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Abstract

Shuttling hnRNP proteins play a unique role in mRNA regulation since they can

associate with RNA and can traverse the double membrane barrier that separates the

nucleus from the cytoplasm. The shuttling hnRNP proteins, Nab2, Npl3 and Nab4/Hrpl

are a special subset of hnRNPs that associate co-transcriptionally. To explore the

function of these three proteins, their RNA binding partners were first identified using a

microarray-based assay. Each hnRNP displayed a unique spectrum of preferential RNA

associations. Moreover, these associations could be segregated into distinct functional

categories; implicating the hnRNPs in a number of new processes. To identify a possible

basis for the hnRNP specificity, the IP-microarray dataset was subjected to

bioinformatics analysis which identified a unique motif overrepresented in messages

associated with Nab2 and Nab4.

To clarify the function of the transcript specificity, the Nab4 protein was

examined in more detail. In addition to being an hnRNP protein, Nab4 is also a

component of the Cleavage Factor complex required for polyadenylation. Further

bioinformatics analysis of Nab4 associated transcripts identified four motifs, all of which

were similar to the known binding motif for Nab4. Over 50% of the genome has multiple

Nab4 sites within 500nt of the ORF which led to the hypothesis that Nab.4 may be

involved in cleavage site selection during polyadenylation. Mutations in either the Nab4

protein or the Nab4 motif affect cleavage site selection in vivo. To demonstrate that

polyA site selection is physiologically relevant mechanism of gene regulation, we

examined a process that contained an unusually high number of transcripts with multiple
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Nab4 motifs, metal ion stress. Surprisingly, Nab4 mutants are highly resistant to high

levels of copper. We identify a single, alternatively processed transcript that is required

for the resistance of the nab4 mutant strain to toxic copper. This work describes the

transcript specificity of the shuttling hnRNP proteins and proposes a physiologically

relevant purpose to this specificity for gene regulation.
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Prologue



Prologue

At its heart, my thesis asks a straight-forward question: what is the function of the

shuttling hmRNP proteins in S. cerevisisae. I was initially motivated by the hypothesis

that the transcript specificity of the shuttling hnRNPs could be used to direct transcript

specific mRNA export pathways. However, instead of studying hnRNPs during export,

my project unexpectedly turned towards the study of hnRNPs during alternative 3’end

processing. This is the story of how the study of mRNA export turned into the study of

3'end processing. Along the way, I identified the RNA binding spectrum for three

shuttling hmRNPs, motifs that may direct this binding, and I explored a function for this

specificity in the Nab4 hnRNP.

History and Perspective

The term hnRNP is a catch-all designation for the myriad of proteins that are

associated with pre-mRNA and mature mRNA in the nucleus. First characterized more

than 40 years ago (Dreyfuss 1986; Dreyfuss, Matunis et al. 1993), the term hnRNP is an

acronym for heterogenous nuclear ribonucleic acid particles or proteins. One definition

describes an hnRNP protein as any RNA-associated protein in the nucleus that is not

previously defined as another protein, such as a snRNP (Dreyfuss 1986). With such a

broad definition, it is not surprising that hnRNPs are involved with practically every step

of RNA processing, including splicing, 3’ end processing and mRNA export.



Their abundance in mammalian cells rivals those of the histones. In fact, the

hnRNPs were first proposed to play a role analogous to that of the histones but in

packaging RNA instead of DNA. This hypothesis lead to the notion that the hnRNPs

used mainly non-specific RNA-protein contacts and this idea became entrenched. Much

of my work is devoted to overturning this paradigm. This dissertation provides evidence

that, not only do the hnRNPs display transcript specificity, but they use this specificity

for a functional purpose in the cell.

Among the earliest indications that hnRNP particles display specificity are the

Miller spreads of actively transcribing chromosomes from metazoan extracts from the

early 80s (Beyer, Miller et al. 1980). These experiments showed that particles associate

with the nascent RNA in a nonrandom manner. More recently, the specific associations

of several metazoan hnRNPs have proven to be vital in controlling alternative splicing

events (reviewed in (Smith and Valcarcel 2000; Caceres and Kornblihtt 2002)).

Introducing the Nab proteins of S. cerevisiae

Thus far, the bulk of the characterization of the hnRNP proteins has derived from

metazoan cells. It was not until 1993 that hnRNP proteins were first identified in S.

cerevisiae (Wilson, Datar et al. 1994). Swanson and collegues isolated proteins cross

linked with polyA RNA in a publ/ strain and called them the NAB (nuclear

polyadenylated RNA-binding) genes. Pabl and Publ constitute the two major polyA

binding proteins in cerevisiae. A total of 5 different NAB proteins are identified in the



Yeast Genome Database; three of which were reported in the Anderson et al paper

(Anderson, Wilson et al. 1993). I have focused my studies on three of these proteins,

Nab2, Npl3 (aka Nabl) and Nab4.

Nab2 is a protein of 525 amino acids consisting of four domains; an N-terminal

domain, a glutamine/proline-rich domain, an RGG box and a zinc finger motif (Chapter

1, Figure 1). The N-terminal domain is unique to Nab2 and is required for efficient

export of polyA RNA (Marfatia, Crafton et al. 2003). Interestingly, the

glutamine/proline-rich domain displays different lengths in closely-related yeast species

(Anderson, Wilson et al. 1993), similar to the polyO disease proteins in higher

eukaryotes. For its shuttling ability, KaplC4 is required for Nab2 to enter the nucleus via

an interaction in the RGG domain (Aitchison, Blobel et al. 1996). The zinc finger

domain is required for RNA association (Marfatia, Crafton et al. 2003).

The closest homolog of Nab2 in mammalian cells is hnRNP A1. The recent

proteomics analysis of phosphoproteins in cerevisiae identified Nab2 as one of the

phosphoproteins (Ptacek, Devgan et al. 2005). However, this has not yet been

independently confirmed and the significance remains unknown. Nab2 is also

posttranslationally modified by methylation in the RGG domain by Hmtl, but it is

unknown if this modification is reversible (Green, Marfatia et al. 2002).

After I had begun my thesis work, a report was published linking Nab2 to

polyadenylation (Hector, Nykamp et al. 2002). The authors hypothesized Nab2 acts like



a nuclear Pabl protein, associating with the polyA tail. Using filter binding assays with

recombinant protein and labeled 25mer oligos, they showed Nab2 binds with micromolar

affinity to polyA sequences (although they did not test whetherNab2 binds with any

specificity to this sequence). Additionally, they showed that Nab2 can functionally

replace Pabl, the polyA binding protein, in in vitro polyadenylation experiments.

Whether this could describe the essential function for Nab2 and explain its function

during mRNA export remains unknown. However, as I will describe in Chapter 1, it

seems unlikely that Nab2 indiscriminately associates with every message due to the

polyA tail.

Npl3 was discovered in several different screens, including the Nab screen

described above. Npl3 contains two RRM domains and a long C-terminal domain

containing RGG and RS motifs (Chapter 1, Figure 1). In addition to its hnRNP-like

characteristics, Npl3 is one of a small group of SR proteins in S. cerevisiae. The SR

proteins stand out for their repetition of arginine-serine (“RS”) motif and for the function

of the SR family of proteins in alternative splicing in mammalian cells. It is a

phosphoprotein that relies on a single RS dipeptide at the very C-terminal end of the

protein for phosphorylation (Gilbert, Siebel et al. 2001). Npl3 is phosphorylated by the

cytoplasmic Skyl kinase (Siebel, Feng et al. 1999). One or more additional kinases exist

but remain unidentified. Like Nab2, Npl3 can also be posttranslationally modified by

methylation (Siebel and Guthrie 1996). Unlike Nab2, its entry into the nucleus is

mediated by Mtrl.0, not Kapl O4. Npl3 is one of the most abundant proteins in the cell,

estimated at 78,700 molecules/cell (Ghaemmaghami, Huh et al. 2003). (Nab2 is also



abundant at ~10,000 molecules/cell. However, in my hands, the expression of Nab2 is

within 2-fold of the expression of Npl3 by quantitative Western blot analysis (data not

shown)). Its specificity or affinity has never been reported in the literature.

Nab4 is 534 amino acids long and is also very abundant at ~60,000 molecules/cell

(Ghaemmaghami, Huh et al. 2003). Nab4 has a long N terminal domain, two RRM

domains and a C terminal RGG domain (Chapter 1, Figure 1). Nab4 can be post

translationally modified by methylation and phosphorylation (Valentini, Weiss et al.

1999; Ptacek, Devgan et al. 2005). Like Nab2 and Npl3, Nab4 has the ability to traverse

the barrier between the cytoplasm and the nucleus. Interestingly, it has been reported that

the localization of Nab4 is sensitive to hypo-osmotic conditions (Henry, Mandel et al.

2003). During stress, Nab4 relocalizes to the cytoplasm and remains there until the stress

is removed. The localization of Npl3 is also sensitive to stress conditions (Krebber,

Taura et al. 1999). However, the relocalization of Npl3 to the cytoplasm during stress is

transient, peaking at 10 min and returning to predominantly nuclear by 30 min post stress

induction.

Like Npl3, Nab4 has also been isolated in several different screens as well. First,

Nab4 was isolated in the Nab screen described above for its RNA binding activity.

Additionally, a mutant Nab4 was identified as a suppressor of the temperature-sensitive

allele npl3-1, thus earning its standard yeast name of HRP1 (hnRNP 1) (Henry, Borland

et al. 1996). For the purposes of this thesis, I will refer to Hrpl as Nab4. Nab4 has also

been identified in physical association (by in vitro crosslinking experiments) with the



efficiency element, one of five sequence elements that contribute to accurate

polyadenylation (Chen and Hyman 1998). Nab4 is also known as Cleavage Factor la

(CF1a) based upon its activity in the in vitro polyadenylation assay (Kessler, Henry et al.

1997; Minvielle-Sebastia, Preker et al. 1997; Dichtl and Keller 2001; Gross and Moore

2001). Nab4 was biochemically purified by two different labs based on this activity,

although the precise role of Nab4 in polyadenylation is still in dispute. The Moore lab

argues that Nab4 is required for the actual cleavage event that precedes polyadenylation,

whereas the Keller group promotes the hypothesis that Nab4 dictates the location of the

cleavage site, but is not required for the actual cleavage event. The data presented in

Chapter 2 is more consistent with the model from the Keller lab.

In addition to its effects on mRNA export and polyadenylation, Nab4 has also

been implicated during NMD (nonsense-mediated decay) (Gonzalez, Ruiz-Echevarria et

al. 2000). NMD is the process that eukaryotic cells have developed to rid themselves of

transcripts that have aberrantly obtained nonsense mutations prior to the correct stop

codon. Nab4 seems to be required for NMD as mutant alleles of Nab4 can stabilize

reporter transcripts that contain nonsense codons (Gonzalez, Ruiz-Echevarria et al. 2000).

This same study identified Nab4 associated with DSEs (downstream sequence elements),

degenerate sequences located downstream of the nonsense mutation that are required to

trigger NMD and degradation. Moreover, Nab4 physically interacts with Upf1, a protein

required for NMD to occur. Whether Nab4 can perform these myriad functions -

polyadenylation, export and NMD - via a single RNA binding event with the nascent

transcript is a tantalizing hypothesis and is discussed further in the Epilogue.



Where I began and where I ended

In addition to their ability to directly associate with polyA RNA, Nab2, Npl3 and

Nab4 share several other characteristics. All three proteins have the ability to shuttle into

and out of the nucleus (Aitchison, Blobel et al. 1996; Lee, Henry et al. 1996; Duncan,

Umen et al. 2000). Also, each protein is important for mRNA export as evidenced by

polyA accumulation in the nucleus as visualized by dT50 FISH in mutant cells

(Singleton, Chen et al. 1995; Duncan, Umen et al. 2000; Green, Marfatia et al. 2002)

(Swanson, personal communications). These characteristics are the cornerstone of the

hypothesis that the shuttling hnRNP proteins act as adaptors between the outgoing

transcript and the export apparatus. Based upon this “adaptor” hypothesis, I chose to

futher analysis the function of the shuttling hnRNPs for my thesis.

Intriguingly, all three proteins were thought to be essential when I began work on

my thesis. (It has since been discovered that the npl3A strain in the consortium collection

background is sensitive to high and low temperatures, but is viable, albeit very sick, at

room temperature.) If they are all essential, then the likelihood of the hnRNPs simply

performing redundant functions becomes small. Therefore, the shuttling hnRNPs either

perform separate essential functions for the cell, or they are all required for the same

function but have specialized substrates. If they are all required for mRNA export, then

could the RNA specificity of the hnRNPs be used to direct separate and distinct mRNA

export pathways? This is the hypothesis that originally motivated my thesis work.



In support of the existence of distinct mRNA export pathways, work from Kent

Duncan, a graduate of the Guthrie lab, had uncovered a novel phenotype concerning the

shuttling hnRNPs and mRNA export. He discovered that in the tom1A background,

polyA RNA accumulates in punctuate foci around the periphery of the nucleus coincident

with the nuclear pore complex (Duncan, Umen et al. 2000). Astonishingly, Nab2 co

localizes to these areas of arrested export. None of the other export proteins tested,

including Npl3, Nab4, Mex67, Nopl and Xpol, displayed any perturbation from their

normal localization. This phenotype is readily apparent at the restrictive temperature of

37°C, as the tom1A grows normally and displays no export phenotype at room

temperature. Interestingly, Toml is an E3-Hect ubiquitin ligase. Mutations that should

disable ligase activity result in a similar phenotype to the deletion strain. This leaves the

possibility that a distinct Nab2-dependant export pathway exists whose activity can be

affected by ubiquitination. Therefore, I was particularly interested in identifying the

transcript specificity of Nab2 and the other hnRNPs.

mRNA export is perhaps the only step in gene expression where regulation of

specific endogenous targets has not been characterized. (It has been proposed that during

a heat stress, stress responsive transcripts are preferentially exported while transcripts

required for wildtype growth are inhibited (Saavedra, Hammell et al. 1997). However,

this exciting hypothesis has not yet been validated.) The potential to uncover a new level

of gene regulation was too exciting to ignore. If Nab2 displayed any transcript



specificity, then those transcripts would likely be affected by the tom1 mutations,

strongly supporting the existence of transcript-specific export pathways.

With this goal in mind, I began the work presented in Chapter 1. Instead of

focusing on the larger question of transcript-specific export pathways, this chapter

addresses a more fundamental question: Is there any transcript specificity at all in the

cerevisiae hnRNPs? When I began this work, aside from Nab4, no published work had

explored the mRNA specificity of the yeast hnRNPs. Instead of utilizing more in vitro

techniques, such as SELEX, to characterize the hnRNPs, I seized upon a new technology

that was just entering the scene – microarrays.

Developed at Stanford by Pat Brown and Joe DeRisi, microarrays contain DNA

from every gene in the genome and can consequently be used to determine the relative

ratio of any gene or transcript in any two samples on a single glass slide (DeRisi, Iyer et

al. 1997). At the time, these microarrays had only been used to determine the relative

changes in total transcript abundance. But, I developed a method to use the same

technology to determine the relative affinity of every transcript for my three hnRNPs.

During the course of this work, several other labs published similar protocols involving

the purification of a protein and the identification of the co-precipitating transcripts via

microarray analysis (Takizawa, DeRisi et al. 2000; Tenenbaum, Carson et al. 2000;

Brown, Jin et al. 2001; Hieronymus and Silver 2003; Gerber, Herschlag et al. 2004; Inada

and Guthrie 2004). In retrospect, my approach to identifying the RNA substrates of the

hnRNP proteins was timely, if not exactly novel.
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Chapter 1 describes this IP-microarray analysis to determine the RNA binding

spectrum of Nab2, Npl3 and Nab4. Identical analysis was also performed on Yral and is

described in Appendix II. I discovered that each hnRNP has a distinctive “fingerprint” of

preferential mRNA association. Moreover, the transcripts statistically enriched for each

hnRNP fell into distinct functional classes. Based on this analysis, we uncovered a

previously unknown role for Nab4 in branched chain amino acid biosynthesis.

Additionally, bioinformatics analysis was performed to identify motifs that are

statistically overrepresented in transcripts associated with each hnRNP. Validating my

approach, similar motifs were independently identified to have a high affinity for Nab2

and Nab4, respectively. This work establishes that the shuttling hnRNPs display

preferential associations for specific transcripts and that these associations can be

functionally relevant.

At this point, instead of pursuing my original hypothesis of distinct export

pathways, a more tantalizing prospect was born out of the analysis in Chapter 1. The

bioinformatics analysis for Nab4 identified a number of related motifs enriched in

transcripts preferentially associated with Nab4. All of these motifs were similar to the

efficiency element which is one of five sequence elements that direct correct

polyadenylation. (The process of polyadenylation is described in more detail in Chapter

2). Early in my graduate career, the Keller lab proposed that Nab4 is not required for

cleavage but for correct placement of the cleavage site (Minvielle-Sebastia, Beyer et al.

1998). When I mapped the location of these motifs across the genome, thousands of

11



genes had multiple motif hits. If Nab4 directs correct cleavage, could multiple Nab4

motifs be indicative of multiple cleavage sites? If multiple cleavage sites exist, then can

Nab4 be used to regulate the choice of alternative cleavage sites? Chapter 2 tests this

hypothesis.

In Chapter 2, I showed that Nab4 mediates alternative cleavage site selection.

