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Abstract 

Recognition of Polyadenosine RNA by CCCH Zinc Fingers 

By Seth M. Kelly 

 

Throughout their lifecycles, mRNA transcripts are coated by a collection of RNA 

binding proteins.  These RNA binding proteins function in a diverse set of processes, but 

collectively they dictate the fate of the transcripts to which they bind.  While some RNA 

binding proteins recognize sequences found in only a handful of transcripts, others, such 

as those proteins that bind the poly(A) tail of mRNA transcripts, recognize sequences 

ubiquitous to all mRNA transcripts.  These RNA binding protein binds post-

transcriptionally regulate gene expression.  Therefore, in order to completely comprehend 

the regulation of gene expression, it is essential to understand the molecular mechanisms 

of RNA recognition by RNA binding proteins.  

In this dissertation I present data demonstrating that Cys-Cys-Cys-His (CCCH) 

zinc fingers of the S. cerevisiae protein, Nuclear poly (A) Binding protein 2 (Nab2) and 

its putative human orthologue, ZC3H14, specifically recognize polyadenosine RNA with 

high affinity.  All previously characterized poly(A) RNA binding proteins bind 

polyadenosine RNA via at least one RNA Recognition Motif.  Hence, recognition of 

polyadenosine RNA via CCCH zinc fingers is a novel mechanism of poly(A) RNA 

recognition.  Genetic and biochemical studies provide compelling evidence that ZnF 5-7 

mediate high affinity binding to polyadenosine RNA.  To gain further understanding of 

the mechanism of poly(A) RNA recognition by CCCH zinc fingers, the atomic resolution 

structure of Nab2 zinc fingers 5 – 7 was solved using NMR.  Using this structural data, 



  

 
 

we identified several conserved positively charged and aromatic residues that could 

potentially interact with polyadenosine RNA.  Changing these amino acids to alanine 

resulted in loss of binding to polyadenosine RNA in vitro and conferred cold-sensitive 

growth defects in vivo.  We have also identified several genes that genetically interact 

with NAB2 including components of the mRNA 3’-end processing machinery, a 

component of the nuclear exosome, and components necessary for the transcriptional 

termination of the RNA polymerase II.  Together, these findings define a novel 

evolutionarily conserved family of polyadenosine RNA binding proteins.  These findings 

also further demonstrate that polyadenosine RNA binding proteins are key players 

involved in the post-transcriptional regulation of gene expression. 
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Chapter 1: A General Introduction 

 
 

 

A portion of this chapter is adapted from the following paper: 
 
 

Kelly, S.M, and Corbett, A.H. Messenger RNA Export from the Nucleus: A Series 
of Molecular Wardrobe Changes. Traffic (2009) Published online: May 27, 2009 
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Introduction 

The central dogma of biology has been well established for several decades: DNA 

is transcribed into RNA and RNA is then translated into protein.  The flow of genetic 

information from DNA to protein requires, as an absolute necessity, this RNA 

“blueprint”.  Like a blueprint sent from factory headquarters to its workers, RNA 

transcripts dictate the proteins that make up the architecture of every cell.  Hence, while 

the DNA content remains constant from cell to cell in a multi-cellular organism, the type 

and abundance of these RNA “blueprints” vary widely from one cell type to the next.  

Essentially, changes in RNA expression between cell types dictate cellular identity and 

function.  

In all eukaryotes, from humans to the single celled budding yeast, Saccharomyces 

cerevisiae, before the translation machinery can effectively translate RNA transcripts into 

protein, the messenger RNA (mRNA) transcript must first undergo multiple processing 

steps and subsequently proceed through several quality control checkpoints to ensure 

these steps were performed correctly.  At each of these steps, the RNA is accompanied by 

a collection of RNA binding proteins.  These proteins recognize the transcripts, perform 

essential processing activities, and package the mRNA into complexes, called mRNA 

ribonucleoproteins (mRNPs), that regulate transcript stability (1), promote export from 

the nucleus (2), and modulate translation (3).  Hence, RNA binding proteins play a 

crucial role in the post-transcriptional control of gene expression and have even been 

likened to post-transcriptional activators and repressors of gene expression (4, 5).   

 The mechanisms by which many RNA binding proteins recognize specific RNA 

sequences remain unknown.  Many proteins utilize similar RNA binding motifs to 
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recognize drastically different sequences, while some proteins utilize different motifs to 

recognize the same sequence.  In this dissertation, a novel mechanism of polyadenosine 

RNA recognition by a family of CCCH zinc finger-containing proteins is identified 

(Chapters 2 and 3) and analyzed using a structure/function approach (Chapter 3).  

Furthermore, the in vivo effects of the disruption of this interaction are also assessed 

(Chapters 3 and 4).   

 

The evolutionary conservation of mRNA processing and export factors 

 Many of the proteins involved in the transcription, processing, and export of 

mRNA transcripts are highly conserved among eukaryotic species ((6), See also Table 

1.1).  As demonstrated in Figure 1.1, the overall pathway that produces translation 

competent mRNA transcripts (7) is present in eukaryotes, from humans to the single 

celled yeast Saccharomyces cerevisiae.  Factors ranging from RNA polymerase II and 

RNA export receptors to RNA binding proteins are highly homologous between different 

species.  Messenger RNA transcripts are initially transcribed by RNA polymerase II in 

the nucleus of eukaryotic cells.  In metazoan cells, typical mRNA transcripts consist of 

large non-protein-producing (non-coding) sequences called introns (red lines in Figure 

1.1) amidst smaller islands of protein coding regions, called exons (gray lines in Figure 

1.1) (8, 9).  In fact, the average exon in humans is only 150 base-pairs while the average 

intron is much larger (9).  Some introns can be as large as 10,000 base-pairs (9).  To 

assemble the final mRNA transcript, the non-coding intron sequences must be removed 

and the exons “glued” together in a process called splicing.  The budding yeast, S.  
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Figure 1.1: General schematic for RNA transcription, processing and export from 
the nucleus in the budding yeast Saccharomyces cerevisiae (A) and in metazoans (B). 
This figure is adapted from (7) (A) In yeast, mRNA transcripts are initially transcribed by 
RNA polymerase II.  Processing and export factors are recruited to the nascent transcript 
via interactions with the C-terminal domain of RNA Polymerase II.  These factors act to 
add the 5’-cap, splice introns, and cleave and polyadenylate the 3’-end of the transcript.  
Export factors, such as Mex67, are recruited during transcription and processing to 
facilitate the export of mRNA transcripts through the nuclear pore complex and into the 
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cytoplasm.  Following transport through nuclear pore, the conserved RNA helicase, 
Dbp5, remodels the mRNA ribonucleoprotein (mRNP) complex.  (B) In metazoan cells, 
as in yeast, mRNA transcripts are transcribed by RNA polymerase II.  Unlike S. 
cerevisiae, the majority of metazoan transcripts contain both introns (red lines) and exons 
(gray lines).  The splicing machinery removes introns splices together the exons and 
multi-protein complexes, called exon junction complexes (EJCs) are deposited 20-24 
nucleotides away from the exon-exon junction.  Following splicing export factors, such 
as TAP, the metazoan orthologue of Mex67, to export transcripts from the nucleus.  As in 
yeast, following export from the nucleus, Dbp5 remodels mRNP complexes as they exit 
the nuclear pore complex.  In both yeast and metazoans, following export mRNA 
transcripts are now coated by a new set of proteins and are translated into protein (not 
shown). 
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cerevisiae, on the other hand contains a much more compact genome and while the 

proteins involved in splicing are highly homologous between humans and yeast, the 

number of yeast genes containing introns is extremely small.  As few as 5% of yeast 

genes contain introns (10, 11).   

In both yeast and metazoans, the mRNA transcript undergoes several additional 

processing steps.  These include the addition of a 5’-7-methylguanosine cap on the 5’-end 

of the transcript and the addition of a polyadenosine tail on the 3’-end of the transcript.  

Interestingly, these two processing steps help to greatly enhance the stability of mRNA 

transcripts as the majority of RNA degradation pathways start degrading the RNA from 

one end or the other (12, 13).  Specifically, the 5’-cap serves both a protective role 

against 5’3’ riboexonucleases (12) and a role in facilitating translation of the transcript 

in the cytoplasm (14).  In all eukaryotes, the cap is bound by a conserved set of proteins 

called the cap-binding complex (CBC) that helps to facilitate these functions.  As 

mentioned above, mRNA transcripts are also polyadenylated on the 3’-end of the 

transcript.  In order to add the poly(A) tail to the 3’-end of mRNA transcripts, several 

evolutionarily conserved protein complexes recognize specific sequences in the 3’-end of 

the mRNA transcript.  These complexes then cleave the transcript and add the poly(A) 

tail (15).  The enzymes that recognize and cleave the transcript, as well as add the 

poly(A) tail, are conserved from yeast to humans.  Once added to the transcript, the 

poly(A) tail is coated by poly(A) binding proteins.  Again, these proteins are conserved 

from yeast to humans (16).  Finally, the export factors which actively transport the 

mRNA out of the nucleus, the components of the nuclear pore complex, through which 

the mRNA transcript must pass to leave the nucleus, and the proteins that remodel the 
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RNA:protein complex in the cytoplasm are also well conserved among most eukaryotes.  

Given the extensive evolutionary conservation of the processes that produce mature 

mRNA, work from a number of model organisms has contributed to our current 

understanding of RNA biogenesis.  Many interesting studies have exploited the single-

celled budding yeast, Saccharomyces cerevisiae to define key mechanisms in the 

lifecycle of an mRNA transcript [reviewed by (17-19)].   

 

The budding yeast Saccharomyces cerevisiae as a model system 

Beyond the fact that the majority of the proteins involved in post-transcriptional 

gene expression are conserved, S. cerevisiae also provides several other advantages 

compared to traditional cell culture or animal models for the study of RNA export from 

the nucleus.  Specifically, S. cerevisiae cells are very genetically malleable.  For example, 

yeast cells can easily be transformed with extrachromosomal plasmid DNA in order to 

express a Green Fluorescent Protein (GFP) -tagged protein or in order to test the in vivo 

function of a mutant protein.  Furthermore, yeast cells can also exist in either a haploid or 

diploid state, allowing for the easy combination of genetic mutations by mating.  The 

haploid state of most laboratory yeast strains allows for the expression of phenotypes 

caused by recessive mutations; these phenotypes would normally not be visible in a 

diploid organism.  In addition, a collection of ~4800 yeast strains exists in which each 

strain is individually deleted for one non-essential gene.  This collection of yeast strains 

is an invaluable resource when analyzing a network of genetic interactions.  Finally, yeast 

cells can also be grown economically in large quantities for use in large-scale 
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biochemical experiments.  All these points contribute to the utility of S. cerevisiae as a 

model system to study mRNA processing and export from the nucleus.   

 

The mRNA “assembly line” 

 Each of the mRNA processing events described above, including addition of a 5’-

cap, the splicing out of introns, and 3’-end cleavage and polyadenylation, as well as 

mRNA export itself, is tightly regulated allowing for plasticity in modulating gene 

expression (4).  Particular aspects of transcription, as well as each of these processing 

events, are coupled to mRNA export, making the entire process one dynamic assembly 

line from start to finish.  This assembly line can produce thousands of copies of a single 

transcript throughout the lifetime of an organism or only several copies of a transcript 

once during the development of an organism.  The complex regulatory system that 

dictates when and where a gene is expressed is controlled not only by a complicated 

series of transcriptional regulators, but also by an equally elaborate network of RNA 

binding proteins (Table 1.1) that associate with the mRNA transcript during post-

transcriptional events.  These mRNA binding proteins function in diverse processes 

ranging from splicing to cytoplasmic RNA localization, but collectively they dictate the 

fate of each transcript.  Like any assembly line, each sequential step constitutes a function 

that is a necessary prerequisite for the next. 

In order for a transcript to leave the transcription “assembly line” in the nucleus 

and be delivered to ribosomes in the cytoplasm, it must first recruit mRNA export factors.   
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Table 1: Protein factors implicated in mRNA export from the nucleus 
S. cerevisiae 

protein 
Higher 

eukaryotic 
orthologue 

RNA 
accumulation 
in nucleus?1 

Function in mRNA export Other described functions 

Hpr1 hHpr1 Poly(A) and 
heat shock RNA 

Component of yeast/human 
TREX and direct recruiter of 

Mex67 (yHpr1) 

Transcriptional Elongation 
(yTREX), Genome Stability 

(yHpr1) 
Tho2 hTho2 Poly(A) and 

heat shock RNA 
Component of yeast/human 

TREX 
THO complex member 

Mft1 ---- Poly(A) and 
heat shock RNA 

Component of yTREX THO complex member 

Thp2 ---- Poly(A) and 
heat shock RNA 

Component of yTREX THO complex member 

Tex1 hTex1 N/A2 Component of yTREX THO complex member 
---- Thoc5/ 

fSAP79/ 
FMIP 

Heat shock 
RNA only3 

Component of hTREX, 
required for export of heat 

shock RNA 

Post-transcriptional regulation 
of genes involved in 

macrophage/adipocyte 
differentiation  

---- Thoc6/ 
fSAP35 

N/A2 Component of hTREX ---- 

---- Thoc7/ 
fSAP24 

N/A2 Component of hTREX ---- 

Sub2 UAP56 Poly(A) and 
heat shock RNA 

Yra1 adaptor protein ATP-dependent helicase, 
function in splicing 

Yra1 Aly / REF Poly(A) and 
heat shock RNA 

Mex67 adaptor protein RNA annealing activity 

Mex67: 
Mtr2 

TAP:p15 / 
Nxf1:Nxt1 

Poly(A) and 
heat shock RNA 

Primary mRNA export factor; 
contacts mRNA (directly and 

via adaptors) and nucleoporins 

Nuclear export of 60s 
ribosomes 

Pcf11 Pcf11 Poly(A) RNA4 Yra1 adaptor protein mRNA 3’-end formation 
Rna14 CstF77 Poly(A) and 

heat shock RNA 
---- mRNA 3’-end formation 

Rna15 CstF64 Poly(A) and 
heat shock RNA 

---- mRNA 3’-end formation 

Hrp1 ---- 

Heat shock 
RNA only3 

---- mRNA 3’-end formation, 
mRNA transcript stability 

Pap1 Pap1 Poly(A) and 
heat shock RNA 

---- Poly(A) polymerase/ mRNA 
3’-end formation 

Nab2 ZC3H14 Poly(A) RNA4 Possible Mex67 adaptor 
protein 

mRNA processing / 3’-end 
formation 

Npl3 ---- Poly(A) RNA 
only3 

Mex67 adaptor protein mRNA 3’-end cleavage and 
polyadenylation site selection, 
promotes pre-mRNA splicing 

Dbp5/Rat8 hDbp5/ 
DDX19 

Poly(A) and 
heat shock RNA 

mRNP remodeling in the 
cytoplasm following nuclear 

export 

Interacts with transcription and 
translation-termination factors  

Gle1 hGle1 Poly(A) and 
heat shock RNA 

Activator of Dbp5 (in 
combination with 

hNup214/yNup159) 

Regulation of translation 

Thp1 ---- Poly(A) and 
heat shock RNA 

Component of yTREX2 
complex involved in nuclear 

export of mRNA  

Regulation of genomic 
integrity 

Sac3 GANP/Shd
1 

Poly(A) and 
heat shock RNA 

Component of yTREX2 
complex involved in nuclear 

Regulation of genomic 
integrity 



  

 
10 

export of mRNA  
 

Sus1 
 

DC6/Eny2 
 

Poly(A) RNA4 
 

Component of yTREX2 
complex involved in nuclear 
export of mRNA, possible 
“bridge” protein between 
transcription and mRNA 

export  

 
Component of SAGA histone 

modification complex, 
regulation of genomic integrity 

Cdc31 CETN3 Poly(A) RNA4 Component of yTREX2 
complex involved in nuclear 

export of mRNA  

Duplication of microtubule-
organizing centers 

1 – In either yeast cells expressing mutant proteins or higher eukaryotic cells depleted for the specified factor, does 
poly(A) or heat shock RNA accumulate in the nucleus as detected by fluorescence in-situ hybridization (FISH)? 
2 – N/A = information on RNA accumulation is, to the best of our knowledge, not available. 
3 – As specified either poly(A) RNA or heat shock RNA accumulates in the nucleus, but not both. 
4 – Mutants accumulate poly(A) RNA but, to the best of our knowledge, nuclear accumulation of heat shock RNA has 
not been tested. 
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Conventionally, export factors have been defined based on their capacity to bind both the 

RNA transcript and components of the nuclear pore complex (NPC) and they are, 

therefore, thought to actively escort mRNA transcripts through the NPC and out of the 

nucleus.  One of the overarching themes in mRNA export is the use of adaptor proteins to 

recruit these export factors.  Although export receptors can bind directly to mRNAs (20-

22), their recruitment to mature export-competent mRNA transcripts is greatly enhanced 

when they are recruited via adaptor proteins (23, 24).  These adaptor proteins are 

hypothesized to specifically recognize RNA sequences to signal that a particular 

processing step is complete and consequently that the transcript is competent for export 

to the cytoplasm.  Many of these proteins function not only as adaptors but also as 

important components of other processes, such as splicing or 3’-end processing, hence 

these processes are “coupled” to mRNA export via these adaptor proteins.  While many 

of the individual proteins involved in mRNA biogenesis are highly conserved from yeast 

to higher eukaryotes, the particular processes that are coupled to nuclear export are more 

divergent.  In S. cerevisiae, the primary mRNA export factor, Mex67 and its 

heterodimeric partner Mtr2, appear to be recruited through a transcription- and 3’-end 

processing-dependent mechanism.  In higher eukaryotes, however, the recruitment of the 

Mex67:Mtr2 orthologues, called TAP:p15 (or NXF1:NXT1), to mature mRNA 

transcripts appears to be dependent upon 5’-cap addition and splicing. 

 

Coupling transcription to mRNA export from the nucleus 

During transcription, prior to mRNA export, adaptor proteins are deposited along 

nascent transcripts.  Recent studies have demonstrated that a multi-protein complex, 
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termed the TREX (transcription and export) complex, is assembled upon the nascent 

transcript during transcription and is a critical component in determining the efficiency of 

mRNA export from the nucleus (25-27).  Once deposited, components of this complex 

recruit adaptor proteins to the newly synthesized transcript.  The S. cerevisiae TREX 

complex consists of the mRNA export adaptor proteins, Sub2 and Yra1, and components 

of the THO complex (Hpr1, Mft1, Thp2, and Tho2) (25-28).  Sub2, and its mammalian 

counterpart, UAP56, are putative ATP-dependent helicases that function in splicing and 

export (29-31).  Yra1 (Aly/REF in higher eukaryotes) has also been implicated in pre-

mRNA metabolism (32) and mRNA export (23, 33).  The THO complex components, 

several of which are conserved in higher eukaryotes, are required for a wide variety of 

processes including transcriptional elongation (34, 35) and genome stability (34). 

The S. cerevisiae THO component, Hpr1, is co-transcriptionally recruited to 

actively transcribed loci (28, 36) and directly contacts the mRNA export adaptor protein, 

Sub2 (36).  Furthermore, components of the THO complex can be copurified with both 

Yra1 and Sub2 (28), although THO subunits do not directly interact with Yra1, 

suggesting that the interaction between THO and Yra1 is bridged by Sub2 (36).  These 

data suggest a model (Figure 1.2) whereby THO components, specifically Hpr1, are 

recruited to actively transcribed loci and subsequently recruit Sub2 and Yra1.  Yra1 can 

then serve as an adaptor protein for the primary S. cerevisiae mRNA export factor, 

Mex67 (23, 33).  In order for this complicated recruitment scheme to function correctly, 

the transcript must undergo several “molecular wardrobe changes” to properly recruit and 

subsequently displace these adaptor proteins.  For example, Sub2 and Mex67 both 

interact with the same domain of Yra1 (28), suggesting that these interactions with Yra1 
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are mutually exclusive.  This exclusivity is necessary to displace Sub2 from the 

transcripts when Yra1 recruits Mex67 (Figure 1.2).  Yra1 directly interacts with Mex67 

but does not exit the nucleus (23), suggesting that before Mex67 can escort transcripts 

through the nuclear pore complex, Yra1 must first be removed. 

Although Sub2 directly interacts with both Hpr1 and Yra1 and likely bridges this 

interaction (36), additional evidence suggests that both Yra1 and Mex67 can be recruited 

to mRNA transcripts via alternative mechanisms (Figure 1.3) (37).  Notably, several 

studies have demonstrated that the UBiquitin Associated (UBA) domain of Mex67 

interacts with the THO component, Hpr1 (38), suggesting that the THO complex can 

directly recruit Mex67 to mRNA transcripts independent of Yra1 and Sub2.  In addition 

to THO complex-mediated recruitment, other RNA binding proteins can also recruit 

Mex67 to mRNA transcripts.  In particular, the RNA binding protein Npl3 has been 

implicated in Mex67 recruitment to mRNA transcripts (39).  Npl3 is an essential serine-

arginine rich (SR) protein that is co-transcriptionally loaded onto nascent transcripts (40, 

41) and is required for proper nuclear export of poly(A) RNA (42).  Interestingly, Npl3 

plays roles in both polyadenylation site choice (40, 43) and early recruitment of 

spliceosomal proteins to intron-containing transcripts (41), suggesting that these 

processes could be coupled to Mex67 recruitment. 

In addition to the alternative routes for Mex67 recruitment to mRNA transcripts, 

Yra1, one of the principle Mex67 adaptors, may itself have additional adaptors beyond 

the commonly accepted Sub2 helicase.  Specifically, inactivation of a component of the 

3’-end cleavage machinery, Pcf11, causes an ~2-fold reduction in recruitment of Yra1 to  
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Figure 1.2: “Classical” model of Mex67 recruitment to mRNA transcripts.  The 
principle mRNA export heterodimer, Mex67:Mtr2, is recruited via direct interactions 
with Yra1 in a Sub2- and THO complex-dependent manner.  THO complex members are 
initially deposited upon nascent transcripts via interactions with the C-terminal domain 
(CTD) of RNA polymerase II (RNA Pol II).  Following THO deposition, Sub2 and Yra1 
are recruited to the transcript.  Finally, the heterodimeric complex of Mex67:Mtr2 is 
recruited via interactions between Yra1 and Mex67.  Binding of Mex67 to Yra1 displaces 
Sub2. 
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Figure 1.3: Sub2/Yra1- independent recruitment of Mex67 to mRNA transcripts.  
The heterodimeric export receptor, Mex67:Mtr2, can also be recruited to mRNA 
transcripts via direct interactions with both a component of the THO complex, Hpr1, and 
the RNA binding protein, Npl3. 
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the actively transcribed PMA1 locus without affecting Sub2 recruitment.  Yra1 interacts 

with components of the 3’-end cleavage machinery, including Pcf11 and Rna15 (37).  

Furthermore, Pcf11 and other components of the 3’-end processing machinery can be 

recruited to actively transcribed loci via interaction with the C-terminal domain of RNA 

polymerase II (44-46).  Together, these data suggest a revised model (Figure 1.4) in 

which Yra1 can be recruited to actively transcribed loci in a Sub2-independent manner 

via an interaction with the 3’-end processing machinery component, Pcf11.  Yra1 is then 

transferred from Pcf11 to the TREX complex via an interaction with Sub2.  Yra1, now 

bound to the mRNA transcript, recruits the mRNA export heterodimer, Mex67:Mtr2 and 

the mature mRNA can exit the nucleus. 

Even though millions of distinct transcripts are constantly transcribed, most 

current models for mRNA export suggest that one heterodimeric receptor, Mex67:Mtr2 

(TAP:p15 or NXF1:NXT1 in higher eukaryotes), transports all transcripts through the 

nuclear pore complex into the cytoplasm.  These models rely on the initial observation 

that Mex67:Mtr2 could bind to both RNA and nuclear pore components (20, 47).  

However, recent genome-wide studies raise the possibility that Mex67-dependent export 

is not the only route for mRNAs to exit the nucleus.  One such study revealed that Mex67 

and Yra1 were bound to 1,142 and 1,002 transcripts, respectively.  Notably, only 349 

transcripts were found in common among the pools of transcripts bound to each protein 

(48).  This finding raises several interesting points.  First, Mex67 and Yra1 each 

associated with distinct classes of RNAs (48), suggesting that expression of functionally 

related RNAs, such as those that encode proteins required for cell wall biosynthesis, can  
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Figure 1.4. Revised “classical” model of Mex67 recruitment to mRNA transcripts. 
Mex67:Mtr2 is recruited to mRNA transcripts via interactions with 3’-end processing 
components.  While initial studies demonstrated Yra1 was recruited to transcripts directly 
via THO components and Sub2, more recent data suggests a revised model where Yra1 is 
initially recruited to the mRNA transcript via interactions with the 3’-end processing 
factor, Pcf11 and subsequently transferred to the TREX complex via an interaction with 
Sub2.  Yra1 then recruits Mex67 and transcripts are exported.   
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be post-transcriptionally coordinated by regulation of these RNA export factors (48).  

Interestingly, a separate genome-wide study investigating the transcripts associated with 

the S. cerevisiae RNA binding proteins, Npl3, Nab2, and Hrp1, demonstrated that these 

proteins preferentially associate with functionally distinct classes of RNAs (49), 

providing further evidence that particular RNA binding proteins associate with specific 

transcripts.  Second, these genome-wide studies indicate that the Yra1 and Mex67-centric 

mRNA export model may not be applicable for all mRNA transcripts and suggest that 

other RNA binding proteins and protein complexes may actively facilitate mRNA export 

from the nucleus by interacting with both mRNA transcripts and nucleoporins. 

 

Coupling 3’-end formation and mRNA export 

Although there are some discrepancies between yeast and higher eukaryotes in 3’-

end formation, the overall processes of cleavage and polyadenylation are remarkably 

conserved [reviewed by (50)]. The initial step in 3’-end formation involves the 

recognition of specific sequences within the pre-mRNA 3’- untranslated region (3’-UTR) 

and cleavage of the transcript.  Once the transcript has been cleaved, poly(A) polymerase 

(PAP) adds the 200 to 250 adenosines (70 to 90 adenosines in S. cerevisiae) that 

comprise the poly(A) tail (15).  In both budding yeast and mammalian cells, the poly(A) 

tail is bound by a complement of poly(A) binding proteins (Pabs) (51).  Although 

coupling of mRNA export and 3’-end processing is somewhat controversial in 

metazoans, in S. cerevisiae, 3’-end processing has been more directly implicated in 

mRNA export from the nucleus.  Notably, mutations within several yeast 3’-end 

processing factors, including Rna14, Rna15, Pcf11, and Pap1 cause accumulation of bulk 
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poly(A) RNA in the nucleus (52-54).  In addition, mutations in numerous S. cerevisiae 

mRNA export factors, including Mex67, Yra1, and the cytoplasmic NPC-associated 

helicase Dbp5 (see below), cause hyperpolyadenylation of transcripts (52, 55).  

Components of the 3’-end processing machinery also genetically interact with mRNA 

export factors (56, 57). 

Several studies in S. cerevisiae have investigated the link between 3’-end 

processing and mRNA export using reporter transcripts truncated by a hammerhead 

ribozyme rather than processed by the normal 3’-cleavage and polyadenylation 

machinery (58, 59).  Hammerhead ribozymes are self-cleaving RNA sequences which 

were originally isolated from plant viruses (60).  RNA transcripts synthesized by RNA 

polymerase II that contain a ribozyme sequence in lieu of a standard 3’-UTR are not 

polyadenylated efficiently and are also not efficiently exported from the nucleus (58).  

Export of these ribozyme truncated reporter RNAs is not entirely blocked however, as 

deletion of the gene encoding the cytoplasmic riboexonuclease, XRN1, results in an 

increase in cytoplasmic reporter RNA, suggesting that a fraction of these reporter 

transcripts exits the nucleus but is rapidly degraded due to the absence of a poly(A) tail 

(58).  Interestingly, export of these reporters is rescued by an encoded stretch of 

adenosines immediately upstream of the self-cleaving ribozyme sequence that mimics a 

poly(A) tail.  This result suggests that while the presence of a poly(A) tail helps facilitate 

mRNA export from the nucleus, the poly(A) tail is not an absolute requirement.  Indeed, 

TRP4 transcripts terminated at their 3’-ends by a hammerhead ribozyme can partially 

complement a trp4 deletion mutant, indicating that a fraction of these non-polyadenylated 

transcripts can exit the nucleus and be translated (61).  Whether these ribozyme-
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terminated transcripts are exported by Mex67 and the canonical mRNA export machinery 

or by components of another RNA export pathway remains unclear. 

 

A link between 3’-end formation and nuclear export: Poly(A) RNA binding proteins 

Although 3’-end formation appears to be coupled to mRNA export from the 

nucleus in S. cerevisiae (52, 55, 57, 58), little information exists as to the actual physical 

link between components of the 3’-end processing machinery and mRNA export factors.  

One candidate class of proteins consists of the poly(A) binding proteins (Pabs).  Pabs are 

conserved from yeast to higher eukaryotes and are important in the regulation of 

transcript polyadenylation, stability, translation, and nuclear export (62).  The most well 

characterized S. cerevisiae Pab, Pab1, localizes to the cytoplasm at steady state and 

regulates both translation and mRNA stability (62).  In addition, Pab1 shuttles into the 

nucleus (63, 64) and regulates poly(A) tail length (65, 66).  This collection of 

observations, along with the fact that mutations within Pab1 only show limited effects on 

poly(A) RNA export (64), suggests that while Pab1 may enter the nucleus, its principle 

role is likely in the cytoplasm and not in coupling mRNA 3’-end formation to nuclear 

export.   

More likely candidate proteins that couple 3’-end processing and mRNA export 

are nuclear poly(A) binding proteins, such as S. pombe Pab2 [PABPN1 in higher 

eukaryotes (62)] or S. cerevisiae Nab2 [ZC3H14 in higher eukaryotes (67)].  Although 

Pab2 and its orthologue PABPN1 bind specifically to polyadenosine RNA and modulate 

polyadenylation (68, 69), neither protein has been linked to mRNA export from the 

nucleus.  A more likely candidate Pab that couples mRNA 3’-end processing to nuclear 
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export may be Nab2, which binds specifically to polyadenosine RNA in vitro (67, 70, 71) 

and also regulates poly(A) tail length (71, 72).  Nab2 mutants also show nuclear 

accumulation of bulk poly(A) RNA (71, 73) and genetically interact with both Mex67 

(57, 74) and Yra1 (75).  Therefore, Nab2 could function as a factor involved in 3’-end 

formation that serves as an adaptor for Mex67 recruitment to export competent 

transcripts. 

 

Coupling splicing and mRNA export from the nucleus 

While both yeast and higher eukaryotes employ a conserved set of factors to facilitate the 

nuclear export of mRNA transcripts, the mechanisms that recruit these factors are 

somewhat divergent.  In higher eukaryotes, where most transcripts are subject to splicing, 

mRNA export receptors seem to be recruited to the 5’-end of transcripts in a splicing- and 

5’-cap dependent manner. 

The human TREX complex contains the adaptor proteins UAP56 and Aly/REF, 

orthologues of budding yeast Sub2 and Yra1, respectively, as well as the human THO 

complex members, hHpr1, hTho2, Thoc5/fSAP79, Thoc6/fSAP35, and Thoc7/fSAP24 

(76).  Unlike their S. cerevisiae counterparts, human TREX (hTREX) constituents 

(including UAP56, Aly/REF, and THO members) have not been directly linked to 

transcription but instead have more directly been linked to the addition of the 5’-7-methyl 

guanosine cap and the splicing out of introns (7, 76-78).  Early studies suggested that 

hTREX recruitment may be coupled to splicing since UAP56 copurified with 

spliceosomal proteins, specifically U2AF65 (79, 80), and Aly/REF associates with the 

exon junction complex (EJC), a multi-protein complex deposited 20 to 24 nucleotides 
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upstream of exon-exon junctions (81).  hTREX components also preferentially associate 

with mRNA transcripts that have undergone splicing rather than artificial transcripts 

manufactured from cDNA constructs (77).  Furthermore, Aly and Thoc5 colocalize with 

nuclear speckles, which are sub-nuclear domains thought to store processing factors and 

components of the spliceosome (76, 78, 82).  Together, these results suggest that hTREX 

is associated with spliceosomes and potentially is recruited as a part of the EJC. 

