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ABSTRACT 

The process of mRNA turnover is a critical component of the regulation of gene 

expression. In the past few years, a discrete set of pathways for the degradation of 

polyadenylated mRNAs in eukaryotic cells have been described. The major pathway of 

mRN.A. degradation in yeast occurs by deadenylation of the mRNA. which primarily 

leads to a decapping reaction, thereby exposing the mRNA to rapid 5' to 3' exonucleolytic 

degradation. A critical step in the primary pathway is decapping. since it effectively 

terminates the mRNA's existence and is the site of numerous control inputs. I discuss the 

properties of the decapping enzyme and how its activity is regulated to give rise to 

differential mRNA turnover. 

The major pathways of mRNA turnover in eukaryotic cells are initiated by 

shortening of the poly(A) tail. In this work. I demonstrate by several criteria that CCR4 

and CAFl encode critical components of the major cytoplasmic deadenylase in yeast. 

First, both Ccr4p and Caflp are required for normal mRNA deadenylation in vivo. 

Second, both proteins localize to the cytoplasm. Third. Caflp co-purifies with poly(A) 

specific exonuclease activity, and this activity is dependent on the presence of Ccr4p. 

Interestingly, because Ccr4p and Caflp have been shown previously to interact with 

transcription factors, these results suggest an unexpected link between mRNA synthesis 

and tumover. 



Both the Ccr4 and Cafl proteins have significant homology to known 

exonucleases. in this work I demonstrate by several criteria that CCR4 encodes the 

catalytic subunit of the deadenylase. First, over-expression of Ccr4p rescues the 

deadenylation defects of a cafl A strain, indicating that Caflp is not essential for 

deadenylation. Second, purification of Ccr4p co-purifies with poly(A) specific 

exonuclease activity, and this activity is not dependent on the presence of Caflp. Third, 

point mutants in predicted catalytic residues of the Ccr4p exonuclease domain result in 

deadenylation defects in vivo and in vitro. The strong conservation of Ccr4p and Catlp in 

other eukaryotes suggests that they will function in the process of deadenylation in other 
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CHAPTER 1. INTRODUCTION 

Statement by author 

This chapter is a review written by myself, with the help of my advisor. 1 have 

made minor modifications of the article for its inclusion in this dissertation [1], 

Bioiogicai Significance of mRNA Turnover 

The proper regulation of gene expression is critical for essentially all biological 

processes. It is now clear that the regulation of mRNA stability plays a significant role in 

controlling gene expression. In eukaryotic cells, the decay rates of individual mRNAs 

\ar\ by more than two orders of magnitude [2-4]. Moreover, there are numerous 

examples where mRNA decay rates are regulated in response to various stimuli. For 

example, in mammalian cells an increase in free cytoplasmic tubulin monomers 

accelerates the degradation of the tubulin mRNAs [5], Similarly, the rate of mRNA 

turnover for individual mRNAs can vary in response to specific hormones [6-8]. stage of 

the cell cycle [9. 10]. viral infection [11-13], or as a consequence of differentiation [14-

16]. In addition. mRNA turnover appears to play an important role in assessing the 

accuracy of mRNA biogenesis and the degradation of aberrant transcripts [17-19]. The 

increasing number of such examples suggests that modulation of mRNA stability is a 

common component of eukaryotic gene regulation. 
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Distinct Pathways of Eukaryotic mRNA Degradation 

Recent work has demonstrated that there are at least four related, yet distinct, 

pathways by which polyadenylated mRNAs can be degraded in eukaryotic cells (Figure 

1.1)[20]. In most cases, the degradation of the transcript begins with the shortening of 

the poly(A) tail at the 3' end of the mRNA [21. 22], In yeast, shortening of the poly(A) 

tail primarily leads to removal of the 5' cap structure (decapping). thereby exposing the 

transcript to digestion by a 5' to 3' exonuclease [23-26]. 

There is considerable evidence that mRNA decay via such deadenylation-

dcpendent decapping is conserved in eukaryotes that are more complex. For example, 

deadenvlation can be the initial step for mRNA turnover in mammalian cell lines [22. 

27]. Moreover. mRNA decay intermediates that have been deadenylated and decapped 

can be detected in murine liver cells [28]. This observation was made utilizing a reverse 

transcription-PCR approach that allows analysis of both the 5' and 3' ends of a mRNA. It 

was shown, for four different mRNAs. that species lacking the 5' cap also possessed short 

poly(.A) tails, arguing that deadenylation precedes decapping for these mRNAs. Finally, 

several of the proteins involved in yeast mRNA decay, including the 5' to 3' ribonuclease. 

Xmlp [29]. and two proteins involved in decapping. Dcplp and Dcp2p. are conserved in 

other eukaryotes [30. 31 ]. 
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In addition to decapping and 5' to 3' decay, transcripts can also be degraded in a 3' 

to 5' direction following deadenylation [26. 32]. This process is catalyzed by a conserved 

complex of multiple 3' to 5' exonucleases. termed the exosome. that also performs a wide 

varietv' of RNA processing events [33]. It is clear that the 3' to 5' degradation pathway is 

considerably slower in yeast than decapping and subsequent 5' to 3' degradation [26. 32]. 

Hovvever. either pathway by itself is sufficient to support cell growth [32]. Mutations 

that inhibit both pathways are synthetically lethal [32. 34]. which suggests that these are 

the only two general pathways of mRNA turnover in this simple eukaryote. 

•A^n important issue is the relationship between 5' to 3' degradation and 3' to 5' 

degradation of mRNA and their respective roles in eukaryotic cells. Currently, the 

available evidence suggests that the major mechanism of mRNA decay in Saccharomyces 

cerevisiae is by decapping and 5' to 3' degradation [23-25. 35]. Similarly, in 

Chlamydomonas reinhardtii, 5' to 3' decay appears to be the major pathway of 

degradation, at least for the tubulin mRNAs [36]. However, it should be considered that 

in other eukaryotes the relative contribution of these two mechanisms may be different, 

either in general or for specific mRNAs. For example, in oat seedlings the phytochrome 

A mRNA is degraded by both 5' to 3' and 3' to 5' decay mechanisms at similar rates [37]. 

Moreover, the analysis of the c-myc mRNA degradation in cell free systems from 

mammalian cells suggests that the transcript is mainly degraded in a 3' to 5' direction 

following deadenylation [38]. 
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Eukaryotic mRNAs can also be degraded by mechanisms that involve specific 

cleavage of the transcript independent of prior poly(A) shortening. For example, aberrant 

mRNAs containing a premature translational stop codon are rapidly decapped 

independent of prior poly(A) shortening [39]. This rapid degradation of aberrant 

transcripts, referred to as mRNA surveillance, appears to be a specialized mRNA 

turnover process the cell uses to prevent the production of truncated proteins, which can 

have deleterious consequences to the cell [17. 18]. mRNAs can also be degraded 

independently of poly(A) tail shortening by endonucleolytic cleavage within the body of 

the mRNA [40-43], 

Decapping is a key step in mRNA degradation for several reasons. First, in the 5" 

to 3" mRNA degradation pathway it both precedes and permits the decay of the transcript 

body. Moreover, since this is the major mechanism of mRNA degradation in yeast cells, 

this indicates that decapping is the critical step in yeast mRNA degradation. Second, 

since individual mRNAs are decapped at different rates, decapping is also an important 

control point in mRNA decay [25. 26]. Third, decapping also plays a critical role in the 

process of mRNA surveillance wherein aberrant nonsense codon-containing mRNAs are 

ver\- rapidly decapped and degraded in a 5' to 3' direction [35. 39]. For these reasons, we 

have focused in this discussion on the mechanisms and control of mRNA decapping in 

yeast. 
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Figure l.l Decay pathways of polyadenylated mRNA in eukaryotes. In most cases, the 

degradation of the transcript begins with the shortening of the poIy(A) tail at the 3' end of 

the mRNA. In yeast, shortening of the poIy(A) tail primarily leads to removal of the 5' 

cap structure (decapping). thereby exposing the transcript to digestion by a 5' to 3' 

exonuclease. 
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THE DECAPPING ENZYME 

Dcplp, a tnRNA Decapping Enzyme 

The first major step in understanding the process of mRNA decapping is to 

identify and characterize the decapping enzyme. A combination of genetic and 

biochemical approaches has identified the product of the DCPl gene as the major mRNA 

decapping enzy me in yeast. Mutations in the DCPl gene were first identified in a genetic 

screen for mutants with altered mRNA degradation [44] and dcplA strains were also 

defective for all known mRNA decapping in vivo [35]. 

Several lines of evidence subsequently indicated that the D C P l  gene encodes a 

decapping enzyme [35]. First, amino terminal sequencing of a polypeptide isolated from 

a highly purified decapping activity from yeast gave an amino acid sequence that was 

identical to the predicted amino acid sequence of Dcplp. Second, cell-free extracts 

prepared from viable, but slow growing, c/c/?/A strains contained no detectable decapping 

activity. Third, overexpression of the DCPl gene increased the levels of decapping 

activity in cell-free extracts. Fourth, affinity isolation of an epitope-tagged Dcplp 

resulted in the co-purification of Dcplp and decapping activity. Finally, separation of 

Dcplp from other proteins by denaturing gel electrophoresis followed by in-gel 

renaturation yielded a protein capable of decapping an mRNA substrate [45], These 
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results indicated that the DCPl gene encoded an enzyme capable of removing the cap 

structure from mRNA. 

Biochemical analysis of the Dcplp decapping activity with either partially 

purified, or homogeneous preparations of the decapping enzyme demonstrated that the 

activity cleaves the m7GpppX (in yeast. X is generally either an A or a G) of mRNAs to 

yield the products m7GDP and a 5'-monophosphate mRNA (Figure 1.2) [45. 46]. 

Production of a transcript with a 5'-monophosphate mRNA is functionally significant for 

the subsequent rapid degradation by the 5' to 3' exonuclease that degrades mRNA 

following decapping. Xmlp. The Xmlp is blocked by a cap structure [24] and 

preferentially degrades substrates containing a 5'-monophosphate end when compared to 

those with a 5'-triphosphate end [47]. Cleavage of capped mRN.As by the Dcplp 

therefore facilitates rapid digestion by Xmlp. 

The decapping enzyme presumably fiinctions in vivo as it does in vitro, to yield an 

mRNA possessing a monophosphate at its 5' end. which is then rapidly degraded by the 

.Xmlp 5' to 3' exonuclease. Xmlp is not essential in yeast and xrnliS. strains accumulate 

decapped mRNAs These deletion strains allow 5' end comparison of capped versus 

decapped mRNAs. Given the specificity of the decapping enzyme observed in vitro. 

decapped mRNAs would be expected to be full length, and possess the same 5' ends as 

capped mRNAs. Analysis of the 5' ends of capped and decapped MFA2 mRNAs from an 

xrnIS strain showed that the decapped mRNAs are indeed flill-length [25]. Surprisingly, 

analysis of the PGKl and RP51A mRNAs that accumulate in an .rr«/A strain indicates 



that these decapped transcripts are shortened at their 5' end by either 2 (PGKl) or several 

(RP51A) nucleotides [24, 26]. This observation raised the possibility that the decapping 

enzyme can also cleave mRNAs at a phosphodiester bond near the cap structure. 