Fewer than a dozen transcripts in yeast are known to have multiple 3’ ends. I took one of

these transcripts, SUA7, and showed that cleavage site selection is sensitive to mutant

Nab4 and overexpression of Nab4. I went on to show that the Nab4 motifs are important

for promoting cleavage at adjacent polyadenylation sites. To show that alternative

cleavage site selection is physiologically relevant, I uncovered a stress condition where

alternative cleavage of a single transcript may affect the viability of the cell. Based on

bioinformatics analysis of my IP-microarray data, I found the mRNAs in functional

category of metal ion stress to be enriched in association with Nab4. These transcripts

also tend to have more than two Nab4 motifs in the transcript. Interestingly, nab4

mutants are hyper-resistant to copper toxicity. I went on to identify a single transcript

CTR2 that has alternative cleavage sites. Astoundingly, this single transcript is required

for the remarkable resistance of nab4 mutant strains to excess copper. This work

establishes that alternative cleavage events are a physiologically relevant mechanism to

control gene expression and that Nab4 is an important mediator of cleavage site choice in

vivo.

12



Summary

I have addressed three major aspects of hnRNP function in this thesis:

identification of shuttling hnRNP specificity, a possible basis of the specificity and a

function for this specificity; in other words, the “what,” “how,” and “why” of shuttling

hnRNP specificity. Using microarray technology, I have described the unique spectra of

RNA binding for Nab2, Npl3 and Nab4 in Chapter 1. Also in Chapter 1, I proposed how

the specificity is achieved by identifying motifs that are overrepresented in transcripts

associated with the hnRNPs. In Chapter 2, I established why the specificity is important

by identifying a role in which the specificity of Nab4 affects a physiological outcome. I

propose that the binding of Nab4 is a critical point in alternative 3’ end processing that

could change a transcript's expression or localization by determining the correct cleavage

site. Strikingly, a nab4 mutant strain is strongly resistant to copper and the alternative

cleavage of a single gene, CTR2, is most likely responsible for this phenotype.

My work establishes that shuttling hnRNP specificity exists and is physiologically

relevant. However, much work remains to characterize the specificity. Additionally, I

have only described a function for the specificity of just one of the hnRNPs, Nab4. In

time, I predict that the functional specificity of each of the hnRNPs will be fully realized.

:º
º
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Chapter 1

Functional specificity of shuttling hmRNPs revealed by genome

wide analysis of their RNA binding profiles

º
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Abstract

Nab2, Npl3, and Nab4/Hrpl are essential RNA binding proteins of the shuttling

hnRNP class that are required for the efficient export of mRNA. To characterize the in

vivo transcript specificity of these proteins, we identified their mRNA binding partners

using a microarray-based assay. Each of the three proteins was coimmunoprecipitated

with many different mRNA transcripts. Interestingly, each protein exhibits preferential

associations with a distinct set of mRNAs. Notably, some of these appear to denote

specific functional classes. For example, the ribosomal protein mRNAs and other highly

expressed transcripts significantly favor association with Npl3 over Nab2, and Nab4/Hrpl

is strongly enriched with transcripts required for amino acid metabolism. Significantly,

nab4 mutants showed a striking, desensitized growth phenotype when exposed to amino

acid stress conditions suggesting a biological consequence to the associations we

observed. Supporting the hypothesis that these proteins display transcript specificity, we

identified a unique 7-nucleotide sequence overrepresented in the transcripts highly

associated with Nab2 and Nab4/Hrpl using the REDUCE algorithm. Validating our

approach, our bioinformatics analysis correctly identified the known binding site for

Nab4/Hrpl. These specialized associations of the hnRNP proteins of Saccharomyces

cerevisiae suggest the opportunity to regulate the processing of particular transcripts

between transcription and translation.

.
:
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Introduction

The biological fate of a transcript is intimately dependent upon the RNA binding proteins

with which it is associated. In the nucleus, the predominant form of mRNA is complexed

with ribonucleoproteins to form hnRNPs (heterogeneous nuclear ribonucleic acid

particles) (Dreyfuss, Matunis et al. 1993; Dreyfuss, Kim et al. 2002). An hnRNP protein

was classically defined as any protein that was found in association with these nuclear

mRNA particles. While many hnRNP proteins share common RNA binding modules,

these proteins appear to be functionally diverse and influence many processes, including

alternative splicing, 3' end formation, mRNA export, and RNA stability. In order to better

define the function of the hnRNP proteins on specific transcripts, a careful identification

of specific hnRNP–RNA interactions is required.

Novel functions of RNA binding proteins have been uncovered by the

identification of specific mRNA binding partners on a genome-wide scale in

Saccharomyces cerevisiae, Drosophila, and mammalian cells (Takizawa, DeRisi et al.

2000; Tenenbaum, Carson et al. 2000; Brown, Jin et al. 2001; Herold, Teixeira et al.

2003; Hieronymus and Silver 2003; Shepard, Gerber et al. 2003; Blanchette, Labourier et

al. 2004; Gerber, Herschlag et al. 2004; Inada and Guthrie 2004; Rehwinkel, Herold et al.

2004). The picture that is emerging is one in which RNA binding proteins associate with

discrete subsets of mRNAs that share functional attributes. The association with groups of

related RNAs by an RNA binding protein can then influence the fate of those transcripts,

17



possibly in a regulated manner. In some cases, well-defined sequence elements have been

identified as the protein binding sites.

Of the hnRNP proteins, the shuttling, RNA binding proteins are particularly

interesting since they maintain the ability to traverse the barrier between the nucleus and

the cytoplasm. This shuttling feature may facilitate the export process itself and has also

been hypothesized to give the shuttling hnRNPs the capacity to communicate nuclear

events to the cytoplasmic machinery (Stutz and Rosbash 1998; Dreyfuss, Kim et al.

2002). To date, the best studied of these in S. cerevisiae are the shuttling proteins Nab2,

Npl3, and Nab4/Hrpl. In budding yeast, these three are among a small set of proteins that

were identified as cross-linked poly(A)-RNA binding proteins (Anderson, Wilson et al.

1993; Wilson, Datar et al. 1994; Henry, Borland et al. 1996). While each protein readily

associates with RNA, their protein structures suggest that they may do so in different

ways (Fig. 1). Nab2 associates with RNA primarily through an extended zinc finger

domain (Marfatia, Crafton et al. 2003). Both Npl3 and Nab4/Hrpl contain two RRM

domains. However, Nab4/Hrpl has an arginine/glycine-rich domain typical of

mammalian hnRNP proteins, while Npl3 has an RGG domain that is interdigitated with

arginine/serine dipeptide repeats typical of mammalian SR proteins.

Nab2, Npl3, and Nab4/Hrpl are each functionally nonredundant, as they are each

essential. Two possibilities that are not mutually exclusive could explain their essential

nature: Either each protein may be involved in the same process but with unique

transcripts or each protein may play a unique role in the cell in separate processes.

Because conditional mutations in any of these proteins can lead to nuclear mRNA
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accumulation, the simplest hypothesis implies a function in the mRNA export process

(Singleton, Chen et al. 1995; Lee, Henry et al. 1996; Green, Marfatia et al. 2002; Hector,

Nykamp et al. 2002). However, recent data have demonstrated that nuclear events are

tightly coupled with one another, such that an export block at the pore can feedback to

inhibit at or near the site of transcription (Hilleren, McCarthy et al. 2001; Jensen, Patricio

et al. 2001; Thomsen, Libri et al. 2003). Therefore, it is unclear whether Nab2, Npl3, and

Nab4/Hrpl could be involved in directing the export of specific transcripts in parallel

export pathways, or if they are involved in earlier RNA processing or remodeling steps

that are required to establish export competence.

Despite recent progress in understanding mRNA export in S. cerevisiae, an open

question remains whether there is a single export pathway for all transcripts. Notably, the

export of Nab2 can be uncoupled from that of the other hnRNP proteins by mutations in

TOM1 (Duncan, Umen et al. 2000). In the background of tom1 temperature-sensitive

mutations, Nab2 is exclusively retained in the nucleus, while other mRNA export factors

(Npl3, Nab4/Hrp1, Mex67, Nop1, and Xpol) continue to display wild-type protein

localization (Duncan, Umen et al. 2000). It follows that if Nab2 is specifically bound to

certain messages, then the export of these messages would be blocked as well.

Conversely, the export of those messages not bound to Nab2 would be unaffected. In

addition, the selective retention or export of hnRNPs has also been observed during stress

conditions (Krebber, Taura et al. 1999; Duncan, Umen et al. 2000; Henry, Mandel et al.

2003), arguing against the model of a single, shuttlinghnRNP complex. Moreover, a

genome-wide study in S. cerevisiae identifying the RNAs associated with two different
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RNA binding proteins required for export, Yral and Mex67, concluded that each factor

can associate with disparate transcripts (Hieronymus and Silver 2003).

While the evidence for multiple export pathways seems compelling, the primary

function of Nab2, Npl3, and Nab4/Hrpl may lie in a step upstream of translocation across

the nuclear membrane. 3' end maturation is an essential requirement for export. Notably,

the presence of a poly(A)tail is not sufficient for export (Dower and Rosbash 2002)

implying that the 3' end processing reaction deposits a signal or remodels the RNP in a

manner that is required for export. Intriguingly, both Nab2 and Nab4/Hrpl have been

implicated in aspects of 3' end generation. Nab2 has been hypothesized to play a role in

poly(A)tail length control and has genetic interactions with the poly(A) binding protein

Pabl. Nab4/Hrpl is part of the Cleavage Factor Complex and may be required for

positioning of the cleavage site prior to polyadenylation (Kessler, Henry et al. 1997;

Minvielle-Sebastia, Preker et al. 1997; Chen and Hyman 1998; Minvielle-Sebastia, Beyer

et al. 1998). Although practically every mRNA has a poly(A)tail, Nab2 and Nab4/Hrpl

may not play a role in the 3' end processing of every transcript. In contrast, Npl3 may play

a role in splicing, which, like 3' end processing, is required to occur before translocation

and greatly enhances the export of properly processed messages. Npl3 is related to the

family of SR proteins that, in mammalian cells, are required for constitutive splicing in

addition to their widespread involvement in alternative splicing (Graveley 2000; Hastings

and Krainer 2001; Caceres and Kornblihtt 2002). Moreover, Npl3 has been identified in a

proteomics study in association with U1 snRNPs, an RNP complex that is required for

splicing (Gottschalk, Tang et al. 1998). Therefore, it is unclear if the essential function of
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Nab2, Npl3, and Nab4/Hrpl is at the export step or in an upstream process that is

required for export to occur.

In addition to a role in the nucleus and during export, shuttling hnRNPs may act

as the communicators of nuclear events to the cytoplasmic machinery. For example,

Nab4/Hrpl is required for nonsense mediated decay (NMD) in S. cerevisiae (Gonzalez,

Ruiz-Echevarria et al. 2000; Gonzalez, Bhattacharya et al. 2001). NMD is thought to

occur in the cytoplasm to target incorrectly processed messages for degradation.

Nonsense-containing messages may arise from errors during replication, transcription, or

RNA processing—all nuclear events. Additionally, Npl3 has been found in polysomes

and may act as a translational repressor (Windgassen, Sturm et al. 2004). Mammalian SR

proteins have also been found in polysomes but are thought to act as translational

enhancers (Sanford et al. 2004).

Nab2, Npl3, and Nab4/Hrpl share three important features: They all bind RNA,

they all shuttle, and they all are essential. However, they also display critical differences,

both in their domain structure and their roles in RNA processing. Fundamental to

understanding the function of shuttling hnRNP proteins is to define their RNA

interactions. Toward this end, we used a microarray-based approach to identify the

spectrum of RNAs associated with each of these three proteins on a genomic scale.
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Results

Each hnRNP binds to a unique spectrum of transcripts

The genome-wide mRNA binding spectrum of three RNA binding proteins in S.

cerevisiae, Nab2, Npl3, and Nab4/Hrp1, were evaluated by RNA-IP microarray analysis.

Each protein was tagged with an identical ZZ (tandem IgG binding domains of Protein A)

epitope at the carboxy terminus and integrated into its normal locus in the genome to be

expressed under the control of its endogenous promoter (Longtine, McKenzie et al. 1998;

Preker, Kim et al. 2002). Immunoprecipitations were performed in parallel with extracts

from tagged and untagged sister strains. The coimmunoprecipitating RNAs were analyzed

on an S. cerevisiae DNA microarray after reverse transcription, PCR amplification, and

dye incorporation (Takizawa, DeRisi et al. 2000; Shepard, Gerber et al. 2003). Yeast

ORF arrays were employed that contain PCR products for every ORF (DeRisi, Iyer et al.

1997). For this type of array, the signal from the IP and the mock IP RNA are

competitively hybridized. The resulting log2 transformed ratio reflects the relative

abundance of that transcript between the two samples. (The data for the microarray and

bioinformatics analysis are available at

http://www.ucsf.edu/guthrie/kimguisbert2005.htm.)

For the IP versus mock IP experiment, the ratio reveals the enrichment of any

given mRNA for the immunoprecipitated protein relative to the mock IP control. As these

microarrays simultaneously examined the ratios of >6000 different types of mRNAs, a

spectrum of relative enrichment was assembled for each of the proteins. In this analysis,

the position of the mRNA in the spectrum relative to other messages is more significant
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than the actual ratio from the array. By comparing the RNA spectrum for three different

hnRNPs, the question of hnRNP specificity can be addressed without the use of an

arbitrary cutoff to designate associated versus unassociated messages. Only features that

showed clear, strong, and reproducible signal in the microarray in every replicate for

every protein were included in the analysis.

Importantly, each of the proteins displayed a unique RNA binding spectrum (Fig.

2). The RNA association spectrum for each of the proteins displayed an approximately

Gaussian distribution (data not shown). The average Pearson correlation value for

replicates was 0.729, indicating that the assay is reproducible (Table 1). In contrast, the

average Pearson correlation value between the different hnRNP proteins is 0.439,

numerically illustrating that the RNA binding spectra of Nab2, Npl3, and Nab.4/Hrpl are

not identical (Table 1). Essentially, each protein has a specific "fingerprint" of mRNAs

with which it is preferentially associated.

Although each protein is associated with a unique spectrum of RNAs, each protein

is able to coprecipitate a large number of RNAs. The preferential association of each

protein for RNAs could be thought of as a ranked list. Even though this ranked list is

unique for each protein, each protein retains the ability to associate with many different

RNAs. For example, the GZF3 transcript is highly associated with Nab2 as the 99th

percentile ranked transcript, but is not absent from the Npl3 and Nab4/Hrpl arrays; rather

the GZF3 transcript ranks in the 46th and 81st percentile for Npl3 and Nab4/Hrp1,

respectively.
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A small fraction of genes (<2% of all genes) were found highly enriched for all

three proteins. These may represent messages that are simultaneously bound by multiple

shuttling hnRNP proteins. Alternatively, these could indicate RNAs that are bound

nonspecifically to all proteins. Interestingly, a significant portion of these genes lie near

the telomeric or centromeric region and include the abundant Ty and Y' elements.

Preferential association of mRNA for hinPNPs is segregated by functional

classification

A list of transcripts reproducibly associated with each protein was identified by

subjecting the entire data set to the statistical analysis of microarrays (SAM) analysis

(Tusher, Tibshirani et al. 2001). The data sets were analyzed in pairwise combinations in

order to easily identify the messages that exhibited the most drastic difference in

association between proteins. SAM analysis uses multiple gene-specific t-tests to define a

list of genes with a given false discovery rate (FDR). For all the analyses provided here,

the FDR was set at a maximum of 5%.

The purpose of the SAM analysis is not to delineate associated versus

unassociated messages, but to identify reproducibly, preferentially associated messages.

This list of genes was then analyzed to determine if any functional classifications were

statistically overrepresented. To determine the functional classifications, the GO

annotations (March 2003 annotation) from the Saccharomyces Genome Database (SGD,

available at http://yeastgenome.org) were utilized (Ashburner, Ball et al. 2000).

Classifications that were over-represented with a p-value of ‘5.0e-4 are displayed in

Table 2. Npl3 is enriched over Nab2 with transcripts encoding for ribosomal protein
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genes (RPGs). Nab4/Hrpl is enriched over both Nab2 and Npl3 in pathways responding

to metabolism and stress. Nab2 is enriched over Nab4/Hrpl for proteins required for

DNA-dependent transcription. Therefore, each hnRNP protein displays a propensity to

preferentially associate with specific messages and this specificity correlates with

functional classifications.

Differences between proteins are highlighted when compared directly against each

other

In the above IP versus mock IP analysis, the Nab2 RNA binding spectra and the

Npl3 RNA binding spectra were the most similar to one another. If these two proteins

indeed bind similar messages to the equivalent extent, then the profiles of these spectra

when compared directly against each other would be predicted to look uniform.

Conversely, differences between the RNA binding profiles would be enhanced.

Therefore, to increase the precision of identifying differentially associated messages

between Nab2 and Npl3, the Nab2 associated RNAs were directly hybridized against the

Npl3 associated RNAs on the microarray (i.e., IP vs. IP). This type of analysis has several

advantages. First, the data will directly reveal any binding preferences for RNAs between

the two proteins. Second, since Nab2 and Npl3 both reside primarily in the nucleus, it is

reasonable to assume that they are exposed to a similar milieu of RNAs with which to

bind. In this manner, the direct comparison may be a more accurate reflection of the

binding differences between these two proteins, as a mock IP presumably is more

reflective of the total RNA population than the nuclear RNA population. Lastly, in the

case of Nab2 and Npl3, sufficient quantities of RNA coprecipitated to forgo

amplification, thereby removing any bias introduced during the amplification step.
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Strikingly, several distinct and reproducible differences were uncovered using this

IP versus IP approach. In agreement with the first set of experiments (IP vs. mock IP), the

mRNAs encoding the ribosomal protein genes (RPGs) as a class were biased for

association with Npl3 and against association with Nab2 (Fig. 3). This bias cannot be

explained by differences in gene expression between the two tagged strains as the control

total RNA microarrays showed no significant deviations in expression and displayed a

uniform distribution of RPGs (data not shown). Therefore, the bias of the RPGs for Npl3

is not due to differences in the strain or in the extract preparation. Within the distribution

of the RPGs, Npl3 showed no further preference for intron-containing or essential RPGs.

