderon et al., 

1984), restored the growth defect at 37°C, though little change was seen for the 

decapping defect seen in the 697-763 deletion mutant, though this could be due to the 

weak decapping defect of the initial mutation (Figure 3b and 3d).  These results identify 

the amino acids 697-763 of Pat1 as functioning as a potential NLS and demonstrate that 

nuclear import is required for optimal function of Pat1p.   
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 One possible reason that a mutation in the NES of Pat1 decreased mRNA 

decapping was that it reduced the accumulation of Pat1p in the cytosol, where decapping 

occurs.  A prediction of this possibility is that removing the Pat1 NLS might suppress the 

decapping defect seen in the NES mutant by restoring Pat1 levels in the cytosol. Given 

this logic, we constructed a Pat1p that was defective in both the NES and NLS elements.  

We observed that this mutant showed even worse growth and decapping defects than the 

NES mutant alone (Figure 3D), even though the protein was not localized predominantly 

in the cytosol.  These results argue that Pat1p shuttling between the nucleus and the 

cytoplasm is important for function.  Moreover, these phenotypes can be suppressed by 

the addition of exogenous NES and NLS elements to the pat1-nes/nls mutant (Figure 3d). 

Taken together, these results argue that nuclear cytoplasmic shuttling of Pat1, and 

possibly other P-body components, is required for efficient mRNA decapping.   

 

mRNAs can re-import into yeast nuclei.  

 

 The import of P-body components into the nucleus led us to consider the 

possibility that mRNAs might also be able to be imported from the cytosol into the 

nucleus.  Our logic was based on the following points.  First, since P-body components 

associate with mRNA, perhaps they would accompany mRNAs back into the nucleus.  

Second, previous results had shown that tRNAs, which were originally thought to be 

solely exported to the cytosol, can be imported and re-exported from the nucleus 
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(Shaheen and Hopper, 2005; Takano et al., 2005). Finally, we considered that, if mRNPs 

can re-import into the nucleus, perhaps one function of cytoplasmic P-bodies would be to 

form large aggregates that would prevent mRNPs from being re-imported into the 

nucleus.   To examine this possibility, we followed the sub-cellular distribution of a 

MFA2 mRNA which contains multiple binding sites in its 3' UTR for the U1A-GFP 

fusion protein, which allows us to visualize the sub-cellular location of this mRNA by 

following the GFP fusion protein (Brodsky et al., 2000).  In addition, this transcript is 

under the control of a promoter repressible by tetracycline addition, which allows us to 

rapidly and specifically block the production of new nascent transcripts from this gene 

(Hilleren and Parker, 2003).  We then examined the sub-cellular location of this mRNA 

in both wild-type and edc3∆ pat1∆ cells, which are the mutant strains with the most 

severe defect in the formation of P-bodies (Decker et al., 2007; Buchan and Parker, 

unpublished observations).  Moreover, we examined the localization of the mRNA in 

both mid-log growth and during glucose deprivation, where translation is inhibited and a 

large pool of mRNPs are produced that accumulate in P-bodies in wild-type strains 

(Teixeira et al., 2005).   

 

 We observed that in wild-type cells, the mRNA is distributed in the cytoplasm 

and then under stress accumulates in cytoplasmic P-bodies as seen earlier (Brengues et 

al., 2005).  Amazingly, in edc3∆ pat1∆ cells, the mRNA is also distributed in the 

cytoplasm but with glucose deprivation now accumulates either in perinuclear aggregates 
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or within the nucleus (Figure 4a).  In cells without the target mRNA, the U1A-GFP 

fusion proteins is uniformly distributed indicating that the nuclear accumulation seen in 

the edc3∆ pat1∆ strain is due to the accumulation of the MFA2 target mRNA in the 

nucleus (Figure 4b).   

 

 The MFA2 mRNA seen in the nucleus in the edc3∆ pat1∆ strain could be either 

due to a block in mRNA export of nascent mRNAs, or due to the re-import of cytosolic 

mRNAs. To distinguish between these possibilities, we blocked new transcription by the 

addition of doxycycline prior to glucose deprivation.  We observed that a block to new 

transcription does not prevent the nuclear accumulation of the MFA2 mRNA, which 

argues that the nuclear accumulation observed represents re-import of cytoplasmic 

mRNAs into the nucleus (Figure 4b).   