However, two observations suggest that these shortened transcripts are actually due to 

Dcplp cleavage within the cap structure followed by a nuclease activity that slightly 

trimmed the 5' ends of the mRNAs. First, purified Dcplp cleaves the PGKl mRNA 

within the cap linkage, not at an internal phosphodiester bond [45]. Second, the PGKl 

mRNA can still be degraded exonucleolytically 5' to 3' in the absence of the Xmlp in 

vivo, albeit at a much slower rate [26]. Thus, the simplest interpretation is that Dcplp 

only cleaves within the cap linkage, but that in xrnhS strains, limited trimming of the 5' 

end of some decapped transcripts can occur, possibly by Rati p. a second 5' - 3' 

exonuclease that is predominantly nuclear [48]. 
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Figure 1.2 mRNA decapping products in yeast. Biochemical analysis of the Dcplp 

decapping activity with either partially purified, or homogeneous preparations of the 

decapping enz>'me demonstrated that the activity cleaves the mTGpppX (in yeast. X is 

generally either an A or a G) of the mRNA to yield the products m7GDP and a 5'-

monophosphate mRNA. 
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Interaction of Dcplp and the mRNA Substrate 

In vitro, the decapping enzyme demonstrates the specificity of an enzyme that 

decaps mRNAs. For example, the 7-methyl group of the cap structure contributes to the 

enz\ me's substrate specificity [45]. Interestingly, addition of the cap analog m^GpppGon 

failed to inhibit the decapping reaction. This suggested that the Dcplp protein might also 

interact with the body of the transcript. This interpretation has been supported by two 

additional observations. First, Dcplp was effectively inhibited in vitro by uncapped 

mRN.A.s. Second, the enzyme etTiciently cleaved substrates that were > 25 nucleotides in 

length, with a preference for longer mRNA substrates. These properties suggest that 

Dcplp recognizes the mRNA substrate by interactions with both the cap and the RNA 

moiety. This preference for longer substrates may have biological significance, since the 

5' cap structure is often complexed with a set of proteins involved in translation initiation, 

referred to as the cap-binding complex or eIF-4F. A requirement for a significant length 

of RNA in addition to the cap structure for substrate recognition by Dcplp may prevent 

decapping of mRN.A.s on which translation initiation complexes are assembled (see 

below). 

Structure/Function Analysis of Dcplp 

There is verv- limited information about the mechanism by which the Dcpl protein 

performs its catalytic role. Comparison of Dcplp homologues form other eukaryotes has 
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identified protein residues that are liighly conserved, suggesting tiiat these amino acids 

have an important function. Consistent with this view, mutation of these conserved 

amino acids leads to Dcpip that is defective for decapping both in vivo and in vitro, 

suggesting that these mutated residues are required in some manner for enzymatic 

activity- [31]. 

Mutagenic analysis of Dcplp has also identified several amino acids that are 

likely to be involved in important protein-protein interactions required for mRNA 

decapping in vivo [31]. The critical observation was the identification of several dcpl 

mutations that moderately decreased mRNA decapping in vivo . but yielded decapping 

enzymes that had at least the same specific activity as the wild type enzyme in vitro. 

Combination of two such alleles into a single dcpl gene showed a strong loss of ftinction 

in vivo, but still produced enzyme that was fully active in vitro. This suggested that 

interactions of the decapping enzyme with other factors are required for efficient 

decapping in vivo and that these particular mutations may be disrupting such interactions 

(see below). 

Production and Regulation of Decapping .A.ctivity in vivo. 

The central role of the decapping enzyme in mRNA decay suggests that the levels 

of decapping activity will be subject to regulation. Although little is known about how 
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the decapping enzyme is regulated, three sets of experiments suggest manners in which 

the activit>' of the decapping enzyme may be modulated. 

Post-Translational Modification of Dcplp 

Several observations suggest that Dcplp is modified post-translationally. First, 

the decapping activity- separates into two peaks of activity after purification on a Mono-Q 

column [35], These two peaks contain forms of Dcplp that have slightly different 

mobility by SDS-PAGE. presumably due to post-translational modification. Although 

the nature and role of this modification remains to be determined, a requirement of post-

translational modification could explain why Dcplp produced in E. coli is not 

enz\matically active [45]. In addition, at least some of the Dcplp is phosphorylated in 

wild type cells [45]. The observation that Dcplp is subject to modification raises the 

possibility that various modifications will influence its activity, although this has yet to 

be demonstrated. 

The Dcp2 Protein is Required for mRNA decapping activity 

The production of active decapping enzyme is dependent on a second 

polypeptide, termed Dcp2p. The Dcp2p was first identified as a high-copy suppressor of 

the conditional lethalitv' of a dcpl temperature sensitive strain {dcpl-2) when combined 

with the ski8^ mutation, which blocks 3' to 5' decay [30]. Overexpression of Dcp2p 
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partially suppressed the dcpl-2 decapping defect. More importantly. dcp2\ strains show 

no detectable decapping for either normal mRNAs or aberrant transcripts that are 

degraded by the mRNA surveillance pathway. Interestingly, purification of the Dcplp 

decapping enzyme from dcplA strains yields an inactive protein. The Dcp2p also co-

immunoprecipitates with the DCP! decapping enzyme. These results indicate that Dcp2p 

is a positive regulator of the decapping enzyme and suggest that a direct or indirect 

interaction of Dcplp with Dcp2p is required for production of active decapping enzyme. 

The Dcp2p contains a MutT motif, which is found in a class of pyrophosphatases 

designated the as the "Nudix" hydrolases [49]. Three observations suggest that this MutT 

motif is central to the function of Dcp2p in decapping [30]. First, the region of Dcp2p 

containing the MutT motif and the MutT motif itself are conserved in several Dcp2p 

homologs in other species. Second, deletion analysis of the Dcp2 protein showed that the 

region of the protein containing the MutT motif was sufficient to rescue the decapping 

defect of the dcp2A mutation. Third, mutation of the key glutamic acid residue in the 

Dcp2p MutT motif (based on prior work on other MutT-like enzymes) eliminated the 

function of Dcp2p in mRNA decapping. Based on the known substrates for enzymes that 

contain the MutT motif, the most likely substrates for Dcp2p are small, pyrophosphate-

containing molecules. The known substrates of the Nudix hydrolases, with only one 

exception, consist of a nucleoside diphosphate linked via the P phosphate to some small 

molecule X. where X moiety can be a variety of molecules such as a third phosphate, a 

sugar, or another NDP [49]. 
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The simplest interpretation of these observations is that Dcp2p's role in decapping 

is to hydrolyze a specific pyrophosphate bond, either to activate the decapping enzyme, 

or to remove an inhibitor of decapping. It is also worth considering that the Dcp2p could 

function as a decapping enzyme by itself or in conjunction with Dcplp. Though it is 

clear that purified Dcplp can function as a decapping enzyme in vitro [45]. it is a formal 

possibility that the decapping reaction requires the catalytic activity of Dcp2p in vivo to 

decap mRNA substrates. Initial attempts to identify a decapping or alternative 

biochemical activity for Dcp2p have been unsuccessful to date [30]. An important goal 

will be to identity the substrate for the Dcp2p and to understand how that activity is 

required for the production of active decapping enzyme. 

Interactions of Dcpl & Hsp70; A potential regulator of decapping? 

A recent report suggests that the protein chaperone. Hsp70p. may function as a 

global regulator of Dcplp activity [50]. There are three observations that have led to this 

suggestion. First, mutations in the VPS 16 or PATl/MRTl genes lead to a partial 

inhibition of decapping in vivo [44. 50. 51]. Second, purified active Dcplp is inhibited 

when added to cell extracts fi:om vpsl6 and patl/mrtl mutants in vitro. This observation 

indicates that these extracts contain some type of inhibitor of decapping. Third, over-

expressed Dcplp purified from vpsl6A or patl/mrtl A strains co-purifies with more 

HSP70 than that from wild-type cells [50]. These observations have been interpreted to 
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suggest that Hsp70 may be a decapping inhibitor that is present in vpsl6A and 

patLmrtlA cell extracts, and that a role of the Vpsl6 and Patl/Mrtl proteins is to 

promote the dissociation of Hsp70 protein from the decapping enzyme [50]. An 

alternative explanation is that the inhibitory substance in cell free extracts is a 

consequence, not the cause, of the decapping defect seen in the vpsI6 and patl/mrtl 

mutants. This latter possibility is suggested by the observations that all strains defective 

in decapping. including dcpl^ and dcp2\ strains, have extracts that inhibit exogeneously 

added decapping enzyme (LaGrandeur T. Dunckley T. Parker R. unpublished 

observations). Future work resolving the possible role of Hsp70 proteins in mRNA 

decapping should clarify these issues. 
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mRNA DECAPPING, DEADENYLATION AND TRANSLATION 

The Role of The Translation Initiation Complex 

An important issue in understanding the process and control of mRNA decapping 

is how the mRNA degradation machinery interacts with the translation components. This 

is significant because the cap structure, in addition to being the site of decapping. 

functions as a site of assembly for the cytoplasmic cap binding complex (also termed elF-

4F) and promotes translation initiation [52]. The dual nature of the cap structure has led 

to the appealing hypothesis that decapping could be in competition for access to the cap 

with the cytoplasmic cap-binding complex [25. 53. 54]. As discussed in more detail 

below, several lines of evidence now suggest a working model for the interaction of the 

decay machinery and the translation initiation factors (Figure 1.3). This model has three 

main points; first, disassembly and/or alterations in the cap-binding complex is a critical 

step for decapping of the mRNA. Second, the status of the translation initiation complex 

is also capable of influencing the deadenylation machinery. This suggests that the same 

dynamics in the cap-binding complex that promote decapping also promote 

deadenylation. Third, c/5-acting sequences that specify mRNA decay rates also affect 

translation rate, and are therefore likely to function by affecting the dynamics at die cap-

binding complex. 
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Figure 1.3 Competition for the cap between translation initiation and decay factors. It 

should be noted that "disassembly" may simply reflect a conformational alteration. 



FUUY ASSEMBLED POLY(A| • 

TRANSLATION COMPLEX 

COMPLETION OF 
DEADENYLATION 

RESTORE FULL 
TRANSLATION 

COMPLEX 

OlSSASSEMBLE' 
TRANSLATION 
COMPLEX 

Ocptp 

ALTERED POLY(A). 
mRNP CONFORMATION 
SUSCEPTIBLE TO 
OEAOENYUTION 
BLOCK TO DECAPPINO 

PapIp 
DAN 

FULLY ASSEMBLED POLY(A)-
TRANSLATION COMPLEX 

RESTORE FUU 
TRANSLATION 
COMPLEX 

•OlSSASSEMBLE' 
TRANSLATION 
COMPLEX 

ALTERED PLY(A)-
mRNP CONFORMATION 
SUSCEPTIBLE TO 
OECAPPING 

U) 
OJ 



34 

Mutations in Translation Initiation Factors Increase mRNA decapping Rates. 

Evidence in support of a competition between the translation initiation factors and 

the decapping enzvme has come from the examination of mRNA degradation in strains 

defective in components of the translation initiation complex [55]. Mutations in 

components of the cap binding complex, including eIF4E. eIF4G.and elF4A. that 

strongly inhibit translation initiation also increase the rate of decapping of both the 

MF.A.2 and PGKl transcripts. Similarly, mutations in the Prtl protein, a component of 

the eIF-3 complex which interacts with the cap binding complex to stabilize the 40S 

preintiation complex on the mRNA [56], have been reported to accelerate the decay of 

the SS.A.l and Ip mRNAs under specific conditions [57. 58] and also increase the rate of 

decapping of both MFA2 and PGKl transcripts [55]. Interestingly, partial loss of 

function mutations in the cap binding protein. eIF-4E. that lead to only a modest decrease 

in translation in vivo, have little effect on the degradation rate of the PGKl mRNA in 

yeast [59], This observation suggests that in order to affect mRNA decay, the defect in 

the translation initiation complex assembly must be substantial. Together, these results 

indicate that decreasing translation initiation increases mRNA decapping rate, and 

supports the idea that translation initiation and decapping are in competition for access to 

the cap. 

Additional evidence for this model has come from the inhibition of translation of 

individual mRNAs. In one case, the insertion of a stem-loop into the 5' UTR of the stable 
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PGKl mRNA. effectivly blocking translation by preventing 40S scanning, leads to 

accelerated decapping [26]. Thus, in yeast, decreasing translation initiation either in cis 

or in trans promotes faster decapping. However, it is important to note that there are a 

number of examples from metazoans where insertion of stem-loops into 5' UTR of 

mRNAs acts to stabilize these transcripts [60. 61]. 