RPGs are among the most highly transcribed genes in the genome. Interestingly,

Npl3 shows a preferential association with other highly transcribed genes (Fig. 4). Using

the transcriptome information, the median expression values were calculated for the top

10% of messages most highly enriched on either side of our binding spectrum (Fig. 4;

(Holstege, Jennings et al. 1998; Wang, Liu et al. 2002)). After subtracting the abundant

RPG messages, the median expression level of messages associated with Npl3 is still

much higher than the median expression of all mRNAs without the RPGs. Therefore,

Npl3 is preferentially associated over Nab2 with messages that are abundantly expressed

in the cell.

Identification of RNA motifs correlated with hinkNP association

The analysis thus far has shown that hnRNPs can display preferential associations

for particular classes of transcripts. In order to identify potential sequence binding motifs,

the data set was subjected to the motif analysis algorithm REDUCE (Regulatory Element
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Detection Using Correlation with Expression) (Bussemaker, Li et al. 2001). This

algorithm performs an unbiased search on a single microarray experiment for every

possible motif (oligonucleotide sequence) where the presence of the motif correlates with

the transcript's enrichment with the target protein (Bussemaker, Li et al. 2001). Up to 7

nt-long motifs were searched, as longer motifs occur rarely and cannot yield sensible

statistics. Although this algorithm was developed to identify DNA motifs involved in

transcriptional regulation, the principle is conceptually identical to finding motifs

associated between RNAs and proteins. The sense strand was searched from 600 nt

before the start codonto 300 nt downstream of the stop codon. This region includes the 3'

UTR for ~98% of the genome (Graber, McAllister et al. 2002) and is estimated to include

nearly all of the transcription start sites (Spellman, Sherlock et al. 1998). The REDUCE

algorithm identified unique seven-letter motifs overrepresented in the transcripts

associated with each of the three immunoprecipitated proteins. Once all the

overrepresented motifs were identified, REDUCE created a model motif that best fit the

microarray data. Model motifs that were identified in at least two independent

microarray-REDUCE analyses are shown in Table 3 with the highest p-value for the

given motif.

Validating our approach, the REDUCE algorithm identified the UAUAUA motif

overrepresented in transcripts that are associated with Nab4/Hrpl. Importantly, this

element is identical to the core efficiency element (EE) of UA repeats that Nab4/Hrpl

associates with in in vitro binding experiments (Kessler, Henry et al. 1997; Chen and

Hyman 1998). Nab4/Hrp1, in association with the Efficiency Element, has been
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hypothesized to play a role in the cleavage event that precedes polyadenylation during 3'

end formation (Minvielle-Sebastia, Beyer et al. 1998).

An A-rich sequence was identified that strongly correlates with association with

Nab2 (Table 3). Notably, Nab2 was shown to associate with high affinity (~7.5 nM) with

a 25-mer of poly(A) RNA (Hector, Nykamp et al. 2002). Although REDUCE identified

C-rich motifs enriched with Npl3, none of the motifs was >5 nt long, a requirement for

inclusion in our data set. The failure to identify a larger motif for Npl3 could indicate that

Npl3 binds to a more degenerate motif (REDUCE analysis does not allow for any wobble

positions), that Npl3 has less specificity for a single RNA sequence, or that Npl3 does not

require a 5-nt-long sequence to associate with RNA. To our knowledge, no work has been

published that has examined the sequence specificity or affinity of Npl3.

Since the REDUCE algorithm was used to identify words up to seven letters, the

regions flanking the motif were subsequently analyzed to determine if a larger context

could be revealed. All occurrences of the top ranking motif were extracted from the SGD

along with flanking sequences upstream and downstream of the motif (Cherry, Ball et al.

1997). This list of sequences was then ranked according to their ratio from the RNA-IP

microarray experiment. Approximately 200 of the highest scoring occurrences of the

word by RNA-IP microarray analysis were subjected to MEME local area alignment

(available at http://meme.sdsc.edu/meme/website■ ) (Bailey and Elkan 1994). By this

means, an expanded motif for both Nab2 and Nab4/Hrpl was identified. A graphical

summary of the alignment is shown in Figure 5 using Weblogo, a tool developed by

Crooks et al. (2004) based upon the sequence logos created by Schneider and Stephens
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(1990) (Weblogo is available at http://weblogo.berkeley.edu). To avoid the identification

of common promoter elements, the 5' UTR was not searched for expanded motifs.

This analysis extended the A-rich sequence found with Nab2 to 12 nt,

AAAAAAAAAAAG. Interestingly, the MEME analysis identified a T-rich element in a

subset of genes that lies directly upstream or downstream of the A-rich element (data not

shown). The T-rich element may have been too degenerate to detect with the REDUCE

analysis. The identification of a close complement sequence to the central A-rich motif

may suggest an RNA stem structure for some Nab2 associated transcripts.

The extended motif for Nab4/Hrpl is nearly a duplicated occurrence of the

Nab4/Hrpl motif, from TATATAA to TATATATTTATATA. Intriguingly, the Nab2 and

Nab4/Hrpl expanded motifs are only visible when the 3' UTR occurrences of the motif

were aligned. This may indicate that the occurrences of the motif in the coding region are

false positives or that the shorter nucleotide motif is sufficient for binding.

Growth phenotype correlates with association in the RNA-IP microarray assay

To evaluate the biological significance of the preferential hnRNP-mRNA

associations we observed, we focused on the strong association of Nab4/Hrpl with

transcripts required for amino acid metabolism. In particular, transcripts required for

branched-chain amino acid metabolism were highly enriched. To test the hypothesis that

mutant nab4 protein may have an effect on cell growth when Nab4/Hrpl associated

messages are required for cell viability, halo assays were performed with the nab4

mutants, nab4-1 and nab4-7 (Minvielle-Sebastia, Beyer et al. 1998) to test for sensitivity

to sulfometuron methyl (SMM) (Fig. 6). SMM is a specific inhibitor of acetolactate
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synthase, which causes a depletion of branched-chain amino acids in the cell (Jia, Larossa

et al. 2000). Surprisingly, the nab4 mutants showed a growth advantage in comparison to

wild-type cells when exposed to SMM. Strikingly, the nab4-7 mutant strain is almost

completely resistant. This growth advantage seems to be specific for amino acid

starvation as other stresses tested, including salt stress, hypo-osmolarity stress, and

nonfermentable media, showed no discernable difference between wild-type and the

nab4-1 mutant strain (data not shown).
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Discussion

To explore the function of the shuttling hnRNP proteins in S. cerevisiae, we compared the

genome-wide spectrum of RNAs that are associated with three essential hnRNP proteins,

Nab2, Npl3, and Nab4/Hrpl. We discovered that not only were each of these proteins

reproducibly associated with a different spectrum of mRNAs, but these associations can

be divided into distinct functional categories. This work confirms that hnRNPs can

preferentially recognize a subset of the transcriptome and provides predictions as to how

this specificity may be utilized by the cell.

We have preserved the entire distribution of preferential associations to describe

the RNA binding spectrum for each hnRNP as the association for any given transcript

relative to the remainder of the transcriptome. For example, in Figure 3, the distribution

of the ribosomal protein genes is displayed against the distribution of all genes to

illustrate their preferential association as a class of genes toward Npl3 and against Nab2.

Likewise, the RNA binding spectra of the three hnRNPs can be contrasted to display the

relative association of any given transcript between the three proteins.

When interpreting the RNA binding spectra for the hnRNP proteins, the

limitations of our assays must also be considered. Since the hnRNPs are predominantly

nuclear proteins, we have assumed our RNA binding spectra reflect the nuclear RNA

pool. However, the immunoprecipitations were performed on cell extracts and some

nuclear protein-RNA interactions may have been disturbed during extract preparation

(Mili and Steitz 2004). Moreover, in our interpretation of our results, we choose the strict

standard that our assay had to produce a signal in every replicate for every protein.
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Therefore, a low ranking placement or absence from the RNA binding spectra may not

necessarily reflect an inability to interact.

Complex networks of hnRNP–RNA interactions

The comparison of the genome-wide RNA binding profile reveals that each

protein exhibits preferential binding to specific mRNAs and also illustrates that each

protein can associate with a large number of transcripts. Therefore, each of the hnRNPs

studied must be able to associate, to some degree, with the same transcripts. However, it

is not possible to distinguish whether the proteins are bound simultaneously or

sequentially to the same molecule.

If the hnRNPs are simultaneously bound, then the hnRNPs may be used in a

combinatorial manner to dictate transcript fate. Such a concept has been advanced as

post-transcriptional eukaryotic operons (Keene and Tenenbaum 2002). In this hypothesis,

RNA binding proteins can exert a regulatory role on their associated messages well after

transcription has taken place. In this manner, messages that are required for a particular

response can be coordinately controlled as to localization, stability, etc. In the case of the

shuttling hnRNPs studied here, it is possible that in order to establish the proper RNP

structure for nuclear export, each transcript must have a specific set of hnRNPs; perhaps a

specific "code" of hnRNPs is required to signal the formation of an export competent

transcript.

Alternatively, each hnRNP could be required to associate with the given transcript

in a sequential fashion. In this view, different mRNA processing events are associated

with a hand-off event shifting the mRNA from one hnRNP to another. Such hand-off
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events between hnRNPs could facilitate the coupling of nuclear events that has recently

been shown.

The presence of a unique motif correlates with hinRNP association

Although each hnRNP can associate with a large number of mRNAs, each hnRNP

displayed a unique preferential association toward different mRNAs. This apparent

specificity may be derived from unique sequence elements embedded in the message

itself. In agreement with this hypothesis, our motif analysis using the REDUCE algorithm

revealed unique motifs statistically overrepresented in the messages that are associated

with each of the three proteins. In the simplest model, the identified motif represents a

sequence-specific binding site for a particular hnRNP protein. Notably, the biochemically

identified specific binding motif for Nab4/Hrpl(Kessler, Henry et al. 1997; Minvielle

Sebastia, Preker et al. 1997; Chen and Hyman 1998) was correctly identified in our

bioinformatics analysis. Additionally, REDUCE identified an A-rich sequence with

Nab2. Nab2 has been shown to associate with high affinity (~7.5 nM) with a 25-mer of

poly(A) RNA (Hector, Nykamp et al. 2002). Although the Hector et al. study did not

examine the specificity of Nab2, the correlation between a high affinity interaction of

Nab2 with a poly(A) oligo and our identification of an A-rich sequence in association

with Nab2 is striking. These data support the hypothesis that transcript specificity can be

driven by a sequence-specific interaction between the RNA and the transcript.

Consequences of hnRNP–RNA specificity

What are the consequences of hnRNP–RNA specificity for the cell? By

identifying the RNAs associated with Nab4/Hrp 1, we have discovered a previously

º
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unappreciated role of Nab4/Hrpl during amino acid starvation. Interestingly, strains with

mutant versions of Nab4/Hrpl grow much better than wild-type cells when exposed to

branched-chain amino acid stress. We are currently testing whether Nab4/Hrp1 has a

negative regulatory role in this stress response. Similar to this discovery, the RNA

specificity of Nab2 and Npl3 may also be used to discover new roles for the hnRNPs in

other processes. Although these biological data serve to validate our microarray analysis,

the precise function of these proteins on the partner mRNAs remains unknown. Two

notable predictions for hnRNP function are described below.
º

Consequences: Multiple routes of mRNA export? :
*

In light of the evidence that export of hnRNPs can be differentially controlled (in º

mutants or during stress), the apparent mRNA specificity demonstrated here implies that

the export of mRNAs could also be differentially controlled (Krebber et al. 1999; Duncan

et al. 2000; Henry et al. 2003). Although Nab2 and Npl3 had the most similar binding

profiles in the RNA-IP microarray experiments, we observed numerous distinctions

between the two RNA binding spectra. Notably the large class of RPGs, as well as other :
abundant messages, was significantly biased toward association with Npl3. Many of these

abundant messages are required for rapid growth during logarithmic phase, but are not

highly expressed during stress responses (Gasch, Spellman et al. 2000). One intriguing

hypothesis is that Npl3, the most abundant of the nuclear shuttling hnRNPs, is responsible

for the export of the bulk of the mRNAs during rapid growth. Given that Npl3 is known

to transiently localize to the cytoplasm during stress (heat shock, salt stress, ethanol

stress) (Krebber et al. 1999) and that many of these abundant messages are transiently

down-regulated during the stress response (Gasch et al. 2000), the absence of Npl3 from
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the nucleus during this period could further suppress the expression of the abundant

messages with which Npl3 is normally associated. Interestingly, Npl3 is no longer

preferentially associated with RPGs over Nab2 in stationary phase cells (data not shown),

a condition where the expression of the RPGs is repressed relative to logarithmically

growing cells.

Consequences: Specialized 3' end processing?

In addition to a role in export, both Nab2 and Nab4/Hrpl are involved in reactions

that must presumably occur on nearly every mRNA transcript, namely 3' end processing.

Nab4/Hrpl is both an hnRNP protein and a component of the Cleavage Factor I complex

(Kessler et al. 1997) and has been hypothesized to direct cleavage at the correct site prior

to polyadenylation (Minvielle-Sebastia et al. 1998). Nab2 has genetic interactions with .
Pabl, the poly(A) binding protein, and has been hypothesized to play a role in poly(A)

tail length control (Hector et al. 2002). Although 3' end processing is required of all

mRNAs, Nab2 and Nab4/Hrpl may not be required for the proper processing of all

transcripts. In light of the recent evidence reporting that Nab4/Hrpl is rapidly translocated .
to the cytoplasm during hypo-osmotic stress, this seems a likely hypothesis (Henry et al.

2003). During this stress, Nab4/Hrpl is largely depleted from the nucleus and therefore

presumably unable to perform its nuclear role of 3' end processing. Either the minimal

Nab4/Hrpl remaining in the nucleus is sufficient for function or Nab4/Hrpl is not

required for the processing of messages during this stress response. Moreover, if Nab2 or

Nab4/Hrpl were exclusively associated with RNA via the poly(A)tail, then the

prediction would be that they are equivalently associated with all mRNAs. The RNA
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specificity of Nab2 and Nab4/Hrpl reported here indicates the possibility of much more

gene-specific control during 3' end processing than is currently appreciated.

Since they were first discovered more than 30 years ago, a revolution has occurred

in the way hnRNP proteins are thought to function in the cell. No longer are they thought

of as the histones of mRNA; they now appear to play vital roles in various stages of

mRNA processing. Our work here confirms that hnRNP proteins, like many other RNA

binding proteins, possess transcript specificity. Moreover, in a theme that has been

discovered in other genome-wide searches, the specificity often extends to families of

RNAs that are related by the functional category of the proteins that they encode. The

specificity discovered here implicates the hnRNPs in previously unknown roles in the cell

(i.e., Nab4/Hrpl in amino acid stress) and also redefines their known functions to include

RNA specificity.

.
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Materials and Methods

Strain preparation

Yeast manipulations were executed according to Guthrie and Fink (1981). Strains were

prepared with ZZ (tandem IgG-binding domains of Protein A) epitope tags for each of the

desired proteins according to the Longtine et al. (1998) method as described previously in

Preker et al. (2002). ZZ tags were created in a diploid strain. (Primer sequences are

available upon request.) The diploid transformants were then sporulated to generate two

tagged strains with two untagged sister strains. The strains were confirmed to have no

growth phenotype, normal cell morphology, wild-type localization of the target protein,

and wild-type localization of poly(A) RNA (data not shown). In addition, total RNA

microarrays were performed hybridizing the tagged strain against the untagged sister

strain to confirm that no significant abnormalities in total RNA expression existed (data

not shown).

The nab4 mutant strains were generously provided by the Swan-son Laboratory and were

first described by Minvielle-Sebastia et al. (1998). Each strain has the endogenouse NAB4

gene deletion covered by CEN plasmid carrying either a wild-type or mutant version of

NAB4.

Immunoprecipitation and RNA preparation

Immunoprecipitations were performed essentially according to Takizawa et al. (2000)

with minor modifications. To elute the associated RNA, the beads were incubated with

ProteinaseK (RNase-free) for 2 h at 37°C followed by a Hot Phenol RNA extraction of

the supernatant. The purified RNA was then precipitated and quantified by OD260.

:
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:
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Probe preparation and microarray hybridization

For microarrays requiring amplification, coimmunoprecipitated RNA were reverse

transcribed using Primer A (GTTTCCCAGTCACGATCNNNNNNNNN). After reverse

transcription, the reactions were then PCR amplified with Primer B (GTTTCCCAGT

CACGATC) and Primer A. Reactions were desalted by repeated dialysis using Microcon

30 membranes (Amicon). For microarrays without amplification, the RNA was reverse

transcribed using dT19V (dTTTTTTTTTTTTTTTTTTTV) oligomer. The reactions were

purified as described above.

The cDNA, from samples both with and without amplification, were coupled to either

Cy3 or Cy5 dye (Amersham) and prepared for microarray hybridization essentially as

described by DeRisiet al. (1997). The labeled probe was applied to a standard yeast ORF

array (also see http://microarrays.org for more information on microarray construction

and probe preparation). The hybridized arrays were washed in two successive solutions of

0.5x SSC, 0.25%SDS, and 0.05x SSC. The washed arrays were then scanned on either a

4000A or 4000B array scanner from Axon.