 

The requirement for stress to see mRNA re-import suggests that mRNAs which 

were actively engaged in translation and thereby associated with cytoplasmic 

polyribosomes were not able to be re-imported into the nucleus.  A prediction of this 

interpretation is that the addition of cyclohexamide, which is a strong block to translation 

elongation, thereby trapping polysomes on mRNA even during glucose deprivation 

(Teixeira et al., 2005), should prevent the accumulation of MFA2 mRNA in the nucleus 

in the edc3∆ pat1∆ strain.  Strikingly, we observed that the addition of cyclohexamide 

prior to glucose deprivation resulted in no discernible nuclear accumulation of mRNA 
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(Figure 4b).  We interpret this observation to indicate that re-import of mRNAs into 

nuclei is prevented for mRNAs that are associated with ribosomes and engaged in 

translation. 

 

The observation of nuclear import of cytosolic mRNA in edc3Δ pat1Δ mutants 

argued that some feature of these proteins contributed to keeping mRNA in the cytoplasm 

normally.  The likely role of Pat1 is to function as an adaptor for re-export of mRNAs to 

the cytoplasm through its NES interacting with Crm1.  Consistent with that interpretation, 

we observed that mRNA accumulates in the nucleus in a pat1Δ strain (Figure 4c). We 

also observe that the pat1-nes mutant fails to rescue the accumulation of Dcp2-GFP in the 

nuclei of a edc3∆ pat1∆ strain (Figure 1, pat1NES
m
 :edc3Δ).  

 

If the role of the P-body proteins, and by extension P-bodies, is to prevent mRNA 

from re-importing to the nucleus, then any strain deficient in P-body formation would 

exhibit enhanced nuclear accumulation of MFA2 mRNA. This is the case for the 

edc3Δpat1Δ strain, which is unable to form P-bodies upon glucose deprivation. A further 

test of this hypothesis is to look at the edc3Δlsm4ΔC strain, which has also been shown to 

be defective in P-body formation (Decker et al., 2007). Similar to the edc3Δpat1Δ strain, 

we observe a strong nuclear accumulation of mRNA in an edc3Δlsm4ΔC strain (Figure 

4c). Since their respective single deletions are still capable of P-body formation (Teixeira 
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and Parker, 2007), and do not show nuclear accumulation (Figure 4c), this argues that P-

bodies are required to prevent mRNA from re-importing back into the nucleus. 
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DISCUSSION 

 In this work we demonstrate two new findings.  First, we show that components 

of P-bodies in yeast and mammalian cells shuttle between the nucleus and cytoplasm and 

this process appears to be required, at least for Pat1p, for function.  Second, we 

demonstrate that cytosolic mRNAs can be imported into the nucleus, which has important 

implications.  

P-body proteins shuttle through the nucleus in a Crm1-dependent manner. 

 Several observations demonstrate that P-body proteins shuttle between the 

nucleus and the cytoplasm as revealed by lesions or conditions that alter their distribution 

between these compartments.  For example, in an lsm1Δ genetic background, Pat1-GFP 

accumulated in the nucleus (Teixeira and Parker, 2007); and in a corollary experiment, 

Lsm1-GFP showed nuclear accumulation in a pat1Δ strain (Figure 1).  Similarly, Dcp2-

GFP showed a strong accumulation in the nucleus in a strain that is deficient in both Pat1 

and Edc3 (Figure 1). Moreover, many yeast P-body components show nuclear 

accumulation in an xpo1-1 strain at the non-permissive temperature indicating the export 

of P-body components from the nucleus is dependent on Crm1p, which is consistent with 

a leucine-Rich NES in Pat1p, which is required for its export (Figure 1).  The shuttling of 