In contrast to the stimulation of mRNA degradation when translation initiation 

rate is inhibited, blocks to the elongation phase stabilize mRNAs. For example, 

inhibiting translation elongation with cyclohe.ximide greatly stabilizes several yeast 

mRNAs [62. 63], Similarly, mutations in factors required for the production of 

functional tRNAs lead to an apparent elongation block and stabilize mRNAs [64. 65]. In 

the case of stabilization due to cycloheximide, the affect can be attributed to an inhibition 

of decapping [62]. although the reason for this affect is currently unclear. One possible 

interpretation of these observations is that blocking translation elongation traps the 

dynamics of the translation initiation complex in a phase that is resistant to mRNA 

decapping. 

The Cap Binding Protein Inhibits Dcplp In vitro. 

Evidence in support of a competition between the cap binding complex and the 

decapping enzyme for access to the cap has also come from in vitro experiments with 

purified components. The critical observation is that purified eIF4E. the cap binding 
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protein, acts as a potent iniiibitor of decapping by Dcplp in vitro [66]. Two findings 

suggest that this inhibition occurs by binding of the eIF4E protein to the cap structure. 

First, the inhibition can be alleviated by addition of m7GTP [66], which has been shown 

to compete efficiently with capped mRNAs for eIF4E binding. Second, mutant forms of 

eIF4E that fails to bind the cap structure in vitro also fail to block decapping by Dcplp 

[66], The inhibition of decapping by eIF4E protein strongly argues that dissociation of 

eIF4E from the cap structure is required before decapping can occur. 

Deadenylation rate is also dictated by the status of translation initiation complex 

Several observations argue that the rate of deadenylation is also dictated by the 

status of the translation initiation complex in a similar manner to decapping. First, all the 

mutations in translation initiation factors that increase the rate of decapping also promote 

faster deadenylation [55]. Second, inhibition of translation in cis by the insertion of a 

stem loop into the PGKl 5' UTR leads to accelerated rates of both decapping and 

deadenylation [26]. Third, several cis acting sequences that promote mRNA decay in 

yeast (see below) do so by affecting the rates of both decapping and deadenylation. This 

suggests that both decapping and deadenylation are modulated by similar events [21. 67. 

68]. However, it should be noted that in some cases, the control of deadenylation and 

decapping can be experimentally separated. For example, the addition of cycloheximide 

inhibits decapping but not deadenylation [62]. This indicates that the common control of 

these two steps has some subtle differences. 
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A possible mechanistic basis for the influence of translation initiation rate on 

deadenylation has come from the observation that the nuclease thought to be responsible 

for deadenylation in vertebrate cells, referred to as PARN or DAN. is dependent on the 

presence of capped mRNA substrate in vitro [68-70]. Although the cytoplasmic 

nuclease that deadenylates mRNAs in yeast has not yet been characterized for its ability 

to bind the cap. these observations suggests that the dynamics at the cap binding complex 

could promote access to the cap by the deadenylase and assist subsequent deadenylation 

(Figure 1.3). 

C/.v-.Acting Signals Dictating mRNA Decay Rate in Yeast also Specify Translation Rate. 

The model that mRNA turnover is directly influenced by the process of 

translation initiation makes the prediction that c/5-acting sequences that promote mRNA 

turnover may actually serve to repress translation initiation, thereby leading to increased 

rates of deadenylation and decapping. There are numerous clv-acting sequences that have 

been identified in yeast that affect mRNA decay rates, often referred to as instability 

elements (Table 1.1). These elements can be found within the 5' UTR. coding region or 3' 

UTR. 

In order to understand the mechanism by which instability elements affect 

mRNA decay, the step of mRNA turnover affected by some elements has been identified. 
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Strikingly, in all cases examined so far, the instability elements promote both mRNA 

deadenylation and decapping. For e.xample. disruption of instability elements in the 3' 

UTR of the unstable MFA2 transcript leads to slower rates of deadenylation and 

decapping [21]. Similarly, instability elements within the MAT_l coding region can also 

promote both deadenylation and decapping [67]. Finally, changes in the context of the 

translation start codon of the PGKl coding region that increase the decay rate of the 

mRNA accelerate the rates of both decapping and deadenylation [68]. The observation 

that instability elements effect both decapping and deadenylation suggests that these 

elements affect some central aspect of mRNP biology/organization that controls both the 

deadenylase and the decapping enzyme. 

Several lines of evidence now suggest that these instability elements function to 

modulate the translation initiation efficiency of the transcript. One example comes from 

the analysis of the unstable MFA2 transcript. In this case, the MFA2 mRNA is unstable 

because elements in its 3' UTR promote the rates of deadenylation and decapping [21. 

68]. As discussed above, the ability of this 3' UTR to promote both mRNA 

deadenylation and decapping suggests that these sequences may repress translation. In 

order to test this hypothesis, the translation efficiency of the wild type MFA2 mRNA and 

a mutant MF.A.2 wherein the 3' UTR instability element was inactivated were compared 

by their distribution in a polysome gradient. The mutant MFA2 mRNA was found 

associated with an increased number of ribosomes indicating an increased translation 
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efficiency [66]. This argues that the instability elements within the MFA2 3' UTR 

function to repress translation. 

A second e.xample of c/5-acting elements affecting both decay and translation 

comes from the analysis of the stable PGKl transcript. PGKl mRNA is stable because 

the sequence context of the PGKl translation start codon and the coding region function 

together to stabilize the transcript, while the PGKl 3' UTR and 5' UTR are neutral with 

respect to decay [68]. Strikingly, changes in the PGKl start codon context that 

destabilize the transcript also reduce its translational efficiency. Again, this would 

indicate a link between translation efficiency and degradation. In this case, the c/5-acting 

elements that promote stability can be directly linked to events at the translational start 

codon. 

A third example of c/5-acting elements affecting both translation and decapping 

has come from the analysis of mRNAs that contain early nonsense codons. These 

mRNAs have been shown to undergo rapid turnover via the deadenylation independent 

decapping decay pathway [39]. Utilizing a reporter system in which the levels of mRNA 

and translation efficiency could both be monitored, it was observed that a premature 

nonsense codon led to a decrease in the molar amount of protein produced per mRNA 

[71], This decrease was apparent even when mRNA decay was blocked by inactivation 

of the decapping enzyme. These observations argue that the recognition of a premature 
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termination codon somehow leads to a decrease in translation initiation rates and suggest 

that decapping is a consequence of this change in translational status of the mRNA. 

Several other instability elements have been proposed to affect translation 

initiation. For example, the decay rate of the Ip mRNA in yeast is regulated by carbon 

source in a manner requiring the 5' UTR [58]. This 5' UTR has been proposed to 

promote decay by regulating the translation of the mRNA in the different carbon sources 

[72], although the translation efficiency of the transcript has not yet been measured in 

each case. A related case occurs in the OLEl mRNA. where the 5' UTR is required for 

the regulation of this mRNAs decay rate in response to the presence of specific fatty 

acids [73]. A likely possibility is that the OLEl 5' UTR actually regulates translation rate 

under the different conditions. Some examples of this type of link between translation 

and decay exist in mammalian cells as well. For example, the AU-rich destabilizing 

elements (referred to as AREs) found in many mammalian transcripts also promote 

degradation and decreases in mRNA translation [74]. 

The observation that instability elements can repress translation in addition to 

activating deadenylation and decapping suggests that these elements alYect some aspect 

of the translation process. The mechanism by which these elements actually affect 

translation in unclear at this time but could be postulated to affect the assembly and/or 

disassembly of the cap binding complex thereby allowing access to the cap by the 

deadenylase and decapping enzyme (Figure 1.3). An important goal for future work will 
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be to identity the proteins that interact with specific instability elements, and to establish 

the mechanisms by which these proteins affect the translation machinery. 
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Table 1.1 cis-acting elements 

Gene 

MFA2 

PGK1 

Location 

of element 

3'UTR 

Coding region 

MATol Coding region 

STE3 

H1S3 

IP 

0LE1 

3' UTR and 
coding region 

Coding region 

5'UTR 

5'UTR 

Mechanism 

Promotes rapid deadenyiation 

and rapid decapping 

Promotes stability by inhibition 

of deadenyiation and 

decapping 

Promotes rapid deadenyiation 
and rapid decapping 

Comments 

Required for efficient 

translation 

References 

(21,68) 

(68) 

(67) 

(63) 

Required for decay response 

to cartwn source 

Required for turnover in response 

to presence of specific fatty acids 

(58) 

(73) 
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THE mRNA DECAPPING MACHINERY AND THE CONTROL OF mRNA 

DECAPPING 

As discussed above a critical aspect for specifying mRNA decapping rates 

appears to be the modulation of the stability of the cap binding complex. At the current 

time, the manner in which the mRNA decapping machinery and the translation 

machiner\' interact is not well understood. However, diverse sets of proteins are now 

known to affect mRNA decapping and in many cases, links from these proteins to the 

translation machinery are emerging. In the following sections, we discuss the mRNA 

decapping machinery and how it may interact with the process of mRNA translation. 

mRNA Surveillance and Decapping 

One clear example of the link between translation and decapping occurs in the 

degradation of aberrant mRNAs in the process referred to as mRNA surveillance or 

nonsense mediated decay (NMD) [17. 75]. In this case, several lines of evidence indicate 

that the environment of the translation termination event, relative to stabilizing and 

destabilizing c/i-acting sequences, determines whether a mRNA is recognized as 

aberrant. Once an mRNA is recognized as aberrant, the transcript is rapidly decapped 

independent of poly(A) tail removal [39]. This mRNA surveillance pathway requires 

several specific trans-acting factors, including Upflp. UpfZp and Upf3p [76-80]. 
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Several observations provide insight into how recognition of the mRNA as 

aberrant is coupled to decapping. For example, genetic and biochemical evidence 

indicates that the Upfl. Upf2 and Upf3 proteins interact with the translation release 

factors, and affect the nature of the translation termination event [76. 78. 81. 82], This 

suggests that differences in translation termination events are somehow communicated to 

the 5' end to affect translation initiation and decapping. This is consistent with the 

observation that recognition of mRNAs as "nonsense-containing" leads to a down 

regulation of translation efficiency [71], Interestingly, specific mutations in the 

translation initiation factor suil (also referred to as mo{2) inhibit the process of mflNA 

surveillance [83]. It is apparent that the Suilp functions at recognition of the AUG 

during translation initiation [84], These results would suggest that Suilp may be a key 

link between recognition of an aberrant mRNA at translation termination and signaling 

alterations in the translation initiation complex to allow decapping independent of 

deadenylation. 

Poly( A) Tails as an inhibitor of decapping 

A second link between translation and decapping involves the tlinction of the 

poly(A) tail, which is known to stimulate translation initiation rates [54], The 

requirement of deadenylation before decapping indicates that the poly(A) tail also acts as 

an inhibitor of decapping. Several observations support this proposal. First, for those 

mRNAs examined, the time required before decapping takes place closely correlates to 
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the time that is required for these mRNAs to deadenylate [23]. Second, deadenylation 

still directly precedes decapping even when the rate of deadenylation has been either 

increased or decreased for an individual transcript by making changes in the 3' UTR 

sequence[23. 68]. Finally, decay intermediates produced by the 5' decapping reaction 

only appear after at least some of the population of mRNA has undergone deadenylation 

[23, 25. 26]. In addition, these decay intermediates possess only oligo(A) length tails, 

suggesting that only deadenylated mRNAs are substrate for decapping [23. 25. 26]. 

The Poly( A) binding protein acts as a block to decapping. 