The data for all the microarrays were filtered to include only features that had no apparent

physical deformity, correlation >0.5, median signal P500 in either channel. Independent

immunoprecipitations were performed at least in triplicate. The data presented for Nab2

IP versus Npl3 IP microarray represents the mean ratio of seven independent

experiments. For inclusion in this data set, the feature must be present in at least four of

the seven replicates. Also, the Nab2 IP versus Npl3 IP microarrays were performed in

sister strains of the opposite mating type; therefore the mating specific genes were deleted

- *-* -º
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from the data set prior to data analysis. For the IP versus mock microarray analysis for the

three hnRNPs, the feature had to be present in all nine of the independent experiments.

Across three independent arrays for each protein, for a total of nine microarrays, the

stringent criterion reduced the number of genes for further analysis to 4645 genes. Data

from experiments that were dye flipped were transformed by multiplying the log2

transformed ratios by –1. Hierarchical clustering and Tree-view display of the microarray

data was performed using the software described in Eisen et al. (1998) (Eisen, Spellman

et al. 1998).
-

* - a-- *s-

* * ***

Statistical analysis of microarray data ºr

SAM analysis was developed by Tusher et al. (2001) (Tusher, Tibshirani et al. 2001). In *. sº
º:

brief, SAM analysis utilizes a series of t-tests in order to define a list of genes with a º ---- - -

given false discovery rate (FDR), which is indirectly modulated by the user. This FDR *** -----, -
**----

estimates the number of genes that are false positives within a set of experiments. To

establish significant differences between pairwise comparisons using SAM, only data that ***
…

.* -- *

were in every single replicate were chosen to be evaluated. The FDR for the IP versus º ---

mock IP experiments was set to a maximum of 5%. The FDR for the Nab2 IP versus ~

Npl3 IP experiments was set to a maximum of 1%.

Halo assays

Halo assays were performed essentially as described by Hoffmann et al. (2002)

(Hoffman, Garrison et al. 2002). Briefly, 0.5% agar was heated, cooled to 50°C, and then

4 mL were aliquoted into prewarmed 15 mL conical tubes. Ten microliters of Saturated

cultures were gently mixed with the agar, then poured onto a standard YPD plate. Serial
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dilutions of sulfometuron methyl (SMM) were applied to the plates as 5 pil drops in

DMSO. Yeast were allowed to grow at room temperature for 2 d, then photographed.

** * * * *-

… u_* *

: * →
- ***

º- -
sº º a
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Table 1. Correlation Matrix

vs. Nab2

Nab2 0.778

Npl3

Nabé

Each number represents the average Pearson correlation between experiments in

the IP versus mock IP microarray experiment. The average correlation between

Npl3

0.577

0.651

Nabé

0.350

0.389

0.759

replicates lies on the diagonal; the average correlation between proteins lies off the

diagonal.
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TABLE 2. Function classes are overrepresented in association with each hnRNP

Functional categories associated

Nab2 Npl3 Nab4

transcription ribosomal alcohol metabolism, energy pathways, ergosterol
subunits metabolism, branched chain amino acid, carboxylic

acid metabolism

Transcripts that were overrepresented in association with one hnRNP relative to
another hnRNP were identified by using SAM analysis with pairwise comparisons of
the mean IP versus mock IP microarray data. This should identify only those messages
that show a significant and reproducible difference in association between the proteins
studied. This list was then subjected to the GO termfinder available at SGD
(http://yeastgenome.org) to identify functional classes that are overrepresented in
association with each hnRNP. Above are the functional classes that displayed a p
value of less than 5e-4.
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TABLE 3. A unique motif is associated with Nab2 and Nab4/Hrpl

Motifs p-value (neg. log)

Nab2

AAAAAG 7.50

Nab4

TATATAA 8.26

ACATACA 3.60

Motifs greater than 5 nt long that were identified in more than one independent
REDUCE analysis are shown with the highest p-value calculated for that motif.
(REDUCE) Regulatory Element Detection Using Correlation with Expression, an
algorithm described by Bussemaker et al. (2001).

* *------>
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FIGURE 1. Nab2, Npl3, and Nab4/Hrp1 have shared
and unique domains
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FIGURE 2: Each protein has a unique RNA
binding spectrum
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FIGURE 3. RPGs are skewed towards association

with Npl3 over Nab2
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FIGURE 4. Mean abundance of Nab2 and Npl3
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FIGURE 5. Extended motifs identified for Nab2

and Nab4/Hrp1
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FIGURE 6. nab4 mutant strains are resistant to

branched-chain amino acid stress
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Chapter 2

Alternative 3’ pre-mRNA processing in S. cerevisiae is modulated

by Nab4/Hrp1 in vivo
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Abstract

The S. cerevisiae RNA binding protein Nab4/Hrpl is a component of the cleavage

factor complex (CF) which is required for 3’ pre-mRNA processing. Although the

precise role of Nab4/Hrp1 remains unclear, it has been implicated in correct positioning

of the cleavage site in vitro. Here, we show that mutation or overexpression of

NAB4/HRP1 alters polyA cleavage site selection in vivo. Using bioinformatic analysis,

we identified four related motifs that are statistically enriched in Nab4-associated

transcripts; each motif is similar to the known binding site for Nab4/Hrpl. Site-directed

mutations in these predicted Nab4/Hrpl binding elements results in decreased use of

adjacent cleavage sites. Additionally, we show that the nab4-7 mutant displays a striking

resistance to toxicity from excess copper. We identify a novel target of alternative 3’ pre

mRNA processing, CTR2, and demonstrate that CTR2 is required for the copper

resistance phenotype in the nab4-7 strain. We propose that alternative 3’ pre-mRNA

processing is mediated by a Nab4-based mechanism and that these alternative processing

events could help control gene expression as part of a physiological response in S.

cerevisiae.

** ***.***
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Introduction

3’ pre-mRNA processing severs the nascent transcript from the elongating polymerase to

generate a free the mRNP particle (Wahle and Ruegsegger 1999; Zhao, Hyman et al.

1999). Since the placement of the cleavage site can include or remove RNA sequences

that influence transcript stability, transcript localization, protein expression or protein

localization, cleavage site choice can have profound influences on gene expression. In

higher eukaryotes, regulation of gene expression via alternative 3’ pre-mRNA processing

plays essential roles in development and tissue-specific functions (Takagaki, Seipelt et al. º:
1996; Edwalds-Gilbert, Veraldi et al. 1997; Takagaki and Manley 1998; Simpson, *

º
Dijkwel et al. 2003; Hall-Pogar, Zhang et al. 2005). In fact, approximately 50% of

human genes are suspected to have alternative polyadenylation sites based on : .

bioinformatics analysis (Yan and Marr 2005) (Tian, Hu et al. 2005). ---.

!---
,-----

In S. cerevisiae, the in vivo mechanism of cleavage site selection and the -

physiological consequences of alternative cleavage remain largely unknown. Only a few ~,
rºaº

cases of multiple polyadenylation sites have been confirmed by having their 3’ ends

mapped (Mandart 1998; Sparks and Dieckmann 1998; Hoopes, Bowers et al. 2000).

Interestingly, the site of polyadenylation for half a dozen of these alternatively cleaved

transcripts are sensitive to the growth condition of the cell (Sparks and Dieckmann 1998;

Hoopes, Bowers et al. 2000); raising the tantalizing possibility that alternative

polyadenylation may be dynamic and regulated.
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In both yeast and metazoan systems, the multi-subunit cleavage and

polyadenylation machinery is assembled on virtually all RNA polymerase II transcripts.

The protein components between yeast and mammalian systems that were once thought

to be so divergent are now known to be relatively well-conserved (Shatkin and Manley

2000; Dichtl and Keller 2001). In striking contrast, the sequence elements that recruit the

cleavage machinery are phylogenetically diverged.

In S. cerevisiae, five sequence elements have been identified that contribute to

cleavage site selection: the efficiency element, the positioning element, the near-upstream

site, the cleavage site and the near-downstream site (Graber, Cantor et al. 1999; Graber,

McAllister et al. 2002). However, no single element is absolutely required and each

element can be degenerate, making it difficult to accurately predict the 3’ end for most

yeast transcripts. These issues are compounded when considering alternative 3’ pre

mRNA processing signals, which may diverge more significantly than a typical 3’ end

processing site.

In contrast, the AAUAAA hexamer found in mammalian sequences has long been

thought to be an invariant signal for polyadenylation. Interestingly, recent bioinformatics

analysis suggests that the variability of mammalian polyadenylation signals may be more

akin to those found in S. cerevisiae (Hu, Lutz et al. 2005). Almost a dozen variants to the

AAUAAA hexamer have been suggested to play roles in polyadenylation (Zhang, Hu et

al. 2005). It has been suggested that the variability in sequences may be utilized as part

* * *****

****

****

~s
****
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of the mechanism of alternative 3’ pre-mRNA processing (Hu, Lutz et al. 2005; Tian, Hu

et al. 2005).

Two known mechanisms of regulated 3’ pre-mRNA processing in metazoans are

based upon controlling key components of the cleavage machinery. The best studied

example of regulated alternative processing in mammalian cells involves CstF64 and the

transcript for immunoglobulin M (Takagaki, Seipelt et al. 1996; Takagaki and Manley

1998). In resting cells, low levels of CstF64 allow the production of a long form of the

transcript that encodes a transmembrane domain, leaving the protein tethered to the cell.

Upon B cell activation, levels of CstF64 rise which causes a weaker, upstream cleavage

site to be used, eliminating the transmembrane domain and creating a secreted protein.

The heterodimer CFIm is another component of the cleavage mammalian machinery

recently discovered to influence cleavage site selection (Brown and Gilmartin 2003;

Venkataraman, Brown et al. 2005). In fact, CFlm can influence the cleavage site

selection of one of its own subunits (Brown and Gilmartin 2003). Although the

consequences of this potential auto-regulation remain unknown, the data underscore the

notion that control of a component of the cleavage machinery can regulate cleavage site

selection.

The closest S. cerevisiae ortholog of CFlm may be Nab4/Hrpl (Venkataraman,

Brown et al. 2005). Nab4 is an essential hnRNP protein that can shuttle in and out of the

nucleus (Kessler, Henry et al. 1997). In addition, Nab4 has been biochemically isolated

as part of the CF (Cleavage Factor) complex (Minvielle-Sebastia, Preker et al. 1997;
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Gross and Moore 2001). Although the involvement of Nab4 in 3’ pre-mRNA processing

is undisputed, the precise function of Nab4 during this process remains controversial. It

is unclear if Nab4 is involved in the cleavage reaction itself or is only required to

correctly position the cleavage site. When Nab4 is excluded from in vitro cleavage

reactions, the activation of cryptic cleavage sites dramatically increases, leading to the

hypothesis that Nab4 is involved in the discrimination between correct and cryptic sites

(Minvielle-Sebastia, Beyer et al. 1998).

In addition to its role in 3’ pre-mRNA processing, Nab4 has been implicated in

mRNA export and nonsense mediated decay (Gonzalez, Ruiz-Echevarria et al. 2000).

Unlike other members of the cleavage and polyadenylation machinery, Nab4 appears to

be retained on the message after 3’ pre-mRNA processing and is escorted with the

message out of the nucleus. Once in the cytoplasm, it disengages from the transcript and

is recycled back into the nucleus by the import receptor KaplC4 (Aitchison, Blobel et al.

1996). It remains unknown whether the roles of Nab4 in export and decay are

downstream consequences of its role in 3’ pre-mRNA processing or if they represent

independent functions.

To better understand the mechanism and consequences of alternative 3’ pre

mRNA processing in S. cerevisiae, we analyzed the function of Nab4. We show that

alternative 3’ pre-mRNA processing is sensitive to the levels of this component of the

cleavage complex, similar to the regulated cleavage site selection seen in mammalian

cells. In addition, we have uncovered an unexpected role of Nab4 and alternative 3’ pre
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mRNA processing in the response to toxic copper concentrations. These data support the

hypothesis that not only does alternative cleavage occur but that the control of alternative

cleavage is important for cell physiology.
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Results

Nab4 mutants display altered cleavage site usage in vivo

We previously identified transcripts preferentially associated with hnRNP proteins on a

genome-wide scale. One of the transcripts that co-immunoprecipitated with Nab4 is

SUA7 (Kim Guisbert, Duncan et al. 2005). SUA7, which encodes the transcription

initiation factor TFIIB, is known to have two different cleavage sites in the 3’ UTR

(Hoopes, Bowers et al. 2000). To determine if Nab4 could play a role in alternative 3’

pre-mRNA processing in vivo, we analyzed the SUA7 transcript in a nab4-7 mutant.

Total RNA samples were collected from NAB4 and nab4-7 cells in both log phase

and stationary phase. RNA samples were analyzed by 3’RACE for qualitative analysis

(Figure 1a) and by Northerns for quantitative analysis (Figure 1b). Notably, we found

that the nab4-7 strain displays an aberrantly high ratio of the long form to short form for

the SUA7 transcript. In our strain background, the ratio of long form to short form is

1.65 in exponentially growing cells. In the presence of the nab4-7 mutation, the ratio

increases to 2.37. This altered ratio is observed at the permissive temperature, where

there is no significant growth defect.

Interestingly, in wild-type cells the predominant cleavage site used is sensitive to

the growth condition of the cell. The long form predominates during log phase growth

and the short form predominates during stationary phase growth (Hoopes, Bowers et al.

2000). As expected, the control strain displayed the shift from long form to short form

during stationary phase growth, reflected in the change in ratio from 1.65 in log to 0.89 in

tºº

*a*
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stationary phase (Fig.1). In striking contrast, the nab4-7 strain showed no appreciable

shift in cleavage site usage (a ratio of 2.37 in log phase and 2.27 in stationary phase).

Therefore, Nab4 can influence cleavage site usage in vivo for a transcript that is known to

have alternative 3’ pre-mRNA processing sites, and a mutant version of Nab4 is defective

in a known shift in cleavage site usage.

Levels of Nab4/Hrp1 influence cleavage site selection of the SUA7 transcript

We next tested if increased expression of an otherwise wild-type version of Nab4

could influence cleavage site selection. Total RNA was collected from strains containing

a plasmid with Nab4 under the control of a galactose-inducible promoter.

Overexpression in the inducible strain was observed by Western blotting; the control

strain showed no change in Nab4 levels over the course of the induction (data not

shown). Using 3’ RACE analysis, we found that as Nab4 is over-produced, the relative

ratio of long SUA7 transcript to short transcript sharply decreases (Figure 2). Therefore,

as excess Nab4 is produced, cleavage at the upstream site to produce a shorter transcript

is favored. The shift in cleavage site usage is not due to the change in carbon source as

the addition of galactose to an otherwise identical strain without overexpressed Nab4

shows no such shift in SUA7 cleavage. Therefore, the cellular concentration of wild-type

Nab4 can influence cleavage site selection in vivo.
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Potential Nab-A binding elements are common in 3'UTR sequences

In the simplest scenario, Nab4 would exert its influence on cleavage site selection

through a direct protein-RNA interaction with the substrate transcript. To identify

potential Nab4 binding sites, we took an unbiased bioinformatics approach using the

word-finding algorithm REDUCE (Regulatory Element Detection Using Correlation with

Expression) (Bussemaker, Li et al. 2001). This analysis was similar to previous work in

which we identified transcripts that were preferentially associated with Nab4 using an IP

microarray approach (Kim Guisbert, Duncan et al. 2005). However, in the current

analysis, the Ty and Y’ elements that are associated with multiple RNA binding proteins

were eliminated from the dataset prior to REDUCE analysis. We used the algorithm on

this filtered dataset to identify short words, up to 7-letters long that were overrepresented

in transcripts associated with Nab4. The genome was searched from 600 bases upstream

to 300 bases downstream of every gene contained in our microarray dataset. This region

has been estimated to include the 3’ UTR for 98% of the genome (Graber, McAllister et

al. 2002). Motifs that were identified in three independent microarray-REDUCE analyses

are shown in Table 1 with the lowest p-value calculated for the given motif.

We identified the word “TATATAA” that is nearly identical to the known Nab.4

binding motif of “UAUAUA.” In addition to the TA-rich motif, two other related motifs

were identified that contain single-nucleotide deviations from the core UA-repeat motif

of the known Nab.4 binding site, “ATAAATA” and “TACATA”.
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The core UA-repeat motif occurs more frequently in UTR sequences than in ORF

sequences. The deviant motifs display a similar bias as the more canonical motifs in their

occurrence in UTR sequences, indicating that the deviant motifs could also be used as 3’

pre-mRNA processing elements (Figure 3). The bias to noncoding regions is not likely

due to the AT bias of the S. cerevisiae genome as a similar motif identified for the

hnRNP protein Nab2, “AAAAAAG,” showed no such 3’ bias.

** *-

Nab4 motifs promote cleavage site usage , -º-º:
* *

Given that our analysis implicated Nab4 in cleavage site selection in vivo, we º º

wanted to determine if our newly-found Nab4 motifs contributed to cleavage site . º
selection as well. To do so, we created mutations in the potential Nab4 binding sites º

--

from the SUA73’ UTR. The SUA7 transcript contains 3 potential Nab4 binding sites ~.

that are upstream of the known cleavage sites. The first motif, “AAAAAT,” is located ---

116 nucleotides from the stop codon and is almost identical to a Nab4 motif identified in

our bioinformatics analysis, “ATAAATA.” The second motif “TACATA” and third ~.
sº->

motif “TATATATATA” lie directly adjacent to each other, 224 nucleotides from the stop

codon. The second motif is identical to a motif identified above and the third motif is an

extended form of the canonical efficiency element (Figure 4a). Six nucleotides of each

motif were replaced with an unrelated sequence. By replacing instead of removing the

motif, the spacing in the primary sequence was preserved between other elements in the

3’ UTR. Due to technical reasons, we were unable to obtain a deletion of the second

motif.
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Total RNA was collected from strains containing a plasmid encoding the only

copy of the SUA7 gene and 3’RACE analysis was performed. As shown in Figure 4, the

removal of either the first motif or the third motif resulted in a decrease in cleavage at the

adjacent downstream cleavage sites (Figure 4). Mutation of motif 1, the first motif

downstream of the stop codon, resulted in a relative decrease in the amount of short form

(Fig.4b, lane 3). Likewise, mutation in motif 3, the farthest from the stop codon, resulted

in a relative decrease in the amount of long form (Fig.4b, lane 4). The relative shifts in

cleavage site usage due to mutations in the Nab4 motifs are apparent in both log and

stationary phase (Figure 4b). Since cleavage at adjacent sites are reduced, but not

eliminated, the Nab4 motifs can not be absolutely required to elicit cleavage.