Interestingly, more recent studies have shed some doubt on the idea that TREX is 

recruited to nascent transcripts as part of the spliceosome or the EJC in higher 

eukaryotes.  In particular, both hTREX and Aly are recruited to the 5’-end of mRNA 

transcripts (76, 77).  Several hTREX components, including Aly, UAP56, and hTho2, 

interact with the cap-binding complex, which specifically recognizes the 7-methyl 

guanosine cap on the 5’-end of mRNA transcripts (77, 83).  In addition, recruitment of 

Aly and a component of the hTHO complex, hTho2, to decapped reporter transcripts is 

dramatically decreased compared to properly capped transcripts (77).  Moreover, eIF4A3, 

a component of the EJC, is recruited to capped and decapped transcripts equally well 

(77), suggesting that TREX recruitment is dependent upon the 5’-cap, whereas 

recruitment of the EJC is not.  As the addition of a 5’-cap dramatically increases the 

efficiency of nuclear export of spliced transcripts (77), recruitment of hTREX, and thus 

mRNA export receptors, is highly likely to be dependent upon both capping and splicing. 

 

Translocation through the nuclear pore complex 

Once an mRNA transcript has been properly processed, packaged, and has recruited the 

correct export receptor(s), the resulting mRNA ribonucleoprotein (mRNP) complex is 
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translocated through nuclear pore complexes to the cytoplasm.  The nuclear pore 

complex consists of several classes of nucleoporins (Nups), including structural Nups and 

Nups containing domains rich with phenylalanine-glycine (FG) repeats.  FG-Nups line 

the interior cavity of the NPC and allow for regulated macromolecular transport into and 

out of the nucleus (84).  Multiple hypotheses exist (85) as to the exact mechanism by 

which nuclear pores maintain cargo selectivity while still retaining the capacity to 

transport cargoes efficiently and rapidly.  Generally, these FG repeats are thought to 

extend into the central cavity of the NPC and form multiple low affinity interactions with 

soluble transport factors, such as Mex67/TAP (20, 47, 84) as they transit the NPC.  

Interestingly, recent work has demonstrated that different transport receptors (i.e. mRNA 

export vs. different pathways for protein import) may require different subsets of FG-

Nups (21, 84, 86), suggesting different transport receptors may take different routes 

through nuclear pore complexes. 

 

A molecular wardrobe change completes nuclear export 

Throughout the assembly line of mRNA processing that culminates in export 

from the nucleus, a multitude of different proteins associate with the mRNA transcript 

(Figure 1.5).  Initially, mRNA processing proteins are recruited to the nascent transcript 

during transcription via interactions with the C-terminal domain of RNA polymerase II. 

Many of these processing factors are displaced following completion of processing or 

prior to export from the nucleus.  Export factors then recognize the mature transcripts and 

convey them through the nuclear pore complex to the cytoplasm.  The export factors are 
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Figure 1.5.  A timeline for the molecular displacements that occur in the course of 
mRNA export.  In S. cerevisiae, adaptor proteins responsible for the recruitment of 
mRNA export receptors are deposited upon transcripts (denoted by black curved lines 
above the large directional arrow) during transcription and processing, coupling these 
processes to mRNA export.  During transcription, components of the THO complex are 
initially deposited on the nascent transcript.  Other processing factors and RNA binding 
proteins, such as Hrp1, Npl3, Sub2, Yra1, and Nab2 are subsequently recruited to the 
maturing transcript through a combination of interactions with THO components, the C-
terminal domain of RNA polymerase II, and other mechanisms.  The principle yeast 
mRNA export receptor heterodimer, Mex67:Mtr2, is subsequently recruited via 
interactions with adaptor proteins.  Recruitment of Mex67:Mtr2 displaces Sub2 (denoted 
by blacked curved lines below the large directional arrow), eventually Yra1 is also 
displaced from the mRNA transcript, and the mRNP exits the nucleus through the nuclear 
pore complex.  Once in the cytoplasm, the Dbp5 helicase remodels the mRNP, displacing 
export factors, such as Mex67 and Nab2, and subsequently allowing translation factors to 
bind to the transcript.  As both Npl3 and Hrp1 associate with polyribosomes, the 
mechanism by which these proteins dissociate from the transcript is unclear (represented 
by white dashed lines below the large directional arrow).  The mechanism and 
compartment of THO displacement also remains unclear, as the hTHO components 
shuttle between the nucleus and the cytoplasm but shuttling of S. cerevisiae THO 
components has not been reported. 
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subsequently displaced and factors that regulate the cytoplasmic destiny of the transcript 

bind.  These cycles of protein displacement occur continually throughout the lifecycle of  

an mRNA transcript and help to functionally coordinate mRNA biogenesis.  One of the 

best-characterized examples of this cycle of molecular displacement occurs immediately 

following translocation of the mRNP through the nuclear pore complex.  Upon reaching 

the cytoplasmic side of the nuclear pore complex, the mRNP must undergo a significant 

remodeling event to replace nuclear export factors with a new complement of proteins 

that regulate the cytoplasmic fate of the transcript.  For example, in S. cerevisiae the 

nuclear poly(A) binding protein Nab2 is not detected in polyribosomes (87) in the 

cytoplasm, suggesting that it most likely is removed and replaced by Pab1, the principle 

cytoplasmic poly(A) binding protein important for mRNA stability and translation 

efficacy (62). 

One component of the machinery in S. cerevisiae responsible for mRNP 

reorganization upon entry into the cytoplasm is the RNA helicase, Dbp5 (88).  Dbp5 (also 

known as Rat8) is conserved from yeast to higher eukaryotes (88, 89) and belongs to the 

family of DEAD-box RNA helicases, which unwind short stretches of double-stranded 

RNA or remodel RNA-protein interactions (90).  Early work demonstrated that Dbp5 is 

localized to the cytoplasmic fibrils of the nuclear pore complex at steady-state (89) and is 

required for proper nuclear export of poly(A) RNA (88), hinting at a role for Dbp5 in the 

terminal stages of poly(A) RNA export as mRNPs exit the nuclear pore complex.  More 

recent studies have corroborated that idea and provided new insight into the role of Dbp5 

in poly(A) RNA export.  During the final stage of nuclear export Dbp5 contacts its 

activator, the NPC-associated Gle1, as well as the small co-activator molecule, inositol 
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hexakisphosphate (InsP6) (89, 91), leading to activation of Dbp5 at the cytoplasmic face 

of the nuclear pore complex.  Once activated, Dbp5 facilitates the removal of mRNA 

export factors, including Nab2 and Mex67 (91, 92).  Whether it is Dbp5 removing 

proteins from transcripts as they exit the NPC or other RNA helicases remodeling 

complexes during the splicing out of introns or other processing events (90), a collection 

of RNA helicases play critical roles in remodeling mRNP complexes throughout mRNA 

biogenesis.  

 

The exosome contains both quality control and processing functions 

  Errors in many of the processing steps between the initial transcription of an 

mRNA and its final destination at the translation machinery in the cytoplasm can cause 

the production of erroneous transcripts, which, if translated, could be deleterious to the 

cell (18, 19).  Importantly, the cell has evolved several quality control checkpoints that 

monitor the correctness of processing and prevent the accumulation of error-containing 

transcripts.  Error-containing transcripts are normally targeted for degradation via the 

exosome, a multi-protein complex containing two active 3’5’ riboexonucleases, Rrp6 

and Dis3/Rrp44 (93-96).  Recent evidence has also demonstrated that a non-canonical 

poly(A) polymerase containing complex, called the TRAMP complex helps to facilitate 

the degradation of transcripts containing processing errors (18, 93, 97).  The TRAMP 

complex contains several proteins, including one of two non-canonical poly(A) 

polymerases, Trf4 or Trf5, one of two RNA binding proteins, Air1 or Air2, and a putative 

RNA helicase, Mtr4 (18, 94, 97).  The different combination of the TRAMP complex 

members most likely dictate the specificity of the complex to different RNA transcripts.  
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Together the proteins of the TRAMP complex recognize error-containing transcripts and 

add short poly(A) tails to their 3’-ends (18, 94, 97).  These oligoadenylated transcripts are 

then recognized by the nuclear exosome and rapidly degraded (18, 94, 97).   

Beyond the degradation of faulty transcripts, the exosome also trims the 3’-end of 

rRNAs, snoRNAs, and tRNAs (98, 99).  These trimming activities are essential for the 

production of fully mature RNA transcripts.  Interestingly, a recent study demonstrated 

that trimming was also facilitated by Trf4/5 and poly(A) polymerase dependent oligo-

adenylation of these short RNA transcripts (100).  Although at this time it is unclear, the 

cell must also have a mechanism for distinguishing between transcripts containing short 

poly(A) tails and destined for degradation and those containing short poly(A) tails and 

destined for mere trimming.  Most likely, other RNA binding proteins bound to these 

transcripts dictate the eventual fate of these short RNAs.  

 

Molecular recognition of RNA via multiple conserved domains 

 Throughout their lifecycles, mRNA transcripts are coated with a variety of RNA 

binding proteins.  As mentioned above, the complement of RNA binding proteins 

associated with a transcript dictates the eventual fate of that transcript (4).  At the heart of 

all these interactions lies specific molecular recognition of RNA sequences by RNA 

binding proteins.  Only recently, however, have several of these RNA binding domains 

been structurally analyzed to reveal the mechanisms of RNA recognition.  One challenge 

in the field is to structurally analyze not only the RNA binding protein but also the bound 

target sequence.  The structural analysis of proteins bound to their specific RNA targets 

reveals important details about these interactions.   
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 One of the best-characterized single-stranded RNA (ssRNA) binding domains is 

the RNA Recognition Motif (RRM).  RRM domains are typically 80-100 residues in 

length and fold into a four-stranded antiparallel β-sheet packed against two α-helices 

(101).  The three-dimensional structure of the β-sheets forms the RNA binding platform 

from which amino acid side chains extend to form specific protein:RNA interactions 

(101).  These motifs are among the most abundant RNA binding domains, being present 

in about 0.5-1% of all human genes (102).  Although all RRMs form a similar structural 

architecture to recognize ssRNA, these domains are present in many different proteins 

that recognize many different sequences (102).  For example, the RRM of the human 

spliceosomal protein U1A binds to an exposed 7-nucleotide hairpin in the U1 snRNA 

(101) while the 4 tandem RRMs of the yeast Poly(A) binding protein, Pab1, specifically 

recognize the poly(A) tail of mRNA transcripts (103).  The question remains as to how 

the same motif can recognize drastically different sequences.  The answer lies in the fact 

that although the three-dimensional fold of the domain is very similar, the amino acids 

that comprise the domain are completely different.  For example, the RRMs of human 

poly(A) binding protein, PABPC1, uses a combination of base-stacking interactions and 

hydrogen bonding to interact with adenines and 2’-OH groups of poly(A) RNA (101, 

104).  Several of these hydrogen-bonding interactions are highlighted in Figure 1.6 

[adapted from (104), Protein data bank file ID = 1CVJ].  For example, in the crystal 

structure of PABPC1, the N6 nitrogen of adenine 7 (A7) forms a hydrogen bond with the 

carbonyl group of Asp 45.  In addition, the double bonded oxygen in the side chain of 

Asn 105 forms a hydrogen bond with the hydrogens of the N6 nitrogen of adenine 2 

(A2).  Alternatively, the Drosophila melanogaster protein, sex-lethal (SXL), encodes an 
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RRM domain that specifically recognizes a sequence of pyrimidines by forming 

hydrogen bonds with the functional groups of the bases as well as with the sugar-

phosphate backbone (101, 105).  These differences illustrate the diverse nature and 

plasticity of RNA Recognition Motifs.  

 Although typically thought of as DNA binding motifs, zinc fingers are another 

prevalent RNA binding domain (106, 107).  Zinc finger domains consist of cysteine (C) 

and histidine (H) residues, typically found in CCHH, CCCH, or CCHC arrangements, 

which chelate a zinc ion (106, 107).  The amino acids between the structurally important 

cysteines and histidines are then correctly positioned in flexible loops to form specific 

interactions with RNA.  The diversity of RNA targets recognized by this class of RNA 

binding proteins is astounding.  Sequences and motifs ranging from AU-rich elements 

(AREs) in the 3’-UTR of certain mRNA transcripts (108) to specific hairpin loops within 

the 5s ribosomal RNA (rRNA) (109) are recognized by different varieties of zinc fingers.   

However, due to their flexible nature, zinc fingers are notoriously difficult to crystallize.  

Therefore, very little is known about the exact mechanisms of RNA recognition by zinc 

fingers.  Importantly, several recent structural studies using NMR have shed new light on 

this mode of molecular recognition.  One of these studies investigated the molecular 

recognition of AREs by the tandem CCCH-zinc fingers of human TIS11d (108).  TIS11d 

is a member of a family of proteins that post-transcriptionally modulates gene expression 

by binding AU-rich elements in the 3’-UTR of specific transcripts and thereby 

controlling the stability of those transcripts.  The NMR solution structure of TIS11d in 

complex with an AU-rich RNA oligonucleotide (Figure 1.7) revealed that ARE  
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Figure 1.6: Recognition of polyadenosine RNA by the conserved RRMs of human 
PABPC1. This figure is adapted from the protein data bank file 1CVJ, published by Deo, 
et al. (104).  RNA Recognition Motifs (RRMs) 1 and 2 from the human poly(A) binding 
protein, PABPC1, were co-crystallized with a poly(A) RNA oligonucleotide.  The RRMs 
form the characteristic fold of 4 β-sheets packed tightly against two α-helices.  Several 
hydrogen bonding interactions are highlighted.  Specifically, The N6 nitrogen of adenine 
7 (A7) forms a hydrogen bond (shown by an orange dotted line) with the carboxyl group 
of aspartic acid 45 (Asp 45 – shown in blue).  Additionally, the double-bonded oxygen of 
asparagine 105 (Asn 105 – shown in blue) forms a hydrogen bond with the N6 nitrogen 
of adenine 2 (A2).  Lysine 104 (Lys 104 – shown in blue) also interacts electrostatically 
with the phosphate backbone of the adenine 2.    
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recognition is mediated by base-stacking between conserved aromatic amino acids and  

specific bases within the oligonucleotide  (Figure 1.6) as well as hydrogen bonding  

between the Watson-Crick edge of the bases and the protein backbone (108). Several 

other basic residues may ionically interact with RNA, but were unordered in the NMR 

solution structure (108).   

In sum, a more thorough understanding of the mechanisms by which zinc fingers 

and other RNA binding domains specifically recognize their target RNAs is critical for 

our appreciation of the post-transcriptional regulation of gene expression.   

 

The relevance of RNA binding proteins to disease 

 To underscore the importance of these post-transcriptional mechanisms of gene 

expression and the RNA binding proteins which facilitate them, several disease states 

have been identified in which mutations have been identified in RNA binding proteins 

critical for RNA biogenesis [Reviewed by (110)].  For instance, defects in the RNA 

binding protein, Quaking, have been implicated in neurological disorders including 

neuronal demyelination, ataxia, and schizophrenia [Reviewed by (111)].  All isoforms of 

Quaking encode a single KH (hnRNP K Homology) domain that has been shown to bind 

a defined recognition sequence found in over 1,400 different mRNA transcripts (112).  

These potential RNA targets are involved in a wide range of functions, from 

embryogenesis and cell adhesion to cell differentiation and cell growth (111, 112).  

Presumably, Quaking functions by controlling the stability or localization of its target 

RNA transcripts (111, 113).  
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Figure 1.7: Recognition of AU-rich RNA sequences by the tandem CCCH zinc 
fingers of human TIS11d. This figure is adapted from the protein data bank file 1RGO, 
published by Hudson, et al. (108).  The atomic resolution structure of the tandem zinc 
finger domain of TIS11d bound to an RNA oligonucleotide with the sequence 
UAUUUAUU was solved by NMR.  Shown is the average of 20 solved structures 
generated using the average3d.py (114, 115) PyMOL script.  A base stacking interaction 
between the UAUUUAUU RNA oligonucleotide and tyrosine 170 and phenylalanine 176 
is highlighted.   
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In addition, Fragile X Syndrome, a common form of hereditary mental retardation 

is caused by defects in an RNA binding protein.  A tri-nucleotide (CGG) expansion in the 

5’-untranslated region (5’-UTR) of the FMR1 gene (116) causes hypermethylation and 

gene silencing of FMR1.  The gene product of FMR1, FMRP, seems to be responsible for 

the repression of translation in neuronal dendrites (116-119).  Genome-wide 

identification of FMRP target RNAs will hopefully allow for a more thorough 

understanding of this disease.   

Interestingly, several diseases have also been tied to poly(A) RNA binding 

proteins.  An expansion within the nuclear poly(A) RNA binding protein, PABPN1, has 

been linked to oculopharyngeal muscular dystrophy (120, 121).  PABPN1, which 

contains an RRM, specifically recognizes poly(A) RNA and stimulates poly(A) 

polymerase in vitro.  Defects in another poly(A) binding protein (Pab), ZC3H14, have 

very recently been linked to a hereditary form of mental retardation (Andreas Kuss and 

colleagues, personal communication).  In addition, preliminary evidence suggests that 

ZC3H14 may be over-expressed in certain breast cancer cell lines (Sara Leung and Callie 

Preast, unpublished data).  Taken together, these links between defects in RNA binding 

proteins and disease demonstrate the importance of understanding the mechanisms by 

which RNA binding proteins post-transcriptionally regulate gene expression.   

 

A brief summary of information known about Nab2 prior to this dissertation 

The majority of the work presented in this dissertation precisely defines the 

polyadenosine RNA binding activity of the CCCH zinc fingers encoded by the yeast 

RNA binding protein, Nab2, and its human orthologue, ZC3H14.  Prior to my work, 
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previous studies had defined domains of the Nab2 protein required for nuclear export of 

poly(A) RNA and for import of the Nab2 protein into the nucleus (71, 73, 122).  These 

studies utilized Nab2 variants containing gross deletions of entire domains of Nab2 

(Figure 1.8) and therefore were quite likely to disrupt the overall three-dimensional 

structure of the protein.  Previous work also demonstrated that Nab2 could be UV-

crosslinked to bulk polyadenylated RNA transcripts (70, 73) and that Nab2 bound 

poly(A) RNA oligonucleotides in vitro (70, 71).  Little work, however, had been done to 

investigate the specificity of interaction between Nab2 and polyadenosine RNA.  

Previous studies had also demonstrated that Nab2 was required for poly(A) RNA export 

from the nucleus and that RNA isolated from cells expressing Nab2 mutants had longer 

poly(A) tails than RNA isolated from wild-type cells (71-73).  Importantly, no 

orthologues of Nab2 had been identified in higher eukaryotes, such as humans, so Nab2 

was often considered a budding yeast specific protein. 

 

Scope and significance of the dissertation 

 Given all this information about Nab2, I hypothesized that Nab2 

specifically recognized poly(A) RNA and that specific amino acid changes in Nab2 that 

disrupted RNA binding would result in defects in poly(A) tail length and/or poly(A) 

RNA export from the nucleus.  Our hope was that these amino acid changes in the RNA 

binding domain of Nab2 would surgically impair one function without totally disrupting 

protein structure.  In chapter 2, I present data demonstrating that the CCCH zinc finger 

domain of the S. cerevisiae protein, Nab2, is a novel polyadenosine RNA recognition  
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Figure 1.8: Domain diagram of the essential S. cerevisiae Nab2 protein.  The essential Nab2 protein contains four domains.  The 
N-terminal domain (residues 1-97) of Nab2 is required for poly(A) RNA export from the nucleus and also interacts with the myosin-
like proteins, Mlp1 and Mlp2 (73, 123).  Additionally, this domain folds into a PWI (phenylalanine-tryptophan-isoleucine)-like three 
dimensional structure (123).  The function of the central glutamine-proline (QQQP) rich domain (residues 104-169) is unknown.  The 
arginine-glycine-glycine (RGG) repeat domain (residues 201-265) is essential for the nuclear import of Nab2 by the importin, Kap104 
(122).  The C-terminal tandem CCCH zinc finger domain (residues 262-524) consists of seven tandem CCCH zinc fingers and is 
essential for polyadenosine RNA binding (67, 70, 71).   
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motif.  All previously characterized poly(A) binding proteins (Pabs) recognize poly(A) 

RNA via RRMs, hence recognition of poly(A) RNA via CCCH zinc fingers constitutes a 

completely novel mechanism or molecular recognition.  Importantly, the zinc finger 

domain of Nab2 is conserved between S. cerevisiae and humans.  We also show that the 

human protein, ZC3H14, specifically interacts with polyadenosine RNA in vitro. 

While the Nab2 zinc finger domain contains seven tandem CCCH zinc fingers, ZC3H14 

only contains five, suggesting that only a subset of Nab2 zinc fingers are required for 

polyadenosine RNA binding.  Accordingly, in chapter 3, data is presented demonstrating 

that Nab2 zinc fingers 5-7 are sufficient for polyadenosine RNA recognition.  

Furthermore, I also demonstrate cysteine to alanine amino acid substitutions in the first 

cysteine of zinc fingers 5, 6, and 7 cause severe cold-sensitivity as well as extended 

poly(A) tails and accumulation of poly(A) RNA in the nucleus.  Therefore, I conclude 

that the RNA binding activity of zinc fingers 5-7 is crucial for Nab2 function. 

 In order to gain an understanding of the molecular mechanism used by zinc 

fingers to specifically recognize polyadenosine RNA, we decided to use a 

structure/function approach to investigate the interaction between Nab2 and poly(A) 

RNA.  In collaboration with Christoph Brockmann, a post-doctoral researcher in Murray 

Stewart’s laboratory at MRC Cambridge, an atomic resolution structure of Nab2 zinc 

fingers 5-7 was solved using NMR.  Critical analysis of the structure of Nab2 zinc fingers 

5-7 revealed several conserved aromatic and basic residues that were solvent exposed and 

that might play roles in polyadenosine RNA binding.  These predictions were tested by 

changing these residues to alanine either individually or in combination and testing the 

effects of these substitutions on RNA binding in vitro.  From these studies, we conclude 
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that several specific aromatic and basic residues mediate the interaction between Nab2 

and polyadenosine RNA.   

 Given the intimate relationships between Nab2 and the poly(A) tail of RNA 

transcripts, we hypothesized that Nab2 may genetically interact with components of the 

RNA processing machinery.  In Chapter 4, data is presented demonstrating that Nab2 

mutants containing amino acid substitutions that disrupt polyadenosine RNA binding 

genetically interact with these components, including proteins involved in the 3’-end 

formation of mRNA transcripts and components of the nuclear exosome.  In particular, 

deletion of the nuclear exosome component Rrp6 suppresses deletion of the essential 

NAB2 gene.  

 In sum, the data presented here demonstrate several important findings: 1) A 

subset of the CCCH zinc fingers specifically recognizes polyadenosine RNA; recognition 

of poly(A) RNA by anything other than an RNA Recognition Motif is completely novel 

2) Specific aromatic and basic residues are involved in this interaction 3) Higher 

eukaryotic orthologues of Nab2 also contain this conserved CCCH zinc finger motif and 

specifically interact with polyadenosine RNA 4) Specific amino acid changes within the 

CCCH zinc fingers cause disruption of binding, growth defects in vivo, long poly(A) 

tails, and accumulation of poly(A) RNA in the nucleus of yeast cells and 5) Nab2 mutants 

genetically interact with components of the RNA processing machinery.  Overall, these 

studies have provided us with a critical insight into the mechanism by which CCCH zinc 

fingers specifically recognize polyadenosine RNA.  Furthermore, these studies reveal a 

new protein family that specifically recognizes polyadenosine RNA and plays a critical 

role in the post-transcriptional regulation of gene expression.   
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Chapter 2: Recognition of Polyadenosine RNA by a Conserved Family 

of Zinc Finger Proteins 

 

 

 

 This chapter is adapted from the following published paper: 

Kelly, S.M.*, Pabit, S.*, Kitchen, C.M., Guo, P., Marfatia, K.A., Murphy, T., 
Corbett, A.H., and Berland, K.M. Recognition of Polyadenosine RNA by Zinc 
finger proteins. (2007) PNAS 104(30): 12306-11 
 
*These authors contributed equally to this work 

 
 
 
Fluorescence Correlation Spectroscopy (FCS) measurements were performed by 
Suzette Pabit, Ph.D. and Keith Berland, Ph.D. in the Department of Physics at 
Emory University  
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Introduction 
 

The fate of an mRNA transcript is largely determined by its associated RNA 

binding proteins.  A wide variety of RNA binding proteins associate with the nascent 

transcript co-transcriptionally and act as processing factors involved in capping, splicing, 

cleavage, and polyadenylation of the transcript (124).  Additional RNA binding proteins 

package the mRNA into complexes that regulate transcript stability (1), promote export 

from the nucleus (2), and modulate translation (3).  Accordingly, the protein constituents 

of these mRNA ribonucleoprotein (mRNP) complexes have been accurately equated to 

post-transcriptional activators and repressors (4, 5) of gene expression.   

One family of proteins that are key post-transcriptional regulators of gene 

expression is composed of the poly(A) binding proteins (Pabs).  Functional studies in a 

wide variety of organisms ranging from yeast to humans have demonstrated that 

members of this evolutionarily conserved protein family (reviewed by (62, 103, 125)) 

directly contact the poly(A) tail of mRNA transcripts to regulate transcript 

polyadenylation (65, 69), translation (126-130), stability (131, 132), and possibly nuclear 

export (63, 64).  All known Pab family members specifically bind to poly(A) RNA via at 

least one RNA Recognition Motif (RRM) (133, 134).  For example, the primary 

cytoplasmic Saccharomyces cerevisiae Pab, Poly(A) Binding protein 1 (Pab1), contains 

four RRMs that can each bind RNA with varying specificity and affinity (133-135).   

Although all conventional Pabs interact with RNA through RRM domains (136), 

there is evidence to suggest that at least one other type of RNA binding motif may confer 

specific binding to polyadenosine RNA (49, 70, 71, 103).  The yeast protein, Nuclear 

poly(A) Binding Protein 2 (Nab2), lacks RRM domains and instead contains two other 
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potential RNA binding motifs, an Arginine-Glycine-Glycine (RGG) repeat domain and 

seven tandem CCCH zinc fingers (70, 73).  Nab2 was originally identified as an essential 

heterogeneous nuclear ribonucleoprotein (hnRNP) that co-purified with polyadenylated 

RNA transcripts (70).  Subsequent studies revealed that Nab2 shuttles between the 

nucleus and the cytoplasm and is required for both nuclear export and proper 

polyadenylation of mRNA transcripts (71, 73). 

The original co-purification of Nab2 with polyadenylated RNA transcripts merely 

indicated that Nab2 associates with RNA transcripts that contain poly(A) sequences and 

did not provide any information about the sequence specificity of this class of zinc finger 

proteins.  Further characterization revealed that Nab2 bound to homopolymeric RNA and 

single-stranded DNA (70, 71).  Domain analyses also suggested that the zinc finger 

domain could confer binding to poly(A) sepharose (70).  A later study that purified 

several yeast hnRNPs and analyzed the co-purified RNA for consensus binding motifs 

revealed a Nab2 consensus of (A)11G (49), but did not directly examine binding 

specificity using purified Nab2 protein.  Thus although Nab2 association with poly(A) 

sequences has been observed, the specificity of this interaction has not been thoroughly 

examined.  Given that Nab2 modulates poly(A) tail length in vivo, specific recognition of 

polyadenosine could be a key aspect of Nab2 function.  Taken together, these results 

suggest that Nab2 could be a member of a new class of poly(A) specific RNA binding 

proteins that recognizes poly(A) sequences in an RRM-independent manner. 

To directly test whether a protein that lacked an RRM domain could bind 

specifically to polyadenosine RNA, we exploited a combination of conventional gel shift 

assays and fluorescence correlation spectroscopy (FCS) (137-140) to measure the 
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interaction between Nab2 and a variety of oligonucleotides in vitro.  FCS measures the 

translational diffusion of fluorescently-labeled oligonucleotides in solution and can 

distinguish between rapidly diffusing free oligonucleotides and the more slowly diffusing 

fluorescent oligonucleotides bound to protein (139, 140).  The relative concentration of 

bound and free oligonucleotides can be recovered from these measurements, allowing for 

the direct determination of binding constants.  Results of these studies indicate that Nab2 

binds with nanomolar affinity to fluorescently-labeled poly(A) RNA oligonucleotides.  

We have also investigated the specificity of this interaction through a series of 

competition experiments and find that Nab2 specifically binds to polyadenosine RNA as 

compared to other RNA or DNA sequences.  Importantly, domain analyses reveal that the 

zinc finger domain of Nab2 mediates this sequence-specific RNA binding.  To extend 

this study, we provide the first characterization of a human protein, ZC3H14 (zinc finger 

protein with CCCH motif #14), which contains CCCH zinc fingers similar to those found 

in Nab2.  This zinc finger protein also specifically binds to polyadenosine RNA.  Thus, 

our studies provide the first evidence to support the existence of evolutionarily conserved 

zinc finger polyadenosine RNA binding proteins. 

 

Results 

In order to test the hypothesis that a protein lacking an RRM domain could specifically 

bind polyadenosine RNA, we performed in vitro FCS-based binding experiments with 

purified, recombinant Nab2 and a Cy3-labeled 25-nucleotide (nt) poly(A) RNA 

oligonucleotide [Cy3-poly(rA)25].  As described in Materials and Methods, a sample of 

concentrated Nab2 and Cy3-poly(rA)25 was prepared (Figure 2.1).  Nab2 was then 
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serially diluted while the concentration of Cy3-poly(A)25 RNA remained constant.  FCS 

measurements were taken for each concentration of Nab2, resulting in a series of 

autocorrelation curves (Figure 2.2A).  As Nab2 is serially diluted, a smaller fraction of 

the Cy3-poly(rA)25 is bound to the protein, resulting in shorter average diffusion times 

and the corresponding leftward shift of the correlation curves.  FCS analysis of free 

oligonucleotide in solution and oligonucleotide bound to Nab2 yields diffusion 

coefficients of 1.25 × 10-6 and 4.5 × 10-7 cm2/s for free RNA and Nab2-bound RNA, 

respectively.  Global fitting of correlation curves to a multi-component diffusion model 

(Equation [1]) using these recovered diffusion coefficients returns the bound and free 

concentrations of Cy3-poly(rA)25 at each protein concentration.  The recovered 

concentration dependence of the protein-bound fraction of Cy3-poly(rA)25 is shown in 

Figure 2.2B.  Using a least-squares fitting routine, these data were fit to Equation [2] to 

recover an average value for the dissociation constant, Kd, of 29 ± 10 nM.  This value is 

consistent with a previous study that examined GST-Nab2-His6 binding to poly(A)25 

RNA using a filter binding assay and measured a Kd of ~10 nM (71).  As a control, 

titration experiments with both Pab1, a known yeast poly(A) binding protein (103), and 

ovalbumin, which is not expected to interact with nucleic acids, were performed (Figure 

2.3).  The Pab1 data yields a slower diffusion time (D = 2.7 × 10-7 cm2/s) due to the 

interaction of Pab1 with the fluorescent oligonucleotides.  In contrast, FCS experiments 

with ovalbumin are indistinguishable from pure oligonucleotide in buffer even at high 

protein concentrations (2.5 µM) indicating no interaction. 
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Figure 2.1: Purification fractions of untagged recombinant Nab2.  Untagged 
recombinant Nab2 was purified from E. coli via ion exchange and gel filtration 
chromatography.  Pooled Nab2 protein eluted from a HiTrap Q ion exchange column that 
has been dialyzed overnight into gel filtration buffer (Buffer C – See Experimental 
Procedures) is shown (Dialyzed Protein).  Following dialysis, protein is concentrated 
using ammonium sulfate precipitation (Concentrated Protein) and fractionated using a 
Superdex 200 gel filtration column (Gel Filtration Fractions).  Protein eluted from the gel 
filtration column is pooled and used for the subsequent binding experiments.  
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Figure 2.2: Nab2 binds polyadenosine RNA with high affinity.  (A) Representative 
normalized FCS curves from a binding titration experiment where a concentrated sample 
of Nab2 (2.5 µM) was serially diluted while the Cy3-poly(A)25 RNA concentration (~140 
nM) remained constant.  As Nab2 is diluted the FCS decay curves shift to the left, 
indicating a decrease in the fraction of bound oligonucleotide.  (B) The FCS decay curves 
from (A) were used to determine the fraction of Nab2-bound Cy3-poly(A)25 RNA.  Data 
was fit with Equation (1) using global fit analysis to yield a Kd of 29 ± 10 nM. 
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To analyze the sequence specificity of the Nab2 interaction with polyadenosine 

RNA, a series of RNA competition experiments was performed (Table 2.1).  For these 

experiments, a sample containing Nab2 and Cy3-poly(A)25 RNA oligonucleotide was 

incubated with increasing amounts of a non-fluorescent competitor oligonucleotide.  