Several observations argue that the ability of the poly(A) tail to inhibit decapping 

is mediated through the poly(A) binding protein (Pablp). First, it has been demonstrated 

in yeast that decapping occurs when the poly( A) tail length has been shortened to an 

oligo(A) length of approximately 12 residues. This is approximately the minimum length 

required for Pablp binding [85]. Second, in pabl mutant strains, decapping is uncoupled 

from deadenylation [86. 87]. In this case, fragments trapped by inhibiting 5' to 3' 

degradation in cis by strong secondary structures, or in trans by deletion of the XRNl 

gene, accumulate as decapped. long poly(A) species [86]. This indicates that in the 

absence of Pablp the requirement for prior deadenylation in order to decap at least some 

of the transcripts is lost. Thus, the process of deadenylation can be thought to lead to a 

loss of Pab 1 p binding at the 3' end of the mRNA and subsequent activation of decapping. 
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The block to decapping by Pablp does not require the presence of the PoIy(A) 

tail. Recent experiments indicate that if Pablp is tethered to an mRNA by other 

interactions, its ability to block decapping becomes independent of its binding to poly(A) 

[88], This result was achieved by fusing the Pabl protein to the RNA binding domain of 

the MS2 coat protein. This allows Pablp to bind mRNAs via the MS2 binding sequence 

in the 3' UTR. independent of poly(A). These mRNAs accumulate as full length, capped 

and deadenylated messages. This would indicate that the role of the poly(A) tail is to 

recruit Pablp to the transcript, and that mRNA associated Pablp mediates access to the 

cap. by the decapping machinery. 

An important question is how Pablp inhibits decapping. One possibility is 

suggested by interactions between Pablp and the cap binding complex. This is based on 

the obsen-'ations that in vitro the Pabl protein directly interacts with the cap binding 

complex via protein-protein interactions with elF4G [89]. This suggests a simple model 

in which Pablp binds the poly(A) tail, then binds elF4G. which stabilizes elF4E on the 

mRNA and that leads to inhibition of decapping. However, despite the appealing 

simplicit\- of this view several observations suggest it may not be correct. First, deletion 

of the elF4G interacting domain in Pablp. has no effect on the ability of tethered Pablp 

to block decapping [88]. This suggests that the region within the Pablp that stabilizes 

mRN.As is distinct from the region that binds elF4G. Second, strains carrying mutations 

in translation initiation factors that lead to a severe defect in translation initiation still 

exhibit deadenylation dependent mRNA decapping [55]. Third, expression of a Pabl 
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gene from Arabidopsis in a pablA yeast strain can complement the translation defect but 

not the mRNA turnover defects [90]. This would suggest that the decay and translation 

functions of the Pablp are distinct. 

It is important to note, however, that it is possible that the Pablp interacts with 

other members of the 5' cap binding complex, as well as eIF4G. and that these 

interactions may be sufficient to confer a block to decapping. This idea is supported by 

the obser\'ation that a block to translation, specifically a stem loop structure close to the 

5' cap. inhibits the ability of tethered Pablp to stabilize the transcript. This has been 

interpreted to indicate that translation initiation is required for the abilitv- of Pablp to bar 

decapping. However, an alternative idea is that it is not translation initiation that is 

required, but a proper translation termination event that is essential to establish the Pablp 

block to decapping (see discussion below). 

One extreme idea is that the inhibition of decapping by Pablp is actually 

independent of the translation initiation complex. As we have discussed previously, 

mutations in critical components of the translation initiation complex, including 

temperature sensitive eIF4E. eIF4A and deletion of eIF4Gl. increases the rate of 

decapping. However, this decapping process is still dependent on prior deadenylation 

[55]. One interpretation of these results is that after translation is initiated and the Pablp 

dependent block to decapping is established, this block to decapping becomes 

independent of the dynamics of the translational machinery. In this light, it is interesting 
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to note that the activity of the human deadenylating nuclease (PARN or DAN) in vitro 

has been shown to be dependent on the 5' cap (Gao M. Fritz DT. Wilusz J. unpublished 

data). It is possible that Pablp interacts with PARN in a cap dependent fashion, possibly 

after the initial round of translation, and it is this interaction that prevents decapping of 

the mRNA prior to deadenylation. 

Does a proper translation termination event establish the Pablp dependent block to 

decapping? 

One interesting possibility is that the ability of Pablp to inhibit decapping is 

dependent on the completion of a translation termination event during the first round of 

translation. This idea is based on the observation that nonsense containing mRNAs. 

which terminate translation prematurely, undergo rapid decapping independently of 

deadenylation [39]. This model is also consistent with the observation that the ability of 

tethered Pablp to block decapping requires translation of the mRNA [88]. Moreover, 

recent results using tethered Pablp indicate that a proper termination event requires only 

that Pablp be in close proximity to the stop codon. The critical observations are first, 

that tethering Pablp to the 3'UTR of a nonsense PGKl mRNA at a substantial distance 

from the termination codon has no effect on the deadenylation independent decay of this 

transcript [88]. However, moving the binding site for tethered Pablp close to the early 

stop codon now restores the deadenylation dependence for decapping on this message 

(Jacobson A. unpublished data). The implication of these results indicate that Pablp. in 
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close proximity to a terminating ribosome. is sufficient to initiate the 5' block to 

decapping. however it does not address the requirements for maintenance of this 

inhibition. It is also worth noting that the mammalian polypeptide chain release factor 

(eRP3/GSPT) that fiinctions in translation termination has been shown to interact with the 

Pabl protein [91], 

The Patl/'Mrtlp is required for efficient mRNA decapping. 

.•\nother protein that functions to promote decapping is encoded by the PATl 

MKT I gene. Mutations in this gene were first identified as affecting mRNA decapping 

in a genetic screen for mutations altering mRNA decay [44]. Subsequently, cloning of 

the MRTl gene demonstrated that this locus was the same as the PATI gene [51 ]. The 

Patl/Mrtlp protein was originally identified as a protein that shows two-hybrid 

interactions with topoisomerase II [92]. although the significance of this interaction for 

mRNA decay remains unclear. Interestingly, the Patl/Mrtlp has several properties 

indicative of a role in mRNA decay. First, as mentioned below, the Patlp interacts with 

several other proteins required for mRNA decay, based on both two hybrid interactions 

and co-immunoprecipitation [51. 93]. Second. Patlp is localized predominantly in the 

cytoplasm both by cell fractionation [94. 95] and by immunolocalization in fi.xed cells 

[51]. These results suggest that the Patl/Mrtlp has a function in the cytoplasm to 

promote mRNA decapping. 
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Several observations suggest that the Patl/Mrtlp has an additional function. 

patl mrtlA strains are temperature sensitive for viability [44. 94. 95]. In contrast. dcpl\ 

and dcplA strains, which have a stronger block to decapping, are sick, but viable at all 

temperatures. In addition, the inhibition of mRNA decapping seen in the pail mrti 

mutants is seen at all temperatures [44]. This suggests that Patl/Mrtlp is required for 

efficient decapping at all temperatures but that the protein has another function that is 

required for growth at higher temperatures. 

Interestingly, recent results implicate Patl/Mrtlp as being involved in formation 

of the translation initiation complex [95]. Based on the analysis of translation in cell free 

extracts, the Patlp/Mrtlp has been proposed to be required for efficient recruitment of the 

40S ribosomal subunit to the mRNA. In addition, in vivo analysis of polysome profiles 

from patlmrt I A. strains shows an increase in monosomes and a corresponding decrease 

in polysomes. This profile is also characteristic of an inhibition to translation initiation. 

These results suggest that the Patlp fianctions in translation, as well as affecting mRNA 

degradation, and may provide a critical link between the translation and degradation 

machinery. 

A Complex of Lsm Proteins associates with mRNA decay proteins and is required for 

efficient mRNA decay. 

Recent results have demonstrated that a complex of small proteins, referred to as 

Lsm proteins (see below) is required for efficient mRNA degradation. The key 
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observation is that the decay of the MFAlpG mRNA [23] is slower in strains deleted for 

the nonessential LSMl. LSM6. and LSM7 genes (each of which causes thermosensitive 

growth), or in strains carrying conditional alleles of the essential LSM2, LSM3. LSM4. 

or LSM5 genes [51. 96]. These experiments indicated that the LsmI to Lsm7 proteins 

are required for the rapid decay of the MFA2 transcript. Conversely, a partial loss of 

function mutation in the Lsm8 gene, or a deletion of the Lsm9 gene had no effect on 

mRNA degradation [51] (Muhlrad D. Parker R. unpublished observations). Subsequent 

analysis indicated that the defect in mRNA decay in the Lsm mutants was primarily an 

inhibition of mRNA decapping [51. 96]. although the mutations did slightly inhibit 

deadenylation (He W. Parker R. unpublished observation). Effects on both deadenylation 

and decapping have also been seen in translation factor mutants, as discussed earlier, 

suggesting a role for the Lsm proteins in translation. Interestingly, inactivation of Lsml 

through Lsm7 proteins leads to a partial inhibition of mRNA decapping [51]. This is in 

contrast to the absolute block to decapping seen in dcpl^. or dcp2\ strains [30. 35]. This 

suggests that the Lsm proteins are not a required part of the decapping machinery but 

instead serve as activators of efficient decapping. 

The Lsm proteins are members of a conserved family of proteins that contain a 

"Sm" motif and consist of nine proteins in yeast, referred to as Lsmlp to Lsm9p [97. 98]. 

The Sm motif was first found in the canonical Sm proteins, which are known to be 

associated with snRNAs and to function in splicing [99-101]. Biochemical and structural 

analysis suggests that the Sm motif serves as a site of protein-protein interaction, which 
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allows the Sm proteins to form a seven member ring structure [100. 102], Similar to the 

Sm proteins, the Lsm proteins are known to associate with each other and are a 

component of the U6 snRNP [97. 98. 103]. Consistent with this function, inactivation of 

Lsm2 through LsmSp leads to a defect in pre-mRNA splicing, presumably due to a 

destabilization of the LJ6 snRNA [97, 98, 103]. Thus, mutations in several of the Lsm 

proteins affects both mRNA splicing and mRNA degradation. 

In principle, the effect of mutations in the Lsm proteins on niRNA decay could be 

an indirect consequence of alterations in nuclear pre-mRNA splicing. However, several 

observations suggest that Lsm proteins are involved directly in mRNA decay [51]. First, 

systematic two hybrid analysis by Beggs and Legrain and their coworkers identified 

several interactions between the Lsm proteins and Dcpl, Dcp2, Patl/Mrtl and Xml [93], 

all proteins required for mRNA degradation [24, 30, 35. 44. 51. 53]. Second, the 

interactions predicted by two-hybrid analysis between the Lsm proteins and proteins 

required for mRNA decay (Dcplp. Dcp2p. Xmlp, and Patl/Mrtlp) have been confirmed, 

at least for Dcpl p. Dcp2p and Patl/Mrtlp. by co-immunoprecipitation [51. 104]. Third, 

immunolocalization of the Lsmlp indicates that this polypeptide is predominantly 

cytoplasmic. In contrast, the Lsm7p was found in both the nucleus and cytoplasm, 

consistent with it affecting both mRNA decay and splicing [51]. Fourth, deletion of 

LSMl had no effect on splicing [97], however, these strains did have defects in mRNA 

decapping [51]. These results argue that the Lsm proteins function in the cytoplasm to 

stimulate mRNA degradation possibly by effecting the translation efficiency of the 

message. 
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An interesting question is how Lsm proteins affect both mRNA splicing and 

mRNA decay. A combination of observations suggests that there are at least two types 

of Lsm complexes: a complex involved in mRNA decay, consisting of Lsmlp through 

Lsm7p. and a complex associated with U6. and involved in pre-mRNA splicing, 

consisting of Lsm2p through LsmSp (Figure 1.4). First, although mutations in Lsm2 to 

Lsm7 affect both mRNA decay and pre-mRNA splicing, mutations in Lsm I only affect 

mRNA decay and lesions in Lsm8 affect splicing but not mRNA decay [51. 96, 97. 103]. 