Considering that multiple sequence and protein elements work in concert to determine

cleavage, the lack of a strict requirement of the element to regulate cleavage site usage is

perhaps not surprising. Nonetheless, these data support a role for the influence of Nab4

on cleavage site selection in vivo.

Although 3’ pre-mRNA processing reactions uncovered a role for Nab4 in

establishing correct cleavage in vitro, two non-mutually exclusive mechanisms have been

proposed: Nab4 could actively promote correct cleavage or it could inhibit incorrect

cleavage. Our in vivo results suggest that the Nab4 motifs promote cleavage events.

*** ****

47. * *
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º
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Alternative cleavage via Nab-A may play a physiological role during copper stress

If alternative cleavage site selection is important for a physiological response,

then nab3 mutants that alter cleavage site usage may be defective for that particular

response. Interestingly, Nab4-associated transcripts containing the “TACATA” motif are

enriched in the functional category of transition metal ion transport, as defined by the GO

term finder available on the Saccharomyces Genome Database

(http://www.yeastgenome.org) (data not shown). To determine if Nab4 plays a role in the

expression of genes in this category, we tested if the nab4-7 mutant displays a growth

phenotype in the presence of excess copper. The response to copper stress is an ideal

assay as cells are sensitive to both the absence and the excess of copper. Serial dilutions

of NAB4 and nab4-7 mutant strains were grown on a series of CuSO4 containing plates at

room temperature. Surprisingly, the nab4-7 mutant displays a striking resistance to high

levels of copper (Figure 5a). Even in the presence of 1M CuSO4 the nab4-7 mutant

displays robust growth in comparison to its wild-type counterpart (Figure 5a, right panel).

The nab4-7 mutant strain shows no apparent growth defect in normal growth conditions

(trace copper) (Figure 5a, left panel). Therefore, we have identified a previously

unknown role for Nab4 in copper homeostasis.

With a striking growth phenotype in hand, we hypothesized that the resistance of

the nab4-7 strain to excess copper may be due to a defect in alternative 3’ pre-mRNA

processing. To identify alternatively processed transcripts that may play a role in the

copper phenotype, we used microarrays to visualize genome-wide changes in transcript

abundance in the nab4-7 strain. We reasoned that an alternate cleavage event could

a -- ***

, a. º.
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change the stability of the given transcript. Total RNA from NAB4 and nab4-7 strains at

high-temperature and stationary phase growth was analyzed by standard yeast ORF

microarray analysis (data not shown). Hundreds of genes displayed significant changes

in the nab4-7 background. Notably, the CTR2 transcript was severely affected, showing

an increase in transcript levels of more than 8-fold. CTR2 encodes for a vacuolar

membrane protein that helps to maintain proper intracellular levels of copper by

controlling the flux of copper between the vacuole and the cytosol (Kampfenkel, Kushnir

et al. 1995; Rees, Lee et al. 2004).

Given the surprising robustness of the nab4-7 strain to copper stress and given

that the major transcript affected by Nab4 depletion was a gene encoding a copper

transporter; we tested if CTR2 could be an alternatively processed substrate of Nab4. The

CTR2 gene contains 3 Nab4 motifs at 188, 426 and 581 nucleotides downstream of the

stop codon. The first two motifs contain the TATATA motif and the farthest motif

contains the TACATA motif. 3’RACE analysis confirms the presence of three isoforms

of CTR2 (Figure 5b). All three isoforms were confirmed to be CTR2 products using two

additional PCR primers in independent reactions (data not shown).

We found that as functional Nab4 is depleted by a temperature shift of a strain

containing the nab4-7 allele, the ratio between the forms changes, dramatically increasing

the proportion of longest form (Figure 5b). These results add CTR2 to the growing list of

transcripts with multiple 3’ pre-mRNA cleavage sites. Moreover, these results
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demonstrate that the 3’ pre-mRNA processing of the CTR2 transcript is sensitive to the

presence of functional Nab4.

Since CTR2 was the most dramatically effected transcript of the copper regulon

affected by the nab4-7 mutation, we hypothesized that it may be involved in the strong

resistance of the nab4-7 strain to excess copper. To test this hypothesis, we created a

strain containing either the NAB4 or the nab4-7 allele and a deletion of the CTR2 gene.

Serial dilutions of these strains were grown on a series of copper plates (Figure 5c). In

the WT strain background, deletion of ctr2 conferred no resistance or sensitivity to excess * * *

copper (Figure 5c, second panel from left). Deletion of ctr2 has no effect on the * - -

temperature-sensitive phenotype of the nab4-7 mutant (Figure 5c, left-most panel). º:

However, the ctr2A completely suppresses the nab4-7 resistance to copper stress Figure º: .

5c, right two panels). These data show that ctr2A is epistatic to nab4-7 with respect to ºs-s

copper stress. Therefore, CTR2 and possibly its alternative 3’ pre-mRNA processing play * -----

*** ***.

a central role in the copper resistance phenotype of the nab4-7 strain. º
-

º
sº
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Discussion

We have analyzed the role of Nab4 in alternative 3’ pre-mRNA processing. We have

shown that both mutation and overexpression of Nab4 can influence cleavage site

selection in vivo. We have shown that the nab4-7 strain shows a striking resistance to

excess copper. Moreover, we have identified the CTR2 transcript has alternative 3’ ends

and is required for the resistance of the nab4-7 strain to excess copper. We propose that

alterations in the level or activity of Nab4, a component of the cleavage machinery, can

be used to achieve diverse physiological responses.

Implications for gene regulation

Alternative cleavage site selection may be more common and more important

than is currently appreciated. Based on our microarray and bioinformatic analysis, we

have identified a previously unknown role for Nab4 in copper homeostasis. In our

previous work, we identified other functional categories of transcripts that are

preferentially associated with Nab4 (Kim Guisbert, Duncan et al. 2005). We anticipate

that transcripts in these other functional categories will also display physiological

consequences if their 3' pre-mRNA processing is misregulated.

In addition, estimates of alternative cleavage events were taken from EST data

from a single phase of growth. Since alternative cleavage events can be sensitive to the

growth condition of the cell, these estimates are likely to be low (Sparks and Dieckmann
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1998; Hoopes, Bowers et al. 2000). Between the three motifs identified here and the

previously known canonical Nab4 binding element, approximately 59% of transcripts in

the yeast genome contain more than one Nab4 motif in the region encompassing the ORF

and 500 nucleotides downstream of the stop codon (data not shown). It would not be

surprising if the number of actual alternative cleavage events rivals the 54% currently

predicted for the mammalian transcriptome (Tian, Hu et al. 2005).

Although we have concentrated our analysis on Nab4, we suspect that other

players also contribute to regulated 3’ pre-mRNA processing. The work of Minvielle

Sebastia that originally motivated this work also implicated CFla, another member of the

cleavage complex, in establishing proper cleavage (Minvielle-Sebastia, Beyer et al.

1998). Additionally, it has been suggested that a third member of the cleavage complex,

Rnal 4 affects the 3’end processing of its own transcript (Mandart 1998). It will be

interesting to determine if other members of the cleavage complex can also influence

cleavage site choice in vivo similar to Nab4.

Alternative 3' pre-mRNA processing and the copper response

We have identified a correlation between alternative processing, Nab4 and the

copper response. We have shown that a nab4-7 strain displays a striking resistance to

excess copper and that this resistance requires the presence of the CTR2 gene. We

demonstrated that the CTR2 transcript has multiple 3’ ends and that the cleavage site

used is sensitive to the presence of functional Nab4. Interestingly, this exceptionally

67



long 3'UTR, almost 600 nucleotides, places the CTR2 transcript in the top 2% of

predicted yeast 3'UTR lengths. The average yeast transcript is estimated to have a

3'UTR of less than 100 nucleotides (Graber, McAllister et al. 2002). Moreover, the

quantity of CTR2 transcript in the cell rises dramatically as the nab4-7 mutant strain is

shifted to the restrictive temperature. Exactly how the alternative processing affects the

function of CTR2 and how this allows the nab4-7 mutant cells to resist excess copper

remains unknown. Whether the alternative 3’ pre-mRNA processing of CTR2 is directly

responsible for the copper phenotype in unknown; however, the correlation between

Nab4, CTR2 and alternative 3’ pre-mRNA processing is too enticing to ignore.

Interestingly, the 3'UTR has recently been discovered to play an important role in

another metal-stress responsive pathway. During iron-stress conditions in S. cerevisiae,

the cell relies on mRNA surveillance mechanisms to respond low levels of iron. In iron

replete conditions, specific mRNAs are targeted for degradation via sequence elements in

the 3'UTR of target transcripts (Puig, Askeland et al. 2005). Additionally, the absence of

RNA surveillance pathways leads to sensitivity to high iron conditions in S. cerevisiae

(Lee, Henras et al. 2005). Whether the alternative 3’ pre-mRNA processing of CTR2

plays into a similar mRNA surveillance pathway, as seen in iron stress, remains to be

determined. Nonetheless, the importance of the 3'UTR in different stress conditions

emphasizes the potential for alternative 3’ pre-mRNA processing to effect cell

physiology.

* * * *
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Our study of alternative 3’ pre-mRNA processing illustrates the utility of studying

this process in a genetically tractable organism. Given our unexpected discovery of a

role for Nab4 in copper toxicity, we suspect that other growth and stress conditions will

reveal even more regulated, alternative processing events. Moreover, identifying the

mechanism and consequences of regulated 3’ pre-mRNA cleavage has proven time

consuming in metazoan cells. In S. cerevisiae, this type of analysis should be more facile

than in metazoan cells.

Conservation of mechanism

Just as the machinery of 3’ pre-mRNA processing between yeast and mammals is

more closely related than first expected, we hypothesize that the regulation of alternative

processing also remains conserved. In the simplest model of alternative 3’ pre-mRNA

processing, Nab4 associates with its binding site and promotes cleavage at an adjacent

site. Changing the association of Nab4 with a given site would then change the cleavage

site to be used.

Known instances of alternative 3’ pre-mRNA processing in mammalian cells,

such as for CstF64 and the transcript for immunoglobulin M, are characterized by at least

three defining features: first, multiple sequence elements differentially recruit the

cleavage complex; second, an RNA binding protein recognizes a specific sequence

element; and lastly, the activity or concentration of the RNA binding protein is regulated.

We have shown that Nab4 fulfills each of these requirements.
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Similar to CstF64, Nab4 is a component of the processing machinery. Just as

control of the levels of CstF64 is a fundamental component to regulating cleavage site

selection in B cells, we have found that the levels of Nab4 can likewise affect cleavage

site selection in vivo. Moreover, the association of CstF64 with its binding element leads

to activation of a nearby cleavage site. Similarly, we find that deletion of predicted Nab4

binding motifs reduces cleavage efficiency at adjacent sites. These data are not

consistent with an alternate model proposed for Nab4 function which suggests that Nab4

association blocks inappropriate cleavage sites (Minvielle-Sebastia, Beyer et al. 1998).

Therefore, just as the protein and sequence elements have been found to be conserved

from yeast to mammals, we propose that the regulation of alternative cleavage site

selection is similarly conserved.

Biochemistry of Nab4 association

A key feature of regulated 3’ pre-mRNA processing in mammalian cells is the

ability of CstF64 to discriminate between strong and weak polyadenylation signals. If the

mechanism of regulated cleavage is indeed conserved, then we expect Nab4 to also show

such a bias between sites. In the simplest case, such a discrimination of the protein

would be based on its binding affinity to the efficiency element. We identified 4 motifs

that are enriched in messages preferentially associated with Nab4, two of which contain

the canonical efficiency element and two of which are single nucleotide deviations from

the canonical. For the SUA7 transcript, the deviant motif lies upstream of the canonical
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motif and the upstream site is the less preferred site during log phase growth. We predict

that the deviant motifs will display a lower affinity for Nab4 binding than the canonical

motifs. Additionally, we have identified just four motifs via our microarray and

bioinformatics analysis. Bioinformatics analysis has shown that other single-nucleotide

deviations away from the core UA repeat motif are also statistically enriched downstream

of ORF sequences (Graber, Cantor et al. 1999; van Helden, del Olmo et al. 2000; Graber,

McAllister et al. 2002). While the affinity of Nab4 for the canonical efficiency element

has been estimated, the specificity of Nab4 remains uncharacterized. It would be

interesting to determine if the affinity of Nab4 for these different sequence elements

correlates with the ability to undergo alternative 3’ pre-mRNA processing.

Regulation of Nab4

Based on our findings that the overexpression of Nab4 alters cleavage site

selection, we predict that the cell should exert some regulation over Nab4 itself.

Moreover, if Nab4 is regulated, then cleavage site selection may also be regulated. Nab4

is already known to be subjected to both methylation and phosphorylation (Valentini,

Weiss et al. 1999; Ptacek, Devgan et al. 2005). Both modifications have the potential to

alter Nab4 function. Another indication of Nab4 regulation is that both too little (NAB4

is essential) and too much Nab4 lead to cell mortality (data not shown, personal

communication M. Swanson). In fact, several lines of evidence imply that the levels of

Nab4 are continuously adjusted based upon growth conditions. First, NAB4 transcript

levels are sensitive to several growth conditions as shown by microarray analysis.
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Interestingly, NAB4 transcript levels decrease during stationary phase (Gasch, Spellman

et al. 2000), increase during the early phase of sporulation (Chu, DeRisi et al. 1998), and

fluctuate during metabolic cycling in nutrient-limited conditions (Tu, Kudlicki et al.

2005). In addition to regulating the total concentration of Nab4, the local concentration

of Nab4 could be affected. Since cleavage site selection is presumably a nuclear event,

changes in the nuclear concentration of Nab4 should affect cleavage site choice as well.

Interestingly, certain stress conditions, such as hypo-osmotic stress, can affect the

localization of Nab4 to move from mainly nucleoplasmic to largely cytoplasmic (Henry,

Mandel et al. 2003). We predict that conditions which change the total or local Nab4

protein levels or the activity of Nab4 will correlate with changes to cleavage site choice

in transcripts important in these conditions.

Concluding Remarks

In this paper, we address two critical issues concerning alternative 3’ pre-mRNA

processing: how is alternative cleavage site choice mediated in vivo and what are the

physiological consequences of alternative cleavage? We propose a mechanism of

regulation via titration of a component of the cleavage machinery that is similar to the

known mechanism utilized in mammalian cells. More importantly, this work describes a

relationship between alternative cleavage and a physiological response in S. cerevisiae.

The unexpected discovery of a robust growth phenotype of the nab3-7 strain to excess

copper demonstrates the utility of our approach of identifying preferentially associated

binding partners of RNA binding proteins and using bioinformatics to uncover clues as to
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the function of the protein. We predict that copper stress is the first of many

physiological responses that depend, in part, upon alternative cleavage.

- * *
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Materials and Methods

Strain Preparation

Yeast manipulations were executed according to Guthrie and Fink [41]. The nab4 mutant

strains were generously provided by the Swanson Laboratory and were first described by

Minvielle-Sebastia et al.(Minvielle-Sebastia, Beyer et al. 1998). Each strain has the

endogenous NAB4 gene deletion covered by CEN plasmid carrying either a wild-type or

mutant version of NAB4. The Swanson Laboratory also generously provided the Nab4

overexpression strain. This strain is a diploid, heterozygous at the NAB4 locus (one WT

and one deletion), containing a plasmid with NAB4 under the control of the GalA,

galactose-inducible promoter. The Actr2 and nab4-7Actr2 double mutant strain were

constructed in the same strain background as above according to the method in Longtine

et al. (Longtine, McKenzie et al. 1998).

Northerns

Total RNA was isolated using four organic extractions; once in hot, acidic phenol

choloform, twice in cold, acidic phenol-chloroform, and a final extraction in chloroform

isoamyl alcohol. The RNA was then precipitated with sodium acetate and ethanol, and

resuspended in water. Equal amounts of RNA by OD were diluted into loading buffer

and loaded onto an agarose gel between 1.5-2% agarose in TBE buffer. RNA was

transferred onto a membrane using capillary action for at least 6 hours or overnight. Both

the RNA on the gel and on the membrane was visualized to ensure successful transfer.

The RNA was immobilized on the membrane with UV-crosslinking. Radioactive probes
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for the Northern analysis were *P end-labelled oligos. Rapid-Hybe buffer (Amersham)

was used during the hybridization. Quantation was performed using a Storm

Phosphorimager.

3 RACE analysis

Total RNA was isolated using the same procedure described from Northern analysis. 20

25 pig of total RNA was reverse transcribed using Superscript III (Invitrogen) and an

anchored dT primer. The cDNA was diluted 10-fold and then PCR amplified using one

primer specific to the ORF and one primer specific to the dT oligo. The primer for the

SUA7 analysis was “ataacttaccggg.cgttg”; the primer for CTR2 analysis was

“tggggcaatatggggtaattaca.” The 3’RACE reactions were separated on 1.5% agarose gels.