P-body components into the nucleus and their Crm1 dependent export to the cytoplasm is 

conserved in mammals since blocking Crm1 function with LMB in mammalian cells also 

leads to the accumulation of multiple P-body components in the nucleus (Figure 2).  
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 An interesting difference between the accumulations observed in yeast and 

mammalian cells involves the decapping protein Dcp1. In yeast, Dcp1 was not seen to 

accumulate in the nucleus in the xpo1-1 strain at the non-permissive temperature (Figure 

1); whereas the mammalian homologue Dcp1a showed a strong nuclear accumulation 

following LMB treatment (Figure 2).  One caveat to this experiment is that the c-terminal 

GFP tag on Dcp1 might alter its ability to enter the nucleus, although this tag does not 

appear to affect the function of Dcp1 as judged by the efficiency of decapping (Sheth and 

Parker, 2003).  However, it is also possible that in yeast the compartmentalization of 

Dcp1 allows for a segregation of decapping solely to the cytoplasmic compartment, by 

ensuring that the interaction between Dcp1 and Dcp2 only occurs in the correct 

compartment of the cell.  Interestingly, in mammalian cells Dcp1a is imported into the 

nucleus but we observed that the protein Hedls did not show nuclear accumulation upon 

LMB treatment (data not shown). Since Hedls has been proposed to function to promote 

decapping by stabilizing the decapping complex (Fenger-Gron et al., 2005), it may be 

that decapping complexes shuttled into the nucleus are defective in actual decapping 

activity, which would restrict decapping to the cytosol.  

 

Nuclear-Cytoplasmic Shuttling of Pat1p is required for effective mRNA decapping. 

 

 Several observations indicate that shuttling of Pat1 is required for its function in 

mRNA decapping.  First, mutations in the Pat1 NES cause an accumulation of Pat1 in the 
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nucleus and a defect in both decapping and growth at 37°C (Figure 3). This demonstrates 

that Pat1p export to the cytosol is required for efficient function.  Second, mutations in 

the Pat1p NLS lead to a weaker, but significant, defect in decapping and growth at high 

temperature (Figure 3 and (Pilkington and Parker, 2008)).  This suggests that nuclear 

Pat1p import is also required for optimal function.  Most strikingly, a combination of 

both types of mutants results in a defect in decapping and high temperature growth that is 

just as severe as a pat1Δ alone (Figure 3). This observation argues that shuttling is 

required for Pat1p function and not just its presence in the cytosol, perhaps because 

shuttling allows for efficient movement of other P-body components to the cytosol in a 

Pat1p dependent manner.  

 

 An unresolved issue is the specific mechanisms by which nuclear cytoplasmic 

shuttling affects mRNA decapping.  One possibility is that the shuttling of Pat1 is 

required for the efficient export of other mRNA decapping factors such as Dcp2 or 

Rpb4/7 into the cytoplasm.  Alternatively, it could be that Pat1 is modified in the nucleus 

(such as a cycle of phosphorylation) and such a modification is required for cytoplasmic 

stimulation of decapping.  Finally, it could be that the import of P-body components also 

imports mRNAs into the nucleus and that re-export of those mRNAs, through Pat1, 

would be required for efficient mRNA decapping, perhaps because Dcp1 is not seen in 

the nucleus.  
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Cytoplasmic mRNAs can be imported into the nucleus. 

 

 Several observations indicate that cytosolic mRNAs in yeast can be imported into 

the nucleus, which was most clearly revealed in strains defective in components of P-

bodies.  Specifically, in edc3∆ pat1∆, edc3∆ lsm4∆C, and pat1∆ strains the MFA2 

reporter mRNA accumulates in the nucleus during glucose deprivation (Figure 4).  

Moreover, this accumulation of MFA2 mRNA in the nucleus is from cytosolic mRNA 

since inhibiting new transcription from this mRNAs promoter still exhibits nuclear 

accumulation (Figure 4). Furthermore, trapping cytosolic mRNAs in polysomes with 

cyclohexamide prevents the nuclear accumulation (Figure 4). Taken together, these 

observations demonstrate that cytosolic mRNAs can be imported into the nucleus.  