Second. Lsm2p to Lsm7p co-immunoprecipitates with both U6 snRNA [97. 98] and with 

mRNA decay factors [51]. while Lsmlp does not immunoprecipitate U6 snRNA [97. 98] 

but does pull down Dcplp and Patlp/Mrtlp. which is also required for decapping (see 

belovv) [44. 51]. In contrast. LsmSp does co-immunoprecipitate with (J6 snRNA [97. 98. 

103] but does not pull down Dcplp or Patl/Mrtlp [51, 104], Third, immunoprecipitation 

of Lsm8 has been shown to co-immunoprecipitate Lsm2 to Lsm7, but not Lsml [98]. 

Fourth, a pair of distinct complexes, each consisting of seven members would be 

consistent with the recent observation that the human Lsm proteins form a seven member 

ring structure [105]. 

An important goal of future work will be to determine how the Lsm proteins 

affect mRNA degradation. However, several observations suggest that the Lsm proteins 

will affect mRNA turnover by affecting the dynamics of the translation initiation 

complex in some manner. One clue to this effect has come from the analysis of the 

phenotypes of lsml A mutants. Since this protein is not known to affect the function of 
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the Lsm proteins in splicing [97], its phenotypes can currently be interpreted as reflecting 

the function of the cytoplasmic Lsm protein complex. Interestingly, the lsm IA strains 

show a defect in mRNA degradation at all temperatures but are unable to grow at high 

temperatures [97]. This phenotype is similar to the phenotype of the patl/mrtl mutants 

(see above). Moreover, these two proteins are physically associated [51. 93]. These 

observations raise the possibility that, like the Patl/Mrtlp. the Lsmlp protein, and by 

implication the cytoplasmic Lsm protein complex, may affect translation in some 

manner. Consistent with that view, the Lsm proteins show two-hybrid interactions with 

three translation factors [93]. These include a subunit of eIF2 (GCDl 1). which delivers 

the initiator tRN'A to the ribosome [106]. an elF2B subunit (GCN3). which is involved in 

the GDP-GTP exchange of eIF2 [107]. and a ribosomal protein (RPS28). which is a 

component of the decoding site of the 40S subunit [108]. It is striking that all three of 

these proteins are involved in the recognition of the AUG start codon in some manner 

and suggest that the cytoplasmic Lsm protein complex may somehow function in the 

process of AUG recognition. 
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Figure 1.4 Possible distinct Lsm complexes involved in mRNA metabolism. 
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A Network of Interactions between Decay Factors, including mRNA Interactions 

An important question will be the function of the Lsm proteins in mRNA 

turnover, including the significance of their physical interactions with Dcplp. Dcp2p. 

Patlp/Mrtlp. Since Sm and Lsm complexes in the nucleus are associated with snRNAs 

[97-99. 101. 103]. one possibility is that the role of the Lsm proteins in mRNA decay is 

through their association with some non-mRNA. The U6 snRNA is unlikely to be 

involved in mRNA decay since immunoprecipitation of Lsm 1 p. which appears to be 

solely involved in cytoplasmic mRNA metabolism, or Dcplp. fails to co-

immunoprecipitate the U6 snRNA [97], Moreover. pCp labeling of immunoprecipitates 

of Lsmlp failed to identify any new. abundant RNA species that might be involved in 

mRNA decay (Tharun S. Parker R. unpublished data). These observations suggested the 

alternative hypothesis that the Lsm proteins interact directly with mRNA. 

To test if Lsm proteins associate with mRNAs. co-immunoprecipitation of LsmSp 

or Dcplp with the CYH2 mRNA was tested. The critical observation is that 

immunoprecipitates of LsmSp contain both the CYH2 mRNA and U6 snRNA. This 

observation suggests that in addition to the U6 snRNA. the Lsm proteins can associate 

with mRNAs. Interestingly, immunoprecipitation of Dcplp also co-immunoprecipitated 

CYH2 mRNA. but not the U6 snRNA [51]. These results suggest that there are direct, or 

indirect, interactions between the Lsm proteins, as well as the Dcplp. with mRNAs. 

Taken together a web of interactions between the mRNA substrate and the mRNA decay 
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machinery are emerging (Figure 1.5). This set of interacting proteins could comprise the 

core of the mRNA decapping machinery and/or provide a link for this machinery with the 

translation apparatus. The primary function of this network may be to deliver the 

decapping enzyme to the mRNA and catalyze the decapping reaction. An important goal 

in future work will be to determine the nature of these protein-protein and protein-RNA 

interactions, their relative timing, and their functional significance. 
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Figure 1.5 A summary of interactions between mRNA and decay factors. Including those 

confirmed by two-hybrid analysis and/or co-immunoprecipitation. 
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Other Proteins involved in mRNA Decay/Decapping 

Three additional proteins have been identified that lead to defects in mRNA 

decay in yeast. These include Mrt4p. Grc5p, and Sla2p [65]. In this case, mutations in 

these three genes stabilize normal mRNAs as well as mRNAs containing premature 

translation termination codons. Since both these classes of mRNAs are subject to 

decapping. it has been inferred that these proteins fiinction to promote the decapping step 

in mRNA degradation [65]. Interestingly, the Grc5p is the L9 component of the 60S 

ribosomal subunit [109. 110] and the Mrt4p shows homology to the PO class of ribosomal 

proteins, which are also associated with the 60S subunit [111]. These observations 

suggest that alterations to 60S function can somehow stabilize mRNAs. although the 

mechanism by which this is occurring needs to be determined. 

The SLA2 gene encodes a protein with a talin-like actin binding domain and 

appears to affect the organization of the actin cytoskeleton. as well as the process of 

endocytosis [112. 113]. The connection between the actin cytoskeleton and mRNA 

degradation is currently unclear but may be related to observations indicating that the 

actin cytoskeleton plays a role in the translation and localization of cytoplasmic mRNAs 

[114]. 
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LOOKING FORWARD 

The Regulation of Decapping 

It is now clear that the process of translation initiation is central to determining 

the rate of mRNA decapping. This point suggests that an understanding of decapping 

and its control will require determining the dynamics of the translation initiation complex 

and how that process interacts with the mRNA decapping machinery. This view also 

suggests that insight will be gained from understanding how proteins affecting mRNA 

decay, such as the Lsm complex and the Patl/Mrtlp. affect the different sub-steps of the 

translation process. 

In this light, it is striking that several observations suggest that the recognition of 

the .A.UG start codon is an important step in translation initiation for affecting mRNA 

degradation. For example, inhibition of translation initiation at numerous stages before 

AUG recognition leads to an increase in the rate of mRNA decapping [26. 55]. 

Conversely, inhibition of translation elongation (after AUG recognition) leads to an 

inhibition of degradation [62. 64]. Second, as discussed above, the Lsm proteins show 

two-hybrid interactions with three translation factors that are all involved in the 

recognition of the AUG start codon in some manner [93]. Finally, mapping the sequence 

elements that affected the decay rate of the PGKl mRNA identified the sequence context 

of the .AUG start codon as being important in stabilizing this transcript [68]. 
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How. or whether, the efficiency of recognition of the AUG start codon directly 

affects decapping rate is currently unclear. One appealing possibility is that the rate, or 

success, of AUG recognition affects the assembly, or disassembly, of translation 

initiation factors on the cap structure and 5' end of the mRNA, thereby affecting a 

competition between the translation initiation factors and the decapping enzyme. For 

example, if the start codon is recognized, leading to GTP hydrolysis by elF2. and 60S 

joining, the mRNA may be protected from decapping. Conversely, if the 40S subunit 

fails to efficiently recognize the AUG. the translation initiation factors may alter their 

interaction with the mRNA or dissociate, thereby allowing the mRNA to be available for 

decapping. In support of this view, recent results have suggested that incorrectly 

assembled translation initiation complexes are destabilized in a process requiring elFl 

and elFl A [115]. Strikingly, specific mutations in the yeast elFl (mof2-l) alter the rapid 

degradation of nonsense containing mRNAs indicating that this protein is somehow 

involved in mRNA degradation [83]. These observations suggest that an important goal 

of future work will be to examine the mechanistic link between AUG recognition, 

translation initiation and mRNA degradation. 

The Process of Deadenylation 

Though it is clear that mRNA decapping plays a major role in determining 

transcript stability it is also apparent that understanding the process of deadenylation will 
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be of primary importance to our understanding mRNA decay as a wiiole. Considering 

the central role of deadenylation in mRNA decay it is surprising that we understand so 

little about the regulation of this process. 

Deadenylation is a primary control point in the modulation of both mRNA 

function and stability for several reasons. First, in both of the general decay pathways of 

yeast, deadenylation is required before degradation of the mRNA body [21. 23-26]. In 

most cases, the degradation of the transcript begins with the shortening of the poly(A) tail 

at the 3' end of the mRNA [21. 22]. In yeast, shortening of the poly(A) tail primarily 

leads to removal of the 5' cap structure, thereby exposing the transcript to digestion by a 

5' to 3' exonuclease [23-26]. Alternatively, transcripts can also decay in a 3" to 5" manner 

following the process of deadenylation [26. 32]. 

Deadenylation has also been shown to be the initial step for mRNA turnover in 

eukaryotes for a number of transcripts. For example, deadenylation can be the initial step 

for mRNA turnover in mammalian cell lines [22. 27]. Moreover. mRNA decay 

intermediates that have been deadenylated and decapped can be detected in murine liver 

cells [28]. This observation was made utilizing a reverse transcription-PCR approach 

that allows analysis of both the 5' and 3' ends of a mRNA. It was shown, for four 

different mRNAs. that species lacking the 5' cap also possessed short poly(A) tails, 

arguing that deadenylation precedes decapping for these and in all likelihood other 

mRNAs. 
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The idea that regulation of mRNA function can be controlled by deadenylation is 

supported by the observation that individual mRNAs can have very different rates of 

deadenylation. and these variations can lead to overall differences in mRNA decay rates 

[23. 116. 117], Prior to decay of the body of the message for both the stable PGKl and 

unstable MFA2 mRNAs is initiated, there is a time during which the poly(A) tail is 

deadenylated to an oligo(A) length. Altering the deadenylation rate of the mRNA leads to 

a corresponding change in the half-life of the message [23]. This indicates that message 

stability is directly controlled, at least in part, by the rate of deadenylation 

One clue has to how deadenylation rate may be regulated comes from the 

observation that many known sequence elements promoting mRNA turnover do so. at 

least in part, by promoting deadenylation [21. 22. 27. 67], For example, disruption of 

instability elements in the 3' UTR of the unstable MFA2 transcript leads to slower rates 

of deadenylation [21], Similarly, instability elements within the MATal coding region 

can also promote deadenylation [67]. Finally, changes in the context of the translation 

start codon of the PGKl coding region that increase the decay rate of the mRNA 

accelerate the rates of deadenylation [68]. The observation that instability elements 

effect deadenylation suggests that these elements affect some aspect of mRNP 

organization that controls the deadenylase. 
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An important step in understanding the mechanisms and control of deadenylation 

will be the identification and analysis of the mRNA deadenylases. Only two possible 

deadenylases have been characterized previously. A poly(A) specific exoribonuclease. 

referred to as PARN. was identified from calf thymus [69] and subsequently shown to be 

a member of the RNaseD family of exonucleases [70]. PARN requires a free 3'-0H 

group and releases solely 5'-AMP. It also apparent that the protein degrades RNA in a 

distributive fashion and clearly prefers poly(A) as a substrate [69]. Immunodepletion or 

antibody inactivation experiments demonstrated that PARN is required for deadenylation 

during oocyte maturation in Xenopus [70. 118], and for deadenylation in HeLa cell 

extracts [119], Although there are PARN homologues in other mammals, the genomes of 

Saccharomyces cerevisiae and Drosophila melanogasier. do not appear to contain a 

similar enzyme. 