Copper Resistance Assay

Strains were grown to log phase, then diluted to the same density by OD. 3-4 fold serial

dilutions were prepared and plated onto a series of plates containing various

concentrations of CuSO4 or rich media (YPD). Except where noted, strains were grown

at room temperature for 3-5 days.
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Figure Legends

Figure 1. nab4-7 displays aberrant 3’ cleavage patterns for the SUA7 transcript

A) 3’ RACE analysis of total RNA from NAB4 and nab4-7 strains in exponential and

stationary phase. The SUA7 transcript has two isoforms, long and short. Lane l

contains a 100nt molecular weight ladder with the 500bp marker located at the top

of the gel. Lanes 2 and 3 displays 3’RACE analysis of SUA7 from wildtype

NAB4 strains. Lanes 4 and 5 from mutant nab4-7 strains. For lanes 2 and 4 total

RNA were harvested from exponential phase, lanes 3 and 5 were harvested from

stationary phase.

B) Quantitation of the ratio of long vs short form on the SUA7 transcript in NAB4

and nab4-7 strains, in both exponential and stationary phase. This quantitation is

based upon Northern analysis (data not shown). Ratio reflects the average of

three independent experiments. Error bars reflect the standard error of the mean.

Figure 2. Nab4 overexpression affects SUA7 cleavage site selection

3’ RACE analysis of the SUA7 transcript during a timecourse of Nab4

overexpression. Nab4 overexpression was driven by a galactose-inducible

promoter. This strain was compared to a vector only control, induced in parallel.

100nt molecular weight ladder is shown in the left-most lane with the 600bp

marker at the top of the gel. Samples were taken before induction and at 1, 2.5,

and 4 hours post induction.
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Figure 3. Distribution of Nab4 motifs in the genome is biased towards the 3’ UTR

Graph displaying the occurrence of Nab4 motifs throughout the genome per 500

nucleotides. Occurrences in ORF sequences are in light grey; 3’ UTR hits are in

dark grey. Another sequence (AAAAAAG), associated with Nab2, was included

for comparison.

Figure 4. Removal of Nab4 motifs alters cleavage site selection

A) Schematic of the layout of Nab4 motifs in the SUA73'UTR. Motifs are

numbered from their distance from the stop codon. The median position of the

cleavage sites as mapped by Hoopes et al are noted by an arrowhead. The

distance from the adjacent upstream motif is noted in parentheses.

B) 3’RACE analysis of the SUA7 transcript with motif mutations from wildtype.

The Nab4 motifs were removed from SUA7 and replaced with a heterologous

sequence. 3’ RACE was performed on strains expressing only the mutant version

of SUA7. Both log phase (lanes 2-4) and stationary phase (lanes 5-7) were

analyzed. Al=motif 1 mutated, A3=motif 3 mutated.

Figure 5. Nab4 and alternative 3’ pre-mRNA processing play a role during copper

Stress

A) Serial dilutions of NAB4 and nab 4-7 strains on plates containing 0,0.5, and 1 mM

CuSO4. Cells were grown at RT which is the permissive temperature for the

nab4-7 strain.
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B)

C)

3’RACE of the CTR2 transcript during a shift to 37°C of NAB4 and nab4-7

strains. Samples were taken at 0, 45, 75 and 120 minutes after shifting both

strains to 37°C, the non-permissive temperature of the nab4-7 strain. The RACE

analysis displays 3 isoforms which correlate with the presence of 3 Nab4 motifs

in the CTR2 3’ UTR. 100bp molecular weight markers are shown in lane 1 with

the 300bp ladder visible at the bottom of the gel.

Serial dilutions of the wildtype NAB4, the single mutant nab4-7, the single mutant

Actr2, and the double mutant nab4-7Actr2 strains. The plating conditions are

23°C, 37°C, 1M CuSO4 and 0.25M CuSO4.
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Table 1. Motifs associated with Nab4/Hrpl

Motifs over-represented in transcripts associated with Nab4 that were identified in three

independent microarray-REDUCE analyses are shown with the lowest p-value calculated

for each motif.

Motifs

TATATAA

p-value (neg. log)

6.59

ATAAATA

TACATA

11.25

7.85
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Figure 1. nab4-7 displays aberrant cleavage patterns for the
SUA7 transcript
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Figure 2. Nab4 overexpression affects SUA7 cleavage site
selection

vector pGAL-NAB4
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Figure 3. Distribution of Nab4 motifs in the genome
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Figure 4. Removal of Nabé motifs alters cleavage site selection
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Figure 5. Nabé and alternative polyadenylation play a role
during copper stress
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Epilogue

Introduction

In this thesis, I have established several tenets of hnRNP specificity in S.

cerevisiae. First, I have shown that the shuttling hnRNPs, Nab2, Npl3 and Nab4, display

preferential associations to subsets of transcripts. Second, I have identified motifs over

represented in transcripts displaying a bias in association with specific hnRNP proteins.

These motifs most likely direct or influence the specific hnRNP-RNA interaction.

Finally, I have shown that this specificity is functionally relevant, as it plays a major role

in mediating alternative 3’ end processing by Nab4. Although I have begun to answer the

“what,” “how” and “why” of hnRNP specificity, many more questions have arisen than

have been answered. In this epilogue, I propose further directions to extend the work I

have begun.

The “what" of hnRNP specificity – Dynamics of the specificity

In Chapter 1, I demonstrated that the shuttling hnRNPs display transcript

specificity in S. cerevisiae. However, I examined only one growth condition, log growth

in rich media at 30°C. These experiments describe a snapshot of the steady-state RNA

binding spectra of the hnRNPs at one condition. Stress conditions should be assayed to

determine if the transcript specificity is responsive to different growth conditions. If true,
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then the regulation of hnRNP-mRNA association could be an additional method to

control gene expression.

I have performed preliminary analysis on one stress, 0.5M NaCl. (This

experiment was performed with Gregg Whitworth, a fellow graduate student in the

Guthrie Lab.) I examined the effects of a salt shock on the RNA binding spectrum of

Nab2 directly compared against the spectrum for Npl3. I chose this comparison because

I had many data sets (seven) for the unstressed condition. Additionally, sufficient RNA

is collected from the IP of Nab2 and Npl3 to avoid the need for amplication by PCR.

Total RNA microarrays were performed in parallel to simultaneously assess

transcriptome changes along with the hnRNP-RNA dynamics.

Similar to the experiments performed in Chapter 1, IP-RNA microarray

experiments were performed on the Nab2-ZZ and the Npl3-zz containing strains.

However, prior to cell harvest the cultures were subjected to the addition of 0.5M NaCl to

the media for 0°, 5’, 10’ and 30°. The cells were collected by filtration and prepared for

microarray analysis exactly as described in Chapter 1. The total RNA samples showed

the expected salt stress changes as described previously (Gasch, Spellman et al. 2000).

The 0° timepoint agreed with the previous Nab2 vs. Npl3 microarray experiments.

Surprisingly, the RNA spectra at 5' closely resembled the 0° spectra even though the total

RNA samples displayed the expected shift in transcription. By 10’, the spectra shifted to

display different preferential associations. (These preliminary results were performed

only once and should be duplicated before further work is invested in the project.)
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I propose that one interesting hypothesis to account for these observations is that

the hnRNPs may be acting as “molecular capacitors” by remaining associated with target

transcripts during transient stress conditions. This strategy could have two advantages.

First, the RNAs would remain stable in the hnRNP-RNA complex, possibly as a pool of

nontranslating mRNAs in the cytoplasm. Such nontranslating mRNAs are hypothesized

to collect at P-bodies, cytoplasmic aggregates of the RNA decay machinery. The Parker

lab has hypothesized that RNAs enter the P-bodies and can either be recycled back into

the cytoplasm for translation or degraded by the decay machinery in the P-bodies –

somewhat like a purgatory for mRNAs. It would be interesting to determine if the

hnRNPs are co-localized with these mRNAs in P-bodies during stress. Second, a

“molecular capacitor” function would enable the cell to rapidly resume wildtype growth

rapidly after a transient stress, instead of waiting for another round of transcription and

export. Much like a capacitor can store energy for future use, the hnRNPs could function

to temporarily store transcripts.

The “molecular capacitor” function would only be useful in the face of a transient

stress (5’ or less). In a persistent stress or altered growth condition, the transcriptome

would change and it is hard to imagine that the hnRNP-RNA spectra would not change as

well. If, as I suspect, the hnRNP transcript specificity is dynamic, the changing nature of

the interaction could be due to at least two different causes; either the specificity of the

protein has changed, or the change in transcript abundance has driven a change in

transcript association. The localization of all three proteins, Nab2, Npl3 and Nab4, has

been reported to be sensitive to stress conditions (Krebber, Taura et al. 1999; Henry,
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Mandel et al. 2003). It is conceivable that the proteins’ RNA affinity could also be

likewise modulated. Post-translational modification by methylation and phosphorylation

has been demonstrated for all three proteins, and either modification could, in principle,

affect RNA binding activity. An accurate determination of the effects of the post

translation modifications of hnRNP binding activity will require careful in vitro

determiniation of their RNA binding affinity and specificity with and without

modifications. On the other hand, a change in protein localization could also affect the

landscape of RNAs to which the hnRNPs are exposed. Such a change in binding

environment could change the RNAs with which they are associated. Additionally, most

stress conditions cause reprogramming of the transcriptional apparatus. Therefore, any

stress would affect the nuclear landscape of RNAs available for binding and may perhaps

drive apparent changes in hnRNP specificity by mass action. Clarification of hnRNP

specificity and its dynamic nature should be illuminating.

Transcript-specific export pathways

I was initially motivated to determine the shuttling hnRNP specificity in order to

test the existence of transcript-specific mRNA export pathways. Although I pursued

another functional consequence of hnRNP specificity in Chapter 2, identification of

specific export pathways could still be a fruitful endeavor. Two tools should be helpful

to test this hypothesis, the tom1A strain and stress conditions. These represent two

conditions where transcript-specific mRNA export pathways are predicted to be the most

---
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The tom1A strain has a novel phenotype at the restrictive temperature in that Nab2

becomes arrested in punctuate foci at the nuclear periphery coincident with the nuclear

pore complex (Duncan, Umen et al. 2000)(also see Introduction). Since I have

demonstrated in Chapter 1 that Nab2 does display transcript specificity, presumably these

transcripts should be retained at the pore along with the Nab2 protein. My attempts to

visualize Nab2 and Npl3 specific transcripts using FISH failed. I utilized several

different protocols, including different probe (oligonucleotide probes, long and short

DNA probes, and RNA probes) and detection methods (single antibody, antibody

sandwiching and HNPP detection) with no success. I also attempted live imaging using

the U1A-GFP localization procedure (where U1A binding sites are inserted in the 3’

UTR of the target sequence and U1A-GFP protein is expressed in the same strain to

visualize the transcript in vivo, but at the time, this method was not robust enough to

provide reliable results. However, since then enormous advances in fluorescent probes

and microscopy have been made. It should be worth revisiting this question with more

advanced technology.

During stress conditions, bulk polyA RNA accumulates in the nucleus (Saavedra,

Hammell et al. 1997). The reigning hypothesis has been that stress RNAs (messages that

are required to deal with the stress, such as chaperones and proteases) are preferentially

exported, but that other RNAs are retained in the nucleus. If hnRNP proteins display

dynamic associations with their RNA cargo (i.e. The hnRNPs are not “locked” into

associating with the same mRNAs in all conditions, but the can associate with different
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messages as the situation demands.), then examination of hnRNP-RNA specificity during

stress conditions should be fruitful. If an hnRNP either relocalizes or changes its

specificity during stress, then the transcript with which it is normally associated should be

retained in the nucleus (unless it becomes associated with another export protein). Again,

transcript-specific FISH will be helpful in testing this hypothesis.

The “how” of hnRNP specificity – The motifs and biochemistry

In Chapters l and 2, I describe the discovery of several motifs that are

overrepresented in transcripts preferentially associated with the hnRNPs. A polyA

stretch was identified with Nab2 and a TA-repeat motif was associated with Nab4. While

the motifs would agree with existing data about hnRNP function, further characterization

of the motifs is required. The REDUCE analysis identified motifs that I hypothesize to

direct specific hnRNP interactions. The existence of a more complex combinatorial

mode of hnRNP-RNA association remains to be determined.

First, the REDUCE analysis identifies motifs that are more prevalent in messages

associated with the hnRNPs, but it is not known if the motifs are required for association.

To test if the motifs are necessary for hnRNP association, the motif could be deleted from

a handful of target messages and the hnRNP association could be assayed for binding

both in vitro and in vivo. Likewise, the corollary experiment to determine if the motif is

sufficient to recruit hnRNP association should be performed as well. In the case of Nab4,

I have shown in Chapter 2 that the Nab4 motif promotes cleavage events at adjacent
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3’end processing sites since the deletion of the Nab4 motifs results in decreased cleavage.

It would be interesting to quantitatively determine how the association of Nab4 is

affected by the motif deletions.

In the case of Nab2 and Nab4, we know the association is direct. Nab2 associates

with polyA RNA at a Kd of 10.5 nM (Hector, Nykamp et al. 2002). Nab4 has been

identified by cross-linking to the efficiency element, which is nearly identical to the motif

identified through REDUCE (Chen and Hyman 1998). However, neither study has

established the specificity of the hnRNPs for RNA. If it is true that specific export

pathways exist that are defined by hnRNP association, then the hnRNPs would have to be

able to discriminate correct versus incorrect sequences. Quantitative determination of

hnRNP specificity should help clarify hnRNP function.

The REDUCE motif for Npl3 was not reported in Chapter 1. The bioinformatics

analysis of Npl3 failed our arbitrary cut-off for inclusion in the paper (a motif had to be

independently identified in at least two experiments and had to be greater than 5

nucleotides long). However, the absence of a motif from the REDUCE analysis does not

mean that Npl3 does not have a preferred sequence. The Npl3 arrays showed the most

variability in my IP-microarray analysis of all the hnRNPs studied. This variability

undoubtedly hampered further bioinformatics analysis. Recall that for the SAM

(Significance Analysis of Microarray data) analysis of Nab2 vs Npl3 IP-microarray

studies, the FDR (False Discovery Rate) had to be set at 1% to achieve a manageable list

of genes due to the fact that seven arrays were being bioinformatically studied. However,
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the FDR for the SAM analysis on the IP vs. mock arrays was set at 5% since only three

arrays each were studied. Therefore, more replicates of this experiment chould aid in the

identification of a motif. Alternatively, Npl3 could associate with a more complex

sequence structure similar to Yral (see Appendix II) or to an RNA structure that would

be difficult to identify via REDUCE analysis performed thus far.

Additionally, the REDUCE algorithm can be applied to the Nab2 vs Npl3 data

which already consists of seven independent experiments. This analysis however would

identify motifs more likely in Npl3 transcripts than in Nab2 transcripts. My single

REDUCE analysis of these data yielded the Rap1 binding site. Rap1 is a transcription

factor required for the expression of many of the ribosomal protein genes. Since the Npl3

dataset is so heavily favored for these genes, the Rapl site was identified. If further

REDUCE analysis is attempted, I would suggest that the ribosomal protein genes be

filtered out of the dataset (and the Ty and Y’ elements as in Chapter 2) prior to REDUCE

analysis.

The “why” of hnRNP specificity — Following Nab4 and alternative 3'end processing

In Chapter 2, I determined that the specificity for the hnRNP Nab4 is important

for alternative 3’end processing and that control of alternative 3’end processing is a

physiologically important aspect of gene expression. This work is just the tip of the

iceberg of alternative 3'end processing. As this field has remained relatively unexplored

in S. cerevisiae, there are numerous directions in which to take future work. What is the
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extent of alternative 3’ end processing across the genome? What is the consequence of

alternative processing on CTR2, the transcript identified in Chapter 22 How does the

regulation of Nab4 correlate with alternative processing events? How does the function

of Nab4 in alternative processing work with the other known functions of Nab4 in export

and NMD? In the following section, I will propose several methods to examine each of

these questions.

Identifying alternatively processed transcripts across the genome

In Chapter 2, I established that Nab4 is important in alternative 3’end processing

using two transcripts, SUA7 and CTR2. Notably, alternative 3’end processing occurs on

more than just two transcripts. Using two different methods, I have performed

preliminary experiments that suggest that almost half of all transcripts could undergo

some degree of alternative 3’ processing. First, I performed 3’ RACE analysis on more

than two dozen different RNAs. 2/3 of these displayed more than one isoform on a gel,

while another 2/3 displayed changes in isoforms in the presence of the nab4-1 mutation.

(The nab4-7 strain was not similarly analyzed, but should be in the next iteration of this

experiment.) In this unselective analysis, more than 44% of transcripts displayed Nab4

dependant alternative processing decisions. Confirmation of these results by sequencing

or a second primer would be required. Second, I compared total RNA samples from

nab4-7 and WT cells on a tiling array of Chromosome 3. These tiling arrays were

created by the Madhani lab and consist of overlapping oligos covering almost every

nucleotide of Chromosome 3. Chromosome 3 encodes approximately 200 genes. The
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oligos cover one strand of DNA, therefore, the total RNA microarray analysis using the

tiling arrays should detect 3’ end processing changes for approximately 100 genes. A

large number of genes showed subtle changes in expression (less than two-fold).

However, more meaningful analysis requires repetition of the experiment and creation of

a better bioinformatics platform. The new bioinformatics platform would have to

distinguish true alternative 3’ processing events from noise. Also, a “genome walker”

type of program would be helpful in visualizing the data. These programs could be

developed from the recent tiling array papers that were described in early 2006 (David,

Huber et al. 2006; Samanta, Tongprasit et al. 2006). Future tiling array analysis has the

exciting possibility of identifying every alternative 3’ processing event in S. cerevisiae.