Moreover, because this import increases when mRNAs are released from polysomes, and 

the import is blocked with cyclohexamide, it appears that translating mRNAs associated 

with ribosomes are maintained in the cytosol.   

   

 These analyses provide evidence that one function of cytoplasmic RNA granules 

is to maintain mature mRNAs in the cytosol when they exit translation.  The critical 

observation is that the accumulation of mRNAs in the nucleus was easily visualized in 

strains defective in assembling microscopically visible P-bodies.  For example, the edc3∆ 

lsm4∆C strain, which is able to repress translation during glucose deprivation but cannot 

aggregate mRNAs into larger P-bodies (Decker et al., 2007), shows the accumulation of 
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mRNA in the nucleus when translation initiation is inhibited (Figure 4).  Similarly, edc3∆ 

pat1∆ strains, which show an even stronger decrease in the ability to form P-bodies due 

to the absence of Edc3p, Pat1p, and the requirement for Pat1p to recruit the Lsm1-7p 

complex to P-bodies (Decker et al., 2007; Pilkington and Parker, 2008; Teixeira and 

Parker, 2007), also show a strong accumulation of nuclear mRNAs following decreases 

in translation initiation (Figure 4).  Finally, we also observed an accumulation of mRNA 

in the nucleus in pat1∆ strains (Figure 4), which we suggest is a consequence of the loss 

of Pat1p role in P-body assembly (Pilkington and Parker, 2008; Teixeira and Parker, 

2007) and a requirement for Pat1p to promote mRNA re-export from the nucleus through 

interactions with Crm1. We interpret these observations to indicate that the aggregation 

of translationally repressed mRNAs into larger cytoplasmic RNP granules function, at 

least in part, to prevent individual mRNPs from being re-imported into the nucleus.   

 

  A possible model for the movement of mRNAs between the nucleus and 

cytoplasm includes the following features.  First, nascent mRNAs are exported by the 

Mex67/TAP system of mRNA export and defects in this pathway lead to alterations in 

nascent mRNA processing (Hilleren and Parker, 2001).  Second, cytoplasmic mRNAs 

that are not engaged in translation, or aggregated into P-bodies, can be imported back into 

the nucleus by a yet to be described mechanism.  Finally, imported mRNAs in the 

nucleus are re-exported through interactions with Pat1p, which then recruits the exportin 

Crm1.  
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 The mechanism by which mRNAs are imported into the nucleus is not clear.  One 

possibility is that mRNAs that are not engaged in translation can interact with cytosolic 

components of the Mex67/TAP export pathway and then export can occur in a backward 

direction to import mRNAs back into the nucleus.  Alternatively, the mRNAs might exit 

translation and then form a complex with translation repressor proteins that are found in 

P-bodies, which might also have nuclear import signals.  Then in the absence of 

aggregation into larger structures, the mRNAs could be re-imported back into the 

nucleus.  For this model to hold, one or more of the protein components of the P-body 

mRNP would need to contain a nuclear import signal capable of bringing the mRNP into 

the nucleus.  Moreover, this import would need to be independent of Edc3p and Pat1p 

since strains lacking these components can re-import mRNAs into the nucleus. 

Alternative proteins that might mediate import would include Dcp2, Dhh1, Ded1, Sbp1, 

or the Lsm1-7p complex.  A final possibility for how mRNAs get imported into the 

nucleus is that as mRNPs exit translation they can either assemble a P-body type of 

mRNP, or form a competing mRNP structure (which could be the Mex67/TAP complex 

in one model) after exiting translation that is not related to the complex that accumulates 

in P-bodies.  

 

 Several results raise the possibility that mRNAs can normally shuttle between the 

cytosol and the nucleus even in strains that can form P-bodies, but at a reduced rate.  For 

example, yeast strains defective in Crm1 function accumulate poly(A)+ mRNA in the 
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nucleus suggesting some mRNAs are constantly in need of re-export, or that there are 

specific mRNAs that are exported as nascent transcripts by Crm1.  Note that this would 

also fit with the observation that over-expression of eIF4E would drive those mRNAs 

back into translation and prevent their accumulation in the nucleus as is seen for cyclin D 

in mammalian cells (Rousseau et al., 1996).    