In yeast, a poly(A) nuclease, referred to as PAN. has been identified 

biochemically and shown to be an enz>'me consisting of the Pan2 and Pan3 proteins [120-

122], The Pan2p subunit is likely the catalytic subunit since this protein is a member of 

the RNaseD family of 3' to 5" exonucleases [123]. However./pa/72A and paniA yeast 

strains show minimal effects on deadenylation in vivo [121. 122]. Deletion of the PAN2 

gene results in an increase of the average length of mRNA poly(A) tails in vivo, even 

though this does lead to a loss of Pablp-stimulated PAN activity in vitro [121]. It has 

been suggested that the Pan2p/Pan3p exonuclease may play a role in initial trimming of 

the nuclear poly(A) tail. This is based on the observation that in wild-type yeast strains 
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transcripts are produce with various mature poly(A) tail lengths. This message-specific 

Poly(A) tail length control was lost in PAN-deficient strains. [124]. Together, the 

identification of only PARN and PAN activities suggest there is likely to be additional 

mRNA deadenylases. 

We originally hypothesized that one way to identify the mRNA deadenylases in 

yeast would be to do a thorough search of the literature and databases for previously 

identified genes that fit the following criteria. First, it is likely that the enzymes 

responsible for deadenylation would have significant homology to known nucleases. 

Second, if previously characterized, mutations in these genes should lead to significant 

changes in steady state levels of mRNA. Finally, it is likely that factors involved in 

mRNA deadenylation would show either genetic or physical interactions known 

components of the decay machinery. In the following chapter we implement this 

approach, and this has led us to consider that the Ccr4 and Cafl proteins might encode a 

mRNA deadenylase in yeast. 
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CHAPTER 2. THE TRANSCRIPTION FACTOR ASSOCIATED CCR4 AND 

CAFl PROTEINS, ARE COMPONENTS OF THE MAJOR CYTOPLASMIC 

mRNA DEADENYLASE IN Saccharomyces cerevisiae 

Statement by author 

This chapter is essentially a research article written by myself with input from my 

advisor. The results presented here were achieved through a collaborative effort of 

several people in the Parker lab as well as input from members of the Denis lab 

(University ofNew Hampshire. Durham) [125]. 

My specific contributions to this work were to i) generate the ccr4A and caflA 

strains; ii) determine all mRNA half-lives presented in this chapter: iii) determine 

deadenylation rates, via transcriptional pulse-chase, for the wild-type. ccr-fA and cafIA 

strains; iv) determine all deadenylation end-points presented in this chapter, v) 

demonstrate that Cafl p co-purifies with deadenylase activity. 

The rest of the data presented in this chapter were provided by Marco A. 

Valencia-Sanchez (transcriptional pulse-chase in pan2A and pan2A/ccr4A strains) and 

Robin R. Staples (immunolocalization of Ccr4p and Caflp). 

SUMMARY 

The major pathways of mRNA turnover in eukaryotic cells are initiated by 

shortening of the poly(A) tail. In this work, we demonstrate by several criteria that CCR4 
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and CAFI encode critical components of the major cytoplasmic deadenylase in yeast. 

First, both Ccr4p and Caflp are required for normal mRNA deadenylation in vivo. 

Second, both proteins localize to the cytoplasm. Third. Caflp co-purifies with poly(A) 

specific exonuclease activity, and this activity is dependent on the presence of Ccr4p. 

We also provide evidence that the Pan2p/Pan3p nuclease complex encodes the only 

significant alternative mRNA deadenylase in yeast. These results, along with previous 

work on Pan2p/Pan3p. define the mRNA deadenylases in yeast. The strong conservation 

of Ccr4p and Catlp as well as Pan2p and Pan3p in other eukaryotes suggests that they 

will function as deadenylases in other organisms. Interestingly, because Ccr4p and Caflp 

have been shown previously to interact with transcription factors, these results suggest an 

unexpected link between mRNA synthesis and mmover. 
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INTRODUCTION 

The process and regulation of mRNA turnover is a fundamental aspect of gene 

regulation. Two general pathways by which eukaryotic polyadenylated mRNAs can be 

degraded are now known, reviewed in [20]. In each case, degradation of the transcripts is 

initiated by shortening of the poly(A) tail at the 3" end of the transcript. This process, 

referred to as deadenylation. leads to a deadenylated transcript that is primarily a 

substrate for mRNA decapping. which e.xposes the mRNA to rapid 5" to 3" 

exonucleolytic digestion [21. 23-26]. Alternatively, transcripts can be degraded in a 3' to 

5" direction following deadenylation [26. 32]. 

Deadenylation is a critical step in the modulation of mRNA function and stability 

for several reasons. First, for both of the general decay pathways in yeast, deadenylation 

is required before degradation of the mRNA body [21. 23-26]. Second, deadenylation has 

been shown to be the initial step for mRNA turnover in a variety of eukaryotes for a 

number of transcripts [22. 27. 28]. Third, individual mRNAs can have very different 

rates of deadenylation. and these variations can lead to overall differences in mRNA 

decay rates [23. 116. 117]. Moreover, many known sequence elements that promote 

mRN.A. turnover do so. at least in part, by promoting deadenylation [21. 22. 27. 67]. 

Finally, because the presence of a 3' poly(A) tail can enhance translation initiation, 

deadenylation of a transcript can lead also to a decreased rate of translation, reviewed in 

[126], The regulation of mRNA translation by both deadenylation and re-adenylation is a 
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common strategy in early development wherein gene expression requires modulation by a 

variet}' of post-transcriptional mechanisms, for review see [127]. 

An important step in understanding the mechanisms and control of deadenylation 

will be the identification and analysis of the mRNA deadenylases. Two possible 

deadenylases have been characterized previously. A poly(A) specific exoribonuclease, 

referred to as PARN. was identified from calf thymus [69] and subsequently shown to be 

a member of the RNaseD family of exonucleases [70]. Immunodepletion or antibody 

inactivation experiments demonstrated that PARN is required for deadenylation during 

oocyte maturation in Xenopus [70. 118]. and for deadenylation in HeLa cell extracts 

[119], Although there are PARN homologues in other mammals, the genomes of 

Saccharomyces cerevisiae and Drosophila melanogaster do not appear to contain a 

similar enzvme. In yeast, a poly(A) nuclease, referred to as PAN. has been identified 

biochemically and shown to be an enzyme consisting of the Pan2 and Pan3 proteins [120-

122]. The Pan2p subunit is likely the catalytic subunit since this protein is a member of 

the RNaseD family of 3' to 5" e.xonucleases [123]. However. panlS. and pan3\ yeast 

strains show minimal effects on deadenylation in vivo [121, 122] and it has been 

suggested that the Pan2p/Pan3p exonuclease may play a role in initial trimming of the 

nuclear poIy(A) tail [124]. These reports suggest there are likely to be additional mRNA 

deadenylases. 
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Three observations led us to consider that the Ccr4 and Cafl proteins might 

encode a mRNA deadenylase in yeast. First, both Ccr4p and its associated factor. Caflp 

have nuclease domains. Ccr4p belongs to a magnesium dependent endonuclease related 

family of nucleases [128]. Caflp homologues in mammalian cells and C elegans are 

members of the RNaseD family of 3" to 5" exonucleases. and the yeast Caflp is related, 

albeit missing some residues thought to be critical for e.xonuclease function [123]. 

Second. and cafl A strains show increases and decreases in the steady state levels 

of mRNAs suggesting that these proteins somehow affect mRNA metabolism [129. 130]. 

although some of these effects may be at the level of transcriptional initiation [129. 131, 

132], Third, both Ccr4p and Caflp show interactions with proteins functioning in mRNA 

degradation. For example. Caflp co-immunoprecipitates with Dhhlp [133]. which is a 

component of a mRNA decapping complex [134]. Moreover, overexpression of Dhhlp 

suppresses some of the growth phenotypes of the ccr4A and cafl A [133]. Similarly, 

overexpression of MPT5/PUF5, a member of the Puf family of proteins that regulate 

mRNA deadenylation [135] can partially suppress growth phenotypes associated with 

cafl A mutants [133]. Together, these observations suggested that the Ccr4p/Caflp 

complex might be involved in mRNA turnover. 

In this study we examined the role of Ccr4p and Caflp in mRNA turnover. We 

determined that both CCR4 and CAFl gene products are required for normal rates of 

deadenylation in vivo. We demonstrate that both Ccr4p and Caflp localize primarily to 

the cytoplasm where mRNA turnover occurs. Finally, we show that the Caflp co-
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purifies with deadenylase activity in vitro and does so in a Ccr4p dependent manner. 

These observations indicate that the Ccr4p/Caflp complex encodes the primary 

cytoplasmic deadenylase in yeast. These data also imply that the Ccr4p and Catlp 

homologs that exist in other organisms will serve similar roles as cytoplasmic 

deadenylases. 
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RESULTS 

Ccr4p and Caflp are required for normal rates of mRNA turnover. 

To examine if Ccr4p and Caflp had a role in mRNA turnover we first determined 

if they affected the half-lives of yeast mRNAs. We examined the decay of the MFA2pG 

and PGKIpG reporter transcripts [23]. These transcripts are under the control of the 

GALl UAS. thereby allowing the measurement of decay rates following the addition of 

glucose to repress transcription. In addition, these mRNAs contain a poly(G) tract in their 

3' UTR. that inhibits 5' to 3' exonuclease digestion following decapping. allowing the 

detection of a decay intermediate that extends from the 5' side of the poly(G) tract to the 3' 

end of the mRNA. 

We observed that the MFA2pG mRNA was stabilized approximately two to three 

fold in ccr-/A and ca/7A strains compared to wild type (Figure 2.1). In addition, the 

levels of the decay intermediate were reduced consistent with a block at or before the 5" 

to 3" decay of the transcript (Figure 2.1). We also observed that the PGKlpG. GALl. 

GAL7. and GALIO mRNAs were more stable in ccr-/Aand ca//A strains (Table 2.1) 

indicating that Ccr4p and Caflp are required for the turnover of a number of yeast 

mRNAs. 
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Figure 2.1 Measurement of the decay rate of the MFA2pG mRNA. Shown are 

transcriptional shut-off analysis of wild-type, ccr4A and caflA strains. Here, and in other 

figures, the full-length (PL) mRNA and decay fragment (Frag.) is indicated at the left. 

Time points are minutes after the addition of glucose. 
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Table 2.1 

mRNA 

MFA2pG 4.5' 10' 15' 

PGKIpG 24' 38' 49' 

GAL1 7.0' 24' 20" 

GAL7 12' 27' ND 

GAL10 7.0' 18' ND 

Half-lives are based on mulfple determinations and typically 

vary by less than 10% between individual experiments. 
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Ccr4p and Caflp are required for mRNA deadenyiation. 

To understand the role of Ccr4p and Caflp in mRNA turnover we determined 

whether the ccr4S. and/or cafliS. strains were altered in deadenyiation. decapping. or 5' to 

3' exonuclease digestion. To address this question we analyzed the decay of the 

MFA2pG and PGKlpG mRNAs in the ccr4A and caflA backgrounds by a transcriptional 

pulse-chase [23]. In this experiment we utilize the carbon source regulation of the GAL 

Li.AS to rapidly induce and then repress transcription of these reporter mRNAs. This 

produces a pool of newly transcribed mRNAs whose metabolism can be followed over 

time to observe deadenyiation and subsequent decay of the mRNA. 