These preliminary data suggests that almost half of all transcripts can be

alternatively processed during log phase growth in rich medium. Many more transcripts

could be alternatively processed only during other growth conditions. The data in

Chapter 2 indicate that alternative 3’ end processing plays a role during copper stress.

Thus, further analysis of the genome-wide scope of alternative processing should include

studies during various stress responses. Such analysis could also indicate physiological

conditions that regulate alternative cleavage site selection. My experiments into Nab4

and copper response were guided by the IP-microarrays that showed a number of heavy

metal responsive genes in association with Nab4. Therefore, the identification of a stress

response transcript with multiple 3’ends may identify another stress condition that is

regulated in alternative 3’ end processing.

2

tº

wº
96



Nab4 is just one of fourteen proteins that make up the Cleavage and

Polyadenylation Machinery. It is likely that other factors can influence alternative 3’ end

processing similar to Nab4, such as CFla. Ultimately, the mechanism of alternative

3’end processing is bound to be fertile ground for research for many years to come.

The consequences of CTR2 alternative processing

In Chapter 2, I identified CTR2 as a transcript that is subject to alternative 3’ end

processing and is sensitive to Nab4 function. However, many more questions remain

concerning the potential to regulate 3’ end processing during copper stress, the

mechanisms to regulate Ctr2 expression and the role of Nab4 in these processes.

I established that CTR2 is required for the resistance of nab4 mutant strains to

excess copper since the deletion completely suppresses the nab3-7 resistance to copper.

To test if the alternative 3’ end processing is directly responsible for the nab4-7 resistance

to copper, the Nab4 motifs should be mutated and then the effects on alternative 3’ end

processing and the copper response should be assayed. (This is similar to the experiment

mutating the Nab4 motifs in SUA7 which is described in Chapter 2.) CTR2 displays

three isoforms with different 3’ ends. At the restrictive temperature of nab4-7, the CTR2

transcript shows a marked increase in the proportion of long transcript processed. I

predict that removal of the most distal Nab4 motif in CTR2 will suppress the nab4-7

copper phenotype.

1
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Chapter 2 describes changes in the CTR2 transcript, but the fate of the Ctrz

protein remains unknown. Microarray experiments of the nab4-7 mutant vs. wildtype

uncovered an 8-fold increase in CTR2 transcript in the mutant strain; this increase is

correlated with the change in alternative cleavage site selection. Quantitative western

analysis should be useful in determining if the levels of Ctr2 positively or negatively

correlate with the increase in CTR2 transcript levels. If the levels of Ctrz protein

decrease, even though the level of the transcript increases, then this implies that the

translation of the longer CTR2 isoform is most likely inhibited. If true, this would be the

first report of an alternative 3’ end processing event affecting translational regulation. If

Ctrz protein levels increase with its transcript levels, then the simplest hypothesis that

excess Ctrz leads to hyperresistance to copper is not likely to be true. Ctr2 is a vacuolar

copper transporter that is thought to pump copper from the vacuolar storehouse to the

cytoplasm. Ctrz overexpression has been reported to lead to resistance of copper

starvation whereas mutation has been reported to lead to resistance to toxic copper (Rees,

Lee et al. 2004). If Ctr2 protein levels rise in the nab4-7 strain, then either high levels of

Ctrz can promote resistance to toxic copper (as well as resistance to copper starvation) or

the Ctrz that is produced has an altered function. Ctrz forms homomultimers in the

vacuolar membrane, so altered function may be caused by high levels of protein which

could be improperly localized or could form aggregates or incompetent transporters.

Interestingly, the Nab4 “TACATA” motif is over-represented in genes required

for metal ion transport. I chose to pursue copper ion biology since assays for growth

toxicity were readily available. However, other stress conditions should also be tractable
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for study. Of particular interest is the iron-responsive pathway which has recently been

shown to be subjected to RNA-based regulation by the only RNaselll-like protein in

cerevisiae, Rntl (Lee, Henras et al. 2005).

Regulation of alternative 3 'end processing

More important than documenting examples of alternative 3’ end processing is

determining when and why alternative processing events are regulated. I have shown that

Nab4 plays an important role in determining cleavage site selection in vitro. Therefore,

conditions that regulate Nab4 should influence cleavage site selection as well.

My model of Nab4-mediated alternative cleavage predicts that cleavage site

choice would be influenced by the local concentration of Nab4. This model is supported

by the fact that total levels of Nab4 may be regulated, since both overexpressed and

limiting Nab4 levels are fatal (data not shown). Several growth conditions affect the

level of Nab4 RNA as determined by microarray analysis. Changes in transcript levels

may lead to changes in protein levels. In addition, the nuclear concentration of Nab4

decreases in certain stress conditions. Nab4 has been shown to relocalize to the

cytoplasm during hypo-osmotic stress (Henry, Mandel et al. 2003). I predict that

transcripts with multiple 3’ end processing sites would show altered processing during

stress conditions that affect total or local Nab4 concentration.
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The activity of Nab4 could be regulated by post-translational modification. Nab4

can be methylated and phosphorylated (Valentini, Weiss et al. 1999; Ptacek, Devgan et

al. 2005). Notably, the phosphorylation of Nab4 is a completely unexplored area as the

phosphorylation was discovered by proteomic analysis. Mapping the sites and

determining their affect of Nab4 specificity and affinity would open up many intriguing

possibilities about the regulation of Nab4 and alternative 3’ end processing.

These experiments will help to identify conditions and transcripts whose 3’ends

are alternatively processed. However, the “why” is a significantly more difficult

question. To a certain extent, this is a question that has to be answered for each

transcript. In other words, does the alternative processing eliminate an RNA stabilization

element, add a destabilizing element, change the localization of the transcript, etc.?

On a broader level, why regulate 3’ cleavage site selection? Of particular interest

are the transcripts that are predicted to have cleavage sites preceding the stop codon.

Current models would predict that these transcripts would be destroyed by the nonstop

decay pathway once they reached the cytoplasm (Frischmeyer, van Hoof et al. 2002; van

Hoof, Frischmeyer et al. 2002). In this case, all of the work to create the transcript would

appear to have been wasted. The answer could be that this strategy creates another level

of regulation. Whenever the cell apparently wastes energy, it is almost invariably

followed by the discovery that the “wasted” energy allows for an opportunity for

regulation which eventually leads to improved fitness. Such 3’ end regulation could also

occur combinatorially with transcription. For example, addition of salt induces a burst of
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transcriptional reprogramming in response to the stress. After the initial peak of

transcription, the cell establishes a new steady-state transcriptome. Transcription factors

could activate transcription for hundreds of new genes; regulated 3’ end processing could

promote or repress expression for a subset of those genes. Ultimately, the interplay

between alternative 3’ end processing and other steps in gene expression could allow for

a dynamic and sensitive response to any insult to which the cell is exposed.

Integrating all of the functions of Nab4

Nab4 has now been described to function in 3’ end processing, mRNA nuclear

export and nonsense mediated decay. How could one protein be involved in so many

different processes? I propose that Nab4 associates early with the transcript and this

early binding event is used as a signal for subsequent steps in gene expression. Nab4 is

the only component of the Cleavage Factor complex that can associate early on during

transcription as shown by chromatin IP analysis. Although I do not believe co

transcriptional loading is required to direct Nab4 activity, the co-transcriptional loading

should give Nab4 a kinetic advantage over other RNA binding proteins in recognizing its

cognate site. For example, here might be the life of a transcript in relation to Nab4:

A transcript emerges from RNA polymerase. As sequences are synthesized onto

the growing end of the transcript, they quickly become associated with proteins,

including Nab4, that are either in the nucleoplasm or tagging along on the CTD of RNA
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polymerase. A stable association between Nab4 and a specific sequence on the nascent

transcript is the first step that will direct all of the other functions of Nab4.

If the association is stable, then Nab4 can recruit the other members of the

Cleavage Complex which further stabilizes Nab4 association. (In the case of alternative

3’end processing, cleavage would be determined by the binding equilibria between Nab4

and the competing sites. The fastest and most stable association would drive cleavage at

the adjacent cleavage site.) Therefore, the regulation of Nab4 alone should be sufficient

to influence the 3’ end processing of a large number of genes which could positively or

negatively impact the transcript's expression.

Successful 3’end processing will lead to a Nab4 protein at the 3’ end of the

transcript, immediately before the poly(A)tail. The proximity between Nab4 and the tail

(and polyA binding proteins like Nab2) may act as a positive signal that polyadenylation

has been successfully completed and the mRNA can be exported to the cytoplasm. Nab4

binding alone cannot be sufficient to promote export as overexpression of Nab4 results in

a dT50 polyA accumulation in the nucleus. Therefore, I suggest that at least two signals

interact to promote export. Unlike the other members of the Cleavage and

Polyadenylation Machinery which quickly disassociate from the new mRNA, Nab4

remains associated and escorts the transcript into the cytoplasm.

Once in the cytoplasm, the original Nab4-RNA binding event plays yet another

role, this time in the pioneer round of translation. As the ribosome translates our newly
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arrived message, the shuttling proteins that escorted the transcript are displaced. This

allows for an exchange of cytoplasmic RNPs for the nuclear RNPs and allows the nuclear

RNPs to shuttle back into the nucleus for another round of transport. However, if our

transcript has mistakenly acquired a nonsense codon by the hasty polymerase, then the

ribosome is halted while nuclear proteins such as Nab.4 remain attached. If Nab4 remains

associated while the message is associated with the ribosome then Nab4 will recruit Upfl

and trigger nonsense mediated decay.

If the message does not contain a nonsense codon, then Nab4 is successfully

removed and shuttles back into the nucleus, but Nab4 has one more opportunity to

influence gene expression. By virtue of its role in alternative 3'end processing (described

in Chapter 2) Nab4 has promoted the inclusion or removal of sequences that can

influence the transcript's stability and translation.

Therefore, a humble RNA binding event occurring early on in the nucleus can

have consequences that reverberate throughout the life of a transcript.

Goodbye and Good Luck

Now you know how a story about mRNA export can turn into a story about 3’ end

processing. I hope by now you agree with me that hnRNP proteins have transcript

specificity that is put to multiple useful purposes in the cell. But every question that is

answered provokes many more questions to be asked. In this epilogue, I have described a
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few of my favorite follow-up questions and a few of my crazy hypotheses. Just as this

dissertation was inspired by the work of many others who came before me, I hope that

this work will motivate research by those who come after me.
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Appendix I

nab2 Temperature Sensitive Alleles
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Appendix I

nab2 Temperature Sensitive Alleles

Abstract

Nab2 is an essential RNA binding protein involved in nuclear mRNA export and

polyadenylation. Until recently, existing alleles of nab2 displayed growth affects at all

temperatures. Here, I described the creation of new temperature-sensitive alleles with

two distinguishing characteristics. First, these alleles exhibit tight temperature sensitivity

in that they are dead at 37°C and grow normally at room temperature. Second, these

alleles fail to express a form of Nab2 that is thought to be phosphorylated. The novel

attributes of these alleles should facilitate further analysis of Nab2 function.
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Introduction

On the way to identifying the RNA binding spectra described in chapter 1, I

inadvertently created two new temperature-sensitive alleles of NAB2. At an early stage

of the project, we were debating which tag and immunoprecipitation strategy would best

reflect the RNA-hnRNP interactions occurring in vivo. Although I eventually settled on

identical ZZ tags on each of the proteins, I also created Hisó and Myc13 tagged versions

of Nab2 and Npl3. The goal was to perform reciprocal immunoprecipitations to avoid

artifacts from nonspecific antibody association; the outcome was the creation of two

novel temperature-sensitive alleles of NAB2.

Prior to the creation of these alleles, the only reported alleles of NAB2 were nab2

21, created by the Swanson Lab (Hector, Nykamp et al. 2002) and the nab2-1 allele

created by the Corbett Lab (Green, Marfatia et al. 2002). Although helpful, these cold

sensitive alleles were difficult to work with as they displayed mild growth defects at all

temperatures. Then, in 2002, Anita Corbett’s lab published a domain analysis of Nab2

that included a deletion in each of the four domains: the N-terminal domain, the

glutamine/proline-rich domain, the RGG box and the zinc finger motif (Marfatia, Crafton

et al. 2003). Deletion of the RGG box resulted in a slight ts and cs phenotype and

therefore constitutes the first known report of a NAB2 ts allele. (Deletion of the NTD

was cs dead at 18°C, sick at 30°C and 37°C, the glutamine/proline-rich deletion had no

growth phenotype and the zinc finger deletion was lethal.) The Corbett ANTD deletion is

much weaker than the two alleles reported here.

;
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Nab2 is post-translationally modified by methylation and phosphorylation

(Valentini, Weiss et al. 1999; Green, Marfatia et al. 2002) (Swanson personal

communication). The methyltransferase has been identified as HMT1. A demethylase

has not been discovered, nor has the methylation ever been shown to be a reversible

modification. Phosphorylation, on the other hand, is widely appreciated for its ability to

affect the activity of a given protein. Nab2 was suspected to be a phosphoprotein as it

appears as a double band on western blotting (Figure 2). This suspicion was confirmed

by recent proteomics studies (Ptacek, Devgan et al. 2005). One band is hypothesized to

represent the phosphorylated form and the other the unphosphorylated form as treatment

by phosphatase collapses the doublet into a singlet (Swanson, personal communication).

No published data exists that confirm the proteomics studies or shed any light whatsoever

on the effect of phosphorylation on Nab2 function.

In addition to the tight ts phenotype of my nab2 alleles, they may also be affected

for its ability to be phosphorylated. Instead of appearing as a wildtype doublet on

westerns, the nab2 alleles appear as a singlet. Exploration of the function of Nab2 would

undoubtedly be helped by a temperature-sensitive allele that could not be post

translationally modified by phosphorylation.
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Results and Discussion

The Hisó and Myc.13 epitopes were inserted using the Longtine tagging protocol

and standard yeast manipulations (Longtine et al., Guthrie and Fink). As candidates were

screened for temperature-sensitivity, two alleles of nab2 appeared that displayed a

striking growth phenotype; dead at high temperatures and wildtype growth at room

temperature (Figure 1). The appearance of these alleles was quite exciting at the time as

they were the first alleles of NAB2 to display a tight temperature-sensitive phenotype.

The most trivial explanation for the ts phenotype was that I had inadvertently

created a mutation in an unrelated gene during the tagging process. To test this

hypothesis, I performed a backcross and sporulated the diploid to perform segregation

analysis (Table 1). These data indicate that the ts phenotype and the NAB2 locus are

genetically linked. Unfortunately, my single effort to sequence the alleles were

unsuccessful due to technical reasons. In theory, this should be a relatively simple

exercise of a genomic DNA prep, PCR amplification and DNA sequencing.

Since the goal of this work was to create an epitope tagged version of Nab2,

candidates were also screened via Western blot analysis. Wildtype Nab2 typically runs

as a doublet. Strikingly, the two ts alleles of nab2 run as a singlet (Figure 2). It has been

hypothesized that the Nab2 doublet represents a hyper- and a hypo- phosphorylated form
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of the protein. Since the nab2 allele is missing one of these bands, I hypothesize that the

mutant Nab2 could also be defective in phosphorylation.

It is worth noting that the two alleles of nab2 were independently isolated from

two independent epitope-tagging experiments. Therefore, the appearance of two isolates

is not due a PCR artifact. However, the primers used to generate the epitopes were

identical. It is possible that the same mutation could have spontaneously appeared in two

different PCR amplifications.

Since both the ts phenotype and the aberrant migration on the western are linked,

it brings up the intriguing possiblility that perhaps the inability to be phosphorylated is

mutant Nab2 is unable to be phosphorylated, yet only has a growth defect at high

temperatures, then the phosphorylation may only be required at high temperatures. Does

the cell change the phosphorylation status of Nab2 in response to temperature or cell

stress? It has been reported that the localization of Nab2 can be affected in hypo-osmotic

conditions (Henry, Mandel et al. 2003). Does the phosphorylation play any role in Nab2

localization during stress? In Appendix III, I discuss microarray data describing the

RNA-binding spectrum of Nab2 over the course of a salt stress. We find that stress does

not immediately induce a change in RNA binding of Nab2. Does phosphorylation play a

role in this? Or more simply, how does phosphorylation affect the affinity and specificity

of Nab2 at all? Conversely, the mutation may simply be unstable during high

temperatures, leading to the lethal phenotype and unrelated to the phospho-status of the
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protein. Western analysis of a timecourse of high temperature stress should determine

the phospho-status of wildtype Nab2 and protein stability of the mutant version.

Futher characterization of these mutants for both their ts characteristics and their

phospho-status should be helpful in illuminating Nab2 function.

~
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Future Directions

There are several experiments that would be required to characterize these

mutants and to use them as tools in other studies. First, the mutation should be mapped.

Since my attempt at sequencing the mutation failed, it is unknown whether the phenotype

is due to a mutation in the NAB2 ORF, in the epitope sequence or in the 3’ UTR. In the

simplest scenario, I have created a mutation in the nab2 ORF that renders the protein

unable to be phosphorylated, similar to countless serine to alanine mutations created in

other phophoproteins. If the mutation appears in the epitope sequence, then perhaps the

mutant epitope has an aberrant secondary structure that inhibits phosphorylation (or

dephosphorylation). A mutation in the 3'UTR would be the most unexpected. The NAB2

3'UTR rather long and is known to be important for autoregulation of Nab2 (Roth et al),

so a mutation in the 3’ UTR could certainly affect this aspect of Nab2 function.