Oligonucleotides that compete with the Cy3-RNA for binding to Nab2 will displace the 

fluorescent RNA from the protein, resulting in faster average diffusion times and smaller 

bound fractions of Cy3-poly(rA)25 in FCS measurements.  Oligonucleotides that do not 

compete for binding do not produce any change in measured diffusion rates or bound 

fraction. 

We first tested whether an unlabeled 25-nt poly(A) RNA oligonucleotide could 

efficiently compete with Cy3-poly(A)25 RNA for binding to Nab2.  As shown in Figure 

2.4A, unlabeled poly(rA)25 competes efficiently for binding to Nab2.  The amount of 

competitor needed to displace 50% of the bound fluorescent oligo (IC50) was determined 

by fitting the competitor concentration dependence of the bound fraction of Cy3-RNA to 

Equation [3].  Once the IC50 has been determined, the Ki of the competitor 

oligonucleotide can then be computed using Equation [4].  In several independent 

experiments, the Ki calculated for the unlabeled poly(A) RNA oligonucleotide (Ki=33 ± 

12 nM) was virtually identical to the Kd calculated for the labeled poly(A)25 RNA 

oligonucleotide (Kd=29 ± 10 nM).  This analysis confirms that FCS-based competition 

assays can be used to assess binding to unlabeled oligonucleotides. Furthermore, these 

results demonstrates that the Cy3 label appears to have only minimal impact on the 

binding of the poly(A) oligonucleotide to Nab2. 
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Table 2.1.  Summary of Kd and Ki values 

 
 

 
 
 
 
 
 
 
 
 

 
 

*ND – Not Determined 
† - No Competition Observed 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Substrate/Competitor Kd (nM) Ki (nM) 
Poly(A) RNA 29±10 33±12 

Random ssDNA ND* 770±320 

Poly(A) ssDNA 400±170 690±270 

Poly(N) RNA ND No comp† 

UAUU RNA ND No comp 
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Figure 2.3: Pab1 binds poly(A) RNA. FCS control experiment showing a slower-
decaying correlation curve for Cy3-labeled poly(A)-RNA oligonucleotide bound to 
poly(A) binding protein, Pab1, compared to FCS decay curves for Cy3-labeled poly(A) 
oligonucleotide in solution with a non-nucleic acid binding protein, ovalbumin.  The 
Cy3-labeled poly(A) oligonucleotide in buffer alone is shown as a control. 
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Figure 2.4: Nab2 binds preferentially to polyadenosine RNA.  Nucleic acid binding 
properties of Nab2 investigated by competition experiments.  Nab2 was incubated in 
binding buffer with Cy3-poly(A)25 RNA and increasing amounts (up to 5 µM) of an 
unlabeled 25-nt competitor oligonucleotide: (A) poly(A) RNA; (B) random sequence 
ssDNA  (CTTCTCTAGTTCAATCTTAGCATCG); (C) poly(A) DNA; or (D) poly(N) 
RNA (a pool of random 25-nt RNA oligonucleotides).  Unlabeled poly(A)25 RNA 
competes for binding to Nab2.  Both DNA oligonucleotides showed very limited 
competition.  No competition was observed using poly(N)25 RNA oligonucleotide. 
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To assess the binding specificity of the zinc finger-containing protein, Nab2, we tested 

the ability of a 25-nt single stranded DNA oligonucleotide (Random ssDNA) to compete 

with Cy3-labeled poly(A)25 RNA oligonucleotide for binding to Nab2.  As illustrated by 

Figure 2.4B, the DNA oligonucleotide showed only minimal competition at very high 

concentrations of unlabeled competitor.  This result indicates that Nab2 does not bind 

indiscriminately to nucleic acids.  To determine whether Nab2 preferentially binds to 

RNA or single-stranded DNA, we analyzed binding of Nab2 to Cy3-labeled poly(A)25 

RNA when unlabeled poly(A)25 DNA was added as competitor (Figure 2.4C).   Again, 

only minimal competition was observed suggesting that Nab2 preferentially binds RNA 

rather than DNA.  Since some weak non-sequence specific binding of DNA 

oligonucleotides to Nab2 was observed (Figure 2.4B,C), we used FCS to directly 

examine Nab2 binding to single-stranded DNA using a 25-nt Cy3-labeled poly(A) DNA 

oligonucleotide (Figure 2.5).  Results of this analysis reveal that the interaction between 

Nab2 and DNA is highly dependent on salt concentration.  In agreement with the 

competition experiments, Nab2 binding to Cy3-poly(A)25 DNA was observed in buffer 

containing 50 mM NaCl (Kd = 400 ± 170 nM).  However, in buffer containing 100 mM 

NaCl only very weak binding to DNA could be detected and the Kd was too weak to be 

determined.  In contrast, binding to Cy3-poly(A)25 RNA was virtually identical in buffer 

containing 50 mM (Kd = 29 ± 10 nM) or 100 mM (Kd = 39 ± 16 nM) NaCl.  Thus, Nab2 

does display some weak binding to single-stranded DNA, but it displays a much stronger 

affinity for poly(A) RNA. 
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Figure 2.5: Nab2 preferentially binds RNA compared to DNA.  FCS titration 
experiments were utilized to probe the ionic concentration dependence of Nab2 binding 
to either Cy3-poly(A) DNA or Cy3-poly(A) RNA.  (A) Purified recombinant Nab2 was 
incubated with a 25-nt Cy3-poly(A) DNA oligonucleotide in binding buffer containing 
50mM NaCl.  Nab2 binds Cy3-poly(A) DNA with a Kd of 400 ± 170 nM in binding 
buffer containing 50 mM NaCl.  (B) Nab2 binds Cy3-poly(A) RNA with a Kd of 29 ± 10 
nM in binding buffer containing 50 mM NaCl.  (C) Nab2 binding to DNA is highly 
dependent upon salt concentration.  Nab2 binding to a Cy3-poly(A) DNA oligonucleotide 
is to weak to determine a Kd when incubated in binding buffer containing 100 mM NaCl.  
(D) Nab2 binding to poly(A) RNA is not dependent on salt concentration. Nab2 binds a 
Cy3-poly(A) RNA oligonucleotide with a Kd of 39 ± 16 nM in binding buffer containing 
100 mM NaCl.   
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To determine whether Nab2 binds in a sequence-nonspecific manner to RNA, we 

investigated the ability of an unlabeled poly(N)25 RNA competitor oligonucleotide to 

compete for Nab2 binding.  The poly(N) RNA sample consists of a pool of  

randomized 25-nt RNA oligonucleotides. Upon addition of increasing amounts of 

poly(N)25 RNA , no competition was detected (Figure 2.4D).  To determine whether 

Nab2 binds polyadenosine RNA specifically or merely stretches of polypurine, we used 

an RNA gel shift assay to determine whether a 25-nt unlabeled poly(G) or poly(AG) 

competitor oligonucleotide could compete with poly(A)25 RNA for binding to Nab2.  As 

indicated by the shift from free probe to bound complex, Nab2 binds to a radioactively-

labeled 25-nt poly(A) RNA oligonucleotide (Figure 2.6).  This binding is specific for 

poly(A) since unlabeled poly(A)25 RNA oligonucleotide, but not poly(G) or poly(AG) 

RNA oligonucleotides, compete for binding to Nab2.  These results further strengthen the 

argument that Nab2 is a specific polyadenosine RNA binding protein. 

Nab2, unlike other poly(A) binding proteins, lacks an RRM RNA binding domain 

but instead contains two other domains, an RGG domain (141) and seven tandem CCCH 

zinc fingers (107), previously implicated in RNA binding.  Hence, specific binding of 

either domain to poly(A) RNA constitutes a fundamentally different mechanism for 

polyadenosine RNA recognition than has been previously characterized.  To determine 

which domain of Nab2 confers specific poly(A) RNA binding, we employed an RNA gel 

shift assay.  Both full length Nab2 (Figure 2.7A) and the zinc finger domain alone 

(Figure 2.7B) bind to a radioactively-labeled 25-nt poly(A) RNA oligonucleotide 

specifically since unlabeled poly(A)25 RNA competitor but not unlabeled poly(N)25 RNA 
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Figure 2.6: Nab2 binds preferentially to polyadenosine RNA vs. other polypurine 
rich RNA sequences.  GST-Nab2 (50 nM) was incubated with a radioactively-labeled 
poly(A)25 RNA oligonucleotide probe (~30 pM) and increasing amounts of unlabeled 
poly(A)25, poly(G)25, or poly(AG)12 RNA competitor were added as indicated.  RNA-
protein complexes were then resolved from free probe by electrophoresis on a 5% non-
denaturing polyacrylamide gel.  No significant competition for Nab2 binding was 
observed upon addition of either poly(G)25 or poly(AG)12 RNA competitor 
oligonucleotide.  

 
 

 

 



  

 
53 

competitor can compete for binding.  In contrast, a C-terminal truncation of Nab2 lacking 

the zinc fingers but still containing the RGG domain shows no binding to poly(A)25 RNA 

(Figure 2.7A – GST-ΔCT). 

To further probe the role of zinc fingers in mediating specific binding to 

polyadenosine RNA, we exploited a Nab2 variant, C437S, which contains a single 

conservative cysteine to serine amino acid change in the first cysteine of the sixth zinc 

finger.  Since the last three zinc fingers of Nab2 have been implicated in Nab2 cross-

linking to polyadenylated RNA transcripts in vivo (73), we predict that this substitution 

should disrupt the sixth zinc finger and alter the RNA binding properties of Nab2.  To 

test this prediction, we used FCS to compare the binding affinity of wildtype Nab2 and 

C437S Nab2 for Cy3-poly(rA)25 (Figure 2.6C,D).  This analysis yielded a binding affinity 

of C437S Nab2 for Cy3-poly(A)25 RNA (Kd =150 ± 40 nM) that is almost four-fold 

weaker than the affinity of wildtype Nab2 for Cy3-poly(A)25 RNA (Kd = 39 ± 3 nM).  

Together, these gel shift and FCS experiments establish that a functional Nab2 zinc finger 

domain is both necessary and sufficient to confer preferential binding of Nab2 to 

polyadenosine RNA compared to random RNA. 

Zinc fingers are common RNA binding motifs found in many proteins (107).  One 

family of proteins that contain two CCCH zinc fingers, similar to those found in Nab2, 

consists of the human Tristetraproline (TTP)/Tis11 proteins, which specifically bind to 

the sequence UAUU to regulate the stability of specific mRNA transcripts (106, 142).  In 

order to test whether the CCCH zinc finger motifs in Nab2 might also display affinity for 

the sequence recognized by this family of proteins, we used FCS-based competition 

 



  

 
54 

 

 

 
 
 
 
 
 
 
Figure 2.7: The zinc finger domain of Nab2 mediates polyadenosine RNA binding.  
Gel shift assays were used to determine which domain of Nab2 confers RNA binding.  
(A) 50 nM full-length GST-Nab2, GST-Nab2-ΔCT (amino acids 1-261), or (B) GST-
Nab2-CT (amino acids 262-473) was incubated with a radioactively-labeled poly(A)25 
RNA oligonucleotide probe (~30 pM).  RNA-protein complexes were then resolved from 
free probe by electrophoresis on a 5% non-denaturing polyacrylamide gel.  To investigate 
binding specificity, either unlabeled poly(A)25 RNA or poly(N)25 RNA competitor 
oligonucleotides was added as indicated.  No binding was observed to GST alone or 
Nab2 lacking the C-terminal zinc finger domain (GST-ΔCT).  (C) and (D)  Binding 
curves for wildtype (C) and C437S (D) Nab2 binding to Cy3-poly(A)25 RNA generated 
from FCS analysis.  (E) An oligonucleotide containing repeats of the TTP/TIS11 target 
sequence, UAUU, cannot compete with Cy3-labeled poly(A)25 RNA for binding to Nab2. 
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assays to examine binding of Nab2 to a 25-nt RNA oligonucleotide (UAUU RNA) 

containing tandem repeats of the TTP/Tis11 target sequence.  As shown in Figure 2.7E, 

no competition was observed, demonstrating that the zinc fingers of Nab2 show 

preferential binding to poly(A) RNA as compared to the target sequence of other proteins 

containing CCCH zinc fingers. 

To begin to assess whether Nab2 is part of an evolutionarily conserved family of 

CCCH zinc finger proteins that preferentially binds polyadenosine RNA, we performed a 

BLAST search to identify other eukaryotic orthologues containing CCCH zinc fingers 

with similar spacing to those found in Nab2 (CX5CX4-6CX3H).  A survey of the database 

reveals a single human protein with zinc finger motifs that are closely related to Nab2, 

ZC3H14 [also known as NY-REN-37 (143) or UKp68].  While the yeast protein contains 

seven zinc finger domains, the human protein contains only five (Figure 2.8 A,B).  

However, only a subset of the yeast zinc fingers has been directly implicated in binding 

to RNA in vivo (73), suggesting that all seven zinc fingers in the yeast protein may not be 

critical for RNA binding.  Nab2 and ZC3H14 also share homology within their N-

terminal regions (Figure 2.8A), a domain required for Nab2 export from the nucleus (73) 

and association with other mRNA export factors (144).  While Nab2 contains an 

arginine-glycine-glycine (RGG) repeat domain that mediates nuclear import (122), 

ZC3H14 lacks an RGG repeat and instead contains a predicted classical bipartite NLS.  

To test whether ZC3H14 is localized to the nucleus, we created a plasmid encoding 

ZC3H14-GFP and transiently transfected both HeLa and HEK cells.  Similar to Nab2, the 

steady-state localization of ZC3H14 is nuclear (Figure 2.9A). Finally, to test whether the 
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Figure 2.8: Nab2 is conserved in higher eukaryotes  (A) Domain alignment of Nab2 
and a putative human orthologue, ZC3H14.  The percentage of similar amino acid 
residues between the N-terminal and the C-terminal zinc finger domains is indicated.  (B) 
The cysteine and histidine residues in the zinc fingers of Nab2 (top-S. cerevisiae) and 
ZC3H14 (bottom-human) have a similar spacing pattern (CX5CX4-6CX3H).  Cysteine and 
histidine residues are shown in bold. The first cysteine of the sixth zinc finger, which is 
changed to serine in C437S Nab2, is boxed and conserved residues are underlined.  
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human CCCH zinc finger protein, ZC3H14, displays nucleic acid binding properties 

similar to Nab2, we examined the interaction of GST-ZC3H14 with a radioactively-

labeled poly(A) RNA using a gel shift assay.  As shown in Figure 2.9B, GST-ZC3H14 

but not GST alone binds a radioactively-labeled 25-nt poly(A) RNA oligonucleotide.  

Furthermore, unlabeled 25-nt poly(A) RNA competitor competes for binding while 

unlabeled 25-nt poly(N) RNA competitor does not, indicating that, like the yeast Nab2, 

ZC3H14 preferentially binds poly(A) RNA. 

To test whether human ZC3H14 is a functional orthologue of Nab2, we tested 

whether ZC3H14 could complement ΔNAB2 cells.  First, we constructed a plasmid 

encoding ZC3H14 under the control of the S. cerevisiae GAL1 promoter.  This promoter 

allows us to induce expression of ZC3H14 by growing cells in the presence of galactose.  

Yeast cells deleted for the essential NAB2 gene and complemented by a wild-type Nab2 

maintenance plasmid were transformed with plasmids encoding wild type Nab2, ΔN-

Nab2 (lacking amino acids 3-97), an unrelated control protein, Srp1 (Importin α), or 

ZC3H14 all under the control of a yeast GAL1 promoter.  Transformants were grown to 

saturation, serially diluted, and spotted onto control plates and plates containing 5-

floroorotic acid (5-FOA) to select against the wild-type maintenance plasmid.  As shown 

in Figure 2.10, ΔNAB2 cells overexpressing Nab2 under the control of the GAL1 

promoter (pGAL-Nab2) grows normally at 30°C.  However, cells overexpressing 

ZC3H14 show no growth, suggesting that either ZC3H14 is not expressed or cannot 

perform the essential function of Nab2.  As expected, cells expressing ΔN-Nab2 or Srp1 
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Figure 2.9: A human CCCH zinc finger protein, ZC3H14, binds specifically to 
polyadenosine RNA. (A) Localization of ZC3H14-GFP is shown in both HeLa (left) and 
HEK (right) cells.  (B) RNA binding properties of ZC3H14 analyzed by gel shift assay.  
GST-ZC3H14, but not GST, binds poly(A)25 RNA oligonucleotides in a gel shift assay.  
GST-ZC3H14 (1.2 µM ) was incubated with a radioactively-labeled poly(A)25 RNA 
oligonucleotide probe (~30 pM) and increasing amounts of unlabeled poly(A)25 or 
poly(N)25 RNA competitor oligonucleotides was added as indicated.  RNA-protein 
complexes were then resolved from free probe by electrophoresis on a 5% non-
denaturing polyacrylamide gel.  Unlabeled poly(A)25 RNA competitor efficiently 
competes for binding to ZC3H14 while unlabeled poly(N)25 competitor oligonucleotide 
does not.  
 

 

 



  

 
59 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
Figure 2.10: Overexpression of human ZC3H14 does not rescue ΔNAB2 S. cerevisiae 
cells.  A plasmid shuffle assay was performed in ΔNAB2 cells.  Wild-type Nab2, ΔN-
Nab2 (lacking amino acids 3-97), an unrelated control protein, Srp1 (Importin α), or 
human ZC3H14 were cloned into yeast expression vectors under the control of the yeast 
GAL1 promoter.  These plasmids were then transformed into ΔNAB2 cells complemented 
by a plasmid-borne wild-type copy of Nab2.  Cells were grown to saturation in liquid 
culture, serial diluted, and spotted onto control media (Leu- Ura- GAL) or onto media 
containing 5’-FOA (Leu- FOA GAL) to select against the wild-type maintenance 
plasmid.  The media also contained galactose to induce expression of Nab2, ΔN-Nab2, 
Srp1, or human ZC3H14.   
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also show no growth.  Overexpression of ΔN-Nab2 has been shown previously to be 

deleterious to yeast cell growth (73).   

 In addition to understanding the precise mechanism by which CCCH zinc fingers 

recognize poly(A) RNA, we also sought to establish a higher eukaryotic model organism 

that would allow us to investigate the broader implications of defects in poly(A) RNA 

recognition by CCCH zinc finger containing proteins.  Towards these ends we began to 

investigate the Drosophila melanogaster homologue of Nab2 (henceforth termed dNab2).  

dNab2 is an uncharacterized open reading frame (CG5720) of 1004 amino acids that 

contains a zinc finger domain similar to that found in Nab2 and human ZC3H14.  Similar 

to human ZC3H14, dNab2 contains only five zinc fingers compared to the seven encoded 

by NAB2.  As shown in Figure 2.11, an alignment of each of the seven zinc fingers from 

S. cerevisiae Nab2 with each of the five zinc fingers in dNab2 demonstrates that not only 

is the spacing of the cysteines and histidines relatively conserved from yeast to flies, but 

several of the intervening residues between the cysteines and histidines are also 

conserved (Figure 2.11A – shown in blue).  Since no previous studies have investigated 

dNab2, we wanted to ensure that it was expressed.  In order to test expression of dNab2, 

we obtained total cellular RNA from cultured D. melanogaster S2 cells and performed 

RT-PCR using two sets of gene specific primers for dNab2.  As a control we also 

performed RT-PCR using primers specific for β-tubulin and slmb, a regulator of fruit fly 

egg chamber development (145).  As shown in Figure 2.11B, the dNab2 transcript can be 

detected in cultured S2 cells.  As expected, β-tubulin and slmb are also expressed. As a 

control, a plasmid obtained from the Bloomington Drosophila Stock Center at Indiana 
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Figure 2.11: The Drosophila melanogaster gene, CG5720, encodes a putative 
orthologue of Nab2/ZC3H14.  (A) Alignment of the seven S. cerevisiae Nab2 zinc 
fingers and the five D. melanogaster dNab2 zinc fingers.  Cysteines and histidines are 
shown in red, while conserved basic and aromatic residues are shown in blue.  (B) dNab2 
is expressed in cultured D. melanogaster S2 cells.  Total cellular RNA was isolated from 
S2 cells and subjected to RT-PCR using specific primers for β-tubulin, slmb, or dNab2.  
PCR amplification reactions were also carried out using a plasmid containing a predicted 
full-length dNab2 cDNA insert as a template.  (C) dNab2-eGFP localizes to the nucleus 
of cultured S2 cells.  S2 cells were transfected with plasmids encoding eGFP, eGFP-
NXF1, or dNab2-eGFP.  eGFP and dNab2-eGFP were expressed with CuSO4 (as 
described in Experimental procedures) and cells were fixed, permeablized, and stained 
with the monoclonal antibody, mAB414, which recognizes several nuclear pore 
components.  Nuclei were stained with DAPI.   
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University containing a full-length dNab2 cDNA was also used as a template for PCR 

amplification.  PCR products obtained when using S2 cell cDNA are the same length as 

those obtained with using the control plasmid.  Since both dNab2 primer sets 1 and 2 

cross exon-exon boundaries, the fact that products generated from the RT-PCR reaction 

and the control cDNA are the same length demonstrates that cDNA was amplified and 

not contaminating fly genomic DNA.   

 Both Nab2 and human ZC3H14 localize to the nucleus at steady state (67, 70, 73, 

146).  We hypothesized that, similar to its orthologues, dNab2 should also localize to the 

nucleus.  In order to investigate the localization of dNab2, we transfected a plasmid 

encoding a copper inducible copy of dNab2-eGFP into Drosophila melanogaster S2 cells 

and induced expression of dNab2-eGFP with 0.5 mM CuSO4.  As controls, we also 

transfected S2 cells with a plasmid encoding a copper inducible copy of eGFP and a 

plasmid encoding a constitutively expressed copy of eGFP-NXF1, the principle cellular 

mRNA export receptor (17).  Following induction of eGFP and dNab2-eGFP, S2 cells 

were removed from culture dishes, fixed, permeablized, and incubated with mAB414 

monoclonal antibodies specific to components of the nuclear pore complex.  Nuclei were 

also stained with Hoechst dye to visualize chromatin.  As demonstrated in Figure 2.11C, 

dZC3H14-eGFP localizes to discrete sub-domains within the nucleus.  Interestingly, 

human ZC3H14 shows a similar localization and colocalizes with nuclear speckle 

markers (146).  As expected, eGFP-NXF1 localizes to the nucleus of cultured D. 

melanogaster S2 cells (147) while eGFP alone localizes to the cytoplasm.  Together, this 

expression and localization data suggests that Drosophila melanogaster may be a suitable 
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model organism for the investigation of the role of polyadenosine RNA recognition by 

CCCH zinc fingers in development and multi-cellular processes.   

 

Discussion 

In this study we report three important findings.  First, the yeast zinc finger 

protein, Nab2, binds with high affinity (~30 nM) to polyadenosine RNA oligonucleotides 

in vitro.  This interaction is specific for polyadenosine RNA, as poly(N), poly(G), 

poly(AG) RNA oligonucleotides or RNA oligonucleotides containing the TTP/TIS11 

binding sequence, UAUU, could not compete for binding to Nab2.  Second, we show that 

the zinc fingers of Nab2 are necessary and sufficient to mediate this specific interaction.  

The sixth zinc finger at least partially contributes to this interaction since a conservative 

amino acid change in the first cysteine of this zinc finger causes a four-fold decrease in 

Nab2 for poly(A)25 RNA in vitro.  Finally, we also present evidence to support the 

existence of a Nab2 orthologue in higher eukaryotes that contains highly homologous 

CCCH zinc finger motifs to those found in Nab2 and also preferentially binds 

polyadenosine RNA. Together, these results provide evidence for a previously 

uncharacterized family of CCCH zinc finger-containing poly(A) specific RNA binding 

proteins.  To the best of our knowledge, these are the only poly(A) RNA binding proteins 

that lack RRM domains and bind specifically to poly(A) RNA, suggesting that they may 

be founding members of a new class of zinc finger-containing polyadenosine RNA 

binding proteins. 

Numerous studies have demonstrated that the poly(A) tail and its associated 

proteins greatly influence the fate of an mRNA transcript and hence gene expression (4, 
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62, 103, 125).  Transcripts lacking poly(A) tails are not properly translated and are 

quickly degraded (148).  Additionally, S. cerevisiae transcripts that are terminated by a 

self-cleaving ribozyme element and thereby lack poly(A) tails are at least partially 

retained in the nucleus (58), suggesting that the poly(A) tail may also play a role in 

mRNA export from the nucleus. By regulating the stability, translatability, and even sub-

cellular localization of mRNA transcripts, the poly(A) tail and its associated proteins can 

act as potent post-transcriptional regulators of gene expression.  We speculate that Nab2 

and possibly other zinc finger containing poly(A) binding proteins, such as ZC3H14, 

could function in some of the roles previously attributed to the canonical family of RRM 

containing Pabs.  In fact, several pieces of evidence argue that Nab2 might be the more 

predominant yeast nuclear poly(A) tail binding protein.  First, Nab2 shuttles between the 

nucleus and the cytoplasm, but unlike Pab1, is localized in the nucleus at steady state (70 

2002, Green, 2003).  Nab2 is also required for efficient poly(A) RNA export from the 

nucleus (73).  Additionally, several studies have demonstrated that recombinant Nab2 can 

replace Pab1 in in vitro polyadenylation assays and that nab2 mutant cells accumulate 

transcripts with extended poly(A) tails (71), suggesting that Nab2 plays a crucial role in 

polyadenylation. 

Poly(A) specific RNA binding proteins were once considered histone-like 

proteins that merely packaged the mRNA and prevented it from being prematurely 

degraded.  More recent work has provided a better understanding of post-transcriptional 

control of gene expression and has convincingly established a direct link between the 

poly(A) tail, poly(A) binding proteins, and the stability and translatability of numerous 

mRNA transcripts.  Interestingly, all recent studies investigating the role of the family of 
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poly(A) binding proteins in translation and transcript stability have solely focused on 

RRM-containing poly(A) binding proteins.  With the identification of a zinc finger 

protein that displays poly(A) binding, the repertoire of this family of proteins has 

expanded.  Given that zinc finger domains are one of the most abundant domains found 

in the human genome (149), this finding raises the possibility that there are additional 

proteins that could interact with polyadenylated mRNA transcripts and modulate gene 

expression. 

 

Experimental Procedures 

Chemicals, plasmids, and yeast manipulations –Chemicals were obtained from Fisher 

Scientific (Pittsburgh, PA), Sigma-Aldrich (St. Louis, MO), or US Biological 

(Swampscott, MA) unless otherwise noted.  DNA manipulations were performed 

according to standard methods (150) and all media were prepared by standard procedures 

(151).  

To create an untagged Nab2 bacterial expression clone, the NAB2 open reading 

frame was amplified from yeast genomic DNA using PCR and cloned into the bacterial 

expression vector, pMW172 (152), creating pAC2133.  The NAB2 open reading frame 

was also subcloned from pAC2133 into pGEX-4T-1 (GE Healthcare) to create a GST-

Nab2 expression clone (pAC2303).  To create plasmids encoding GST-Nab2-ΔCT 

(amino acids 1-261) (pAC2315) and GST-Nab2-CT (amino acids 262-473) (pAC2304) 

the corresponding regions of the NAB2 open reading frame were amplified by PCR and 

cloned into pGEX-4T-1.  In order to create a plasmid encoding ZC3H14-GFP, the 

ZC3H14 open reading frame was amplified from a cDNA clone obtained from ATCC 
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and cloned into pEGFP-N1 (Clonetech/Invitrogen) to create pAC2111.  A bacterial 

expression vector encoding the ZC3H14 open reading frame was created by subcloning 

ZC3H14 from pEGFP-N1 into pGEX-4T-1, creating pAC 2200.  A plasmid (pAC 2317) 

encoding the putative Drosophila melanogaster Nab2 orthologue (dNab2) cDNA was 

obtained from the Bloomington Drosophila Stock Center at Indiana University.   A 

plasmid encoding a copper sulfate inducible dNab2-eGFP was constructed by PCR 

amplification of dNab2 from pAC 2317.  PCR products were digested with SpeI and 

EcoRI and ligated into a pMT/V5-His expression plasmid (Invitrogen).  The eGFP open-

reading frame was amplified from pEGFP-N1 (Clonetech/Invitrogen), digested with XhoI 

and XbaI, and ligated in-frame with dNab2 in pMT/V5-His.  All clones were sequenced 

to ensure that no mutations were introduced during cloning. 

In order to express human ZC3H14 in S. cerevisiae cells, ZC3H14 was amplified 

by PCR and cloned into a yeast expression vector under the control of the yeast GAL1 

promoter.  Expression of human ZC3H14 could then be induced by the presence of 

galactose in the media.  Plasmid shuffle assays were performed as described (153) 

Oligonucleotides – RNA oligonucleotides were obtained from Dharmacon (Lafayette, 

CO). Fluorescent RNA oligonucleotides were labeled with Cy3 on the 5’-end and PAGE 

purified.  All RNA oligonucleotides were deprotected using the manufacturer supplied 

buffer and protocol.  Deprotected oligonucleotides were then evaporated to dryness using 

a speed-vac centrifuge and frozen at –20°C.  Fluorescent and non-fluorescent competitor 

DNA oligonucleotides were obtained from IDT (Coralville, IA).  All oligonucleotides 

used were 25 nucleotides long.  Oligonucleotides were resuspended in binding buffer (20 
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mM Tris-HCl pH 8.5, 50 mM NaCl, 2 mM MgOAC, 2 µM ZnCl2, 2% glycerol) prior to 

each experiment.  

Protein Expression and Purification – To express recombinant Nab2 in E. coli, the 

expression plasmid, pAC2133, was transformed into BL21(DE3)pLYS cells (Novagen).  

Single colonies were inoculated into 2 ml of media and grown to saturation overnight.  

This culture was then used to inoculate 1 L of LB media.  Cells were grown at 37°C until 

they reached an OD600 nm of 0.4 – 0.6.  Cultures were then shifted to 30°C and induced 

with 200 µM isopropyl β-D-1-thiogalactopyranoside (IPTG) for 5 hrs.  Cells were then 

centrifuged at 3800rpm for 20 minutes at 4°C and pelleted cells were frozen at -80°C.  

For purification of untagged Nab2 proteins from frozen cell pellets, cell pellets were 

thawed on ice and resuspended in an equal volume of lysis buffer (20 mM piperazine pH 

9.5, 1 µM ZnCl2, 2% glycerol, 4 mM β-mercaptoethanol, 1mM 

phenylmethylsulfonylfluoride) and lysed using a French Press.  The lysates were cleared 

by centrifugation, loaded onto a HiTRAP Q column (GE Healthcare) pre-equilibrated 

with Buffer A (20mM piperazine pH 9.5, 1 µM ZnCl2, 2% glycerol, and 2 mM β-

mercaptoethanol), and bound protein was eluted using a linear gradient of Buffer B (20 

mM piperazine pH 9.5, 1 µM ZnCl2, 2% glycerol, 2 mM β-mercaptoethanol, and 1 M 

NaCl).  Fractions containing untagged recombinant Nab2 were dialyzed overnight into 

Buffer C (20 mM Tris-HCl pH 8.5, 50 mM NaCl, 2 mM MgOAC, 2 µM ZnCl2, 2% 

glycerol, and 2 mM β-mercaptoethanol).  The dialyzed protein was then concentrated by 

adding saturated ammonium sulfate to 25% saturation.  Precipitated proteins were 

pelleted and resuspended in Buffer C.  The concentrated protein was then loaded onto a 

Superdex S-200 gel filtration column pre-equilibrated with Buffer C and fractions 
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containing untagged recombinant Nab2 were pooled and concentrated using Centricon 

spin concentrators (Millipore).  Since we found that freezing the purified protein led to 

loss of nucleic acid binding, freshly purified aliquots of protein were used for each 

binding experiment. 