Comparison of transcriptional pulse-chases for the MFA2pG and PGKlpG 

mRNAs in ccr4A and caflA strains identified two differences from wild type strains 

(Figure 2.2). First, in both ccr-/A and cq/7A strains the rates of deadenyiation for 

MFA2pG and PGKlpG were impaired. The poly(A) tail of the MFA2pG mRNA in wild 

type shortened at a rate of approximately 13 nucleotides per minute, with a significant 

percentage of the population reaching an oligo(A) length of 10-12 nucleotides in 4 to 6 

minutes (Figure 2.2A). In contrast, in both the ccr4A and caflA mutant strains, the 

MFA2pG deadenylated at a rate of approximately 2-3 nucleotides per minute (Figure 

2.2B and 2.2C). In this strain background the MFA2pG reporter is not fully repressed by 

glucose and for this reason there is some residual transcription. This is the reason for the 

persistence of a distributed population of adenylated MFA2pG transcripts in wild type 
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cells. We also observed defects in deadenylation for the PGKlpG mRNA. however the 

difference in rates was less dramatic. In wild-type strains PGKlpG deadenylated at an 

approximate rate of 2-3 nucleotides per minute (Figure 2.2D). In ccr4A strains, the 

deadenylation rate of the PGKlpG mRNA was approximately 1 nucleotide per minute 

(Figure 2.2E). Interestingly, the cafl\ had only a modest effect on the deadenylation rate 

of the PGKlpG mRNA (Figure 2.2F). This suggests that the change in half-life of the 

PGKlpG mRNA in the ca//A strain was due to a difference in the extent of 

deadenylation (see below). The difference in deadenylation rates between ccr4A and 

caflA mutant strains also implies that Ccr4p has a more central role in deadenylation (see 

below). 

.A, second difTerence in the ccr4\ and cafl\ strains was that the deadenylation of 

the MFA2pG and PGKlpG mRNAs was incomplete. In wild type strains, the poly(A) 

tail shortens to an oligo(A) length of 10-12 nucleotides before the mRNA can become a 

substrate for decapping and subsequent 5" to 3' degradation [23]. The MFA2pG and 

PGKlpG mRNAs at late time points in the ccr4A. and caflA strains had poly(A) tails 

slightly longer than observed in wild type (Figure 2.2). To measure this difference in the 

endpoint of deadenylation more clearly, we measured the distribution of poly(A) tails on 

MFA2pG and PGKlpG mRNA populations under steady state conditions from wild type. 

ccr4A and caflA (Figure 2.3A and 2.3B). Treatment of samples with RNase H and 

oligo(dT) indicated the size differences were due to the length of the poly(A) tail (Figure 

2.3, lanes 8 to 13). Wild type MFA2pG and PGKlpG mRNAs have a steady state 

poly(A) distribution from 75 to approximately 10-12 adenosine residues (Figure 2.3, lane 
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2) [23]. In ccr-/A strains the shortest poly(A) tails observed for both MFA2pG and 

PGKlpG were 20-26 adenosines (Figure 2.3. lane 3). Similarly in cafl^. strains the 

shortest poly(A) tails observed for both MFA2pG and PGKlpG measured slightly shorter 

at 14-20 adenosines (Figure 2.3. lane 4). We also observed that in a ccr4A/caflA double 

mutant, the end point of deadenylation was the same as in a ccrVA strain (Figure 2.3. lane 

5). indicating that die ccrVA mutant had a stronger effect on the extent of deadenylation 

than the co/VA mutation. We observed similar effects of the ccr-ZA and ca//A on the 

GAL 10 (Figure 2.3C). ElPL41a (Figure 2.3D) and MRPL27 (data not shown) mRNAs. 

These observations indicate that the CCR-f and CAFl gene products affect both the rate 

and extent of deadenylation for a variety of mRNAs. 
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Figure 2.2 Transcriptional pulse-chase analysis of the MFA2pG and PGKlpG transcripts. 

Shown are polyacrylamide Northern gels examining the decay of MFA2pG (A. B. and 

C) and PGKlpG (D. E. and F) in wild type, ccr4A. and caflA strains. Numbers above the 

lanes are minutes after transcriptional repression by the addition of glucose following an 

8-minute induction of transcription [23]. The 0 and 120 minute time points were treated 

with RNaseH and oligo(dT) to indicate the position of the deadenylated mRNA. Here, 

and in all subsequent figures, poly(A) tail lengths were determined by comparison of 

bands to size standards and the poly(A)-minus mRNA species generated by cleavage of 

RNaseH and oligo(dT) (data not shown). Here, and in other figures, to allow for size 

resolution of the poly(A) tail, the 3' 319-nucleotides of die 1.4-kb PGKlpG mRN.A were 

cleaved by hybridizing to oRP70 followed by cleavage with RNaseH prior to loading on 

the gel. 
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Figure 2.3 Comparison of deadenylation end-points. Shown are the deadenylaton end-

points for MFA2pG (A). PGKlpG (B). GAL 10 (C), and RPL41a (D) transcripts in wild 

type. ccr4A caflA. ccNA/caflA pan2A and ccr4A/pan2A strains. Steady-state mRNA 

samples were resolved on 6% polyacrylamide/ 8M urea Northern gels either with or 

without removal of poly(A) tails with RNaseH and ollgo(dT) (as indicated). To allow for 

size resolution of the poly(A) tail the 3" 202-nucleodides of the 2.2-kb GALIO mRNA 

were cleaved by hybridizing to oRP97 followed by cleavage with RNaseH prior to 

loading on the gel. 
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Ccr4p and Caflp are present in the cytoplasm. 

The above experiments indicated that the Ccr4p and Caflp had a role in 

cytoplasmic deadenylation. While prior work has suggested a nuclear, transcriptional 

role for these proteins, this may not be their sole function. If Ccr4p and Caflp are 

directly involved in deadenylation at least a portion of these polypeptides should be 

present within the cytoplasm. To determine the subcellular distribution of Ccr4p and 

Caflp we constructed chromosomal CCR4 and CAFl genes with multiple Myc epitopes 

on their C-termini and localized these proteins by immunofluorsecence (see E.xperimental 

Procedures). These epitope tagged proteins were functional as assessed by both growth 

and mRNA turnover phenotypes (data not shown). Importantly, detection of the fusion 

protein by immunofluorescence indicated that the majority of Ccr4p-myc and Caflp-myc 

are present in the cytoplasm (Figure 2.4). These data are consistent with the hypothesis 

that Ccr4p and Caflp have a direct role in cytoplasmic deadenylation. 
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Figure 2.4 Localization of Ccr4p and Caflp by indirect immunofluorescence. Strains 

expressing myc-tagged Ccr4p (yRP162l), myc-tagged Caflp (yRP1622) or wild type 

control (yRP841) were stained with anti-myc antibodies and anti-mouse (FITC) 2° 

antibody and DAPI as indicated. 
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Cafl p co-purifies with a Ccr4p dependent. poly(A) specific nuclease activity 

Since both Ccr4p and Caflp were required for deadenylation in vivo, localized to 

the cytoplasm and had significant homology to known nucleases, we hypothesized that a 

complex containing minimally Ccr4p and Caflp would constitute the mRNA 

deadenylase. This possibility is supported by prior work demonstrating that Ccr4p and 

Catlp interact [130. 136] and can be co-purified along with several other proteins [131. 

137. 138]. Given this, we purified a functional FLAG-Cafl fusion protein from a wild-

type strain under conditions that would co-purify endogenous Ccr4p. Based on silver 

staining and western analysis, this preparation contained FLAG-Cafl p. Ccr4p. and 

several additional proteins (data not shown, see discussion). 

Purified FLAG-Cafl p/Ccr4p and associated proteins were then assayed for their 

ability to deadenylate a mRNA substrate in vitro. 5' labeled, capped mRNA. 

synthesized in vitro with a 49-nucleotide body and a poly(A) tail length of approximately 

20 to 40 adenosines was incubated with purified FLAG-Cafl p extracts and analyzed at 

various times on 6% polyacrylamide gels. We observed that shorter species of the input 

RNA appeared over time. Since the substrate is 5" labeled, these shorter species 

represent trimming from the 3" end. We also observed that a new species accumulated of 

the correct length to represent a fully deadenylated substrate (Figure 2.5A). These 

conclusions were also supported by the observation that removal of the poly(A) tail with 

oligodT and RnaseH shortens the input mRNA as expected but does not shorten the 
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product produced in vitro (data not shown). The accumulation of the deadenylated RNA 

suggested that the nuclease activity present in these fractions is not active on non-poly(A) 

sequences. This conclusion is also supported by the observation that incubation of the 

purit~ied FLAG-Caflp extracts with a 5' labeled, capped mRNA substrate of 134 

nucleotides lacking a poly(A) tail failed to show any significant shortening from the 3' 

end (Figure 2.5C). No nuclease activity was observed when we purified a FLAG-Cupl 

fusion protein from a wild-type strain (data not shown) and performed deadenylation 

assays on these extracts. These observations indicate that a poly(A) specific nuclease co-

puritles with Caflp. Two observations argue that this activity is a 3" to 5" exonuclease. 

First, the gradual shortening observed over time, of the polyadenylated substrate, is 

consistent with an exonucleolytic mode of action. Second, use of a substrate with a 

labeled adenosine tail led to the release of labeled product that co-migrated with 5" AMP 

by TLC analysis (Figure 2.5D). 

Our analysis indicated that Ccr4p was required for deadenylation in vivo. 

Moreover, the stronger defects in deadenylation seen in a ccr-/A strain as compared to a 

caf]^ strain (see above) suggested that Ccr4p was critical to the action of the 

deadenylase. Given this, we determined if the nuclease activity that co-purifies with 

Caflp was dependent on Ccr4p by purifying FLAG-Caflp from a ccr-ZA strain. In these 

fractions we obtain Caflp. and several other associated proteins, but not Ccr4p (data not 

shown, see discussion). This FLAG-Caflp preparation was no longer capable of 

deadenylation in vitro as shown in Figure 5B. This observation indicated that Ccr4p is 

essential for the FLAG-Caflp piurified deadenylase activity. Together, the above results 
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indicate that the Ccr4p and Caflp are components of the major cytoplasmic deadenylase 

in yeast. 
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Figure 2.5 FLAG-Caflp co-purifies with deadenylase activity. Analysis of deadenylation 

activity in (A), and from ccr4A (B) strains on a capped, poly-adenylated substrate, and 

analysis of nuclease activity in FLAG-Caflp elution fractions from wild type on capped, 

non-adenylated substrate (C). Numbers above the lanes indicate time points taken after 

addition of substrate to the reaction. The arrow in panel (A) represents the fully 

deadenylated form of the substrate based on migration of substrate prior to poly(A) 

addition (data not show). The * indicates the position of the radiolableled phosphate. 

Deadenylation activity of FLAG-Caflp elution fractions from wild type on substrate 3" 

end labeled with 32p adenosine (D). The products of the reaction were separated by PEI-

cellulose TLC. Numbers above the lanes indicate time points taken after addition of 

substrate to the reaction. The migration of cold 5" AMP standard is indicated on the left. 
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The Pan2p/Pan3p exonuclease represents a second mRNA deadenylase. 

Because ccr4X caflHs., and ccr-/A/cq/7A strains show residual deadenylation 

(Figure 2.2 and 2.3) there must be one or more additional mRNA deadenylases. We 

hypothesized that either the exosome or the Pan2p/Pan3p nuclease carried out this 

residual deadenylation. The exosome is a multi-subunit enzyme responsible for a variety 

of 3" to 5" RNA processing and RNA degradation events including 3" to 5" decay of the 

mRNA body following deadenylation, reviewed in [33]. The Pan2p/Pan3p nuclease is a 

poly(A) specific nuclease (PAN) thought to catalyze the initial trimming of the nascent 

poly(A) tail [124]. 

To address whether the exosome or PAN activity was responsible for the 

observed deadenylation in ccr4A strains, we first created a ccr4A/ski2A double mutant 

strain. Ski2p has been shown previously to be required for cytoplasmic exosome function 

[32] and is a reasonable marker for the potential involvement of the exosome in 

cytoplasmic functions. The ccr4A/ski2A strain grew at the same rate as a ccr4A strain and 

in vivo mRNA analysis indicated the same defect in deadenylation as a ccr-/A strain (data 

not shown). This suggested that the cytoplasmic exosome was not responsible for the 

residual deadenylation seen in ccr4A and caflA strains. However, these results do not 

rule out the formal possibility that the exosome may be involved in the deadenylation 

process in a Ski2p independent maimer. 