However, the Nab2 3'UTR should be downstream of a transcription terminator placed

during the Longtine epitope tagging procedure. In theory, the Nab2 3'UTR could only be

transcribed if the transcription terminator was mutated. Moreover, the mechanism for a

noncoding region of RNA to influence a post-translational modification in S. cerevisiae

would have to be unique.

Second, it has only been hypothesized, but never published, that the Nab2 doublet

on Westerns represents hyper- and hypo-phosphorylated protein. This should first be

confirmed by phosphatase treatment. If the band collapses to a singlet, then the doublet

most likely represents a phosphorylated Nab2. Then, it should be relatively easy to
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determine if the mutant represents the hyperphosphorylated or the hypophosphorylated

form by Western analysis. If the mutant is in fact defective for this post-translation

modification, it should be a powerful tool to help determine Nab2 function.

Although not essential to study the mutant, it would be helpful to identify the

residue(s) modified, the kinase and the phophatase. Unfortunately, there are numerous

possible sites of phosphorylation in Nab2. It is possible to do a systematic mutational

analysis, although it should be easier to identify the phosphorylated residue by mass spec

analysis. In addition, the kinase may be identified by at least two different methods. The

phosphorylome database identified one kinase, Yck2, in the Snyder Kinase chip as active

against Nab2 as a phosphorylation substrate (Ptacek, Devgan et al. 2005). This kinase

should be confirmed in vitro for kinase activity against Nab2. Any Nab2 kinases should

also be tested for any genetic interactions with the nab2 mutants. Yck2 is a plasma

membrane bound, casein kinase I like protein. It was found to have 219 substrates. Even

if Yck2 proves not to be the endogenous kinase, this work does demonstrate that Nab2 is

indeed a phosphoprotein. Other candidate kinases could be tested via systematic crosses

using robotics for genetic interactions or using the Snyder kinase chip (Zhu, Klemic et al.

2000).

The mutants must also be characterized for their phenotypes relative to Nab2 in

existing assays. Does the mutant exhibit an mRNA export defect by dT50 in situ

hybridization experiments? Does the protein still show predominately nuclear

>

Jºy'

113



*s-,
sº-- **" ***

****...*.*.*.*
wººsas nº - ... * **

arsº

agºs -aº -> **

***** ***** **.
[.. ******* *
º-º-º-º-º- ? -as "a

º i

º s:º

º **-ºs ºº

**** -º-º-º: ** º*...* ..--º
*- rºser

awºrº

º



loacalization? Is shuttling of the protein affected? Are associations with other proteins

affected, such as Kaplo4 and Npl3? Is the high affinity for polyA RNA affected?

Finally, the mutants can be used as the basis for a suppressor screen. This can be

executed systematically against the deletion collection, which covers approximately 2/3

of the genome. Also, a classic forward genetics approach may also be helpful to identify

genetic interactions with essential proteins that could be missed in the systematic

approach.

The benefit of these new temperature-sensitive alleles could be substantial as they

allow more extensive use of the powerful yeast genetics system. Moreover, if the

mutants do indeed affect their phosphorylation status, then they will be useful in

characterizing this unreported aspect of Nab2 regulation.
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Figure Legends

Figure 1. Nab2 mutants display a temperature-sensitive growth defect

Serial dilutions of wt, tegged and mutant nab2 are grown on rich media and

incubated at the indicated temperatures for several days. The parent strain is at the top

and bottom of the plate. The temperature-sensitive strain in highlighted by an arrow.

The mutant Nab2-Myc tagged strain displays an identical sensitivity to temperature as the

mutant Nab2-His tagged strain (data not shown). Note that the mutant strain has no

growth defect at 30°C.

Figure 2. Western analysis displays a mobility shift of the nab2 mutant

Western blot using the anti-Nab2 antibody developed by the Swanson lab. The second

lane shows wildtype, untagged Nab2 protein. The other lanes show various Nab2 tagging

candidates. The lane containing the mutant Nab2-His protein is highlighted with an

arrow. Note that the wildtype (and all of the other lanes) display Nab2 as a doublet, but

the mutant strain displays only one isoform of the protein.
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Figure 1. Nab2 mutants display a temperature-senstive growth defect

30°C 2 days 37°C
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Figure 2. Western analysis displays a mobility shift of the nab2 mutant
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Appendix II

Yral Self-Association
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Appendix II

Yral Self-Association

Abstract

Yral is an essential RNA binding protein in S. cerevisiae that is required for

mRNA export. Preker et al have shown that Yral is auto-regulated. Over-expression of

Yral results in an accumulation of unspliced pre-mRNA, not in an increased levelof

protein. Here, I present evidence using RNA-IP microarrays and RT-PCR that the Yral

protein can associate with its own pre-mRNA and mRNA. I hypothesize that this direct

interaction is the mechanism by which Yral is able to regulate its protein concentration in

the cell.
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Introduction

Yral was first identified based on its strong RNA annealing activity (Portman,

O'Connor et al. 1997). It is also the only yeast homologue of all the factors in the

metazoan EJC (Exon Junction Complex). The EJC is a complex of proteins that is

detected 20-24 nucleotides upstream of a mature exon-exon splicing junction (Le Hir,

Moore et al. 2000). Yral is the homologue to the ALY protein, one of the proteins in the

EJC. Since I was interested in RNA-protein specificity, I was curious if Yral displayed

any preference for mature mRNA like its cousin ALY.

Yral associates with the nascent transcript early on and is associated with many

different proteins, including the THO complex, Sub2 and Mex67 Strasser, 2002 #227}.

However, while essential, its precise function remains unknown. For a more complete

introduction to Yral, see Pascal Preker 2002 and 2006 (Preker, Kim et al. 2002; Preker

and Guthrie 2006).

For the purposes of this appendix, the most interesting aspect of Yral function is

its ability to auto-regulate its levels (Preker, Kim et al. 2002; Preker and Guthrie 2006).

Attempts to over-express Yral on a 2 micron plasmid are doomed to fail because Yral

protein is able to inhibit the splicing of its own message if Yral begins to exceed normal

levels. This auto-regulation is dependant on its unusual intron, which is located deep

within the ORF and is the second longest intron in yeast. The inhibition of splicing
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occurs before the first step of catalysis. In the current model, rising levels of Yral

compete with the splicing apparatus for recognition of the Yral intron. If the splicing

apparatus wins, then the message is properly spliced and Yral protein is produced. If

Yral wins, then the transcript is prematurely exported into the cytoplasm where it is

degraded by Xrn1. This elegant mechanism accounts for all of the existing data and

makes several interesting predictions which are being pursued by Gwen Wilmes and

Pascal Preker.

In this appendix, I describe my analysis of Yral’s preferentially associated

transcripts, which has implications for both Yral auto-regulation and for other functions

of Yral. The simplest method to accomplish the auto-regulation would be if Yral was

shown to directly interact with its own message. I identified Yral protein associated with

its own RNA using the IP-microarray technique described in Chapter 1. In addition, the

Yral RNA binding spectrum has several interesting characteristics that stand out from the

spectra associated with Nab2, Npl3 and Nab4. In particular, the Yral spectrum is

practically a counterpoint to the Nab4 spectra; genes that are strongly enriched with Yral

are likely to be de-enriched with Nab4 and vice versa In addition, Yral shows a

remarkable lack of association with the ribosomal protein genes (which are preferentially

associated with Npl3). Hopefully, this work will contribute to a refinement of the Yral

auto-regulation model and will help to better define the functions of Yral.
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Methods, Materials and Caveats

These experiments were performed in collaboration with Pascal Preker. He

constructed the Yral-zz strain and I performed the microarrays and analysis. This work

was performed at the same time as the experiments in Chapter 1. For experimental

details, please refer to Chapter 1. In brief, total RNA was collected from Yral-zz and its

untagged parent strain. Equal quantities of both RNA samples were reverse-transcribed

and amplified. The cDNA samples were then labeled with Cy3 and Cy5 dyes and

hybridized to a standard yeast microarray. The statistical analysis was performed similar

to Chapter 1 using SAM (Significance Analysis of Microarray data) with a false positive

rate set at a maximum of 5% (Tusher, Tibshirani et al. 2001). The REDUCE analysis

was similar to the Chapter 1 REDUCE analysis. The RT-PCR was performed using

oligos to detect the pre-mRNA and the total RNA levels of YRA1 (Figure 3).

These data were excluded from the Preker et al 2002 paper due to reviewers’

comments. We presented an RT-PCR verifying the Yral self-association. Despite this,

the reviewers thought the self-association was not worthy of publication since the RT

PCR did not show an RNA that failed to associate with Yral and thus could not state that

this was a specific RNA binding activity. Rather than wait to perform these experiments,

we removed them from the paper to speed publication.

122



**~.
-

~ * * -- a-- * * ****

*** ...--sº :-->

ºuis-> * * * * *

...- : * ***
º ***** -** *** * **** * *

ºn . ..res: “”
-

*** *-* * * *

ºrrass -º-º: .

*** ***.*.***

ºwest--- -- *** *

s

ºaºua ºr is sº

sº
º

r

ºr-º- *** *******

,-na- ****
-

*-*...* ..-: *
**** rºs.-,

**-m-negº”

****
º

*-**



It is worth noting that these experiments were excluded from our published work

of the IP-microarrays described in Chapter 1 as another lab published Yral microarrays

as we were getting ready for publication (Hieronymus and Silver 2003). Unfortunately,

our data did not agree. As I did not account for the discrepancy, the Yral experiments

were removed from the paper. The difference in the data could be derived from several

sources, including differences in epitope tags, strain background, RNA isolation method,

array method, among others. In addition, after publication of Pascal Preker’s work in

2002, he found that the Yral-zz tag can suppress a deletion of sub2 in a different strain

background. It is possible that the tag can affect function or specificity of Yral in our

strain background as well. Regardless of the differences, the data reported here are

highly reproducible (performed at least in triplicate). Moreover, the self-association seen

here is consistent with in the Yral auto-regulation model proposed by Pascal. It remains

to be seen which report of Yral specificity is correct.
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Results and Discussion

Yral associates with its own transcript

I was initially motivated to determine if Yral could be a splicing-specific export

factor. To determine if Yral is preferentially associated with intron-containing messages,

I performed the IP-RNA microarray analysis described in Chapter 1. As I was scanning

the microarrays, the clearest result was immediately obvious: Yral strongly

immunoprecipiates with its own transcript. Not only is it the highest scoring intron

containing transcript, it is one of the highest scoring transcripts overall (Table 1). A

histogram of the Yral ratios, with the position of the Yral transcript marked, graphically

represents this bias (Figure la). Interestingly, Yral shows no overall bias for intron

containing genes (excluding the ribosomal protein genes as Yral displays a bias against

all RPGs whether or not they contain introns).

The microarrays were the first indication that Yral can associate with itself. But,

does it associate with the pre-mRNA or the mature message or both? To determine this, I

performed simple RT-PCR analysis (Figure 2). Yral can associate with both its

premature and mature forms. No significant signal is seen in the mock IP control. While

this assay determined that Yral associates with both pre-mRNA and mature transcripts, it

is impossible to quantitatively determine the ratio between these two forms from this

non-linear RT-PCR experiment. Further quantitative analysis from Q-PCR or northerns

should be performed to determine if Yral associates with one form more than the other.
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Since levels of the pre-mRNA are low in cells, I predict that a significant fraction of the

signal is due to association with the mature form. However, since I can detect association

at all with the low abundance pre-mRNA, I predict that the little pre-mRNA that exists is

found in association with Yral protein.

These data are consistent with the model of Yral auto-regulation described in the

introduction to this appendix. If Yral must compete with the spliceosome to recognize

the Yral intron, then I should be able to detect Yral association with its own pre-mRNA.

We also detected association with the mature message. I hypothesize that Yral most

likely interacts in more than one location with its own transcript via a high affinity site in

the exon and a low affinity site in the intron. Binding at the high affinity site can

promote the formation of a secondary structure that promotes splicing and vice versa. In

this model, at low or normal levels of Yral, a single molecule of Yral associates with its

own transcript at a high affinity site and promotes the formation of a secondary structure

that promotes splicing. At high levels of Yral, another Yral protein associates with its

own message but the higher concentration of Yral drives binding to both the high affinity

and the lower affinity site. The additional molecule of Yral now blocks formation of the

secondary structure and inhibits association with the spliceosome. The addition of Yral

also promotes export of the improperly processed message from the nucleus (Figure 1).

This model takes into account the known RNA annealing activity of Yral. Also, it

provides a possible rationale for the use of the unusually long length of the Yral intron (it

is the second longest intron in yeast) and for a secondary structure discovered by M-fold

analysis by Preker et al (Preker 2002, 2005). However, the existence of the high and low
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affinity sites, the in vivo formation of a secondary structure that promotes splicing, and

the ability of Yral to actively promote export of its pre-mRNA are predictions of my

model that will require much further investigation.

The RNA binding spectrum of Yral

The Yral RNA binding spectra shows several other distinctive features besides its

association with its own message. Whereas the Nab2 and Npl3 RNA binding spectra

were the most similar of the four binding spectra, the Nab4 and Yral binding spectra

were the most dissimilar. This contrast is graphically displayed in Figure 4 and

mathematically represented in their correlation coefficient of XXX. Whether this

interesting reciprical relationshipindicates differences in function or time of association

between the two proteins remains to be tested.

I was initially motivated to determine if Yral was a splicing-specific export

factor. As mentioned above, Yral shows no such bias towards non-RPG spliced

messages (Figure 2a). However, Yral is strongly de-enriched for ribosomal protein

genes, intron-containing or not (Figure 2b). Recall that Npl3 shows a striking bias

towards association with these same genes. (Npl3 also shows a bias towards any

message that is highly expressed. Yral does not show such discrimination. These data

imply that the discrimination in hnRNP association is not through copy number alone.)
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REDUCE analysis

The REDUCE motif analysis algorithm was applied to the Yral dataset. This

algorithm identifies any word between 3 and 7 letters long that is overrepresented in

messages preferentially associated with Yral. For a more detailed description of the

algorithm see Chapter 1 and Bussemaker et al. The best motifs are shown in Table 1 with

the lowest p-value identified.

These motifs were not as significant as the ones discovered for Nab2 (see Chapter

1) or for Nab4 (see Chapter 2). However, just because they are not as immediately clear

certainly doesn’t mean they are not as significant. Alternatively, Yral could show

affinity, not for a single stranded motif, but for a double-stranded motif. Yral was first

discovered by its strong RNA annealing properties (ref). In fact, the name Yral stands

for “Yeast RNA annealing” protein. If Yral associates with a small stretch of double

stranded RNA, then this would have been missed in my REDUCE analysis. My analysis

required that motifs be at least five nucleotides long. The REDUCE analysis could be

repeat to search for shorter motifs with regions of complementarity in relatively close

proximity to each other. (i.e. Search for motif-Xn-reverse complement, where Xn stands

for a spacer sequence that separates the two motifs.) Experiments to quantitatively define

the specificity and affinity of Yral for RNA should be enlightening.
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Figure Legends

Figure 1. Model of Yral auto-regulation

Diagram of the hypothetical model of Yral auto-regulation as described in the

text. On the left, the effects on the Yral transcript during low to normal levels of Yral

are displays; on the right, transcript effects during high levels of Yral. Starting at the

bottom of the figure, in both cases, Yral is loaded co-transcriptionally (with assistance

from the THO complex – not shown). During low Yral conditions, Yral associates at

only one high affinity site on the YRA1 transcript. The Yral association promotes a

secondary structure that promotes splicing. The mature message is the exported as any

other processed message. Once in the cytoplasm, Yral is removed from the transcript

and cycles back into the nucleus. Basically, this represents a normal round of association

and disassociation for an RNA-binding shuttling protein. During high levels of Yral,

Yral now associates on its own transcript at an additional low affinity site. This

additional binding of Yral now precludes the formation of the secondary structure and

inhibits efficient splicing. The association of Yral also drives export of the Yral pre

mRNA into the cytoplasm where it becomes degraded in P-bodies by Xrn1. The free

Yral then recycles back into the nucleus, resetting the cycle.

Figure 2. Histogram of the Yral binding spectrum

Histogram of the median ratio of Yral IP vs mock IP across three independent

experiments displayed such that further right along the X-axis represents increased

128



---

º
*

*~.
- **** *****

****

* ***...*.*. --º

**º-

rºº ****
****** a- - -es

* *-*... . gar -** * *

tº- -** **** **

**s-, * * *

*** *** ********* ***

------as-as-as- -- *** ****
-

ºut-ºut-º-º-º-

º sº

b. ******* ********

-** ***.
º* * * * ,--



association with Yral and vice versa. The histogram of all genes is displayed in red; the

histogram of the spliced genes are displayed in green. The position of the YRA1

transcript is highlighted with an arrow.

Figure 3. RT-PCR verifies that Yral associates with its own message

RT-PCR using 4 different primer sets to detect pre-mRNA and mature YRA1 transcript.

Serial dilutions of the RT reaction from Yral immunoprecipitated RNA were used for the

PCR. Note, signal is present from both pre-mRNA and mature primers indicating that

Yral can associate with both its mature and pre-mRNA forms.

Figure 4. RNA binding spectra of Yral, Nab2, Npl3 and Nab4

Cluster diagram of the median ratio from IP-microarray experiments for Yral, Nab2,

Npl3 and Nab4 proteins. Red indicates greater association with the given protein; green

indicates lesser association with the given protein. Note that the Yral spectrum displays

the most dramatic contrast in comparison to the Nab4 spectra.
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Figure 1. Model of Yral auto-regulation
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Figure 2. Histogram of the Yral RNA binding spectrum
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Figure 3. RT-PCR verifies that Yral associates with its own message
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Figure 4. RNA binding spectra of Yral, Nab2, Npl3 and Nab4
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