For purification of GST fusion proteins, plasmids encoding GST, GST-Nab2, 

GST-Nab2-CT, or GST-Nab2-ΔCT were transformed into BL21 (DE3) cells (Novagen).  

Additionally, plasmids encoding GST-ZC3H14 or GST-ZC3H14-CT were transformed 

into BL21 (DE3)RIL cells (Novagen).  Expression was induced as described for untagged 

Nab2.  Following induction, cells were pelleted and frozen at –80°C.  Cell pellets were 

thawed on ice and resuspended in an equal volume of Lysis Buffer (20 mM Tris-HCl pH 

8.0, 100 mM NaCl, 2 mM β-mercaptoethanol, 2% glycerol, 0.1% Triton X-100, 1 mM 

phenylmethylsulfonylfluoride) and lysed by sonication.  Lysates were cleared by 

centrifugation and incubated with Glutathione Sepharose 4B (GE Healthcare Life 

Sciences) for 2 hours at 4°C.  Bound proteins were washed three times with 5 ml of Lysis 

Buffer and eluted with Elution Buffer (20 mM Tris-HCl pH 8.5, 50 mM NaCl, 2 mM 

MgOAC, 2 µM ZnCl2, 2% glycerol, 10 mM Reduced Glutathione).  To ascertain the 

purity of these samples, a small amount of eluted protein was resolved by SDS-PAGE 

and stained with Coomassie Blue. The remainder of the protein was stored on ice at 4°C 

until used for RNA electrophoretic mobility shift assays.    

Recombinant His-Pab1 was expressed and purified essentially as described (64).  

FCS Measurements – Two-photon FCS data were acquired to measure the interaction 

between fluorescent oligonucleotides and Nab2 using a previously described home-built 

instrument (154, 155).  Multi-component diffusion FCS analysis was applied to 
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determine the fraction of fluorescent oligonucleotides bound to Nab2 for different 

experimental conditions (140, 155, 156).  All FCS curves were fit using a standard 3D 

Gaussian multi-component diffusion model (137, 157) with the volume calibrated using 

Rhodamine 6G.  Each series of FCS experiments used global analysis to simultaneously 

fit all FCS curves acquired at different protein or competitor concentrations for a given 

fluorescent oligonucleotide.  The global fits return the concentrations of bound and free 

fluorescent oligonucleotides for each Nab2 protein or competitor oligonucleotide 

concentration (140, 158, 159).  

For all FCS measurements, samples were excited at 980 nm using a mode-locked 

Tsunami Ti:Sapphire laser pumped with a 532-nm 5W Millenia solid-state Nd:YVO4 

laser (Spectra-Physics, Mountain View, CA).  The 5×-expanded laser beam was directed 

into a IX-71 Olympus microscope (Olympus America, Center Valley, PA) and focused 

into the sample with a 60× UPlanSApo 1.2 NA water-immersion objective lens (Olympus 

America, Center Valley, PA).  Fluorescence collected through the objective lens passed 

through a dichroic mirror (675 DCSX) and a shortpass filter (E680SP, Chroma 

Technology, Rockingham, VT), and was focused onto a photon-counting avalanche 

photo diode (EG&G, Vaudreuil, Canada).  The detector output was sent to an ALV 

hardware correlator (Langen, Germany).  Power at the sample was controlled by rotating 

a λ/2-wave plate in front of a linear polarizer, and set at 7 mW for all experiments.  The 

FCS observation volume was calibrated by fitting measured autocorrelation curves for 

Rhodamine 6G (J.T. Baker, Phillipsburg, NJ) in water.  All samples were mounted in 8-

well chambered cover glass containers (Nalge Nunc, Rochester, NY).  Prior to loading, 

sample chambers were pre-treated with blocker casein (Pierce, Rockford, IL) and then 
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lightly washed with nanopure distilled water to prevent non-specific binding of proteins 

and oligonucleotides to the cover slip and container walls.  Several FCS measurements 

were performed at each protein or competitor concentration and the average correlation 

values and associated standard deviations were computed using standard procedures 

(158).   

Characterization of the Nab2-oligonucleotide binding interactions requires 

measurement of the fraction of Cy3-labeled fluorescent oligonucleotides bound to the 

Nab2 protein at different protein concentrations (156, 158, 159).  A series of FCS 

measurements were thus performed using Cy3-labeled oligonucleotides and a wide range 

of Nab2 protein concentrations.  Initially, a solution of concentrated recombinant Nab2 

(~2.5 µM) and Cy3-labeled oligonucleotides (~140 nM) was prepared (total volume of 

300 µL).  Following each FCS measurement, one-half of the sample was removed from 

the chamber and replaced with an equal volume of fluorescent oligonucleotides at the 

same concentration, thus keeping the fluorescent nucleic acid concentration fixed while 

serially diluting the protein concentration until [Nab2] ≤ 0.1 nM.  For each Nab2 

concentration, FCS data was collected in eight separate correlation measurements of 60 

seconds each.  We use the standard 3D Gaussian multi-component diffusion model to fit 

measured FCS curves and recover the protein-bound and free nucleic acid concentrations 

for each sample condition  
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The parameters Ci and Di represent the concentration and diffusion coefficient for each 

fluorescent species (i.e. bound and free oligonucleotides), and τ is the correlation time.  

The axial and radial beam waists, ω0, and z0, respectively, specify the size of the FCS 

observation volume and were determined from the calibration measurements with 

rhodamine dye.  The molecular brightness parameter ψi takes into account the absorption 

cross-section of the fluorescent dye, fluorescence quantum yield changes, and external 

excitation conditions (laser power, laser pulse width, etc.).  We used global analysis to 

simultaneously fit all of the FCS curves acquired at different protein concentrations for a 

given fluorescent nucleic acid, and these fits return the concentrations of bound and free 

fluorescent oligonucleotides for each Nab2 concentration (140, 158, 159).  For global 

fitting, the diffusion coefficient of the free oligonucleotide was held fixed at the known 

value determined from independent measurements.  

The dissociation constants (Kd) for a given interaction were recovered by fitting 

the concentration dependence of the bound fraction, fb, to the equation: 

 [2] 

 

where [P], [O], and [PO] represent the concentrations of unbound protein, unbound 

fluorescent nucleic acid, and bound protein-nucleic acid.  The unbound fraction is 

. 

A similar procedure was followed for competition experiments.  Samples were 

prepared containing 1 µM purified recombinant Nab2 and 130 nM Cy3-labeled 
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incrementally to the sample, with the total competitor concentration titrated into the µM 

range (up to ~ 5 µM).  Sequential addition of competitor to the sample resulted in a slight 

increase to the total sample volume (6% volume change at maximum dilution which was 

corrected for in the analysis).  FCS curves were collected for each competitor 

concentration and the concentration of bound labeled oligonucleotide was determined by 

global fitting of all FCS curves as described above.  The concentration of competitor 

needed to displace 50% of the bound fluorescently-labeled oligonucleotide (IC50) is 

determined by fitting this data to the equation: 

 [3] 

 

where fb and fb0 are the fraction of bound labeled oligonucleotide in the presence or 

absence of a competitor, respectively (140), and m is a curvature parameter (160).  The 

inhibition constant Ki of the competitor oligonucleotide can be estimated from: 

 [4] 

 

where [P]tot and [O]tot are total Nab2 and fluorescently-labeled oligonucleotide 

concentrations (161), respectively. 

Gel Shift RNA Binding Assays – Synthetic 25-nt poly(A) RNA oligonucleotides 

(Dharmacon) were 5’-end labeled with [γ-32P]ATP (GE Healthcare Life Sciences) using 

T4 polynucleotide kinase (Promega).  RNA electrophoretic mobility shift assays were 

performed by incubating 50 nM recombinant GST, GST-Nab2, GST-Nab2-CT, or GST-

Nab2ΔCT with approximately 30 pM radioactively-labeled poly(A) RNA oligonucleotide 
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and an increasing amount of unlabeled 25-nt competitor RNA oligonucleotide in binding 

buffer for 30 min at 20°C.  For binding reactions containing GST-ZC3H14, a solution of 

1.2 µM GST or GST-ZC3H14 was incubated with approximately 30 pM radioactively-

labeled poly(A) RNA oligonucleotide and an increasing amount of unlabeled competitor 

RNA oligonucleotide.  Binding reactions were loaded onto a 5% native polyacrylamide 

gel and electrophoresed at 30 mA in 0.3x T.B.E for 30 min to separate free 

oligonucleotide from protein-RNA complexes.  Gels were dried and exposed overnight 

using a phosphorimager (Amersham).  

ZC3H14 localization – A plasmid encoding ZC3H14-GFP expressed from a constitutive 

CMV promoter was transiently transfected into either HEK or HeLa cells. Two days 

following transfection, ZCH14-GFP localization was assessed by direct fluorescence 

microscopy.  

Drosophila melanogaster S2 cell culture and immunofluorescence – D. melanogaster S2 

cells were cultured in Schneider’s Drosophila medium (Gibco) in the presence of fetal 

calf serum (Invitrogen) and Penicillin/Streptomycin/Glutamine (Invitrogen).   S2 cells 

were passaged every 3-5 days and were typically grown in 75 cm2 culture flasks (Fisher).  

In order to localize dZ3H14, a plasmid encoding either a copper sulfate-inducible copy of 

eGFP or dZC3H14-eGFP or a constitutively expressed copy of eGFP-NXF1 was 

transfected into D. melanogaster S2 cells.  Two days following transfection, expression 

of eGFP and dZC3H14-eGFP was induced by 0.5 mM copper sulfate for 12 hours.  Since 

eGFP-NXF1 was induced from a constitutively active promoter, copper sulfate was not 

added to cells transfected with plasmids encoding eGFP-NXF1.  Following the 6 hour 

induction, cells were gently resuspended in each well by pipetting, transferred to 
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eppendorf tube and centrifuged at 1500 rpm for 3 minutes at 4°C.  Cells were washed 

once with ice-cold 1X PBS and centrifuged as before.  Cell pellets were resuspended in 

ice-cold 1X PBS and allowed to adhere to 0.3% poly-D-lysine coated cover slips for 10 

minutes.  Excess cells were aspirated off and cells were fixed with 4% paraformaldehyde 

at room temperature for 10 minutes.  Following fixation, cells were washed twice with 

ice cold 1X PBS and then permeablized in 1X PBS 0.5% Triton X-100 for 10 minutes.  

Cells were again washed twice with ice cold 1X PBS and incubated in blocking solution 

(3% bovine serum albumin (BSA) in 1X PBS 0.02% Triton X-100) at 4°C overnight.  In 

the morning, cells were incubated with the mAB414 nuclear pore specific antibody 

diluted 1:1000 in blocking solution for 1 hour in a humidified chamber.  Cover slips were 

then washed four times with antibody wash buffer (1.5% BSA in 1X PBS 0.02% Triton 

X-100) and then incubated for 1 hour at room temperature with an anti-mouse secondary 

antibody conjugated with Texas-Red diluted 1:1000 in blocking solution.  Cover slips 

were washed as before in antibody wash buffer and nuclei were stained with Hoechst dye 

(1 mg/ml) diluted in antibody wash buffer.  Cover slips were then mounted using 

Vectashield and sealed with nail polish.   

RNA isolation from D. melanogaster S2 cells – Drosophila melanogaster S2 cells were 

harvested by centrifugation and cell pellets were resuspended in 1-2 ml of Trizol 

(Invitrogen) and 100µl of bromo-3-chloropropane.  Resuspended cell pellets were 

vortexed for 15 seconds and incubated at room temperature for 15 minutes to solubilize 

total cellular RNA.  Samples were then centrifuged at 21,000g for 15 minutes at 4°C.  

The upper layer was transferred to a fresh eppendorf and RNA was precipitated with 

500µl of isopropanol.  Samples were incubated at room temperature for 10 minutes and 
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then centrifuged at 21,000g for 8 minutes at 4°C.  The supernatant was removed and the 

pellet washed with 1 ml of 70% ethanol (in DEPC-treated dH2O).  Samples were 

centrifuged again at 21,000g for 5 minutes at 4°C.  The supernatant was removed and 

RNA pellets were air-dried.  RNA pellets were resuspended in 20 µl of DEPC-treated 

dH2O.  

Semi-quantitative reverse transcriptase PCR (RT-PCR) – RT-PCR was performed using 

a One-Step RT-PCR kit (Qiagen) and gene specific primers for β-tubulin, slmb, and 

ZC3H14 according to the manufacturer’s directions.   

   

 

 

 

 

 

 

 

 

 
 
 

 

 

 



  

 
76 

 

 

Chapter 3: Poly(A) RNA binding by Nab2 is required for correct 

mRNA 3’-end formation 
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Introduction 

Although all cells within a eukaryotic organism contain the same genetic material, 

each cell must produce a unique combination of proteins that are necessary for that cell to 

perform its specific function.  Each of these proteins is translated from a messenger RNA 

(mRNA) transcript that is transcribed within the nucleus.  Following transcription by 

RNA polymerase II, these mRNA transcripts must be spliced and polyadenylated, 

exported from the nucleus, and perhaps even transported to a distant location within the 

cytoplasm (4).  During each of these steps mRNA transcripts are coated from cap to tail 

by numerous RNA binding proteins.  Importantly, each of these RNA binding proteins 

has the potential to post-transcriptionally regulate gene expression by dictating changes 

in RNA processing, RNA export from the nucleus, or RNA stability.  Hence knowledge 

of the mechanisms by which proteins interact with RNA and dictate changes in the fate of 

mRNA transcripts is crucial for our overall understanding of the control of gene 

expression. 

Although the processing steps that occur during mRNA biogenesis are often 

presented as disconnected parts of a tangled web of processing, they are actually tightly 

coupled to one another and normally function as one integrated machine for producing 

transcripts ready for translation in the cytoplasm (162).  Like any good assembly line, 

early steps in the pathway ready the transcript for subsequent processes.  For example, 

cleavage and polyadenylation factors, such as Rna15 [CstF64 in humans (163)] and 

Rna14 [CstF77 in humans (15, 164)] are recruited to the nascent mRNA transcripts 

during transcription via interactions with the C-terminal domain of RNA polymerase II 
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(165).  Following transcription, these factors help to correctly position the 3’-end 

processing machinery on the transcript and add the poly(A) tail (50).   

Once a transcript has been processed in the nucleus, it is then exported to the 

cytoplasm.  A complex series of protein rearrangements occur on the mRNA transcript 

during and immediately following nuclear export to replace export proteins with proteins 

that are crucial for translation (166).  This “molecular wardrobe change” (17) is 

orchestrated by an RNA helicase named Dbp5 which is localized on the cytoplasmic face 

of the nuclear pore complex (NPC) (167).  Dbp5 is thought to remodel the mRNA 

ribonucleoprotein (mRNP) complexes as they exit from the nucleus (91).  It has become 

increasingly evident that the intricate timing of these protein rearrangements is critical for 

efficient mRNA export.  For example, if Dbp5 is activated too early and export proteins 

are displaced prior to translocation through the NPC, the transcripts will not be exported 

efficiently and will accumulate in the nucleus.  

While the exact mechanism by which Dbp5 displaces proteins from mRNA 

transcripts has not been clearly defined, several Dbp5 substrates have been identified in 

Saccharomyces cerevisiae (91, 92).  One of these substrates is the essential yeast protein, 

Nuclear Poly(A) Binding protein 2 (Nab2).  Both Nab2 and the higher eukaryotic family 

member, ZC3H14, localize to the nucleus at steady state (67, 73, 146).  ZC3H14, 

however, has not yet been investigated as a substrate of human Dbp5.  These proteins are 

members of a novel class of poly(A) binding (Pab) proteins that recognize polyadenosine 

RNA via tandem Cys-Cys-Cys-His (CCCH) zinc fingers (67).  Interestingly, all other 

characterized Poly(A) RNA binding proteins recognize polyadenosine RNA via at least 

one well-conserved RNA Recognition Motif (RRM) (62).  Thus, Nab2 and other 
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members of this evolutionarily conserved CCCH zinc finger-containing family must 

recognize polyadenosine RNA through a fundamentally different mechanism than the 

RRM-containing family of poly(A) RNA binding proteins.  

Nab2 has been implicated in two separate, but coupled, steps in mRNA 

biogenesis.  First, Nab2 modulates poly(A) tail length as defects in Nab2 cause extended 

poly(A) tails in vivo (71, 72) and the addition of recombinant Nab2 to in vitro 

polyadenylation assays limits poly(A) tail length (71, 72, 168).  Second, Nab2 is 

implicated in the export of poly(A) RNA from the nucleus (70, 71, 73, 74).  Nab2 mutant 

cells show poly(A) RNA accumulation within the nucleus and nab2 alleles show genetic 

interactions with mRNA export factors including YRA1 and MEX67 (74, 75).  

Furthermore, Nab2 is exported from the nucleus via a mechanism that is dependent upon 

ongoing RNA polymerase II transcription (73).  A logical model based on this 

information is one in which Nab2 plays a role in polyadenylation, associates with the 

poly(A) tail of mRNA transcripts following polyadenylation, and then exits the nucleus 

in complex with the poly(A) tail of  mRNA transcripts destined for the translation 

machinery in the cytoplasm.   

Due to the fact that Nab2 presumably plays a role in both polyadenylation and 

mRNA export from the nucleus, as well as the fact that it recognizes polyadenosine RNA 

(67), a ubiquitous element of all mRNA transcripts, it has the potential to post-

transcriptionally regulate the expression of a wide variety of mRNA transcripts.  To gain 

insight into the mechanisms by which Nab2 post-transcriptionally regulates gene 

expression as well as the novel molecular mechanism by which this family of CCCH zinc 

finger containing proteins specifically recognizes polyadenosine RNA, we have precisely 
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defined Nab2 zinc fingers 5-7 as the high affinity poly(A) RNA binding domain within 

Nab2.  Furthermore, we have determined the atomic resolution structure of this domain 

by NMR and shown that specific amino acid substitutions within Nab2 zinc fingers 5-7 

abolish poly(A) RNA binding in vitro.  Cells that express such Nab2 RNA binding 

mutants display cold sensitive growth defects as well as an increase in poly(A) tail length 

and nuclear accumulation of polyadenosine RNA.  These results provide critical insight 

into the molecular mechanism underlying polyadenosine RNA recognition by CCCH zinc 

fingers as well as the essential function of Nab2.  

 

Results 

In order to define the primary function of the evolutionarily conserved Nab2 

protein in mRNA biogenesis, we sought to generate Nab2 variants with defects in 

polyadenosine RNA binding.  To address this question, we needed to first more precisely 

define the mode of polyadenosine RNA recognition by tandem CCCH zinc fingers.  Our 

initial approach exploited a previously described genetic interaction between Nab2 and 

the nuclear pore associated RNA helicase, Dbp5 (91).   Importantly, an amino acid 

substitution in the RNA binding domain of Nab2, nab2-C437S, which decreases the 

affinity of Nab2 for polyadenosine RNA 4-fold (67), suppresses the growth defect and 

poly(A) RNA accumulation of the helicase mutant dbp5-2 (91).  This finding suggests 

that if the RNA binding affinity of a Dbp5 substrate, such as Nab2, is decreased, as in 

nab2-C437S, the partially functional mutant dbp5-2 helicase may retain sufficient activity 

to remove the weakly bound Nab2 protein from the mRNA transcript.  This model 

implies that other Nab2 mutants that weaken the interaction of Nab2 with polyadenosine 
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RNA may also suppress the temperature sensitive phenotype of the dbp5-2 mutant.  

Hence, this genetic assay provides a simple approach to identify putative residues that are 

critical for Nab2 binding to RNA.   

As a first step to determine which of the seven zinc fingers in Nab2 are important 

for RNA binding, we generated point mutants that encode cysteine to alanine amino acid 

changes in the first cysteine of each of the seven Nab2 zinc fingers (Figure 3.1A) and 

tested whether these mutants could suppress the temperature sensitive growth phenotype 

of the dbp5-2 mutant at 33°C.  As shown in Figure 3.1B, individual cysteine to alanine 

substitutions within each of the first cysteines of Nab2 zinc fingers 1-4 did not suppress 

the temperature sensitive phenotype of the dbp5-2 mutant.  In contrast, individual 

cysteine to alanine substitutions in each of the first cysteines of zinc fingers 5-7 did 

suppress the temperature sensitive growth phenotype of the dbp5-2 mutant.  This result 

suggests that only the last three zinc fingers of Nab2 may be necessary for polyadenosine 

RNA binding.  

As a complement to the genetic suppression assay, we used a biochemical 

approach to identify a domain of Nab2 that binds to polyadenosine RNA.  According to 

our results from the dbp5-2 suppression assay (Figure 3.1B), zinc fingers 5-7 are 

implicated in binding to polyadenosine RNA.  To test this prediction, we expressed and 

purified recombinant Nab2 protein fragments containing zinc fingers 1-7 (amino acids 

262-473), zinc fingers 1-4 (amino acids 262-387), or zinc fingers 5-7 (amino acids 262-

477) as GST fusion proteins.  In order to assess RNA binding for each of these domains, 

RNA gel shifts were used to examine binding to a Cy3-labeled poly(A)25 RNA 

 



  

 
82 

 

 
 
 

 
 
 
 
Figure 3.1: Cysteine to alanine substitutions in Nab2 zinc fingers 5-7 suppress the 
temperature sensitive phenotype of dbp5-2 cells.  (A) Schematic depicting the domains 
of S. cerevisiae Nab2.  The C-terminal CCCH zinc finger domain contains seven tandem 
zinc fingers (black boxes).  The position of the first cysteine of each zinc finger is 
indicated below the corresponding zinc finger.  (B) S. cerevisiae plasmid shuffle assay 
analyzing the suppression of the temperature sensitive growth phenotype of dbp5-2 cells 
by the indicated nab2 mutants.  ΔNAB2 cells harboring a URA3 plasmid encoding wild-
type Nab2 and expressing either wild-type Dbp5 (left panel) or the mutant dbp5-2 (right 
panel) were transformed with LEU2 plasmids encoding either wild-type Nab2 or Nab2 
proteins that contain the denoted individual cysteine to alanine substitution in zinc fingers 
1-7 (ZnF 1-7).  
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Table 3.1: Strains and plasmids used in chapter 3 
 

Strain/Plasmid Description Source 
ACY427 ΔNAB2::HIS (pAC636) MATa leu2 ura3  (73) 

ACY1669 dbp5-2 ΔNAB2::HIS MATa leu2 ura3 trp1 (91) 
pAC636 NAB2, CEN, URA3 (73) 
pAC717 NAB2, CEN, LEU2 (73) 

pAC1945 pGEX-4T-1 (containing TEV cleavage site instead of Thrombin) GE 
Healthcare 

pAC2027 nab2-C262A, CEN, LEU2 This study 
pAC2028 nab2-C283A, CEN, LEU2 This study 
pAC2029 nab2-C340A, CEN, LEU2 This study 
pAC2030 nab2-C371A, CEN, LEU2 This study  
pAC2031 nab2-C415A, CEN, LEU2 This study 
pAC2033 nab2-C437A, CEN, LEU2 This study 
pAC2035 nab2-C458A, CEN, LEU2 This study 
pAC2203 nab2-C415A,C437A,C458A, CEN, LEU2 This study 
pAC2222 nab2-C415R,C437R,C458R, CEN, LEU2 This study 
pAC2304 GST-NAB2 Zinc Fingers 1-7 (67) 
pAC2305 GST-NAB2 Zinc Fingers 1-4 This study 
pAC2307 nab2-C437S, CEN, LEU2 (91) 
pAC2502 nab2-Y428A, CEN, LEU2 This study 
pAC2503 nab2-F450A, CEN, LEU2 This study 
pAC2504 nab2-F460A, CEN, LEU2 This study 
pAC2505 nab2-F471A, CEN, LEU2 This study 
pAC2522 GST-NAB2 Zinc Fingers 5-7  This study 
pAC2597 GST-nab2-Zinc Fingers 5-7 F450A, F471A This study 
pAC2618 nab2-R438A, CEN, LEU2 This study 
pAC2620 nab2-K416A, CEN, LEU2 This study 
pAC2624 GST-nab2-Zinc Fingers 5-7 Y428A, F450A, F471A This study 
pAC2647 nab2-R459A, CEN, LEU2 This study 
pAC2648 nab2-K416A, R438A, R459A, CEN, LEU2 This study 
pAC2672 nab2-Y428A, F450A, F471A, CEN, LEU2 This study 
pAC2742 GST-nab2-Zinc fingers 5-7 K416A This study 
pAC2743 GST-nab2-Zinc fingers 5-7 R438A This study 
pAC2744 GST-nab2-Zinc fingers 5-7 R459A This study 
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oligonucleotide [Cy3-r(A)25].  As shown in Figure 3.2A, neither GST alone nor GST-Zinc 

Fingers (ZnF) 1-4 bound the Cy3-labeled poly(rA)25 oligonucleotide, but  GST-ZnF 1-7 

and GST-ZnF 5-7 both bound to Cy3-r(A)25.  Binding of the Nab2 domain containing 

zinc fingers 5-7 is specific for stretches of polyadenosine RNA because only unlabeled 

poly(A) RNA oligonucleotide [r(A)25] and not a randomized 25-nt RNA oligonucleotide 

[r(N)25] could compete for binding (Figure 3.2B).  

Our data argues that Nab2 zinc fingers 5-7 are sufficient for binding 

polyadenosine RNA in vitro.  Therefore, we hypothesized that amino acid substitutions 

within this domain that are predicted to disrupt the structural integrity of the CCCH zinc 

fingers would impair the essential function of Nab2 in vivo.   In order to test this 

hypothesis and examine the impact of these amino acid substitutions on Nab2 function in 

vivo, a plasmid shuffle assay was performed (153).  Cells deleted for the essential NAB2 

gene and complemented by a wild-type NAB2 maintenance plasmid were transformed 

with plasmids encoding either a control wild-type Nab2 or various nab2 mutants 

containing individual cysteine to alanine (CA) as well as more drastic cysteine to 

arginine (CR) amino acid changes in the first cysteine of zinc fingers 5-7.  These cells 

were then serially diluted and spotted onto control plates and plates containing 5-

fluoroorotic acid (5-FOA) to select against the wild-type maintenance plasmid and reveal 

any phenotype of the nab2 mutant proteins.  Single CA or CR substitutions at the 

first cysteines of individual CCCH zinc fingers 1-7 did not impair Nab2 function as the 

cells expressing these mutants as the sole copy of Nab2 grew in a manner 
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Figure 3.2:  Nab2 zinc fingers 5-7 are necessary and sufficient to mediate high 
affinity specific binding to polyadenosine RNA.  (A) GST, GST ZnF 1-7, GST ZnF 5-
7, or GST ZnF 1-4 was incubated with ~125 nM Cy3-labeled poly(A) RNA 
oligonucleotide and RNA:protein complexes were resolved from free probe in a 5% non-
denaturing polyacrylamide gel.  The position of the free probe is evident (Free Cy3-
r(A)25) in the control lane with no protein added (-).  (B) The binding specificity of GST 
ZnF 5-7 was investigated by incubating 250 nM GST ZnF 5-7 with 115 nM Cy3-r(A)25 in 
the presence of unlabeled 25-nt poly(A) RNA oligonucleotide (pA25) competitor or 
unlabeled 25-nt randomized RNA oligonucleotide (pN25) competitor. RNA:protein 
complexes were resolved from free probe in a 5% non-denaturing polyacrylamide gel and 
the position of free Cy3-pA is indicated.  Competitor concentration ([Comp]) and those 
samples containing no competitor (-) are indicated.  As a control, no binding to Cy3-
r(A)25 is observed with 2 µM GST.  
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indistinguishable from wild-type cells (Figure 3.1B and Figure 3.3).  As a control, nab2-1 

cells, which express a nab2 variant lacking the N-terminal 97 amino acids of Nab2 and 

display a severe growth defect (73), were also serially diluted and spotted on the same 

plates.  To assess the consequence of impairing the function of multiple zinc fingers, we 

constructed plasmids encoding combinations of CA or CR amino acid substitutions 

at the first cysteine of zinc fingers 5-7 (nab2-C5-7A/R).  Cells expressing nab2 alleles 

containing these triple CA or CR amino acid substitutions showed greatly 

diminished viability at 18°C, suggesting that a combination of these amino acid changes 

impacts the essential function of the Nab2 protein by disrupting RNA binding.  This loss 

of Nab2 function is not due to changes in the level of the Nab2 protein as immunoblotting 

reveals that all Nab2 proteins are expressed at approximately equal levels in 

exponentially growing yeast cells at either 30°C or 18°C (Data not shown).  

In order to more completely assess the in vivo impact of disrupting the interaction 

of Nab2 with polyadenosine RNA, the nab2-C5-7A allele was integrated into the NAB2 

genomic locus using the method described in Experimental Procedures.  Briefly, the zinc 

finger domain of nab2-C5-7A and the natamycin resistance (NATR) cassette were first 

amplified by PCR.  These products were incubated together and overlap PCR was 

performed to amplify the entire nab2-C5-7A-NATR combinatorial product.  The nab2-

C5-7A-NATR combinatorial PCR product was then integrated into the NAB2 genetic 

locus using conventional methods (169, 170).  This integration yielded a mutant yeast 

strain that expresses nab2-C5-7A at the endogenous Nab2 locus.   

 

 



  

 
87 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
Figure 3.3: Combinatorial cysteine substitutions in Nab2 zinc fingers 5, 6, and 7 
impair Nab2 function.  ΔNAB2 cells harboring a URA3 plasmid encoding wild-type 
Nab2 were transformed with LEU2 plasmids encoding either wild-type Nab2, ΔN-Nab2 
(missing amino acids 3-97) or Nab2 proteins that contain the denoted individual or 
combinatorial cysteine to alanine or cysteine to arginine substitution(s) in zinc fingers 5-
7.  Nab2-C5-7A/R encodes full-length Nab2 proteins with cysteine to alanine or cysteine 
to arginine amino acid substitutions in the first cysteine of zinc fingers 5, 6, and 7.  
Transformants were inoculated into liquid media, grown to saturation at 30°C, and 
serially diluted.  Dilutions were then spotted onto either control media lacking both uracil 
and leucine or media containing 5-fluoroorotic acid (5-FOA) to eliminate the wild-type 
Nab2 maintenance plasmid.   The control plate was incubated at 30°C for 2 days while 
plates containing 5-FOA were incubated at the indicated temperatures for 3-5 days.  
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To assess the ability of integrated nab2-C5-7A function under the endogenous 

NAB2 promoter, cells expressing an integrated copy of nab2-C5-7A were then 

transformed with either an empty vector or a plasmid encoding wild-type Nab2.  

Transformants were grown to saturation at room temperature, serially diluted, and spotted 

onto selective media.  As shown in Figure 3.4, wild-type yeast cells transformed with 

either vector alone or a wild-type Nab2 plasmid grew at all temperatures tested.  

However, cells expressing nab2-C5-7A and transformed with an empty vector showed 

severe cold- and temperature-sensitive growth defects.  Importantly, nab2-C5-7A cells 

transformed with a wild-type Nab2 plasmid grew similar to wild-type yeast cells, 

confirming that the growth defects of nab2-C5-7A cells are due to defects in Nab2 and 

not an extragenic mutation elsewhere in the genome.   