 

 The demonstration that mRNAs can shuttle between the nucleus and the 

cytoplasm has many important implications.  First, it suggests that one mechanism by 

which translation repression could occur would be to target mRNAs back into the 

nucleus, thereby preventing their interaction with the translation machinery.  One 

example of this phenomenon might be the translation repression of multiple mRNAs by 

TIA and TIA-R which are primarily nuclear proteins. This could be tested by FISH of the 

specific mRNAs +/- TIA function to see if they accumulate in the nucleus when 

translation is repressed.  A second implication is that it might explain the shuttling of Ago 

proteins into the nucleus, which appears to be required for miRNA silencing.  One 

possibility here is that Ago:miRNA complexes can only bind to mRNAs when they are in 

the nucleus, and therefore the shuttling of mRNAs might be important to allow 

miRNA:Ago interaction of mRNAs with newly produced mRNAs.  Note that in this 

model, the re-entry of cytosolic mRNAs into the nucleus essentially serves as an 

opportunity to re-program the mRNP for different regulatory events.  There are 

presumably other implications as well that we have not thought of yet.   



117 
 

 In conclusion we believe these data support a model of re-import of cytoplasmic 

mRNA into the nucleus, and we propose the following model. mRNAs are borne and 

exported out of the nucleus by the Mex67 pathway (Segref et al., 1997), and defects in 

this  primary export lead to hyperadenylation as seen with multiple mutants (Hilleren and 

Parker, 2001). In the cytoplasm mRNAs can be engaged in translation, which prevents 

their re-import. When not translating, mRNAs either accumulate in P-bodies, or they re-

import back into the nucleus as an mRNP, minimally containing Pat1. Interestingly, one 

can envision two pathways for mRNA in the cytoplasm to accumulate in P-bodies either 

because a) they go directly to P-bodies or b) they re-import into the nucleus and then re-

export into a P-body state.  Here, identifying mutants that are defective in import would 

then be important for determining if import and re-export is important for mRNA 

degradation.  
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MATERIALS AND METHODS 

Yeast strains and plasmids. 

 The genotypes of the strains used in this study are listed in Table 1. Strains were 

grown on either standard yeast extract/peptone medium (YP) or synthetic medium (SC) 

supplemented with the appropriate amino acids and 2% glucose as a carbon source. 

Strains were grown at 30ºC unless otherwise stated.  

All plasmids used in this study are listed in Table 2. Mutation of the NES site in Pat1, and 

insertion of the Pab1 NES and SV40 NLS into Pat1, was achieved using Quikchange 

mutagenesis according to the manufacturer’s instructions (Stratagene, CA). 

Mammalian cell culture. 

HeLa cells were grown in Dulbecco’s Modified Eagles Medium (DMEM) supplemented 

with 10% FCS at 37°C. Cells were treated with Leptomycin B (Sigma-Aldrich, MO) at 

2ng/ml for 1 hour. Following which cells were fixed in 4% paraformaldehyde and 

processed for fluorescent immunocytochemistry according to the immunofluorescence 

protocol found on the antibody supplier’s webpage (www.abcam.com/technical). Briefly, 

cells were fixed, washed in PBS, permeabilized with 0.25% Triton X-100, washed and 

then blocked in 1% BSA in PBST. Primary and secondary antibody incubation were done 

at room temperature for 1 hour in 1% BSA in PBST, following which they were 

incubated with 0.1µg/ml DAPI for 1 minute prior to mounting and viewing. 

 

http://www.abcam.com/technical
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RNA analysis. 

For mRNA decapping analysis of the yeast reporter mRNA, MFA2pG, cells were grown 

to an OD600 of 0.3–0.4 in SC media supplemented with the appropriate amino acid and 

2% galactose at 28ºC. Cells were harvested and total RNA was extracted as described in 

Caponigro, et al. 1993(Caponigro et al., 1993). RNA was analyzed by running 20μg of 

total RNA on 6% Urea Polyacrylamide gels. Northerns were performed using 

radiolabeled oligonucleotide, oRP140, which is directed against the MFA2pG reporter 

mRNA. Quantitation of blots was performed using a Molecular Dynamics (Sunnyvale, 

CA) Phosphorimager. Loading corrections were done using oRP100, an oligonucleotide 

directed against SCR1 RNA, a stable RNA polymerase III transcript. 

Microscopy 

High OD cultures were grown to OD600 of 1.0 in the appropriate media, collected by 

centrifugation, resuspended in the same media for observation on a deconvolution 

fluorescent microscope (Deltavision RT, Applied Precision). In the case of the cells at 

mid-log phase growth, they were grown to an OD600 of 0.4 in the appropriate media with 

glucose. Cells were washed in SC supplemented with the appropriate amino acids 

without glucose, resuspended in the same media, and incubated in a flask in a shaking 

waterbath for 10 minutes and then collected by centrifugation. An aliquot of cells was 

then resuspended in the same media for observation on the deconvolution fluorescent 

microscope (Deltavision RT, Applied Precision). Cells were observed on a deconvolution 

microscope (Deltavision RT, Applied Precision) using an objective (UPlan Sapo 100X 
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1.4NA; Olympus). They were collected using software (softWoRx) as 512 x 512-pixel 

files with a camera (CoolSNAP HQ; Photometrics) using 1 x 1 binning. Image files are 

maximum intensity projections, made using Image J and have been adjusted to the same 

contrast range.  

mRNA Localization. 

For the localization of MFA2 mRNA, the relevant yeast strains were transformed with 

the 2µ TRP plasmid U1A-GFP (pRP1187) and the tetracycline repressible 2µ URA 

plasmid Tet-off MFA2P-U1A. The strains were grown in SC media with amino acids and 

glucose to an OD600=0.4. For glucose depletion, after washing and resuspension in SC 

media lacking glucose, cells were incubated in a flask in a shaking water bath for 10 min. 

An aliquot was spun in a microfuge for 30 seconds and then visualized on the 

deconvolution microscope (Deltavision RT, Applied Precision). For the tetracycline 

block to transcription, doxycycline (Sigma) was added to a final concentration of 2µg/ml 

immediately prior the glucose depletion. Similarly, for the cyclohexamide (CYH) block 

to translation elongation, CYH was added to a final concentration of 100µg/ml 

immediately prior to the glucose deprivation. For the localization of mRNA at stationary 

phase, the relevant strains were grown overnight to an OD600=1.0 in SC media containing 

glucose, and then visualized on the deconvolution microscope (Deltavision RT, Applied 

Precision). 
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FIGURE LEGENDS 

Figure 1.  P-body proteins can accumulate in the nucleus. (A) Wild type and pat1Δ 

strains were transformed with Lsm1 which was tagged with GFP. Under stationary phase 

growth conditions, Lsm1-GFP was seen to accumulate in the nucleus in the pat1Δ strain. 

(B) wild type, pat1Δ, edc3Δ and pat1Δ:edc3Δ strains which were expressing Dcp2-GFP 

from the chromosome were grown to stationary phase. The pat1Δ:edc3Δ strain was seen 

to accumulate Dcp2-GFP  in the nucleus. The addition of Pat1 with a mutated NES 

(pat1NES
m
:edc3Δ) was unable to rescue this accumulation. (C) The xpo1-1 strain was 

transformed with GFP-tagged versions of P-body proteins and an RFP tagged version of 

a NLS for nuclear localization, and grown to mid-log phase at the permissive temperature 

(28°C). The cells were then shifted to the non-permissive temperature (37°C) and grown 

for 1 hour before observing on the fluorescent microscope. All P-body proteins with the 

exception of Dcp1 were seen to accumulate in the nucleus at the non-permissive 

temperature. 