In order to test whether a combination of cysteine to alanine substitutions within 

zinc fingers 5-7 disrupts RNA binding in vitro, we expressed and purified recombinant 

wild-type GST-ZnF 1-7; GST-ZnF 1-7 C415A, C437A, C458A (GST-ZnF 1-7 C5-7A); 

wild-type GST-ZnF 5-7; and GST-ZnF 5-7 C415A, C437A, C458A (GST-ZnF 5-7 C5-

7A ) and analyzed binding of each of these proteins to a Cy3-labeled polyadenosine 

RNA oligonucleotide in RNA gel shifts assays.  As diagrammed in Figures 3.5A and 

3.6A, respectively, both GST-ZnF 5-7 C5-7A and GST-ZnF 1-7 C5-7A contain 

cysteine to alanine amino acid changes in the first cysteines of zinc fingers 5 (C415A), 6 

(C437A) and 7 (C458A).   
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Figure 3.4: Integration of nab2-C5-7A into S. cerevisiae cells. (A) Diagram of 
integration strategy.  First, the C-terminus of nab2-C5-7A and the natamycin resistance 
(NATR) cassette were both amplified by PCR.  The 3’-end of the 3’ primer used for 
amplification of nab2-C5-7A is complementary to the 5’-end of the NATR cassette.  
Similarly, the 5’-end of the 5’ primer used for amplification of the NATR cassette is 
complementary to 3’-end of the nab2-C5-7A PCR product.  Equal amounts of PCR 
products were mixed and overlap PCR was performed.  The resulting combinatorial PCR 
products containing nab2-C5-7A::NATR are transformed into wild-type S. cerevisiae 
cells and integration occurs by homologous recombination of the PCR product into the 
NAB2 genomic locus.  Integrants are selected by growth on media containing the drug 
natamycin.  Genomic DNA is isolated from natamycin resistant colonies and the Nab2 
locus is amplified by PCR to check for correct integration.  PCR products are sequenced 
to ensure correct recombination of nab2-C5-7A into the NAB2 locus. (B) Integrated 
nab2-C5-7A confers a severe cold-sensitive growth defect.  Cells containing a wild-type 
copy of Nab2 or integrated nab2-C5-7A were transformed with either an empty vector 
or a plasmid encoding a wild-type copy of Nab2.  Cells were then grown to saturation in 
liquid culture, normalized according to cell density at OD600, serially diluted, and spotted 
onto selective media.  Plates were grown at 16°C, 25°C, 30°C, and 37°C as indicated.    
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Figure 3.5: Combinatorial cysteine to alanine substitutions in Nab2 zinc fingers 5, 6, 
and 7 cause defects in polyadenosine RNA binding.  (A) Schematic of proteins used in 
RNA gel shift assays.  GST ZnF 5-7 proteins contain Nab2 residues 403-477 while GST 
ZnF 1-7 proteins contain Nab2 residues 262-477.  GST ZnF 5-7 C5-7A and GST ZnF 1-
7 C5-7A contain cysteine to alanine substitutions in the first cysteines of zinc fingers 5 
(C415A), 6 (C437A), and 7 (C458A). (B) Combinatorial cysteine to alanine substitutions in 
ZnF 5-7 abolish RNA binding. GST (1 µM), GST ZnF 5-7 (62.5 nM – 500 nM), or GST ZnF 5-7 
C5-7A (62.5 nM – 500 nM) was incubated with ~125 nM Cy3-labeled poly(A) RNA 
oligonucleotide.  RNA:protein complexes were resolved from free probe by electrophoresis in a 
5% non-denaturing polyacrylamide gel.  The position of the free probe (Cy3-r(A)25) is evident in 
the control lane with no protein added (-). 
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Figure 3.6: Combinatorial cysteine to alanine substitutions in Nab2 zinc fingers 5, 6, 
and 7 cause defects in polyadenosine RNA binding.  (A) Schematic of proteins used in 
RNA gel shift assays.  GST ZnF 5-7 proteins contain Nab2 residues 403-477 while GST 
ZnF 1-7 proteins contain Nab2 residues 262-477.  GST ZnF 5-7 C5-7A and GST ZnF 1-
7 C5-7A contain cysteine to alanine substitutions in the first cysteines of zinc fingers 5 
(C415A), 6 (C437A), and 7 (C458A).  (B) Combinatorial cysteine to alanine substitutions 
in ZnF 5-7 abolish RNA binding in the context of the entire Nab2 zinc finger domain.  
GST (1 µM), GST ZnF 1-7 (62.5 nM – 500 nM), or GST ZnF 1-7 C5-7A (62.5 nM – 
500 nM) were incubated with ~125 nM Cy3-labeled poly(A) RNA oligonucleotide.  
RNA:protein complexes was resolved from free probe (Cy3-pA) by electrophoresis in a 
5% non-denaturing polyacrylamide gel.  Competitor concentration ([Comp]) and those 
samples containing no competitor (-) are indicated.  As a control, no binding to Cy3-
r(A)25 is observed with 1 µM GST. 
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As shown in Figure 3.5B, wild-type GST ZnF 5-7 bound Cy3-labeled poly(A) 

RNA oligonucleotides; however, GST-ZnF 5-7 C5-7A showed no detectable binding to 

Cy3-r(A)25 in this assay.  To determine whether Nab2 zinc fingers 5-7 were necessary for 

polyadenosine RNA binding, we changed the first cysteine of zinc fingers 5-7 to alanine 

in the context of the full zinc finger domain (ZnF 1-7).  As expected [Figure 3.2 and 

(67)], wild-type GST-ZnF 1-7 bound the Cy3-labeled polyadenosine oligonucleotide, 

however GST-ZnF 1-7 C5-7A did not bind Cy3-r(A)25 (Figure 3.6B).  This in vitro 

binding data strongly supports our conclusion that Nab2 zinc fingers 5, 6, and 7 are 

required for high affinity Nab2 binding to polyadenosine RNA. 

The RNA gel shift experiments utilize a concentration of fluorescently labeled 

RNA oligonucleotides (~125 nM) that is approximately 4 times the published Kd (~30 

nM) of Nab2 for polyadenosine oligos (67, 71) and therefore could not be used to 

accurately calculate dissociation constants.  Furthermore, due to the high concentration of 

labeled RNA, weaker binding events would be less readily detected in this assay due to 

the high protein concentrations needed to cause an observable mobility shift in the Cy3-

labeled poly(A)25 RNA oligonucleotides.  Therefore, to more quantitatively analyze the 

interaction between Nab2 zinc fingers 5-7 and polyadenosine RNA, we used fluorescence 

anisotropy to determine dissociation constants for both full-length Nab2 and a Nab2 

protein that lacked zinc fingers 5-7 (Nab2-ΔZnF 5-7).  Both proteins were expressed 

recombinantly in E. coli as untagged proteins and purified using the same purification 

strategy (See Experimental Procedures).  As demonstrated in Figure 3.7, full-length Nab2 

bound fluorescein-labeled poly(A)25 RNA oligonucleotides with an apparent affinity of 

~70 nM.  Interestingly, Nab2-ΔZnF 5-7 bound fluorescein-labeled  
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Figure 3.7: Nab2 ΔZnF 5-7 retains partial binding activity to polyadenosine RNA. 
Full-length Nab2 and Nab2 ΔZnF 5-7 were expressed and purified from BL21 (DE3) 
pLYS E. coli cells.  The affinity of each protein for a fluorescein-labeled poly(A)25 RNA 
oligonucleotide was determined using fluorescence anisotropy.  Fluorescein-poly(A)25 
RNA (2 nM) was incubated with increasing protein concentrations (50 pM – 5 µM).  
Each sample was incubated for ~1 hour to reach equilibrium and then placed into one 
well of a 384 well plate.  This analysis was done in triplicate for each protein 
concentration as described in Experimental Procedures.  Anisotropy values were then 
determined using a fluorescence plate reader.     
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poly(A)25 RNA oligonucleotides with an apparent Kd of ~540nM.  While our previous 

data suggested that Nab2 zinc fingers 5-7 alone were sufficient for binding to 

polyadenosine RNA in vitro, weak binding of Nab2-ΔZnF 5-7 to fluorescein-labeled 

poly(A)25 RNA oligonucleotides suggests that other domains within the protein may also 

harbor some affinity for polyadenosine RNA.  Binding of Nab2-ΔZnF 5-7 to 

polyadenosine RNA is also consistent with a previous study in which Nab2 deletion 

mutants were cross-linked to poly(A) RNA in vitro (73).  Although greatly diminished 

compared to wild-type Nab2, Nab2-ΔZnF 5-7 was still cross-linked to poly(A) RNA, 

suggesting that other domains within Nab2 can mediate this interaction (73).   

As an unbiased biochemical approach to define an independently folding domain 

within Nab2 that binds polyadenosine RNA and would be amenable to structural studies, 

GST-tagged recombinant full-length Nab2 was expressed and purified from E. coli and 

subjected to partial trypsin proteolysis.  Trypsinized Nab2 fragments were then incubated 

with poly(A) sepharose and bound fragments were eluted, separated by SDS-PAGE, and 

transferred to a PVDF membrane.  A prominent band of approximately 10 kDa was then 

N-terminally sequenced to define the high affinity Nab2 poly(A) binding domain (Figure 

3.8).  This analysis led to the identification of three nested protein fragments with N-

termini immediately upstream of zinc finger 5.  Based upon the mass of these protein 

fragments, each was predicted to contain zinc fingers 5-7.  This data supports the 

conclusion that the high affinity Nab2 polyadenosine RNA recognition motif is contained 

within zinc fingers 5-7 and that these zinc fingers alone are sufficient for specific 

recognition of polyadenosine RNA. 
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Figure 3.8: Nab2 proteolytic fragments recognize poly(A) sepharose.  Partial trypsin 
proteolysis of Nab2 was used to identify an independently folding polyadenosine RNA 
recognition domain.  (A) Purified recombinant GST-Nab2 was incubated with 20 µg of 
trypsin at room temperature for 30 min.  The entire reaction was then incubated with 
poly(A) sepharose 4B, the sepharose was washed, and the bound RNA binding proteins 
were eluted by four sequential incubations with binding buffer containing increasing 
amounts of NaCl (Poly(A) Fractions).  Eluted protein fragments were resolved by SDS-
PAGE and stained with Coomassie Blue or transferred to PVDF membranes for N-
terminal sequencing.  As indicated, the ~10 kDa band was sequenced by Edmann 
degradation N-terminal sequencing.  (B) The domains contained within Nab2.  The C-
terminal zinc finger domain consists of seven tandem CCCH zinc fingers.  The amino 
acid sequence of zinc finger five as well as the upstream 18 amino acids are shown with 
numbers corresponding to the amino acid number of the full length Nab2 protein.  The 
Cys and His residues of the CCCH zinc finger five are shown larger than the surrounding 
residues.  All N-termini sequences obtained from the N-terminal protein sequencing 
reaction aligned with zinc finger five or the amino acid sequence immediately N-terminal 
to zinc finger five as shown.  The most prevalent Nab2 protein fragment that was eluted 
from the poly(A) sepharose began at Nab2 residue 403.  Less abundant protein fragments 
beginning at Nab2 residues 402 and 411 were also eluted from the poly(A) sepharose.  
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In order to understand the precise mechanism by which Nab2 zinc fingers 5-7 

specifically recognize polyadenosine RNA, we collaborated with Christoph Brockmann, 

a post-doctoral researcher in Murray Stewart’s lab at MRC Cambridge, to solve the 

solution structure of Nab2 zinc fingers 5-7 (Nab2 ZnF 5-7) using NMR.  Large amounts 

of Nab2 Zn 5-7 (corresponding to residues 404 – 483) were expressed in E. coli and 

purified by ion exchange and gel filtration chromatography.  The NMR structure was 

determined using standard 3D-NMR spectroscopy in conjunction with CYANA and X-

plor NIH.  A preliminary ensemble of 20 calculated structures is shown in Figure 3.9.  

The peptide backbone of residues Ser 411 – Pro 480 are well ordered in all 20 solved 

structures (Figure 3.9A).  However, residues 404-411 and, to a lesser extent, 480-483 

were relatively unordered in the ensemble of structures.  The unordered ends of the Nab2 

zinc finger domain are consistent with our previous limited trypsin proteolysis 

experiment demonstrating that the N-terminus of this domain could begin at several 

residues in close proximity with one another (Figure 3.7).  Interestingly, the linker amino 

acids between zinc fingers 5, 6, and 7 (black ribbons in Figure 3.10) are also well 

structured.  Hetero-NOE enhancement experiments indicate no major inter-domain 

flexibility. The side chains of the amino acids in zinc fingers 5-7 show some flexibility, 

but overall are in relatively similar conformations (Figure 3.10B).  Unfortunately, the 

addition of poly(A) RNA oligonucleotides caused complete loss of discernable NMR 

spectra, presumably due to protein aggregation (data not shown).  Therefore, no 

meaningful data could be obtained about the interaction of the entire zinc finger domain 

and poly(A) RNA oligonucleotides. 
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Figure 3.9: Ensemble of NMR solution structures for Nab2 ZnF 5-7.  (A) Ribbon 
diagram of the protein backbone only from the ensemble of 20 solved NMR structures of 
Nab2 ZnF 5-7 (residues 404 – 483).  The NMR structures were determined using 
standard 3D-NMR spectroscopy in conjunction with CYANA and X-plor NIH.  Zinc 
fingers 5 (blue-purple), 6 (red), and 7 (green) as well as the N- and C-termini are labeled.  
Shown in black are the residues between each CCCH zinc finger.  (B) Same as (A) 
except that stick representations are shown for the residues within each zinc finger.  
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Figure 3.10: Ribbon diagram of the atomic resolution structure of Nab2 zinc 
fingers 5-7.  (A) A preliminary average NMR structure was calculated from the ensemble 
of 20 solved lowest energy structures using the PyMOL script, average3d.py (115).  
While the N- and C-termini of this mean structure remain somewhat unreliable due to the 
flexibility of this domain, the residues within each zinc finger are well ordered.  The 
backbone RMSD to the mean for all three domains is 1.46 Å.  (B) The residues of zinc 
fingers 5, 6, and 7 are well ordered.  The three-dimensional fold of each zinc finger is 
also very similar to one another.  The RMSD for the individual fingers to the mean is 
1.01 Å, 0.32 Å and 0.54 Å for fingers 5, 6, and 7, respectively. 
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From the ensemble of 20 structures, an average structure was generated using the 

average3d.py PyMOL script (115).  As seen in Figure 3.10A, Nab2 zinc fingers 5-7 are 

composed entirely of loops; no α-helical or β-sheet secondary structure exists in this 

domain as determined by these structural analyses.  Interestingly, the cysteine and 

histidine residues of these domains are also well ordered.  As is apparent in Figure 3.10B, 

where the structural cysteines and histidines are displayed in navy blue, the three-

dimensional structure of each zinc finger is very similar.  Each zinc finger consists of the 

amino acid side chains of three cysteines and one histidine chelating one zinc ion.  The 

backbone RMSD to the mean for all three domains is 1.46 Å, while the RMSD for the 

individual fingers to the mean is 1.01 Å, 0.32 Å and 0.54 Å for fingers 5, 6, and 7, 

respectively. 

In order to identify specific amino acids that have the potential to directly contact 

polyadenosine RNA, we examined a model of the three dimensional structure of Nab2 

zinc fingers 5-7 to identify conserved aromatic and charged residues that were solvent 

exposed (Figure 3.11).   We identified several aromatic residues (Tyr 428 and Phe 450 – 

shown in purple) and several positively charged residues (Lys 417, Arg 438, and Arg 459 

– shown in red) within zinc fingers 5-7 of Nab2 that are both solvent exposed and 

conserved within each of the zinc fingers in Nab2 and other members of this zinc finger 

protein family (Figure 3.11A).  To analyze the contribution of these aromatic and charged 

residues to the RNA binding function of Nab2, each residue was changed to alanine, 

either individually or in combination.  Mutant nab2 proteins containing these amino acid 

substitutions were then tested for suppression of the temperature-sensitive growth defect  
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Figure 3.11: Analysis of Nab2 ZnF 5-7 structure reveals the presence of several 
conserved charged and aromatic residues that may interact with poly(A) RNA. (A) 
Amino acid sequence alignment of S. cerevisiae Nab2 zinc fingers 5-7 and the human 
ZC3H14 zinc fingers 1-5.  Conserved positively charged residues and aromatic residues 
are underlined.  Numbers of the corresponding residues within yeast Nab2 and human 
ZC3H14 are shown.  (B) Mesh surface representation of the average structure of Nab2 
zinc fingers 5-7.  Stick representations of conserved positively charged residues (K416, 
R438, and R459) and conserved aromatic residues (Y428, F450, and F471) are shown in 
red and purple, respectively.  Phe 471 (F471) is buried in within the globular fold of the 
proteins, while the remainder of the charged and aromatic residues are solvent exposed.   
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of dbp5-2 cells, as well as growth defects when mutant alleles of nab2 were the only 

copy of Nab2 present.  Finally we tested whether these changes in the zinc finger domain 

impacted Nab2 binding to poly(A) RNA.  As a control, another conserved phenylalanine 

in zinc finger 5, Phe 471, that is not solvent exposed but instead buried within the 

globular fold of the domain (Figure 3.11B) was also targeted.  We also tested the 

contributions of one additional solvent-exposed phenylalanine in zinc finger 7, Phe 460, 

to polyadenosine RNA binding.  With the exception of F471A, these alanine substitutions 

are not predicted to change the overall structure of the Nab2 zinc finger domain.   

To begin to assess the contributions of each of these residues to polyadenosine 

RNA recognition, we first analyzed the ability of each of these residues to suppress the 

temperature-sensitive growth defect of dbp5-2.  As described previously, this genetic 

assay allows us to analyze the putative contributions of individual residues to 

polyadenosine RNA binding.  As expected (91), nab2-C437S suppresses dbp5-2.  

Expression of nab2-F450A as the only copy of Nab2 suppressed the temperature sensitive 

growth phenotype of dbp5-2 cells (Figure 3.12B), while expression of nab2-Y428A or 

nab2-F460A did not suppress the temperature sensitive growth phenotype of dbp5-2 

cells, suggesting that specific aromatic residues may make direct contacts with 

polyadenosine RNA while other aromatic residues are not required for polyadenosine 

RNA recognition.  Interestingly, expression of the buried nab2-F471A did suppress the 

temperature sensitive growth defect of dbp5-2, suggesting that changing this buried 

hydrophobic residue to alanine may be affecting the overall three-dimensional structure 

of the tandem zinc finger domain and cause a defect in poly(A) RNA recognition.  As  
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Figure 3.12: Nab2 mutants containing aromatic and positively charged amino acid 
substitutions in Nab2 zinc fingers 5-7 suppress dbp5-2.  (A) Amino acid alignment of 
Nab2 zinc fingers 1-7.  Conserved positively charged and aromatic residues are 
underlined and highlighted in red and purple, respectively.  (B) and (C) Plasmid shuffle 
assay analyzing the suppression of the temperature sensitive growth phenotype of dbp5-2 
cells by the indicated nab2 mutants.  ΔNAB2 cells harboring a URA3 plasmid encoding 
wild-type Nab2 and expressing mutant dbp5-2 were transformed with LEU2 plasmids 
encoding either wild-type Nab2 or Nab2 proteins that contain the denoted aromatic or 
positively charged amino acid substitution in zinc fingers 5-7. Cells were grown on media 
containing 5-FOA to select against the wild-type maintenance plasmid.   Cells were then 
grown to saturation in liquid culture at 30°C and cell density was normalized by 
absorbance at 600 nm.  Cells were diluted 1:50 into selective media and cell growth at 
32°C was monitored in a plate reader every 30 minutes for ~48 hours by absorbance at 
600 nm. 
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shown in Figure 3.12C, expression of nab2-R438A, nab2-R459A, and nab2-K416A, 

R438A, R459A also suppressed dbp5-2, while nab2-K416A did not, suggesting that only 

the positively charged residues (Arg 438 and Arg 459) within zinc fingers 6 and 7 

interact with polyadenosine RNA.  Interestingly, Phe 471 is adjacent to Arg 459 in the 

three-dimensional structure of the zinc fingers 5-7 (Figure 3.11), suggesting that F471A-

nab2 may suppress dbp5-2 by changing the positioning of Arg 459.   

We also tested the function of each of these mutant proteins by determining 

whether they could function of the only copy of Nab2 in vivo.  Cell growth at 22°C was 

monitoring by absorbance at 600 nm over ~48 hours (Figures 3.13B and 3.13C).  As 

shown in Figure 3.13B, yeast cells expressing the individual aromatic mutants Y428A, 

F450A, F460A, or F471A as the only copy of the essential NAB2 gene grows in a manner 

indistinguishable from cells expressing a wild-type NAB2 allele.  However, cells 

expressing an allele of nab2 that encodes a triple (Y428A, F450A, F471A) mutant show a 

significant cold-sensitive growth defect.  Similar to the individual aromatic amino acid 

substitutions, nab2-K416A, nab2-R438A, and nab2-R459A also each grew 

indistinguishably from wild-type Nab2.  ΔN-Nab2 showed significant growth defects at 

22°C and nab2-C437S was only slightly cold-sensitive, as expected (73, 91).  

Interestingly, the combinatorial nab2-K416A, R438A, R459A mutant also shows cold-

sensitive growth defects, but not to the same extent as nab2-Y428A, F450A, F471A 

(Figure 3.13C).  In sum, none of the individual alanine substitutions significantly impair 

Nab2 function and cell growth.  Only nab2 mutants containing combinatorial aromatic or 

basic amino acid substitutions in zinc fingers 5, 6, and 7 confer cold-sensitive growth 

defects.   
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Figure 3.13: Nab2 mutants containing combinations of aromatic and charged amino 
acid substitutions in Nab2 zinc fingers 5-7 confer cold sensitive growth defects.  (A) 
Amino acid alignment of Nab2 zinc fingers 1-7.  Conserved positively charged and 
aromatic residues are underlined and highlighted in red and purple, respectively.  (B) and 
(C) S. cerevisiae plasmid shuffle assay analyzing the cold-sensitive growth phenotype of 
nab2 mutant cells.  ΔNAB2 cells harboring a URA3 plasmid encoding wild-type Nab2 
were transformed with LEU2 plasmids encoding either wild-type Nab2 or Nab2 proteins 
that contain the denoted aromatic or positively charged amino acid substitution in zinc 
fingers 5-7.  Cells were grown on media containing 5-FOA to select against the wild-type 
maintenance plasmid.   Cells were then grown to saturation in liquid culture at 25°C and 
cell density was normalized by absorbance at 600 nm.  Cells were diluted 1:100 into 
selective media and cell growth at 22°C was monitored in a plate reader every 30 minutes 
for ~48 hours by absorbance at 600 nm. 
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Finally, in order to more precisely assess the contributions of these aromatic 

residues to polyadenosine RNA recognition, wild-type GST-ZnF 5-7, GST-ZnF 5-7 

F450A/F471A, GST-ZnF 5-7-K416A, GST-ZnF 5-7-R438A, and GST-ZnF 5-7-R459A 

were expressed and purified from E. coli and binding of each of these proteins to Cy3-

r(A)25 was analyzed using an RNA gel shift assay (Figures 3.14 – 3.17).  As expected, 

wild-type GST-ZnF 5-7 binds Cy3-r(A)25.  However, introduction of the two amino acid 

substitutions that suppressed dbp5-2, F450A and F471A, completely abolishes binding 

between the Nab2 zinc finger domain and Cy3-r(A)25.  In addition, nab2-K416A (Figure 

3.15), nab2-R438A (Figure 3.16), or nab2-R459A (Figure 3.17) did not bind Cy3-labeled 

poly(A) RNA oligonucleotides, suggesting that each of these residues is critical for 

polyadenosine RNA recognition as well.  Taken together, this data suggests that poly(A) 

RNA recognition by Nab2 requires specific aromatic and basic amino acids within zinc 

fingers five and seven. 

Our data thus far suggests that Nab2 zinc fingers 5-7 are sufficient to specifically 

recognize polyadenosine RNA.  Furthermore, we have solved the solution structure of 

this domain using NMR.  Amino acid substitutions predicted by this structure to 

contribute to recognition of poly(A) RNA impair binding between Nab2 ZnF 5-7 and 

Cy3-labeled poly(A) RNA oligonucleotides and confer cold-sensitive growth defects.  

However, the basis for this growth defect and the exact functional significance of 

disrupting Nab2 binding to polyadenosine RNA in vivo are not known.  As mentioned 

previously, Nab2 has been implicated in the control of poly(A) tail length as well as 

poly(A) RNA export from the nucleus (71, 73).  Presumably, the growth defects seen in  
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Figure 3.14: Evolutionarily conserved aromatic residues in Nab2 zinc fingers 5-7 are 
critical for Nab2 binding to polyadenosine RNA.  (A) Alignment of the seven Nab2 
CCCH zinc fingers.  Numbers correspond to the first and last amino acid are shown 
surrounding each zinc finger.  Cysteines and histidines are larger and shown in bold 
while those conserved aromatic residues (F450 and F471) that may impact RNA binding, 
are shown in purple and underlined.  (B) Aromatic amino acid substitutions in Nab2 ZnF 
5-7 abolish RNA binding.  GST (1 µM), GST-ZnF 5-7 (62.5 nM – 500 nM), or GST-ZnF 
5-7 F450A, F471A (62.5 nM – 500 nM) was incubated with ~125 nM Cy3-r(A)25.  Free 
Cy3-r(A)25 was then separated from RNA:protein complexes by electrophoresis on a non-
denaturing 5% polyacrylamide gel.  
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Figure 3.15: The evolutionarily conserved positively charged residue, Lys 416, in 
Nab2 zinc fingers 5 is critical for Nab2 binding to polyadenosine RNA.  (A) 
Alignment of the seven Nab2 CCCH zinc fingers.  Numbers corresponding to the first 
and last amino acid are shown surrounding each zinc finger.  Cysteines and histidines are 
larger and shown in bold while the conserved basic residue (K416) that may impact RNA 
binding is shown in red and underlined.  Other conserved positively charged and aromatic 
residues are also shown in bold.  (B) The K416A amino acid substitution in Nab2 ZnF 5-
7 abolishes RNA binding.  GST (2 µM), GST-ZnF 5-7 (62.5 nM – 2 µM), or GST-ZnF 5-
7 K416A (62.5 nM – 2 µM) was incubated with ~125 nM Cy3-r(A)25.  Free Cy3-r(A)25 
was then separated from RNA:protein complexes by electrophoresis on a non-denaturing 
5% polyacrylamide gel.  
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Figure 3.16: The evolutionarily conserved positively charged residue, Arg 438, in 
Nab2 zinc fingers 6 is critical for Nab2 binding to polyadenosine RNA.  (A) 
Alignment of the seven Nab2 CCCH zinc fingers.  Numbers corresponding to the first 
and last amino acid are shown surrounding each zinc finger.  Cysteines and histidines are 
larger and shown in bold while the conserved basic residue (R438) that may impact RNA 
binding is shown in red and underlined.  Other conserved positively charged and aromatic 
residues are also shown in bold.  (B) The R438A amino acid substitution in Nab2 ZnF 5-
7 abolishes RNA binding.  GST (2 µM), GST-ZnF 5-7 (62.5 nM – 2 µM), or GST-ZnF 5-
7 R438A (62.5 nM – 2 µM) was incubated with ~125 nM Cy3-r(A)25.  Free Cy3-r(A)25 
was then separated from RNA:protein complexes by electrophoresis on a non-denaturing 
5% polyacrylamide gel.  
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Figure 3.17: The evolutionarily conserved positively charged residue, Arg 459, in 
Nab2 zinc fingers 7 is critical for Nab2 binding to polyadenosine RNA.  (A) 
Alignment of the seven Nab2 CCCH zinc fingers.  Numbers corresponding to the first 
and last amino acid are shown surrounding each zinc finger.  Cysteines and histidines are 
larger and shown in bold while the conserved basic residue (R459) that may impact RNA 
binding is shown in red and underlined.  Other conserved positively charged and aromatic 
residues are also shown in bold.  (B) The R459A amino acid substitution in Nab2 ZnF 5-
7 abolishes RNA binding.  GST (2 µM), GST-ZnF 5-7 (62.5 nM – 2 µM), or GST-ZnF 5-
7 R459A (62.5 nM – 2 µM) was incubated with ~125 nM Cy3-r(A)25.  Free Cy3-r(A)25 
was then separated from RNA:protein complexes by electrophoresis on a non-denaturing 
5% polyacrylamide gel.  
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Nab2 RNA binding mutants can be attributed to defects in one or both of these essential 

functions.  To examine the direct requirement for Nab2 binding to RNA in each of these 

processes, we tested whether cells expressing Nab2 variants that are defective for RNA 

binding show changes in poly(A) tail length, poly(A) RNA export from the nucleus, or 

both processes.  

RNA transcripts isolated from cells depleted for Nab2 or cells containing mutant 

alleles of NAB2 display longer tracts of poly(A) than wild-type cells (71, 171).  We 

therefore postulated that the growth defect seen in cells expressing nab-

C415A,C437A,C458A (nab2-C5-7A) and nab2-C415R,C437R,C458R (nab2-C5-7R)  

could be due to deregulation of polyadenylation.  To test this hypothesis, we analyzed 

poly(A) tail length in yeast cells expressing Nab2, nab2-1, nab2-C5-7A, nab2-C5-7R, 

or nab2-C437S as the only copy of NAB2 (Figure 3.18).  As expected, cells expressing 

wild-type Nab2 showed normal poly(A) tail length, while those expressing nab2-1 

showed extended poly(A) tails at both 30°C and 18°C (171).  Yeast cells expressing 

nab2-C5-7A, nab2-C5-7R, or nab2-C437S all showed longer poly(A) tails than cells 

expressing wild-type Nab2 at both temperatures tested.  These results suggest that Nab2 

RNA binding is critical for proper control of poly(A) tail length. 

In order to examine whether changes within the CCCH zinc finger binding 

domain of Nab2 cause defects in poly(A) RNA export, we used fluorescence in-situ 

hybridization (FISH) to localize bulk polyadenylated RNA transcripts in cells expressing 

Nab2, nab2-1 (which displays a poly(A) RNA export defect) (73), and the triple zinc  
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Figure 3.18:  Cells that express Nab2 mutants defective for RNA binding show 
extended poly(A) tails.  Total RNA was isolated from yeast cells grown at 30°C or 18°C 
expressing wild-type Nab2, nab2-1, nab2-C5-7A, nab2-C5-7R, or nab2-C437S and 
end-labeled with 32pCp and T4 RNA ligase.  RNA was then digested with RNase A and 
RNase T1 to digest non-poly(A) RNA tracts.  Resulting stretches of poly(A) RNA were 
then resolved by denaturing urea-polyacrylamide gel electrophoresis and visualized by 
autoradiography.  The position of the 70 nucleotide (nt) typical poly(A) tail length marker 
is indicated to the left.  
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finger mutants, nab2-C5-7A and nab2-C5-7R.  Cells were grown at 30°C for 4 hours, 

cultures were divided and shifted to either 18°C or 12°C for 6 hours before being 

analyzed for poly(A) RNA localization.  Cells shifted to 18°C and expressing wild-type  

Nab2 showed no accumulation of poly(A) RNA in the nucleus, while nab2-1 cells 

displayed a significant accumulation of poly(A) RNA in the nucleus (Figure 3.19).  Cells 

expressing nab2-C5-7A or nab2-C5-7R also showed no detectable nuclear 

accumulation of poly(A) RNA when shifted to 18°C.  However, when cells expressing 

nab2-C5-7A are shifted to 12°C, poly(A) RNA accumulates within the nucleus (Figure 

3.20).  As a control, a mutant of Nab2, nab2-21, which lacks half of zinc finger 6 and all 

of zinc finger 7 and was previously shown to accumulate poly(A) RNA in the nucleus at 

lower temperatures (71), also shows nuclear accumulation of poly(A) RNA at 12°C.  

Cells expressing a wild-type copy of Nab2, however, showed no nuclear accumulation of 

poly(A) RNA at 12°C.   