 

Figure 2. Mammalian P-body proteins can accumulate in the nucleus following 

LMB treatment. HeLa cells were grown to approximately 60% confluency in DMEM 

with 10% FCS and at 5% CO2. Half of the cultures were treated with LMB for 1 hour, 

following which all the cultures were fixed and processed for immunocytochemistry. The 

P-body proteins were seen to accumulate in a perinuclear or nuclear region following 

treatment with LMB. 
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Figure 3. The nuclear shuttling of Pat1p is critical for downstream cytoplasmic 

events. (A) Pat1-GFP was mutated at the proposed NES sight by replacing the NES with 

alanine residues. This was transformed into a pat1Δ strain and observed on a fluorescent 

microscope. Pat1 with the mutated NES was seen to accumulate in the nucleus of the 

cells. This accumulation could be rescued by replacing the mutated NES sequence with 

the NES from Pab1p. (B) The accumulation of Pat1-GFP which only contained residues 

697-763, was altered from wild type in that it accumulated in the nucleus. A deletion of 

this domain of Pat1, resulted in a cytoplasmic accumulation, indicating that this region 

contains an NLS for Pat1. (C) Shown is the steady state decay analysis of the unstable 

MFA2 reporter mRNA in a pat1Δ strain. Each lane represents the strain containing wild 

type PAT1 on a CEN vector (PAT1), empty vector (pat1Δ), a CEN vector containing 

PAT1 mutated at the NES, and a CEN vector containing PAT1 where the NES has been 

replaced for the Pab1 NES. The Scr1 RNA is shown below each panel as a loading 

control. The diagram indicates the relative positions of full-length mRNA and the poly 

guanosine decay intermediate. Shown below each gel is an indication of the level of 

growth at the non-permissive temperature for a pat1Δ strain with the respective plasmid 

additions. (D) Shown is the steady state decay analysis of MFA2, under similar 

conditions as in (C). Each lane represents the pat1Δ strain containing PAT1 on a CEN 

vector with a mutated NLS region, PAT1 on a CEN vector with a mutated NLS region 

replaced with an NLS from SV40, PAT1 on a CEN vector with mutated NES and NLS 

regions, PAT1 on a CEN vector with mutated NES and NLS regions with the NES region 

replaced with the Pab1 NES, and PAT1 on a CEN vector with mutated NES and NLS 
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regions with the NLS region replaced with the NLS from SV40. Shown below each gel is 

an indication of the level of growth at the non-permissive temperature for a pat1Δ strain 

with the respective plasmid additions. 

 

Figure 4.  MFA2 mRNA is seen to re-import into the nucleus, in conditions in which 

P-bodies are deficient. (A) Wild type and pat1Δ:edc3Δ strains were transformed with a 

plasmid containing MFA2 cloned with U1A-binding sites and with a plasmid containing 

U1A tagged with GFP. Cells were grown to an OD600 of 0.4, half the culture was the 

shifted to minus glucose conditions for 10 minutes and then observed on a fluorescent 

microscope. Also shown is the same minus glucose pat1Δ:edc3Δ strain which was also 

stained with DAPI to co-localize the mRNA with the nucleus. (B) The pat1Δ:edc3Δ 

strain was transformed with a plasmid containing MFA2 cloned with U1A-binding sites 

and with a plasmid containing U1A tagged with GFP. Cells were grown to an OD600 of 

0.4, shifted to minus glucose conditions and then observed on a fluorescent microscope. 

The strains labeled “Doxycycline” and “Cyclohexamide” had doxycycline and 

cyclohexamide added respectively immediately prior to the minus glucose shift, and then 

following a 10 minute minus glucose shift was observed on the fluorescent mincroscope. 

The strain labeled “no mRNA” was only transformed with the plasmid containing U1A 

tagged with GFP. This strain was also grown to an OD600 of 0.4, shifted to minus glucose 

conditions and then observed on a fluorescent microscope. (C) The respective single 

mutant deletion strains were transformed with a plasmid containing MFA2 cloned with 
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U1A-binding sites and with a plasmid containing U1A tagged with GFP. Cells were 

grown to an OD600 of 0.4, half the culture was the shifted to minus glucose conditions for 

10 minutes and then observed on a fluorescent microscope. 
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