 

Discussion 

In the current study, we define the high affinity RNA binding domain within the 

tandem CCCH zinc fingers of the polyadenosine RNA binding protein Nab2.  We show 

through a combination of genetic and biochemical methods that Nab2 zinc fingers 5-7 are 

sufficient to mediate specific and high affinity binding to polyadenosine RNA.  In 

collaboration with Murray Stewart’s laboratory, the atomic resolution structure of the 

Nab2 zinc finger domain was solved by NMR.  Using this structural data, specific solvent 

exposed aromatic and basic amino acids were identified that were predicted to interact 
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Figure 3.19: Cysteine to alanine amino acid substitutions within the Nab2 
polyadenosine RNA binding domain do not cause accumulation of poly(A) RNA in 
the nucleus at 18°C.  Fluorescence in-situ hybridization (FISH) using an oligo-d(T) 
probe to detect poly(A) RNA was performed on yeast cells expressing wild-type Nab2, 
ΔN-Nab2, nab2-C5-7A, or nab2-C5-7R as described in Materials and Methods.  
Corresponding DAPI and differential interfering contrast (DIC) images are shown. 
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Figure 3.20: Cysteine to alanine amino acid substitutions within the Nab2 
polyadenosine RNA binding domain cause accumulation of poly(A) RNA in the 
nucleus at 12°C.  Fluorescence in-situ hybridization (FISH) using an oligo-d(T) probe to 
detect poly(A) RNA was performed on yeast cells expressing wild-type Nab2, ΔN-Nab2, 
nab2-C5-7A, or nab2-21 as described in Materials and Methods.  Corresponding DAPI 
and differential interfering contrast (DIC) images are shown. 
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with polyadenosine RNA.  Substitution of several of these residues by alanine disrupts 

Nab2 binding to poly(A) RNA in vitro and confers growth defects in vivo.  Another Nab2 

mutant, nab2-C5-7A, which contains cysteine to alanine substitutions at the first 

cysteine of zinc fingers 5-7, impairs Nab2 function in vivo and also causes aberrant 

control of poly(A) tail length and accumulation of poly(A) RNA in the nucleus at lower 

temperatures. 

 While S. cerevisiae Nab2 contains seven zinc fingers, putative Nab2 orthologues 

in higher eukaryotes contain only five tandem CCCH zinc fingers (67), which suggested 

to us that only a subset of Nab2 zinc fingers may be necessary for specific recognition of 

polyadenosine RNA.  Accordingly, we show here that Nab2 CCCH zinc fingers 5-7 

encode the Nab2 high affinity poly(A) RNA binding domain.  Although Nab2 mutants 

that lack all seven zinc fingers do not bind polyadenosine RNA [Figure 2.7 and (67)], 

Nab2 mutants that lack only zinc fingers 5-7 (Nab2-ΔZnF 5-7) retain some affinity for 

polyadenosine RNA (Figure 3.6).  However, Nab2-ΔZnF 5-7 binds poly(A) RNA with an 

apparent  Kd of 548 nM, approximately 8-10 fold higher than the established binding 

affinity of full-length Nab2.  This difference suggests that while the high affinity poly(A) 

RNA binding site within Nab2 is located within zinc fingers 5-7, an additional, lower 

affinity poly(A) RNA binding site, may be located within zinc fingers 1-4.  Nab2 also 

encodes an arginine-glycine-glycine (RGG) repeat domain.  Although the RGG domain 

of other proteins has been shown to bind nucleic acids (141), a Nab2 construct containing 

the RGG domain but none of the zinc fingers (Nab2 ΔZnF 1-7) does not bind 

polyadenosine RNA in vitro [Figure 2.7 and (67)].  Weak binding of Nab2-ΔZnF 5-7 to 

poly(A) RNA in vitro is also consistent with a previous study which demonstrated that 
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Nab2 mutants lacking zinc fingers 5-7 could be UV-crosslinked to poly(A) RNA in vivo, 

although at a greatly reduced efficiency compared to full-length Nab2 (73).  Future 

experiments will endeavor to measure the binding affinities of zinc fingers 1-4 versus 5-7 

in vitro using fluorescence anisotropy.  

A close inspection of the Nab2 amino acid sequence reveals that the seven zinc 

fingers are arranged in three zinc finger clusters (diagrammed in Figure 3.1).  The zinc 

fingers within each cluster are arranged in extremely close proximity to one another, 

consistent with the idea that they might function as independently folding domains.  The 

spacing between the cysteine and histidine residues in zinc fingers 1-2 is CX5CX5-6CX3H 

while the spacing between zinc fingers 3-7 is CX5CX4CX3H.  These slight differences in 

spacing and, presumably, the resulting three-dimensional zinc finger structure could 

explain the differences seen in binding affinity to polyadenosine RNA between zinc 

fingers 1-4 and zinc fingers 5-7 (172).  Zinc fingers 1 and 4 also lack an aromatic residue 

(such as Phe or Tyr) between the third cysteine and the histidine, while zinc fingers 2 and 

4 lack a positively charged residue (such as Arg or Lys) after the first cysteine.  We show 

here that aromatic and positively charged residues at these positions are critical for Nab2 

binding to polyadenosine RNA.  The absence of aromatic or positively charged residues 

at these particular positions may be another contributing factor leading to the lack of high 

affinity poly(A) RNA binding detected for Nab2-ΔZnF 5-7.  Although our data suggests 

that zinc fingers 1-4 could bind poly(A) RNA with relatively low affinity, in fact the 

specificity of zinc fingers 1-4 alone has not been tested.  Nab2 zinc fingers 1-4 could 

interact preferentially with another RNA sequence or, alternatively, could interact with 
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RNA in a non-sequence specific manner.  Further experiments will be necessary to 

examine the potential contributions of these zinc fingers to RNA binding. 

Importantly, we present evidence here that cysteine to alanine amino acid 

substitutions in zinc fingers 5-7 disrupt polyadenosine RNA binding in vitro and also 

cause defects in poly(A) tail length control and nuclear export of poly(A) RNA.  This 

finding suggests that Nab2 plays a critical role in the control of both poly(A) tail length 

and export of poly(A) RNA from the nucleus.  The question remains however, as to 

whether Nab2 plays a direct role in one or both of these processes.  Several studies have 

demonstrated a reciprocal nature to the defects seen in both mRNA export proteins and 

3’-end processing factors.  Specifically, defects in many nuclear export factors cause not 

only nuclear accumulation of poly(A) RNA, but also extended poly(A) tails, while 

mutants in the mRNA 3’-end processing machinery show defects in cleavage and 

polyadenylation as well as nuclear accumulation of poly(A) RNA (52, 55).   

These surprising results demonstrate the intricacy of the coupling between mRNA 

processing and export in eukaryotes but also begs the question as to whether extended 

poly(A) tails cause RNA export defects or whether defects in the transport machinery 

result in extended poly(A) tails.   The Nab2 mutants analyzed in this study provide 

compelling evidence to support either model to the exclusion of the other, and thus a 

combination of both models is likely the most accurate.  If the cause of extended poly(A) 

tails is the nuclear accumulation of poly(A) RNA, then mRNA transcripts from cells 

expressing nab2-C5-7A, where poly(A) RNA does not accumulate in the nucleus at the 

permissive temperature of 30°C (Figures 3.19 and 3.20), should not have long poly(A) 

tails at 30°C.  However, RNA isolated from cells expressing nab2-C5-7A has longer 
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poly(A) tails compared to wild-type cells even at the permissive temperature of 30°C 

(Figure 3.18).  In other words, Nab2 mutants still show extended poly(A) tails even in the 

absence of poly(A) RNA accumulation in the nucleus.  Therefore, mRNA transcripts are 

not hyper-polyadenylated simply because they are “stuck” in the nucleus.  Conversely, 

extended poly(A) tails, alone, are not sufficient to cause the nuclear accumulation of 

poly(A) RNA under normal growth conditions.  We propose that only under stressed 

growth conditions, such as growth of nab2-C5-7A cells at the suboptimal temperature of 

18°C, are longer poly(A) tails detrimental to cell viability.  Accordingly, we also suggest 

that the poly(A) RNA export defect of nab2-C5-7A cells is a secondary effect of a 

primary defect in RNA processing.   

While previous results have suggested that the essential function of Nab2 is in 

mRNA export from the nucleus, a primary role for Nab2 in mRNA 3’-end processing is 

consistent with evidence obtained in other model organisms.  A recent genome-wide 

study investigating the components required for proper export of poly(A) RNA in 

Drosophila melanogaster S2 cells demonstrated that siRNA knock-down of the putative 

D. melanogaster Nab2 orthologue, CG5720, did not cause nuclear accumulation of 

poly(A) RNA (173).  In addition, recent work characterizing the putative human Nab2 

orthologue, ZC3H14, demonstrates that ZC3H14 co-localizes with the nuclear speckle 

marker, SC35 (146).  Nuclear speckles are thought to house the workers for the mRNA 

assembly line as they contain many splicing factors as well as transcription-related 

proteins that play critical roles in RNA metabolism [reviewed by (174)].  Hence, 

localization of ZC3H14 in nuclear speckles strongly suggests a role in mRNA processing.  

The evidence presented here strongly supports the idea that carefully defining a specific 
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protein function, such as RNA binding, and making mutants to disrupt that function, 

allows for precise definition of the cellular role of that protein.  

 

Experimental Procedures 

Chemicals, Plasmids, and Saccharomyces cerevisiae Manipulations – Chemicals were 

obtained from Fisher Scientific (Pittsburgh, PA), Sigma-Aldrich (St. Louis, MO), or US 

Biological (Swampscott, MA) unless otherwise noted.  DNA manipulations were 

performed according to standard methods (150) and all media were prepared by standard 

procedures (151).  All S. cerevisiae strains and plasmids used in this study are described 

in Table 1.  Plasmids encoding mutant nab2 proteins were created by site-directed 

mutagenesis of a wildtype Nab2 plasmid (pAC717) using the QuikChange Site-directed 

mutagenesis kit (Stratagene).  All plasmids were fully sequenced to ensure that no 

mutations other than those targeted were introduced during site-directed mutagenesis.  

The NAB2 open reading frame was deleted from S. cerevisiae strains encoding the 3’-end 

processing mutants pap1-1 or rna15-2 using PCR-based gene disruption essentially as 

described (175) 

In vivo Functional Analysis – The in vivo function of each nab2 mutant was tested using a 

plasmid shuffle assay (153).  S. cerevisiae cells deleted for NAB2 (ACY427) and 

containing a wild-type NAB2 URA3 plasmid (pAC636) were transformed with LEU2 

plasmids encoding various nab2 mutants.  Transformants were grown to saturation and 

cells were then serially diluted and spotted onto control ura- leu- glucose plates or plates 

containing 5-fluoroorotic acid (5-FOA).  Plates were then incubated at 18°C, 25°C, 30°C, 

or 37°C for 3-5 days.  The toxic uracil analog, 5-FOA, kills cells that contain a functional 
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uracil biosynthetic pathway (153).  Hence, only those cells that lose the URA3 plasmid 

encoding wild-type Nab2 and retain a functional copy of Nab2 on the LEU2 plasmid will 

grow on media containing this drug.  

For analysis of dbp5-2 suppression, a plasmid shuffle assay was performed using 

a ΔNAB2 strain that also harbored the dbp5-2 allele (ACY1669) as described above with 

the following modifications.  Instead of directly spotting ΔNAB2 dbp5-2 transformants 

onto selective media containing 5-FOA, cells were first struck to selective media 

containing 5-FOA, then struck to rich media (YPD), and finally grown to saturation, 

serially diluted, and spotted onto YPD.  Plates were then incubated at 16°C, 18°C, 25°C, 

30°C, or 32°C for 3-5 days. 

Genomic Integration of Cysteine to Alanine Mutations – Genomic integration of the 

nab2-C5-7A allele into wild-type yeast cells were performed essentially as described 

(169, 170) (For a pictorial representation of this description see Figure 3.4).  Briefly, the 

C-terminal zinc finger domain of nab2-C5-7A along with ~100 base pairs of the Nab2 

3’-untranslated region (3’-UTR) was initially amplified by PCR from pAC 2203 (See 

Table 3.1) yielding PCR product A.  The natamycin resistance cassette (NATR) was also 

amplified (See Table 3.1) yielding PCR Product B.  As shown in Figure 3.4, the 3’-end of 

PCR product A was homologous to the 5’-end of PCR product B, which allowed us to 

perform overlap PCR.  In order to perform overlap PCR, products from the previous two 

reactions were diluted 1:1000 and 1 µl of each diluted PCR product was added as a 

template to a third PCR reaction.  The first two rounds of the final PCR reaction were 

performed without oligonucleotide primers and under higher annealing temperatures 

(65°C for rounds 1-2, vs. 56°C for rounds 3-30) that favored specific annealing of the 
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complementary ends of PCR products A and B.  After the initial two rounds of PCR 

reaction #3, oligonucleotide primers were added to the reaction and the annealing 

temperature was lowered to 56°C to specifically amplify the entire nab2-C5-7A-NATR 

combinatorial product.  S. cerevisiae cells were transformed with the resulting PCR 

products from the overlap PCR reaction, plated onto rich media (YEPD), and grown at 

30°C for 1 day.  Cells were then replica plated to media containing natamycin (50 µg/ml 

concentration) and grown at 30°C.  NATR colonies usually appeared within 3-4 days of 

replica plating.  Genomic DNA was isolated from NATR colonies and the NAB2 genomic 

locus was amplified by PCR to check for the insertion of the NATR cassette.  Insertion of 

the NATR cassette and the nab2-C5-7A mutations were confirmed by sequencing PCR 

products.   

Protein Expression and Purification – GST-tagged proteins were expressed in E. coli and 

purified essentially as described (67).  Briefly, plasmids encoding GST, GST-Nab2, 

GST-Nab2 Zinc Finger (ZnF) 1-4, or GST-Nab2-ZnF 5-7 were transformed into 

BL21(DE3) E. coli cells.  Single colonies were inoculated into 2 ml cultures and grown 

overnight to saturation.  These starter cultures were used to inoculate 50 ml of media.  

Cultures were grown at 37°C until they reached an OD 600nm of 0.4-0.6.  Protein 

expression was induced with 200 µM isopropyl β-D-1-thiogalactopyranoside (IPTG) for 

5 hrs at 30°C.  Following protein induction, cells were pelleted and frozen at –80°C.  

Frozen cell pellets were resuspended in lysis buffer (20 mM Tris-HCl pH 8.0, 100 mM 

NaCl, 5% glycerol, 4 µM 2-mercaptoethanol, 2 µM ZnCl2, 1 mM 

phenylmethylsulfonylfluoride) and lysed by sonication.  GST-tagged proteins were 

purified on GST-sepharose 4B (GE Healthcare Life Sciences) according to the 
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manufacturer’s directions.  A small amount of purified protein was resolved by SDS-

PAGE to determine the purity of the sample.   

To express recombinant full-length Nab2 in E. coli, the expression plasmid, 

pAC2133, was transformed into BL21(DE3)pLYS cells (Novagen).  Single colonies were 

inoculated into 2 ml of media and grown to saturation overnight.  This culture was then 

used to inoculate 1 L of LB media.  Cells were grown at 37°C until they reached an 

OD600 nm of 0.4 – 0.6.  Cultures were then shifted to 30°C and induced with 200 µM 

isopropyl β-D-1-thiogalactopyranoside (IPTG) for 5 hrs.  Cells were then centrifuged at 

3800rpm for 20 minutes at 4°C and pelleted cells were frozen at -80°C.  For purification 

of untagged Nab2 proteins from frozen cell pellets, cell pellets were thawed on ice and 

resuspended in an equal volume of lysis buffer (20 mM piperazine pH 9.5, 1 µM ZnCl2, 

2% glycerol, 4 mM β-mercaptoethanol, 1mM phenylmethylsulfonylfluoride) and lysed 

using a French Press.  The lysates were cleared by centrifugation, loaded onto a HiTRAP 

Q column (GE Healthcare) pre-equilibrated with Buffer A (20mM piperazine pH 9.5, 1 

µM ZnCl2, 2% glycerol, and 2 mM β-mercaptoethanol), and bound protein was eluted 

using a linear gradient of Buffer B (20 mM piperazine pH 9.5, 1 µM ZnCl2, 2% glycerol, 

2 mM β-mercaptoethanol, and 1 M NaCl).  Fractions containing untagged recombinant 

Nab2 were dialyzed overnight into Buffer C (20 mM Tris-HCl pH 8.5, 50 mM NaCl, 2 

mM MgOAC, 2 µM ZnCl2, 2% glycerol, and 2 mM β-mercaptoethanol).  The dialyzed 

protein was then concentrated by adding saturated ammonium sulfate to 25% saturation.  

Precipitated proteins were pelleted and resuspended in Buffer C.  The concentrated 

protein was then loaded onto a Superdex S-200 gel filtration column pre-equilibrated 

with Buffer C and fractions containing untagged recombinant Nab2 were pooled and 
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concentrated using Centricon spin concentrators (Millipore).  Since we found that 

freezing the purified protein led to loss of nucleic acid binding, freshly purified aliquots 

of protein were used for each binding experiment. 

RNA Oligonucleotides and RNA Electrophoretic Mobility Shift Assays – All RNA 

oligonucleotides were obtained from Dharmacon (Lafayette, CO) and were deprotected 

in the supplied deprotection buffer according to the manufacturer’s instructions.  

Deprotected oligos were evaporated to dryness and stored at –20°C.  For RNA gel shift 

assays, a Cy3-labeled 25-nt poly(A) RNA oligonucleotide was incubated in binding 

buffer (20 mM Tris-HCl pH 8.5, 50 mM NaCl, 2 mM MgOAc, 2 µM ZnCl2, 2% 

glycerol) with GST or GST-tagged proteins as indicated for 20 min at room temperature.  

Binding reactions were loaded onto a native 5% polyacrylamide gel and electrophoresed 

in 0.3x TBE for 30-60 min to resolve free Cy3-labeled oligonucleotide from RNA-

protein complexes.  The position of the Cy3-labeled oligonucleotide within the native gel 

was determined using a Typhoon phosphorimager (Amersham) equipped with a laser 

capable of exciting Cy3.  RNA gel shift competition experiments were performed as 

described previously (67). 

RNA labeling protocol – RNA 3’-end labeling was performed essentially as described 

(176).  Briefly, RNA oligonucleotides were incubated with 100 mM NaOAc pH 5.1, 100 

µM NaIO4 at room temperature for 90 minutes and then precipitated with 2.5 µL of 5 M 

NaCl, 1 µl of 20µg/µl glycogen (Invitrogen), and 100 µl of ice-cold 100% ethanol for 20 

minutes at -20°C.  Precipitated RNA was pelleted by centrifugation and resuspended in 

50 µl of labeling solution (1.5 mM fluorescein 5-thiosemicabazide, 100 mM NaOAc pH 

5.1.  Samples were covered and RNA was labeled overnight at 4°C.  To remove 
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unreacted fluorescein, labeling reactions were added to a G-25 sephadex column.  

Labeled RNA was eluted by centrifugation.  Labeling efficiency was determined using 

the following equation: 

   [1] 

 

where OD490 and OD260 is the absorbance at 490 nm and 260 nm, respectively and ε is the 

extinction coefficient for either fluorescein or the oligonucleotide as noted.  Typical 

labeling efficiencies were 60-85%.  The purity of labeled RNA oligonucleotides was 

analyzed by agarose gel electrophoresis.  

Limited Trypsin Proteolysis and Poly(A) Sepharose Binding Assays – For partial 

proteolysis, 3.2 mg of recombinant purified GST-Nab2 was then incubated with 20 µg of 

trypsin for 30 min at room temperature.  The entire reaction was then incubated with 

poly(A) sepharose 4B (Sigma), the sepharose was washed and bound complexes were 

eluted.  Bound fractions were resolved by SDS-PAGE and either stained with Coomassie 

Blue or transferred to PVDF membranes for N-terminal sequencing.  Edmann 

degradation N-terminal sequencing was performed by the Emory Microchemical Facility 

to identify the N-terminal eight amino acids of the eluted Nab2 RNA binding fragments.  

Please refer to the supplemental Materials and Methods for a more complete description 

of this procedure. 

Fluorescence Anisotropy Assay and Dissociation Constant Determination – 2 nM 

fluorescein-labeled RNA oligonucleotides were incubated with increasing amounts 

(protein concentrations range from 50 pM to 5 µM) of recombinant purified proteins in 

384-well black plates as described (176).   Polarization data were fit to Equation 2:  

! 

Efficiency =  
OD490 /" fluorescein

OD260 /"oligonucleotide
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where θ is the experimentally observed polarization value, base is the minimum 

polarization value when no protein is added, max is the maximum polarization value at 

saturating concentrations of protein, Kd is the apparent dissociation constant, and Pt is the 

protein concentration.  Reported Kd values are the average of at least three experiments. 

Poly(A) Tail Length Determination – NAB2, nab2-1,  nab2-C437S, nab2-C5-7A, or 

nab2-C5-7R cells were inoculated into YPD media and grown to saturation at 30°C.  

Cells were then diluted into 50 ml of YPD and grown at either 30°C or 18°C until they 

reached OD 600nm of 0.6 – 0.8.  A total of 20 OD units of cells were harvested from 

each culture and poly(A) tail length was determined as described previously (171, 177).  

Briefly, total RNA was end-labeled with 32P-pCp and T4 RNA ligase.  In order to digest 

non-poly(A) RNA, the labeled RNA was simultaneously digested with RNases A/T1 and 

then ethanol precipitated.  Resuspended RNA was then resolved by denaturing urea-

acrylamide gel electrophoresis and imaged using a phosphorimager. 

Fluorescence in-situ Hybridization (FISH) – NAB2, nab2-1, nab2-C5-7A, or nab2-C5-

7R cells were initially grown in 2 ml YPD cultures to saturation at 30°C.  These starter 

cultures were then used to inoculate 5 ml YPD cultures that were grown overnight 

(approx. 16 hours) at either 30°C or 18°C.  Cells were then fixed by the addition of 700 

µl of 37% formaldehyde and incubated at 30°C or 18°C for 90 min and FISH using an 

oligo d(T) probe to detect poly(A) RNA was performed as described (178).  Cells were 



  

 
126 

also stained with 4’, 6-diamidino-2-phenylindole (DAPI) to visualize DNA within the 

nucleus. Please refer to the supplemental Materials and Methods for a more complete 

description of this procedure. 

Cloning and Purification of proteins used for NMR analyses –  Yeast Nab2 residues 409 

– 483 were cloned into pGEX6P-1 (GE-Healthcare) using BamHI, XhoI, resulting in the 

additional N-terminal sequence GPLGS left on the final protein construct. The plasmid 

was transformed into E. coli strain BL21 DE3 and cells were grown in M9 minimal 

medium at 37C to an optical density of 0.6. Protein expression was induced by addition 

of 200 µM IPTG and 250 µM ZnCl2. Expression was carried out at 20 C over night. The 

protein was then purified using standard GST-purification methods in 50 mM TRIS pH 

8.0, 200 mM NaCl, 10 µM ZnCl2 and 5 mM β-mercaptoethanol. After a first wash bound 

nucleotides were digested with a treatment of DNAse / RNase and a subsequent wash 

with the above buffer containing 1M NaCl. The GST-fusion protein was eluted using 

reduced glutathione and cleaved overnight at 4C using PreScission-protease. After 

addition of glutamic acid and arginine to 50mM the cleaved protein was concentrated and 

subjected to gel-filtration chromatography on a S75 column (GE-Healthcare) in 50 mM 

TRIS-HCl pH 6.75, 50 mM NaCl, 50 mM Glu/Arg, 10 µM ZnCl2 and 5mM β-ME. 

Fractions containing the desired Nab2 fragment were pooled and concentrated up to 

1.2 mM protein concentration. 

NMR spectroscopy – All data was acquired on Bruker DMX600 and DRX500 

spectrometers, each equipped with a triple resonance (1H/15N/13C) cryoprobe.  1H, 15N and 

13C chemical shifts were calibrated using sodium 3,3,3-trimethylsilylpropionate (TSP) as 

an external 1H reference. Unless otherwise stated, all NMR experiments for the free 
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protein were performed at 17°C using 15N- or 15N, 13C-labelled protein samples in the 

buffer used for gel-filtration supplemented with 5% D2O.    

Resonance assignments were made using a standard suite of triple resonance 

NMR experiments.  For experiments used to derive structural constraints the samples 

comprised 1.2 mM 15N, 13C-labelled solutions of Nab2 409-483.  The following spectra 

were acquired: 2D: [15N-1H] HSQC, long-range-optimized [15N-1H] HMQC to correlate 

histidine ring 1H and 15N signals,(179) [13C-1H] HSQC covering the full 13C spectral 

width, constant-time [13C-1H] HSQC covering only the aliphatic 13C region, constant-time 

[13C-1H] HSQC covering only the aromatic 13C region; 3D data sets: CBCANH, 

CBCACONH, HBHACONH, [1H-13C-1H] HCCH-TOCSY, [13C-13C-1H] HCCH-TOCSY, 

15N NOESY-HSQC (tm = 120 ms and tm = 50 ms), 13C NOESY-HSQC (tm = 150 ms), 

separate datasets acquired for 13C aliphatic and aromatic spectral regions. Residual 

dipolar couplings were measured using a 0.6 mM 15N, 13C-labelled solution of Nab2 409-

483, to which Tobacco Mosaic Virus was added to a final concentration of 25 mg/ml; 

splittings were measured in F
1
 cross-sections of [15N-1H] HSQC IPAP and [13C-15N-1H] 

HNCO IPAP spectra. 

Structure Calculations –  Initial structures for the free protein fragments were calculated 

using the semi-automatic program CYANA, for which the input comprises the protein 

sequence (residues 409-483), the full resonance assignment and the following 3D 

NOESY datasets: 15N NOESY-HSQC (tm = 120 ms), 13C aliphatic region NOESY-HSQC 

(tm = 150 ms) and 13C aromatic region NOESY-HSQC (tm = 150 ms). During the 

CYANA calculations no metal was represented explicitly, but the effect of metal binding 
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was approximated by including inter-ligand distance constraints as follows: Sγ to Sγ, 3.7-

4.0Å; Sγ to histidyl-N, 3.4-3.8Å; histidyl-N to histidyl-N, 3.1-3.5Å.   

 In order to be able to employ explicit zinc bonding and geometry terms in the 

force-field for the calculations (including bond-angle and, for the histidines, in-plane 

constraints), as well as constraints based on RDC measurements, we next calculated 

structures using XPLOR-NIH. As input, these calculations used the set of NOE restraints 

generated by the final (seventh) cycle of CYANA, re-imported into CCPNMR Analysis 

and groomed by manual inspection.  Since the XPLOR-NIH calculations employed r-6 

summation for all groups of equivalent protons and non-stereospecifically assigned 

prochiral groups, and since no stereoassignments were made (and the assignment-

swapping protocol within XPLOR-NIH for deriving stereoassignments indirectly during 

the structure calculation itself was not applied), the constraints for all such groups were 

converted to group constraints (i.e. such groups were specified using wildcards such as 

HB*). All lower bounds were set to zero. The pattern of zinc connectivities to the 

histidine residues was established using long-range 15N-HMQC experiments as 

described by Legge et al. which showed unambiguously that the Nε2 atom binds the zinc 

in all three cases.  Structures were calculated from polypeptide chains with randomized Φ 

and Ψ torsion angles using a two-stage simulated annealing protocol within the program 

XPLOR-NIH, essentially as described elsewhere. A final stage of refinement against 

measured values of amide group 15N-1H residual dipolar couplings was employed using 

the ISAC protocol of Sass et al. 

CCPNMR Analysis was used for resonance assignment and inspection of the 

CYANA NOE-assignments. RDCs were derived in Sparky. The program 
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CLUSTERPOSE was used to calculate the mean rmsd of ensembles to their mean 

structure. Structures were visualized using the program PyMOL (http://www.pymol.org) 
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Chapter 4: Nab2 genetically interacts with RNA processing components 
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Introduction 

The lifecycles of distinct RNA transcripts are extremely complex.   For instance, 

messenger RNA (mRNA) transcripts are transcribed by RNA polymerase II (Pol II) in 

the nucleus and are then extensively processed by enzymes that add the 5’-7-

methylguanosine cap, splice out introns, and cleave and polyadenylate the 3’-end of the 

transcript.  Once processed, mRNA transcripts are then exported from the nucleus and are 

translated into protein in the cytoplasm.  The error-free completion of each of these steps 

is critical in producing mature mRNA transcripts that will eventually be competent for 

translation by ribosomes in the cytoplasm.  Beyond mRNA transcripts, other small RNA 

transcripts are also produced by Pol II (180), including short nucleolar RNAs (snoRNAs) 

and cryptic unstable transcripts (CUTs) (181, 182).  Although the function of snoRNA 

transcripts in ribosomal RNA (rRNA) biogenesis is well documented (180, 183), the 

cellular function of CUTs is less well understood.  In the budding yeast, Saccharomyces 

cerevisiae, CUTs are transcribed from intergenic regions of the genome and are 

hypothesized to function in the control of gene expression (184, 185).   

Although RNA Polymerase II initially synthesizes both mRNAs and short RNA 

transcripts, such as snoRNAs and CUTs, the processing and final destination of these two 

classes of RNA transcripts varies greatly.  For example, in S. cerevisiae, mRNA 3’-end 

cleavage and polyadenylation occurs once components of the cleavage machinery, 

including Rna14 and Rna15, recognize specific sequences within the pre-mRNA 3’-

untranslated region (3’-UTR).  Rna14 and Rna15 are both conserved RNA binding 

proteins that function to correctly position the cleavage machinery (15).  Following 

cleavage, poly(A) polymerase 1 (Pap1) processively synthesizes the poly(A) tail, which 
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contains 70-90 adenosines on most S. cerevisiae transcripts (15).  snoRNA transcripts, 

however, are not normally polyadenylated.  These short 60 – 300 nucleotide transcripts 

(183) are initially synthesized by RNA polymerase II, as mentioned previously, and are 

retained in the nucleolus to function in the processing of precursor rRNAs.  Interestingly, 

several snoRNAs are transcribed as polycistronic messages and must be 

riboendonucleolytically cleaved following transcription.  Following cleavage, the 5’- and 

3’-ends of precursor snoRNA transcripts are trimmed by components of the nuclear 

exosome (100, 186, 187), a multi-protein complex containing 3’5’ riboexonuclease 

activity (reviewed by (187)).  Although functionally mature snoRNA transcripts are not 

polyadenylated, recent evidence (100) suggests that prior to trimming by the exosome, 

short oligo(A) tails are added to snoRNA transcripts to facilitate recruitment of the 

nuclear exosome (See below).   

The termination of RNA polymerase II-mediated transcription also varies 

between mRNA transcripts and short RNAs.  Although the exact mechanism of mRNA 

or snoRNA transcription termination remains contentious, several key proteins play roles 

in these processes.  In particular, snoRNA (and CUT) transcription termination is 

facilitated by two RNA binding proteins, Nab3 and Nrd1, as well as an RNA helicase, 

Sen1 (188-191).  Nrd1 is recruited to nascent transcripts via its direct interaction with the 

C-terminal domain of RNA polymerase II (192, 193).  Nrd1 and Nab3 bind the sequences 

GUAA/G and UCUU, respectively, both of which are commonly found in the 3’-end of 

many snoRNA transcripts (194, 195).  Sen1 is then recruited and may modulate 

transcription termination (191, 196-198).  Interestingly, the termination of mRNA 

transcription is facilitated by a completely separate set of proteins, including the 3’-end 
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processing machinery and the 5’3’ RNA exonuclease, Rat1.  According to the best 

current model for mRNA transcription termination, once 3’-end processing has been 

completed, Rat1 binds the transcript still associated with RNA Pol II and essentially 

chases down the polymerase, eventually causing termination of transcription [reviewed 

by (15, 199-201)].   

During the many processing steps from transcription by RNA polymerase II to 

their final destination in the cytoplasm or nucleolus, mRNAs and snoRNAs, respectively, 

are also subjected to various quality control checkpoints that monitor the correctness of 

processing events (18, 19).  Generally, the RNA quality control machinery recognizes 

error-containing transcripts and targets them for degradation via the exosome (18, 19).  

The majority of exosome components are localized to both the nucleus and cytoplasm 

(202).  However, one component, Rrp6, localizes primarily to the nucleus at steady state 

and is therefore considered a principle component of only the nuclear exosome (203).  

The conserved Rrp6 protein contains 3’5’ riboexonuclease activity (203) and plays a 

role in a wide variety of exosome functions, including the degradation of error-containing 

mRNA, the trimming of precursor rRNAs and snoRNAs, and the degradation of 

intergenic transcripts such as CUTs (98, 99, 204-206).   

Specific types of aberrant transcripts are recognized by several quality control 

pathways to monitor the correctness of mRNA transcription and processing (18, 19).  In 

particular, mRNA transcripts containing premature stop-codons are detected by the 

nonsense mediate decay (NMD) pathway (207, 208), while those transcripts lacking a 

stop-codon are detected by the nonstop decay pathway (208).  Neither of these pathways 

contains intrinsic RNA exonuclease activity and instead transcripts containing errors are 
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“marked” as such and targeted for degradation via the cytoplasmic 5’3’ 

riboexonuclease, Xrn1 (209, 210).   

Just as mRNA transcripts are “marked” for degradation by the NMD or nonstop 

decay quality control machinery, snoRNA transcripts that contain errors are also 

“marked” as error containing and are targeted for degradation by the nuclear exosome 

(100, 186).  Error containing snoRNAs are targeted for nuclear exosome-mediated 

degradation by the addition of a short oligo(A) tail on the 3’-end of the transcript (98, 

100, 186, 211).  The oligo(A) tails found on short RNA transcripts destined for 

degradation are added by one of the distributive poly(A) polymerases, Trf4 or Trf5 (97, 

212-215).  Trf4 and Trf5 are members of the recently identified TRAMP complex.  The 

TRAMP complex consists of one of the two poly(A) polymerases, Trf4 or Trf5, one of 

two RNA binding proteins, Air1 or Air2, and an RNA helicase, Mtr4 (186, 216).  Once 

bound to an error-containing transcript, members of the TRAMP complex add oligo(A) 

tails to the 3’-end of the transcript and recruit the nuclear exosome (186).  These short 

oligo(A) tails may help to facilitate RNA degradation by essentially provided an 

unstructured poly(A) “landing pad” for the nuclear exosome.  

The question arises, however, as to the mechanism by which the cell differentiates 

between the poly(A) tail of mRNA transcripts, which is a major determinant of transcript 

stability, and the shorter oligo(A) tails found on short transcripts, such as snoRNAs or 

CUTs, destined for degradation by the nuclear exosome.  One possibility is that the cell 

can distinguish short oligo(A) tails from long poly(A) tails based on length alone or 

perhaps due to differences in the processivity of the polymerases that add the poly(A) 

tails.  The poly(A) tails of mRNA transcripts are added in a very processive manner by 
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the canonical poly(A) polymerase, Pap1 (217, 218).  However, the oligo(A) tails of short 

RNA transcripts destined for degradation are added by the more distributive polymerases, 

Trf4 and Trf5 (97, 212-215).  Additionally, the polymerase itself could play an active role 

in dictating whether the transcript will be targeted for degradation.  Trf4 and Trf5 are part 

of the TRAMP complex, along with the putative helicase Mtr4 (97).  Interestingly, Mtr4 

interacts with the exosome component Rrp6 (219, 220), suggesting that perhaps it is not 

the oligo(A) tails, per se, that lead to degradation, but instead the physical presence of the 

TRAMP complex that recruits the exosome.  In further support of this model, recent 

evidence suggests that Trf4 promotes degradation of excised introns by the exosome-

independent of polyadenylation (212).   

 The cell may also distinguish between long and short stretches of adenosines 

based on proteins bound to the poly(A) tail and the RNA sequences immediately 

proximal to the poly(A)/oligo(A) tail (e.g. the 3’-UTR of mRNA transcripts).  The 

question remains, however, as to how a poly(A) binding protein would determine poly(A) 

tail length or, more specifically, the type of RNA transcript to which the tail was 

attached.  One possibility is that poly(A) binding proteins are recruited to poly(A) tails by 

other proteins already bound to the transcript, including enzymes responsible for 3’-end 

processing, quality control, or even transcriptional termination.  Furthermore, the 

“marker” Pab could also be recruited by the C-terminal domain of RNA polymerase II.  

The recruited poly(A) binding (Pab) proteins could then either recruit the exosome, if it is 

bound to the oligo(A) tails of short RNA transcripts, or protect against exosome-mediated 

RNA degradation, if the marker Pab protein interacts with the poly(A) tail of mRNA 

transcripts.  



  

 
136 

 In S. cerevisiae, one likely “marker” Pab candidate is the essential Nuclear 

Poly(A) Binding protein 2 (Nab2).  Nab2, which binds specifically to poly(A) RNA via a 

conserved tandem CCCH zinc finger motif, is required for poly(A) RNA export from the 

nucleus (67, 70, 71, 73).  Cells that express Nab2 mutants, such as ΔN-Nab2, a nab2 

mutant lacking residues 3-97, or nab2-C5-7A, which contains cysteine to alanine 

substitutions in the first cysteines of zinc fingers 5-7, also exhibit extended poly(A) tails 

on bulk RNA (71, 72), suggesting that Nab2 is intricately involved with the 3’-end 

processing machinery.  Interestingly, the other primary S. cerevisiae Pab, Pab1, localizes 

to the cytoplasm, while Nab2 localizes to the nucleus at steady state (73), suggesting that 

Nab2, and not Pab1, may be a critical marker of polyadenylated transcripts within the 

nucleus.  A previous study investigating the in vivo consensus RNA binding sequence of 

Nab2, revealed that Nab2 binds the sequence (A)11G (49).  Since this study only 

investigated mRNA transcripts and not short RNAs, it is unclear whether Nab2 binds 

solely mRNA transcripts or is also associated with snoRNAs and CUTs destined for 

degradation by the nuclear exosome.  Given this information, we hypothesized that Nab2 

may interact with components of the mRNA and snoRNA biogenesis pathways.   

In the current study, we present data demonstrating that NAB2 genetically 

interacts with RNA processing components.  Specifically, a Nab2 mutant, nab2-C5-7A, 

which shows decreased binding to polyadenosine RNA in vitro (Figure 3.4) and also 

leads to extended poly(A) tails (Figure 3.18) and nuclear accumulation of poly(A) RNA 

(Figure 3.20) in vivo, is synthetically lethal with mRNA cleavage and polyadenylation 

mutants.  We also demonstrate that deletion of the normally essential NAB2 gene can be 

suppressed by deletion of RRP6.  Furthermore, Rrp6 active-site mutants that destroy the 
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catalytic activity of Rrp6 also suppress deletion of NAB2.  Deletion of both NAB2 and 

RRP6 causes increased accumulation of poly(A) RNA in nuclear foci, suggesting that 

these foci may be processing “factories” where normal RNA transcripts are processed or 

degraded.  Overall, these results demonstrate the intricate balance between mRNA 

quality control and mRNA processing.   

 

Results 

In order to test our hypothesis that Nab2 is involved in mRNA processing, we 

first analyzed genetic interactions between mutant alleles of nab2 and mutant alleles of 

several RNA processing enzymes including those involved in mRNA 3’-end formation, 

mRNA degradation, and RNA transcription termination. To test for an interaction with 

the mRNA 3’-end processing machinery, the NAB2 gene was deleted in S. cerevisiae 

cells expressing either a mutant allele of the poly(A) polymerase, pap1-1 (221), or a 

mutant allele of a component of the cleavage machinery, rna15-2 (177).  Cells deleted for 

the essential NAB2 gene were complemented by a wild-type NAB2 maintenance plasmid 

and transformed with plasmids encoding wild-type Nab2, nab2-1, nab2-C5-7A, or nab2-

C437S.  Cells were then serially diluted and spotted onto either control plates or plates 

containing 5-FOA to select against the wild-type NAB2 maintenance plasmid.  As shown 

in Figure 4.1, cells expressing nab2-C5-7A in combination with either pap1-1 or rna15-2 

showed a severe growth defect at 25°C, supporting the hypothesis that Nab2 RNA 

binding plays a critical role in 3’-end formation.  Interestingly, expression of the Nab2 

mutant, ΔN-Nab2, which lacks Nab2 residues 3-97, in pap1-1 cells only slightly 

exacerbated the growth defect of ΔN-Nab2 cells.  In addition, ΔN-Nab2 did not show any 
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genetic interaction with rna15-2, suggesting that any genetic interaction between Nab2 

and Rna15 may be allele specific and perhaps directly related to the decreased 

polyadenosine RNA binding affinity of nab2-C5-7A for poly(A) RNA. 

The extended poly(A) tails observed in cells expressing Nab2 C5-7A (Figure 

3.18) as well as genetic interactions between Nab2 alleles and components of the 3’-end 

processing machinery, strongly suggest that Nab2 is involved in mRNA processing.  

Interestingly, previous work has demonstrated that the pap1-1 mutation can be 

suppressed by the deletion of the nuclear exosome component, Rrp6 (203).  Deletion of 

RRP6 most-likely suppresses the mutant pap1-1 by restoring steady-state levels of 

poly(A) RNA (203).  

We hypothesized that if Nab2 and Pap1 function in the same genetic pathway, 

deletion of RRP6 might also suppress Nab2 mutations.  To test whether ΔRRP6 can 

suppress mutations within Nab2, a plasmid shuffle assay was performed on ΔNAB2 

ΔRRP6 cells.  ΔNAB2 cells or ΔNAB2 ΔRRP6 cells complemented by a maintenance 

plasmid encoding a wild-type copy of Nab2 were transformed with either empty vector 

control plasmids or plasmids encoding wild-type Nab2, ΔN-Nab2, or a mutant copy of 

Nab2 containing a leucine to proline amino acid substitution in the N-terminus of Nab2 

(Nab2- L18P).  The L18P mutation is thought to phenocopy deletion of the entire N-

terminal domain by severely disrupting the folding of the PWI-like domain (our 

unpublished results and (123)).  Transformants were grown to saturation in liquid culture, 

serially diluted, and spotted onto control media lacking uracil and leucine or media 

containing 5-FOA to select against the wild-type maintenance plasmid.  As shown in the  
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Figure 4.1: Nab2 genetically interacts with mRNA 3’-end processing components.  
ΔNAB2 (top row), ΔNAB2 pap1-1 (middle row), or ΔNAB2 rna15-2 (bottom row), cells 
harboring a URA3 plasmid encoding wild-type NAB2 were transformed with LEU2 
plasmids encoding either wild-type Nab2, nab2-1,  nab2-C5-7A, or nab2-C437S.  Cells 
were spotted onto either control media lacking both uracil and leucine (Control) or media 
containing 5-fluoroorotic acid (5-FOA) to eliminate the wild-type Nab2 maintenance 
plasmid and incubated at 25°C for 3-5 days. 
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Figure 4.2: Deletion of the exosome component Rrp6 partially rescues the deletion of the essential NAB2 gene.  ΔNAB2 or 
ΔNAB2 ΔRRP6 cells transformed with a URA3 plasmid encoding wild-type Nab2 were transformed with LEU2 plasmids encoding 
either wild-type Nab2, ΔN-Nab2 (missing amino acids 3-97) or Nab2-L18P.  Transformants were inoculated into liquid media, grown 
to saturation at 25°C, and serially diluted.  Dilutions were then spotted onto either control media lacking both uracil and leucine or 
media containing 5-fluoroorotic acid (5-FOA) to eliminate the wild-type Nab2 maintenance plasmid.   The control plate was incubated 
at 25°C for 2 days while plates containing 5-FOA were incubated at the indicated temperatures for 3-5 days. 
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control for Figure 4.2, both ΔNAB2 and ΔNAB2 ΔRRP6 cells were properly diluted and 

spotted across all plates as demonstrated by the uniform cell growth at 25°C on the 

control plate.  As expected, when ΔNAB2 cells were transformed with a control empty 

vector and grown on media containing 5-FOA, no cell growth was observed at any 

temperature tested.  Interestingly, when ΔNAB2 ΔRRP6 cells containing only the empty 

vector were grown at 25°C on 5-FOA, a moderate amount of cell growth was observed 

(See also Figure 4.3), suggesting that deletion of RRP6 could bypass the essential 

function of Nab2.  Deletion of RRP6 also suppressed ΔN-Nab2 and, to a lesser extent, 

Nab2-L18P.  As previously reported (222), ΔRRP6 cells were temperature sensitive and 

did not grow at or above 30°C.   

In order to test whether an Rrp6 mutant that lacks enzymatic activity can also 

suppress deletion of NAB2, ΔNAB2 or ΔNAB2 ΔRRP6 cells that were complemented with 

a wild-type Nab2 maintenance plasmid were transformed with plasmids encoding either 

wild-type Rrp6 or a mutant copy of Rrp6 containing an aspartic acid to alanine amino 

acid substitution (D238A Rrp6), which eliminates the catalytic activity of Rrp6 (222).  

Transformed cells were then also transformed with either empty vector or plasmids 

encoding wild-type Nab2, ΔN-Nab2, or Nab2-L18P.  Single colonies were then 

restreaked to media containing 5-FOA to select against the wild-type NAB2 maintenance 

plasmid.  As shown in Figure 4.3, ΔNAB2 cells (top left) transformed with a plasmid 

encoding wild-type Nab2 grew at 25°C.  However, ΔNAB2 cells transformed with an 

empty vector showed no growth.  As demonstrated previously (Figure 4.2), ΔNAB2 

ΔRRP6 cells transformed with an empty vector showed modest growth at 25°C (Figure  
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Figure 4.3: A catalytically inactive Rrp6 mutant also suppresses the deletion of the 
essential Nab2 gene. ΔNAB2 and ΔNAB2 ΔRRP6 cells harboring a URA3 plasmid 
encoding wild-type Nab2 were transformed with an empty TRP3 plasmid (top row) or a 
TRP3 plasmid encoding either wild-type Rrp6 (bottom left) or an active site mutant, 
D238A-Rrp6, which eliminates the catalytic activity of Rrp6 (bottom right).  Cells were 
then also transformed with an empty LEU2 plasmid or LEU2 plasmids encoding wild-
type Nab2, ΔN-Nab2 (missing amino acids 3-97) or Nab2-L18P.  Transformants were 
streaked to media containing 5-fluoroorotic acid (5-FOA) to eliminate the wild-type 
Nab2 maintenance plasmid.   Plates were incubated at 25°C for 7-10 days.  The diagram 
on the right demonstrates the quadrant of each plate where cells expressing no Nab2, 
wild-type Nab2, ΔN-Nab2, or Nab2-L18P are streaked.   
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4.3, upper right).  As a control, ΔNAB2 ΔRRP6 cells were also transformed with a  

plasmid encoding wild-type Rrp6 and an empty vector (and hence no Nab2 was 

expressed on media containing 5-FOA).  In ΔNAB2 ΔRRP6 cells transformed with a 

plasmid encoding a wild-type copy of Rrp6 no growth was observed (bottom left), 

confirming that it is the deletion of Rrp6 that acts as a partial bypass suppressor of loss of 

Nab2.  However, when ΔNAB2 ΔRRP6 cells were transformed with a plasmid encoding 

the Rrp6 active site mutant D238A and vector only (so that no Nab2 or functional Rrp6 

was present in these cells), modest growth was observed, suggesting that in the absence 

of Rrp6 activity Nab2 is not essential. 

Since Nab2 mutations cause accumulation of poly(A) RNA in the nucleus (71), 

we hypothesized that deletion of Rrp6 might rescue ΔNAB2 cell growth by  alleviating 

this phenotype.  To test whether deletion of RRP6 rescues the nuclear accumulation of 

poly(A) RNA, we used fluorescence in situ hybridization (FISH) to localize poly(A) 

RNA in ΔNAB2 or ΔNAB2 ΔRRP6 cells transformed with an empty vector (and therefore 

expressing no Nab2), or plasmids encoding wild-type Nab2, ΔN-Nab2, or Nab2-L18P.  

As controls in Figure 4.4, Rrp6 wild-type cells expressing wild-type Nab2 show no 

accumulation of RNA in the nucleus, while cells expressing either ΔN-Nab2 or Nab2-

L18P show profound nuclear accumulation of poly(A) RNA.  This finding is consistent 

with previous studies demonstrating that cells expressing ΔN-Nab2 accumulate poly(A) 

RNA in the nucleus (73).  Interestingly, ΔNAB2 ΔRRP6 cells transformed with an empty 

vector, and therefore not expressing any Nab2, show accumulation of poly(A) RNA in 

distinct nuclear foci (white arrows).  This observation is also consistent with recent work  
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Figure 4.4: Cells deleted for both Nab2 and RRP6 show distinct nuclear foci of poly(A) RNA.  Fluorescence in-situ hybridization 
(FISH) using an oligo-d(T) probe to detect poly(A) RNA was performed on ΔNAB2 and ΔNAB2 ΔRRP6 yeast cells not expressing 
Nab2 (empty vector) or expressing wild-type Nab2, ΔN-Nab2, or Nab2-L18P.  Nuclei were stained with DAPI.  Corresponding 
differential interfering contrast (DIC) images are shown.  White arrows demonstrate the presence of poly(A) foci in the nucleus of 
ΔNAB2 ΔRRP6 cells not expressing Nab2.  
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demonstrating that cells lacking Rrp6 show poly(A) RNA accumulation in the nucleolus 

(223).  When ΔNAB2 ΔRRP6 cells express wild-type Nab2 or ΔN-Nab2 from a plasmid, 

these foci are still present but much less prevalent, suggesting that while deletion of Rrp6 

may cause the formation of these poly(A) RNA foci, lack of functional Nab2 may make 

them more widespread.  Although poly(A) RNA foci accumulate in cells lacking both 

Rrp6 and Nab2, the nuclear accumulation of poly(A) RNA in ΔRRP6 ΔNAB2 cells is not 

as robust as in cells lacking NAB2 alone, supporting our hypothesis that deletion of Rrp6 

suppresses mutations in Nab2 by partially alleviating the nuclear accumulation of 

poly(A) RNA. 

Several recent studies have demonstrated that Rrp6 is involved, along with the 

mRNA 5’-end cap-binding protein, Cbc1, in the decay of normal mRNA when transcripts 

are abnormally retained in the nucleus (204-206).  Accordingly, we hypothesized that 

Rrp6 and Cbc1 might act together to degrade mRNA transcripts that accumulate in the 

nucleus of ΔNAB2 cells and therefore deletion of CBC1, like ΔRRP6, might suppress 

deletion of NAB2.  To test this idea, a plasmid shuffle assay was performed with ΔNAB2 

or ΔNAB2 ΔCBC1 cells that were transformed with empty vector or plasmids encoding 

wild-type Nab2, ΔN-Nab2, or Nab2-L18P.  As demonstrated in Figure 4.5, neither 

ΔNAB2 cells nor ΔNAB2 ΔCBC1 cells transformed with empty vector grew on media 

containing 5-FOA.  Both ΔNAB2 and ΔNAB2 ΔCBC1 cells expressing wild-type Nab2 

grew similarly.  Interestingly, cells lacking Cbc1 and expressing either ΔN-Nab2 or 

Nab2-L18P showed slight growth defects compared to cells lacking Cbc1 and expressing 

wild-type Nab2.  Further experimentation will be needed to verify this result.  Overall,  
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Figure 4.5: NAB2 does not interact with another component of the Decay of RNA in the Nucleus (DRN) machinery, CBC1. 
ΔNAB2 and ΔNAB2 ΔCBC1 cells harboring a URA3 plasmid encoding wild-type Nab2 were transformed with an empty LEU2 plasmid 
or LEU2 plasmids encoding wild-type Nab2, ΔN-Nab2 (missing amino acids 3-97) or Nab2-L18P.  Transformants were streaked to 
media containing 5-fluoroorotic acid (5-FOA) to eliminate the wild-type Nab2 maintenance plasmid.   Plates were incubated at 30°C 
for 3-5 days.  The diagram on the right demonstrates the quadrant of each plate where cells expressing no Nab2, wild-type Nab2, ΔN-
Nab2, or Nab2-L18P are streaked. 
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these results suggest that suppression of ΔNAB2 cells by deletion of RRP6 is not simply 

due to a decrease in RNA degradation in the nucleus.    

Since Nab2 genetically interacts with Rrp6 and Rrp6 is important for the 

processing of snoRNAs, we hypothesized that Nab2 might genetically interact with 

proteins involved in the biogenesis of snoRNA transcripts.  To test whether Nab2 

genetically interacts with a component of the snoRNA transcription termination 

machinery, the essential NAB2 gene was deleted in cells expressing a temperature 

sensitive allele of NAB3, nab3-11, and complemented by a wild-type Nab2 maintenance 

plasmid.  A plasmid shuffle assay (153) was performed with ΔNAB2 cells or ΔNAB2 cells 

that also expressed the temperature sensitive nab3-11 protein.  ΔNAB2 or ΔNAB2 nab3-

11 cells were transformed with plasmids encoding either wild-type Nab2, ΔN-Nab2, 

nab2-C5-7A, or mutant Nab2 containing a single cysteine to serine amino acid 

substitution in the first cysteine of zinc finger six (nab2-C437S).  As shown in Figure 4.6, 

in the presence of a wild-type copy of Nab3 (top), wild-type Nab2 cells grow at all 

temperatures, nab2-C5-7A and nab-C437S show cold-sensitivity at 16°C and 25°C, and 

ΔN-Nab2 shows dramatic growth defects at all tested temperatures.  These results are 

consistent with our previous data which demonstrates that nab2-C5-7A displays cold 

sensitive growth defects at 16°C (Figure 3.3).  Interestingly, the combination of nab3-11 

and nab2-C5-7A resulted in enhanced cold-sensitivity.  However, neither nab2-C437S 

nor ΔN-Nab2 demonstrated any genetic interaction with nab3-11, suggesting that this 

phenotype is specific to nab2-C5-7A.  Although nab2-C437S binds slightly more weakly 

to polyadenosine RNA than wild-type Nab2 (67),  
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Figure 4.6: NAB2 mutants that do not bind polyadenosine RNA genetically interact 
with nab3-11.  ΔNAB2 or ΔNAB2 nab3-11 cells harboring a maintenance plasmid 
encoding wild-type Nab2 were transformed with LEU2 plasmids encoding wild-type 
Nab2, ΔN-Nab2, nab2-C5-7A, and nab2-C437S.  Cells were then struck to media 
containing the drug 5-FOA to select against the wild-type Nab2 maintenance plasmid.  
Single colonies were then inoculated into liquid culture, grown to saturation, serially 
diluted, and spotted onto selective media lacking leucine.  Plates were grown at selected 
temperatures for 5-10 days.  
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binding of nab2-C5-7A to poly(A) RNA is even more greatly impaired (Figure 3.4).  

Therefore, we postulate that the cause behind this genetic interaction is the greatly 

reduced binding of nab2-C5-7A to polyadenosine RNA compared to wild-type Nab2 (or 

nab2-C437S).   

Since Nab2 genetically interacts with components of the snoRNA transcriptional 

termination machinery as well as an exosome component, Rrp6, required for trimming of 

snoRNA 3’-ends, we wanted to investigate whether Nab2 could interact with these short 

oligo(A) tails added to the 3’-end of snoRNA transcripts.  To begin to test the hypothesis 

that Nab2 binds short oligo(A) tails, we needed to accurately determine both the length of 

the oligo(A) tails added to snoRNA transcripts destined for degradation as well as the 

shortest stretch of adenosines to which Nab2 could bind.  A previous study (223), 

demonstrated that ΔRRP6 cells accumulate an oligoadenylated U14 (also known as 

SNR128) snoRNA transcript in the nucleolus.  Normally, U14 is transcribed as part of a 

polycistronic message, cleaved by the endonuclease Rnt1, and the 3’-end of the snoRNA 

is trimmed by the nuclear exosome (224, 225).  These longer, oligoadenylated U14 

transcripts accumulate in cells lacking Rrp6 (223).  Therefore, we used this as a candidate 

snoRNA to determine the length of the oligo(A) tails added to snoRNA transcripts.  In 

order to determine the length of the oligo(A) tails added to U14 snoRNA transcripts in 

ΔRRP6 cells, we utilized the method described by Couttet et al. (226).  As shown in 

Figure 4.7, this method begins by removing the 5’-cap of all RNA transcripts using 

tobacco acid pyrophosphatase (TAP).  Decapped RNA is then circularized using T4 RNA 

ligase.  The circularized RNA is then used as a template for cDNA synthesis during an 

RT-PCR reaction.  Gene-specific primers are then used to amplify the 5’-end/3’-end 
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boundary of the cDNA of interest.   PCR products are then cloned and sequenced.  Using 

this technique, we found that the majority of U14 snoRNA transcripts are properly 

processed in wild-type cells at both 25°C and 37°C, as expected (Figure 4.8).  However, 

in cells lacking the exosome component Rrp6, U14 transcripts were extended and 

oligoadenylated at both 25°C and following a shift to 37°C.  Although more transcripts 

will need to be sequenced to increase the accuracy of this assessment, the shortest 

oligo(A) tail we identified was 17 adenosines.   

In order to investigate the shortest stretch of adenosines bound by Nab2, we 

analyzed binding of full-length recombinant Nab2 to fluorescein-labeled poly(A) RNA 

oligonucleotides in vitro using fluorescence anisotropy.  As shown in Figure 4.9, the 

relative affinity of Nab2 for fluorescein-labeled poly(A)25 and poly(A)20 RNA 

oligonucleotides was approximately 15 nM for poly(A)25 and 16.3 nM for poly(A)20.  

Nab2 bound fluorescein-labeled poly(A)15 RNA oligonucleotides with a relative affinity 

of 31.2 nM, about two-fold more weakly than either the 20 or 25 nucleotide 

oligonucleotides.  Interestingly, Nab2 affinity for poly(A)10 was significantly lower (Kd = 

202.5 nM), suggesting that the smallest length of adenosines to which Nab2 can bind 

with high affinity is roughly between 10 and 15 nucleotides. Along with the fact that 

shortest oligo(A) tail added to the 3’-end of U14 snoRNA transcripts was at least 17 

adenosines long, this binding data suggests that Nab2 could bind to the short oligo(A) 

tails of snoRNAs destined for exosome-mediated degradation. 
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Figure 4.7: Schematic for circular RT-PCR.  Figure adapted from (226).  As described 
in Experimental Procedures, total RNA is isolated from S. cerevisiae cells and decapped 
using tobacco acid pyrophosphatase.  Decapped RNA is then circularized using T4 RNA 
ligase.  First strand cDNA is synthesized using random hexamer primers.  cDNA is then 
used as a template for PCR amplification of the 5’/3’-end boundary of the transcript of 
interest, in this case the U14 (SNR128) snoRNA.  PCR products are cloned into Qiagen’s 
pDRIVE vector and sequenced to determine the exact processing state of both the 
snoRNA 5’- and 3’-ends.   
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Figure 4.8: Cells lacking Rrp6 accumulate misprocessed U14 snoRNA transcripts. 
ΔRRP6 cells have previously been shown to accumulate an elongated and 
oligoadenylated version of the U14 transcript (223), however the exact length of the 
oligo(A) tail was not known.  Total RNA was isolated from isogenic wild-type (BY4741) 
and ΔRRP6 S. cerevisiae cells grown only at 25°C or cells grown at 25°C and shifted to 
37°C for 1 hour.  The results of a circular-RT-PCR reaction using gene specific primers 
for the 5’-end/3’-end overlap of the U14 snoRNA transcript are shown here.  The 
published 3’-end of the U14 transcript is shown for comparison.  At least 4 cloned 
cDNAs were sequenced for each condition.  The red line denotes the normal 3’ -end of 
the U14 snoRNA transcript.  Nucleotides to the right of the red line would normally be 
trimmed by the exosome.   
 

 

 

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

1122112344324212434243

1122112344324212434243
1122112344324212434243
1122112344324212434243

1122112344324212434243
1122112344324212434243
1122112344324212434243
1122112344324212434243

11221123443242124342432356324363333663343*7

112211234432421243424321423231242342321224242223,*
1122112344324212434243214232312423423212242423+*
1122112344324212434243

1122112344324212434243

1122112344324212434243213,7
11221123443242124342432142323124234262622464443+8
112211234432421243424323*9
112211234432421243424323*8

112211234432421243424321

11221123443242124342432142323124234232122424223*9

11221123443242124342432142323124234232122424223,:

1122112344324212434243
1122112344324212434243214232312423423212242423;;

<%=$.'>?#(&#==@

;AB1

<%=$.'>?#(&#==@

,7B1

!CC!5(&#==@
;AB1

!CC!5(&#==@
,7B1



  

 
153 

 

 

 
 
 
 
Figure 4.9: The Nab2 minimal binding element is between 10 – 15 adenosines.  
Recombinant full-length Nab2 was expressed and purified from BL21 (DE3) pLYS E. 
Coli cells.  The affinity of Nab2 for fluorescein-labeled poly(A)25, poly(A)20, poly(A)25, 
poly(A)15, and poly(A)10 RNA oligonucleotides was determined using fluorescence 
anisotropy.  2 nM fluorescein-labeled RNA was incubated with increasing protein 
concentrations ( 50pM – 5 µM).  Each sample was incubated for ~1 hour to reach 
equilibrium and then placed into one well of a 384 well plate.  Each protein concentration 
was done in triplicate.  Anisotropy values were then determined using a fluorescence 
plate reader.  Apparent Kd values of Nab2 for each of the fluorescein-labeled RNA 
oligonucleotides are shown.  
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Discussion  

 Here we present data demonstrating that mutants in the essential poly(A) RNA 

binding protein, Nab2, genetically interact with critical components of the mRNA 3’-end 

processing machinery, including both Pap1 and Rna15.  Furthermore, we also 

demonstrate that deletion of RRP6 suppresses deletion of the essential NAB2 gene.  A 

mutant of Rrp6, Rrp6-D238A, which lacks enzymatic riboexonuclease activity, also 

bypasses the lethality of deletion of NAB2.  ΔNAB2 ΔRRP6 cells also accumulate poly(A) 

RNA in nuclear foci.  We also investigate the length of the oligo(A) tails found on the 3’-

end of a candidate snoRNA, U14, in cells lacking Rrp6.  Our results demonstrate that at a 

minimum 17 adenosines are added to the 3’-end of the U14 transcript in ΔRRP6 cells.  

Using fluorescence anisotropy, we also demonstrate that the minimal stretch of 

adenosines to which Nab2 can bind with high affinity is between 10-15 nucleotides.   

 Together these results, suggest several non-mutually exclusive scenarios.   The 

first scenario is one in which Nab2 interacts with only the poly(A) tails of mRNA 

transcripts and prevents degradation by the nuclear exosome, specifically Rrp6.  In 

support of this model, Nab2 mutants show extended poly(A) tails and those same mutants 

genetically interacts with two components of the 3’-end cleavage and polyadenylation 

machinery, Pap1 and Rna15.  A previous study investigating the transcripts preferentially 

associated with Nab2 also revealed that Nab2 bound to several different functional 

classes of mRNA transcripts (49).  Deletion or inactivation of Rrp6 would suppress 

ΔNAB2 due to an increase in steady-state levels of mRNA transcripts.  Without Rrp6, 

there would be no need for an mRNA protector, making the function of Nab2 non-

essential.  Interestingly, however, this model is not consistent with the fact that cells 
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expressing mutant version of Nab2 show extended poly(A) tails compared to the poly(A) 

tail length of RNA isolated from wild-type cells (Figure 3.18 and (71)).  If Nab2 were 

protecting transcripts from degradation via the 3’5’ riboexonuclease activity of the 

nuclear exosome, then shorter poly(A) tails would be expected when Nab2 was not 

efficiently recruited.  

A second model can also be formulated in which Nab2 binds to the oligo(A) tails 

of short RNA transcripts and actually recruits Rrp6 and the nuclear exosome.  Although 

Nab2 has never been found associated with snoRNAs or CUTs, these RNAs are 

remarkable unstable and therefore extremely difficult to detect when they are 

oligoadenylated and destined for degradation via the exosome (181, 182, 223, 227).  

Indeed, the mere presence of these short oligoadenylated transcripts was only uncovered 

upon deletion of the exosome component Rrp6 (181, 182, 223, 227).  Furthermore, the 

previous study investigating transcripts associated with Nab2 used microarrays 

containing only mRNA transcripts (49).  According to this model, deletion or mutation of 

Nab2 would lead to the nuclear accumulation of error-containing transcripts, which could 

be deleterious to the cell.  Although the mechanism by which deletion of Rrp6 partially 

suppresses ΔNAB2 remains unclear, this model is also more consistent with the fact that 

Nab2 mutants show longer poly(A) tails, as would be expected if the exosome were not 

recruited.  While Rna15 and Pap1 are typically thought of solely as components of the 

mRNA 3’-end processing machinery, several studies suggest that they may also play 

roles in the 3’-end formation of other RNA polymerase II transcripts (100, 211, 228, 

229).  Specifically, components of the yeast cleavage complexes CFIA and CFIB may be 

required for the correct 3’-end formation of specific snoRNA transcripts (228, 229).  
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Genetic interactions between NAB2 and both RNA15 and NAB3 suggest that perhaps 

Nab2 could also play a role in snoRNA biogenesis.  

While often overlooked, snoRNAs play a critical role in the processing of 

numerous ribosomal RNAs (180, 183).  Although little is known about the factors 

involved in 3’-end processing of these small RNA transcripts, several proteins, which 

were previously thought to only function in mRNA 3’-end processing, have recently been 

implicated.  The quality control of snoRNAs is also not well understood.  Short oligo(A) 

tails are added to error-containing transcripts and these faulty transcripts are then targeted 

for degradation via the nuclear exosome.  The mechanism by which the cell differentiates 

between the short oligo(A) tails of error containing snoRNAs and the longer poly(A) tails 

of mRNA transcripts also remains a mystery, but the data presented here provides a 

possible link between all of these unknowns.  Overall, this data suggests that the yeast 

Nab2 protein may play a role in the complicated processing and quality control of these 

short RNA polymerase II transcripts.  Interestingly, Nab2 is a member of a family of 

CCCH zinc finger containing poly(A) RNA binding proteins (67, 146).  The putative 

human orthologue of Nab2, ZC3H14, localizes to nuclear speckles, which are thought to 

house RNA processing components (146).  Future studies will be needed to cement the 

link between Nab2, and perhaps its higher eukaryotic orthologues, and small RNA 

biogenesis.  

 

Experimental Procedures 

Chemicals, Plasmids, and Saccharomyces cerevisiae Manipulations – Chemicals were 

obtained from Fisher Scientific (Pittsburgh, PA), Sigma-Aldrich (St. Louis, MO), or US 
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Biological (Swampscott, MA) unless otherwise noted.  DNA manipulations were 

performed according to standard methods (150) and all media were prepared by standard 

procedures (151).  All S. cerevisiae strains and plasmids used in this study are described 

in Table 4.1.  Plasmids encoding mutant nab2 proteins were created by site-directed 

mutagenesis of a wildtype Nab2 plasmid (pAC717) using the QuikChange Site-directed 

mutagenesis kit (Stratagene).  All plasmids were fully sequenced to ensure that no 

mutations other than those targeted were introduced during site-directed mutagenesis.  

Double deletions strains were constructed by mating S. cerevisiae cells deleted for NAB2 

(ACY427) and deletions strains obtained from the genome-wide deletion collection 

(230).  All deletions were checked by PCR amplification of the deleted locus from 

genomic DNA. 

In vivo Functional Analysis – The in vivo function of each nab2 mutant was tested using 

a plasmid shuffle assay (175).  S. cerevisiae cells deleted for NAB2 (ACY427) and 

containing a wild-type NAB2 URA3 plasmid (pAC636) were transformed with LEU2 

plasmids encoding various nab2 mutants.  Transformants were grown to saturation and 

cells were then serially diluted and spotted onto control ura- leu- glucose plates or plates 

containing 5-fluoroorotic acid (5-FOA).  Plates were then incubated at 16°C, 18°C, 25°C, 

30°C, or 37°C for 3-5 days.  The toxic uracil analog, 5-FOA, kills cells that contain a 

functional uracil biosynthetic pathway (175).  Hence, only those cells that lose the URA3 

plasmid encoding wild-type Nab2 and retain a functional copy of Nab2 on the LEU2 

plasmid will grow on media containing this drug.   

Fluorescence in-situ Hybridization (FISH) – FISH was performed as described 

previously (231).  Briefly, yeast cells expressing wild-type NAB2, nab2-1, nab2-C5-7A, 
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or nab2-C5-7R were initially grown in 2 ml YPD cultures to saturation at 30°C.  These 

starter cultures were then used to inoculate 5 ml YPD cultures that were grown overnight 

(approx. 16 hours) at either 30°C or 18°C.  Cells were then fixed by the addition of 700 

µl of 37% formaldehyde and incubated at 30°C or 18°C for 90 min.  Cells were pelleted, 

washed three times with 0.1 M K4(PO4)3 pH 6.5, and resuspended in P-solution (0.1 M 

K4(PO4)3 pH 6.5, 1.2 M sorbitol).  Fixed cells were then seated onto poly-L-lysine coated 

multi-well slides and permeabilized with 0.1% Triton-X-100.  Permeabilized cells were 

then treated with pre-hybridization solution (50% deionized formamide, 4x SCC, 1x 

Denhardt’s Solution, 125 µg/ml tRNA, 10% dextran sulfate) and hybridized with a 

digoxygenin end-labeled oligo(dT50) probe overnight at 37°C in a humidified chamber.  

Unhybridized probe was washed off the cells with increasing amounts of salt.  

Digoxigenin-labled oligo (dT50) was detected using a rhodamine labeled anti-digoxygenin 

antibody.  Cells were also stained with 4’, 6-diamidino-2-phenylindole (DAPI) to 

visualize DNA within the nucleus. 

Total RNA isolation – Total cellular RNA was isolated from S. cerevisiae as previously 

described (232).  Briefly, single colonies were inoculated into rich media (YEPD) and 

cells were grown to saturation at the permissive temperature of either 25°C (for ΔRRP6 

cells) or 30°C (for nab2-C5-7A) for two days.  Cultures were then diluted into 10 ml of 

rich medium and grown at the permissive temperature for 4 hours.  Cells were then split 

into two 5 ml cultures.  One 5 ml culture was replaced at the permissive temperature 

while the other 5 ml culture was shifted to the restrictive temperature for 6 hours (37°C 

for ΔRRP6 cells and 18°C for nab2-C5-7A).  Following the 6 hr. temperature shift, cells 

were harvested by centrifugation and cell pellets were frozen at -80°C.  In order to isolate 
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RNA, cell pellets were thawed on ice and resuspended in extraction buffer (200mM Tris-

HCl pH 7.5, 0.5M LiCl, 5mM EDTA, 1% SDS) containing 400µl of 

phenol/chloroform/isoamyl alcohol (PCI) and acid-washed glass beads.  Samples were 

then lysed by bead-beating for three 1 minute pulses with 1 minute on ice between each 

pulse.  Cell debris was pelleted by centrifugation at 13,000 rpm for 10 minutes at 4°C.  

The top layer, containing the RNA, was transferred to a fresh eppendorf tube and RNA 

was extracted twice with an equal volume of PCI.  RNA was then precipitated with three 

volumes of ice cold 100% ethanol at -20°C for 1 hour.  RNA was pelleted by 

centrifugation at 13,000 rpm for 10 minutes at 4°C.  RNA pellets were washed once with 

70% ethanol (made with DEPC-treated dH2O) and air-dried.  Dried pellets were dissolved 

in 100µl of 1X TE.  RNA quality was analyzed by formaldehyde-agarose gel 

electrophoresis and RNA yield was calculated by absorbance at 260 nm.   

Circular RT-PCR (cRT-PCR) analysis of poly(A) tail length – In order to analyze the 

presence and/or length of the poly(A) tail of several small nucleolar RNA (snoRNA) 

transcripts we utilized circular RT-PCR (cRT-PCR) as described previously (226).  This 

method ligates the 5’ and 3’-ends of a transcript and therefore allows for close inspection 

of both 5’- and 3’-end processing.  As diagrammed in Figure 4.7, this multi-step protocol 

began with the isolation of total RNA from yeast cells (as described above).  15µg of 

total RNA was incubated with 5 units of tobacco acid pyrophosphatase (Epicentre) at 

37°C for 1 hour.  RNA was then precipitated with 3 volumes of ice-cold 100% ethanol 

and 1/10th volume of 3M NaOAc for 1 hour at -20°C.  Precipitated RNA was pelleted and 

then resuspended in 10µl of DEPC-treated dH2O.  Decapped RNA was then circularized 

by incubation with 20 units of T4 RNA ligase at 16°C overnight.  RNA was then 
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extracted once with PCI and precipitated as before.  RNA pellets were resuspended in 

25µl of DEPC-treated dH2O and RNA yield was analyzed by absorbance at 260 nm.   

 Once the RNA was circularized, first strand cDNA was synthesized using Qiagen 

Quantitect RT-PCR kit according to the manufacturer’s directions.  Briefly, samples were 

initially treated with gDNA wipe-out buffer to remove contaminating yeast genomic 

DNA.  Then RT-PCR was performed using random hexamer oligonucleotides as primers.  

1µl of cDNA was used as a template for PCR amplification of the U14 snoRNA. 

Oligonucleotide primers were designed so that they amplified the 5’-3’ boundary.  PCR 

products were resolved by agarose gel electrophoresis.  To directly analyze 5’- and 3’-

end processing PCR products were also cloned into Qiagen’s pDrive TA cloning vector 

according to the manufacturer’s directions.  Plasmids containing inserts were then 

sequenced.   

Protein expression and purification – To express recombinant full-length Nab2 in E. coli, 

the expression plasmid, pAC2133, was transformed into BL21(DE3)pLYS cells 

(Novagen).  Single colonies were inoculated into 2 ml of media and grown to saturation 

overnight.  This culture was then used to inoculate 1 L of LB media.  Cells were grown at 

37°C until they reached an OD600 nm of 0.4 – 0.6.  Cultures were then shifted to 30°C 

and induced with 200 µM isopropyl β-D-1-thiogalactopyranoside (IPTG) for 5 hrs.  Cells 

were then centrifuged at 3800rpm for 20 minutes at 4°C and pelleted cells were frozen at 

-80°C.  For purification of untagged Nab2 proteins from frozen cell pellets, cell pellets 

were thawed on ice and resuspended in an equal volume of lysis buffer (20 mM 

piperazine pH 9.5, 1 µM ZnCl2, 2% glycerol, 4 mM β-mercaptoethanol, 1mM 

phenylmethylsulfonylfluoride) and lysed using a French Press.  The lysates were cleared 
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by centrifugation, loaded onto a HiTRAP Q column (GE Healthcare) pre-equilibrated 

with Buffer A (20mM piperazine pH 9.5, 1 µM ZnCl2, 2% glycerol, and 2 mM β-

mercaptoethanol), and bound protein was eluted using a linear gradient of Buffer B (20 

mM piperazine pH 9.5, 1 µM ZnCl2, 2% glycerol, 2 mM β-mercaptoethanol, and 1 M 

NaCl).  Fractions containing untagged recombinant Nab2 were dialyzed overnight into 

Buffer C (20 mM Tris-HCl pH 8.5, 50 mM NaCl, 2 mM MgOAC, 2 µM ZnCl2, 2% 

glycerol, and 2 mM β-mercaptoethanol).  The dialyzed protein was then concentrated by 

adding saturated ammonium sulfate to 25% saturation.  Precipitated proteins were 

pelleted and resuspended in Buffer C.  The concentrated protein was then loaded onto a 

Superdex S-200 gel filtration column pre-equilibrated with Buffer C and fractions 

containing untagged recombinant Nab2 were pooled and concentrated using Centricon 

spin concentrators (Millipore).  Since we found that freezing the purified protein led to 

loss of nucleic acid binding, freshly purified aliquots of protein were used for each 

binding experiment. 

RNA labeling protocol – RNA 3’-end labeling was performed essentially as described 

(176).  Briefly, RNA oligonucleotides were incubated with 100 mM NaOAc pH 5.1, 100 

µM NaIO4 at room temperature for 90 minutes and then precipitated with 2.5 µL of 5 M 

NaCl, 1 µl of 20µg/µl glycogen (Invitrogen), and 100 µl of ice-cold 100% ethanol for 20 

minutes at -20°C.  Precipitated RNA was pelleted by centrifugation and resuspended in 

50 µl of labeling solution (1.5 mM fluorescein 5-thiosemicabazide, 100 mM NaOAc pH 

5.1.  Samples were covered and RNA was labeled overnight at 4°C.  To remove 

unreacted fluorescein, labeling reactions were added to a G-25 sephadex column.  
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Labeled RNA was eluted by centrifugation.  Labeling efficiency was determined using 

the following equation: 

        

       [1] 

 

where OD490 and OD260 is the absorbance at 490 nm and 260 nm, respectively and ε is the 

extinction coefficient for either fluorescein or the oligonucleotide as noted.  Typical 

labeling efficiencies were 60-85%.  The purity of labeled RNA oligonucleotides was 

analyzed by agarose gel electrophoresis.  

Fluorescence Anisotropy Assay and Dissociation Constant Determination – 2 nM 

fluorescein-labeled RNA oligonucleotides were incubated with increasing amounts 

(protein concentrations range from 50 pM to 5 µM) of recombinant purified proteins in 

384-well black plates as described (176).   Polarization data were fit to Equation 2:  
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where θ is the experimentally observed polarization value, base is the minimum 

polarization value when no protein is added, max is the maximum polarization value at 

saturating concentrations of protein, Kd is the apparent dissociation constant, and Pt is the 

protein concentration.  Reported Kd values are the average of at least three experiments. 
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Chapter 5: Conclusion and Discussion 
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A brief review 

 In their seminal work, Beadle and Tatum originally made the breakthrough 

finding that one gene encodes one enzyme (233).  However, we now know that genetic 

networks and the regulation of gene expression are much more complex than the 

simplicity implied by this and other early studies.  Even the definition of a gene itself has 

become more nebulous as we learn more about small gene products, such as short non-

coding RNAs transcripts, that play essential roles in the regulation of gene expression.  

Typically, most of us still think of a gene as Beadle and Tatum did, as a stretch of DNA 

that encodes a protein.  However, in order for the information encoded in that stretch of 

DNA to be made into protein, an essential intermediary must be made.  In eukaryotes, 

this intermediary, a messenger RNA (mRNA) transcript, is transcribed from DNA in the 

nucleus by RNA polymerase II.  The mRNA is essentially a blueprint from nuclear 

headquarters that dictates to the translation machinery in the cytoplasm how to make a 

certain protein.  Like any important blueprint sent from a foreman to his or her workers, 

the original transcript is edited (i.e. processed) and monitored for correctness before 

leaving the nucleus and being translated into protein in the cytoplasm.  It has become 

increasingly apparent that many of these processing and quality control checkpoints can 

play large roles in determining the amount of a protein produced as well as the spatial and 

temporal regulation of gene expression.  

 The mRNA transcript is never “naked” inside of a cell.  From the instant the 5’-

end of the nascent transcript emerges from RNA polymerase II, it is immediately coated 

with RNA binding proteins.  These proteins complete the processing steps, signal to the 

quality control checkpoints that the transcript is properly (or improperly) processed, and 
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help to package the transcript for the next step in the assembly line.  In sum, RNA 

binding proteins dictate the fate of the transcript to which they are bound.  RNA binding 

proteins perform functions such as facilitating processing, determining transcript 

stability, functioning in the nuclear export or retention of a certain transcript, and 

controlling transcript localization in the cytoplasm.  Each of these processes, in turn, 

affects the final protein product.  Thus, a more holistic approach, beyond simply studying 

changes in transcription, needs to be taken in order to more fully understand the 

regulation of gene expression.  Specifically, an accurate account of the mechanisms by 

which RNA binding proteins specifically recognize target RNAs and the cellular 

implications of disrupting those interactions is necessary to fully comprehend the post-

transcriptional regulation of gene expression. 

In the preceding dissertation I have investigated the molecular recognition of 

polyadenosine RNA by the essential yeast Nuclear poly(A) Binding protein 2 (Nab2).  

Nab2, like its putative human orthologue, ZC3H14, encodes tandem CCCH zinc fingers.  

Both proteins bind specifically to polyadenosine RNA via their zinc finger domains.  

While ZC3H14 contains five CCCH zinc fingers, Nab2 contains seven, suggesting that 

only a subset of the Nab2 zinc fingers is required for high affinity polyadenosine RNA 

binding.  Accordingly we have demonstrated that only Nab2 zinc fingers 5-7 are required 

for high affinity binding to poly(A) RNA.  In collaboration with Christoph Brockmann 

and Murray Stewart, the atomic resolution structure of Nab2 zinc fingers 5-7 was solved.  

However, this structure did not contain RNA and therefore did not allow us to investigate 

the precise mechanism of molecular recognition.  Using this structural information, 

however, we were able to identify several conserved positively charged and aromatic 
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residues that were solvent exposed.  These residues could mediate interactions with 

polyadenosine RNA.  When several of these amino acids were changed to alanine, 

defects in polyadenosine RNA binding in vitro were seen.  These amino acid 

substitutions also conferred cold-sensitive growth defects in vivo.  Future structural 

studies will be required to more accurately assess the mechanism by which Nab2 zinc 

fingers 5-7 recognize polyadenosine RNA.   

Interestingly, we also demonstrate here that Nab2 genetically interacts with 

components of the RNA processing machinery.  Specifically Nab2 genetically interacts 

with components of the mRNA 3’-end processing machinery (Pap1 and Rna15), a 

nuclear exosome component (Rrp6), and a factor involved in transcriptional termination 

of RNA polymerase II (Nab3).  These genetic interactions demonstrate the highly 

intricate and interconnectedness of RNA processing and biogenesis and suggest that 

Nab2 (and perhaps ZC3H14) may play a critical role in RNA processing.   

For the remainder of this chapter I will discuss the implications of these results on 

the current models of mRNA processing and nuclear export.  In addition, several 

questions that arise from this data about the function of Nab2 and its putative higher 

eukaryotic orthologue, ZC3H14, will also be addressed.  Finally, I will also expound 

upon several overall conclusions about the impact of this research as a whole on the field 

of mRNA transport. 

 

The specificity of CCCH zinc fingers 

Until our recent studies, the only known RNA binding proteins to specifically 

recognize polyadenosine RNA did so via at least one RNA Recognition motif.  However, 
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we present data here that a family of CCCH zinc finger containing proteins can also 

specifically recognize polyadenosine RNA.  The atomic resolution structure of Nab2 zinc 

fingers 5-7, although lacking RNA, has allowed us to identify conserved solvent exposed 

residues that are important for the interaction between Nab2 and polyadenosine RNA.   

One interesting question that arises from these studies is whether an RNA binding 

domain, such as the CCCH zinc finger domain of Nab2 can be engineered to specifically 

recognize a different sequence.  While the answer to this question may sound straight 

forward, in most cases a multitude of interactions exist between the protein and the RNA 

target sequence that dictate specificity.  For example, the tandem CCCH zinc fingers of 

TIS11d are remarkably similar to those found within Nab2 and ZC3H14 and therefore 

might theoretically recognize similar sequences.  However, in Chapter 2 we demonstrated 

that the UAUUUAUU target sequence of TIS11d could not compete with a poly(A) RNA 

oligonucleotide for binding to Nab2.  A brief comparison between the sequences of the 

two CCCH zinc fingers can explain these differences [Figure 5.1 – adapted from (108)].  

First, the tandem CCCH zinc fingers of TIS11d have a spacing of CX8CX5CX3H, while 

the zinc fingers of Nab2 have a slightly different spacing of CX5CX4-6CX3H.  Second, the 

(R/K)YTEL amino acid sequence upstream of each CCCH zinc finger within TIS11d 

forms hydrogen bonds with the AU-rich RNA sequence (108).  Nab2 and ZC3H14 do not 

contain these upstream sequences.  Finally, while Nab2 and ZC3H14 encode several 

aromatic residues shared by TIS11d and important for base stacking interactions (denoted 

by asterisks and highlighted in purple in Figure 5.1), these poly(A) specific proteins lack 

two other tyrosines within TIS11d (denoted by asterisks and highlighted in light green 
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Figure 5.1: An alignment of tandem zinc finger domains reveals conserved aromatic 
and positively charged residues.  Alignment of CCCH zinc fingers from human 
ZC3H14, S. cerevisiae Nab2, and human TIS11d.  Figure is adapted from (108).  
Structural cysteines and histidines are highlighted in yellow, while conserved positively 
charged residues and aromatic residues are highlighted in red and purple, respectively.  
Sequences in TIS11d important for AU-rich sequence recognition are highlighted in 
green, while aromatic residues required for base stacking interactions are denoted by 
asterisks.  
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in Figure 5.1) that form specific base stacking interactions with AU-rich RNA sequences 

(108).  Hence, it is only through a collection of interactions that this molecular 

recognition is achieved.  Future co-crystallographic studies between the CCCH zinc 

finger domain of Nab2 and poly(A) RNA will hopefully provide us with the same level 

of critical insight into poly(A) RNA recognition by CCCH zinc fingers. 

 

The implications of coupling between mRNA 3’-end processing and nuclear export  

Some RNA binding proteins, such as FMRP, the protein implicated in the Fragile 

X mental retardation syndrome (116), bind to a specific recognition sequence found in a 

handful of RNA transcripts, while others, like the poly(A) RNA binding proteins 

PABPN1, ZC3H14, and the putative yeast ZC3H14 orthologue, Nab2, bind an RNA 

sequence ubiquitous to all mRNA transcripts.  Specifically, the poly(A) tail and the 

proteins bound to it play a significant role in the transport, stability, and translation of 

most mRNA transcripts (16).  Given that the poly(A) tails of mRNA transcripts are 

involved in so many crucial processes, it is perhaps not too surprising that in yeast, 

proteins involved in 3’-end formation, such as the cleavage machinery component, 

Rna15, and the poly(A) polymerase, Pap1, have also been implicated in mRNA export 

from the nucleus (52-54).  Defects in both Rna15 and Pap1 cause poly(A) RNA 

accumulation within the nucleus (52-54).  These findings are confounded even further by 

the fact that defects in proteins not absolutely linked to either 3’-end formation or mRNA 

export, such as Nab2, cause both extended poly(A) tails and poly(A) RNA accumulation 

in the nucleus.  While these results emphasize the interconnections between mRNA 3’-

end formation and mRNA export in S. cerevisiae, uncovering the exact molecular 
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function of proteins, like Nab2, has been problematic because of the reciprocity of these 

phenotypes.  In other words, due to the fact that defects in processing factors cause 

defects in export and defects in export factors cause extended poly(A) tails, 

distinguishing which of these is the primary defect or whether both of these mutant 

phenotypes are caused by another, as of yet, unidentified defect is extremely difficult.   

 

Distinguishing poly(A) tails from one another 

Beyond mRNA transcripts, short oligo(A) tails are also added to other RNA 

polymerase II transcripts, such as short nucleolar RNAs (snoRNAs) and cryptic unstable 

transcripts (CUTs), when those transcripts are being processed or targeted for degradation 

(100, 186, 187).  One question that arises from these findings is how these stretches of 

polyadenosine RNA are distinguished from one another.  One possibility is that the RNA 

binding proteins bound to the poly(A) tail and the immediately surrounding sequences 

(e.g. the 3’-UTR of mRNA transcripts) distinguish the poly(A) tail of mRNA transcripts 

from the oligo(A) tail of snoRNA transcripts or CUTs destined for degradation.  In 

chapter 4 we demonstrate that the short oligo(A) tails found on U14 transcripts in 

exosome deficient cells are at least 17 adenosines long.  In addition, we also demonstrate 

that recombinant Nab2 can bind an RNA oligonucleotide 15 adenosines long in vitro, 

suggesting that the nuclear poly(A) binding protein, Nab2, could bind to these short RNA 

transcripts.  However, the question as to how Nab2 recognizes the poly(A) tail of mRNA 

transcripts versus the short oligo(A) tail added to the 3’-end of snoRNAs remains 

unanswered.  One possibility is that Nab2 is recruited to transcripts via interactions with 

other RNA binding proteins or perhaps interactions with RNA polymerase II.  Numerous 
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RNA processing factors are recruited to nascent mRNA and snoRNA transcripts via the 

C-terminal domain of RNA Polymerase II (234).  Although previous experiments 

investigating the protein-protein interaction partners of Nab2 have not found RNA 

polymerase II components or snoRNA binding proteins associated with Nab2 (235), these 

would most likely be extremely transient interactions and most likely not visible using 

conventional immunoprecipitation techniques.  In accordance with this idea, the RNA 

helicase Dbp5 removes Nab2 from poly(A) RNA in vitro and yet no physical interaction 

between Nab2 and Dbp5 has been demonstrated (236).  In addition, Nab2 mutants show 

extended poly(A) tails in vivo and the addition of recombinant Nab2 to in vitro 

polyadenylation reactions limits poly(A) tail length, but no physical interaction has been 

identified with any of the numerous components of the mRNA 3’-end cleavage and 

polyadenylation machinery (71, 72).  Future work will be needed to investigate these 

interactions and to investigate whether Nab2 associates with short RNA transcripts 

destined for degradation.  Specifically, in vivo protein-protein interaction techniques such 

as fluorescence resonance energy transfer (FRET) could be used to analyze the spatial 

and temporal interaction between Nab2 and components of the mRNA transcription and 

processing machinery.  Nab2 has also never been found associated with snoRNA 

transcripts or CUTs.  However, no studies have precisely looked for these interactions.  A 

previous study investigating the specific mRNA transcripts associated with Nab2 used a 

microarray containing only mRNA open-reading frames.  In order to investigate Nab2 

association with these short, non-coding RNAs, these experiments will most likely need 

to be repeated using tiling microarrays covering the entire genome or high throughput 

“deep-read” or 454 pyro-sequencing.  In addition, the nuclear exosome is incredibly 
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efficient, so if Nab2 does associate with these transcripts destined for degradation these 

transcripts may not be very abundant.  In order to observe these interactions between 

Nab2 and unstable transcripts, these experiments may need to be done in an exosome 

deficient background.   

 

A putative cytoplasmic function of Nab2 

 Beyond the documented nuclear functions of Nab2 in mRNA export from the 

nucleus and control of poly(A) tail length, indirect evidence also suggests that Nab2 may 

play a role in the cytoplasm (237).  Although Nab2 shuttles from the nucleus to the 

cytoplasm in a manner dependent upon ongoing RNA polymerase II transcription (73), it 

is not associated with polyribosomes (87), suggesting that Nab2 must be displaced from 

RNA transcripts prior to translation.  However, a cytoplasmic function for Nab2 has 

never been identified.  As demonstrated by van den Bogaart, et al., Kap104, the nuclear 

import receptor of Nab2, as well as the RNA helicase Dbp5, asymmetrically localizes to 

the tip and neck of budding daughter yeast cells (237).  The authors of this study propose 

a simple model whereby the asymmetric distribution of both these proteins, but 

specifically Kap104, allows for enhanced translation in the daughter yeast cell (237).  If 

indeed Nab2 does bind specifically to mRNA transcripts and not the shorter oligo(A) tails 

of snoRNAs or CUTS, presumably Nab2 would bind the poly(A) tail of mRNA 

transcripts and Kap104 in a mutually exclusive manner, preventing futile rounds of RNA 

export.  Binding of Kap104 to Nab2, as well as the “remodelase” action of the RNA 

helicase, Dbp5, may help to facilitate the release of Nab2 from these transcripts in the 

cytoplasm (122, 236).  In addition, an enhanced Kap104-dependent site of translation is 
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also present in the tip of the budding daughter cell.  Together, the asymmetric localization 

of Kap104 and Dbp5 in the bud tip as well as the localized site of translation in the 

daughter cell bud tip suggest that Kap104 and Dbp5 may be removing a translational 

repressor protein from mRNA transcripts.  Interestingly, overexpression of the Nab2-

RGG-NLS inhibits this localized site of translation, presumably by acting as a dominant 

negative and sequestering Kap104 (237).  These results suggest that Nab2, which is both 

a Dbp5 substrate and Kap104 cargo, may function as a translational repressor in the 

cytoplasm by binding to the poly(A) tail of mRNA transcripts.  Interestingly, the 

principle cytoplasmic poly(A) RNA binding protein in S. cerevisiae, Pab1, stimulates 

translation (16).  One logical hypothesis, therefore, is that following export from the 

nucleus, Nab2 remains bound to the poly(A) tail of select mRNA transcripts destined for 

the daughter cell until it reaches a high localized concentration of Kap104 and Dbp5.  

Kap104 and Dbp5, facilitate the removal of Nab2 from these transcripts and reimport 

Nab2 into the (daughter) nucleus.  Once Nab2 has been removed, Pab1 can then bind the 

poly(A) tail and stimulate translation.  While this model might seem somewhat far-

fetched, Dbp5 has been implicated in the control of translation initiation and termination 

(236, 238).  In addition, an isoform of ZC3H14, which contains the C-terminal zinc 

finger domain and a unique N-terminus localizes to the cytoplasm and is expressed in a 

brain and testes specific manner (146).  Many neuronal specific RNA transcripts are 

transported along the length of the neuronal axon in a repressed state until they reach a 

localized site of translation in the cytoplasm.  It is tempting to hypothesize that this 

particular ZC3H14 isoform, as well as Nab2 perhaps, could function in the translational 

repression of select RNA transcripts.  The targeted knock-down of ZC3H14 isoforms and 
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analysis of RNA localization and/or translation status in neuronal cells lines may help to 

answer these questions.  In addition, the isolation of Nab2 and its associated transcripts in 

a cell-cycle dependent manner may also give further insight into whether Nab2 is 

associated with certain transcripts destined for the growing yeast daughter cell.   

   

Final conclusions and future directions 

 In sum, these studies have greatly advanced our knowledge of poly(A) RNA 

recognition.  We have shown that CCCH zinc fingers can specifically recognize 

polyadenosine RNA with high affinity.  Furthermore, we have demonstrated that the 

recognition of poly(A) RNA by CCCH zinc fingers occurs in multiple species, including 

the budding yeast S. cerevisiae, the fruit fly, D. melanogaster, and humans.  ESTs 

representing various ZC3H14 isoforms are also present in mice and rats, suggesting that 

ZC3H14 may play an evolutionarily conserved role in the molecular recognition of 

polyadenosine RNA.  In collaboration with Ken Moberg at Emory University, we have 

also established the fruit fly, D. melanogaster, as a model system in which to study 

defects in polyadenosine RNA recognition on an organism-wide level.  The use of D. 

melanogaster as a model system will also allow us to investigate the potential role of 

dNab2 (D. melanogaster ZC3H14) in development.  Furthermore, recent evidence also 

suggests that mutations within human ZC3H14 lead to a familial form of mental 

retardation found within consanguineous families (Andreas Kuss and colleagues, 

personal communication).  Interestingly, at least one mutation in these patients is an early 

stop codon resulting in a protein lacking the CCCH zinc finger domain, suggesting that 

ZC3H14 may post-transcriptionally regulate the expression of genes involved in proper 
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neuronal development.  It will be interesting to use D. melanogaster as a model of this 

disease state in order to investigate the link between ZC3H14 and neuronal development 

and the post-transcriptional control of gene expression.    

 These studies also highlight the intricately connected web of RNA processing and 

export from the nucleus.  Each step during RNA maturation, from initial processing in the 

nucleus to the final demise in the cytoplasm is controlled by a different set of RNA 

binding proteins (4).  In fact, RNA binding proteins and their associated transcripts have 

been likened to “transcriptional operons” due to the fact that they can have such a large 

affect on the final protein product (4, 5).  Nab2 and ZC3H14 recognize stretches of 

polyadenosine, such as the poly(A) tail, that are ubiquitous to all mRNA transcripts.  

Thus, these poly(A) binding proteins have the potential to post-transcriptionally regulate 

not just a handful of transcripts, but every single mRNA transcript that is ever 

synthesized.  Overall, the results of this work demonstrate that the recognition of 

polyadenosine RNA is a critical component in the post-transcriptional control of gene 

expression. 
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