94 

To examine the role of the Pan2p/Pan3p nuclease we constructed a ccr4A/pan2A 

double mutant. This ccr4A/pan2A double mutant strain grew very slowly suggesting 

some overlap in function (data not shown). Moreover, analysis of the decay of the 

MFA2pG and PGKlpG mRNAs in the ccr4A/pan2A double mutant strain by a 

transcriptional pulse-chase showed that the transcripts failed to undergo any significant 

shortening of their poly(A) tails (Figure 2.6). This demonstrated that the residual 

deadenylation seen in a ccr4A strain requires Pan2p. The simplest interpretation of these 

observations is that PAN is the only other significant mRNA deadenylase in yeast. In 

addition, it should be noted that the MFA2pG and PGKlpG mRNAs are extremely stable 

in the ccr4\'pan2A strain since they do not appreciably decay and no decay fragments 

are produced over a period two hours (Figure 2.6). This provides additional evidence that 

deadenylation is a prerequisite for later steps in mRNA turnover. 
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Figure 2.6 Transcriptional pulse-chase analysis of the MFA2pG and PGKlpG transcripts. 

Shown are polyacrylamide Northern gels of transcriptional pulse-chase experiments 

examining the decay of MFA2pG (A and B) and PGKlpG (C and D) in paniA and 

ccr4Apan2A strains. Numbers above the lanes are minutes after transcriptional 

repression by the addition of glucose following an 8-minute induction of transcription 

[23]. The 0 and 120 minute time points were treated with RNaseH and oligo(dT) to 

indicate the position of deadenylated mRNA. 
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ccr4A caflA and ccr4A/pan2A strains aberrantly degrade mRNAs prior to complete 

deadenylation. 

Since ccr4\, caflA and even ccr4A/pan2A strains were viable. mRNA turnover 

must be occurring by some mechanism. This is based on the observation that inactivation 

of both decapping and 3" to 5" exonucleolytic degradation of the mRNA body leads to 

cell death [32]. Several observations indicate that strains defective in deadenylation 

eventually degrade their mRNAs by a slow decapping step that bypasses the need for 

deadenylation to an oligo(A) tail of 10-12 residues. First, even with defects in poly(A) 

shortening these strains still produced the poly(G) decay intermediate that normally arises 

due to decapping and 5' to 3" exonuclease digestion (Figure 2.3). Second, the decay 

intermediates produced in these strains had substantial poly(A) tails as indicated by the 

size change when samples were treated with RNaseH and oligo d(T) (Figure 2.3. eg. lane 

3 vs. lane 9). We observed that the poly(A) tails on the mRNA decay fragment were 

approximately 14-22 in the ccr4A and caflA strains (Figure 2.3. lane 3 and 4). and are 

roughly 70-75 nucleotides long in the ccr4iS /pan2A double mutant (Figure 2.3. lane 5). 

This is similar to the shortest poly(A) tail length observed on the flill length mRNA and 

suggest that the decay fragment is being generated after partial deadenylation of the 

mRNA. Finally, both the ccr4A and cafl\ deletions were synthetically lethal with dcpIA. 

mutants (data not shown). Since DCPI encodes the decapping enzyme this argues that 

decapping is required for the residual mRNA decay seen in these strains. However, we 
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cannot rule out the formal possibility that mRNA decay is occurring by a novel general 

endonucleolytic mechanism. 

It is important to note that these decay intermediates were produced in the ccr4iS.. 

caflX and ccr-f^S pan2\ strains at significantly lower levels and at much later time 

points relative to wild type (Figure 2.2 and 2.6). This provides additional evidence that 

deadenylation is normally a prerequisite for decapping, although when the normal 

pathway is perturbed some slow decapping can occur on adenylated mRNAs. 
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DISCUSSION 

Ccr4p and CatTp are components of a cytoplasmic deadenylase 

Three observations indicate that Ccr4p and Caflp encode critical components of 

the major cytoplasmic deadenylase in yeast. First, ccr4A and cafIA strains show defects 

in both the rate and extent of deadenylation for the MFA2pG. PGKIpG. and GAL 10 

mRNAs (Figures 2.2 and 2.3). Second, based on indirect immunoflourescence the 

majority of epitope tagged Ccr4p and Catlp are present in the cytoplasm, the anticipated 

sub-cellular location for the deadenylation process (Figure 2.4). Third. FLAG-Caflp co-

purifies with a poly(A) specific deadenylase activity (Figure 2.5). This activity is 

independent of the PAN2/ PANS encoded 3' to 5" poly(A) nuclease as it co-purifies with 

FLAG-Caflp in a pan2A^ strain (data not shown). However, this activity does require the 

presence of the Ccr4p. since activity is absent in purified FLAG-Caflp extracts made 

from c-ct-^A strains (Figure 2.5). These observations demonstrate that Ccr4p and Catlp 

are components of the major cytoplasmic mRNA deadenylase in yeast. 

An important issue is the actual composition of the Ccr4p/Caflp deadenylase both 

in terms of the catalytic subunit and other factors involved in deadenylation. Ccr4p is 

the most likely candidate for a catalytic subunit because the nuclease domain of this 

protein contains all the critical residues predicted to be required for function [128]. 

Consistent with this view, the ccr4A has a stronger effect on deadenylation than the caflA 
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(Figures 2.2 and 2.3). In addition, overexpression of Ccr4p can suppress some of the 

growth defects of a ca//A strain [133]. In contrast, the yeast Caflp is missing amino 

acids thought to be required for catalysis by members of the RNaseD family of proteins 

[123], Nevertheless, the conservation of the exonuclease motifs in CAFl homologues in 

other eukaryotes raises the possibility that the Catlp may also be a ftinctional nuclease. 

Interestingly, both Ccr4p and Caflp have been shown to exist in two large complexes of 

~1.0 MegaDaltons and -1.9 MegaDaltons [131. 139. 140]. The larger complex includes 

the Not proteins (Notlp to Not5p) and several other proteins [131. 139]. The smaller 

complex contains only Ccr4p. Caflp. the five Not proteins, and two newly identified 

proteins Caf40p and Cafl30p (Denis, unpublished observations). Thus, one possibility is 

that one or both of these complexes constitutes a deadenylase complex. Additional 

experiments to define the catalytic subunit and the diversity of proteins that can affect 

deadenylase activity should resolve these issues. 

An important implication of the work presented here is that Ccr4p and Caflp in 

other organisms will serve a function similar to their yeast counterparts. The Ccr4p is a 

member of a broader family of nucleases [128]. Within this family, true CCR4 orthologs 

have been identified that contain both the leucine-rich repeat domain used for binding 

CAFl [139] and the C-terminal putative nuclease domain [128]. The himian (h) CCR4. 

retains its ability to interact with hCAFl (Denis, unpublished observations) and both 

show multiple interactions with hNOTs suggesting the existence of a human CCR4-N0T 

complex [141]. This suggests that that these protein interactions, and by implication their 
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functions, have been conserved in vertebrates. Interestingly, since both the mammalian 

and yeast CAFl have been implicated in cell cycle regulation [137. 142, 143]. it is 

possible that this control is attained through changes in mRNA deadenylation rates of key 

cell-cycle genes. 

Possible Connections between Transcription and mRNA Turnover 

Several previous reports demonstrate a clear interaction of Ccr4p and Catlp with 

components of the u-anscription machinery. First, Ccr4p has been identified in a Paflp-

containing RNA polymerase II transcription complex [132]. Second, the CCR4-N0T 

complex components display physical interaction with TFIID and components of SAGA 

[Badarinarayana. 2000 #187; Lemaire, 2000 #207; Benson et al., 1998). Third, 

components of the 1.9 mDa CCR4-N0T complex interact with the SRB9-11 proteins of 

the RNA polymerase II holoenzyme [140]. Fourth. CCR4 and CAFI appear to affect the 

initiation of transcription of several genes [129-132]. There are three types of 

explanations for the role of Ccr4p/Caflp in both transcription and mRNA degradation. 

First, the Ccr4p/Caflp complex may function both as a cytoplasmic deadenylase and 

have an alternative role in the initiation of transcription. Alternatively, the Ccr4p/Caflp 

may serve a similar function in the nucleus deadenylating nuclear RNAs. and its 

association with the transcription machinery is a consequence of that nuclear 

deadenylation function. Finally, it is possible that the connection to transcriptional 

machinery' represents a requirement for an initial interaction of the Ccr4p/Caflp 
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cytoplasmic deadenylase with the mRNA in a co-transcriptional manner. In this model 

the Ccr4p/Caflp deadenylase would require a direct interaction with the RNA 

polymerase II holoenzyme to be assembled on to the growing mRNP complex. An 

important goal in future work will be to determine the nature of this link between the 

transcriptional and mRNA degradative machinery. 

The Pan2p/Pan3p ribonuclease can function as a mRNA deadenylase 

Our data indicate that the Pan2p/Pan3p poly{A) specific exonuclease can also 

function as a mRNA deadenylase in vivo. The critical observation is that although 

ccr-/A and cafll strains show slow residual deadenylation. a ccr4^pan2\ strain is 

completely blocked for deadenylation (Figure 2.6). Interestingly, prior work has shown 

that the Pan2p/Pan3p deadenylase functions in an initial trimming of the poly(A) tail. 

The critical observations are that the initial shortening of nascent poly(A) tails from ~90 

residues to -55-70 in a mRNA specific manner is lacking in panl^. and panSlS. strains 

[124], We also observed a longer nascent poly(A) tail length in pan2^. and 

pan2\'ccr4s strains (data not shown). This suggests that in the normal metabolism of 

yeast transcripts the nascent poIy(A) tail is trimmed by the Pan2p/Pan3p nuclease, and 

then subsequently passed to the Ccr4p/Caflp for the majority of cytoplasmic 

deadenylation. Thus, normal deadenylation requires the sequential action of two 

different nucleases. How. or why, this transition in nucleases occurs is unknown but it 



103 

may coincide with transport of the mRNA into the cytoplasm, or changes in mRNP 

organization, perhaps including entry into translation. 

Our data indicate that in ccr-/A strains the slow residual deadenylation that occurs 

requires Pan2p. One intriguing feature of the residual deadenylation catalyzed by 

Pan2p/Pan3p deadenylase is that it appears to stop at the last 20 to 26 adenosines. This 

stall could be due to the inability of the Pan2p/Pan3p nuclease to shorten the mRNA 

further. Support for this possibility comes from observations in vitro wherein PAN 

requires the poly(A) binding protein (Pablp) as a cofactor [120]. Since the footprint of a 

single bound Pablp is approximately 25 residues [85]. this would suggest that the last 

Pablp bound to the poly(A) tail might be insufficient to promote Pan2p/Pan3p 

deadenylation in vivo. The observation that the Ccr4p/Caflp complex has the unique 

ability to process die last phase of deadenylation indicates a fundamental difference in 

substrate specificity between these two enzymes. 

Implications for Regulation of Deadenylation Rate 

There are now three distinct enzymes that have been shown to ftmction as mRNA 

deadenylases. Ccr4p/Caflp and Pan2p/Pan3p in yeast, and PARN in vertebrates. 

Although there does not appear to be a direct homologue of PARN in yeast. Ccr4p/Caflp 

and Pan2p/Pan3p are all highly conserved among eukaryotes. This implies that 

eukaryotic cells will contain at least two. and likely multiple, distinct deadenylases. This 
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raises the possibility that deadenylation of different mRNAs will occur through the 

modulation of different nucleases. For example, there may be yeast mRNAs whose 

primary deadenylation is carried out by the Pan2/Pan3 deadenylase. Consistent with the 

view that specific deadenylases may target different mRNAs or respond to different 

regulator)' elements, in vitro work has suggested that the enhanced deadenylation 

promoted by 3" UTR. AU-rich instability elements requires PARN [144]. Similarly, the 

rapid deadenylation of the MFA2 mRNA is also promoted by specific 3" UTR elements 

[21 ]. and this rapid deadenylation is lost in ccr4A and ca/7A strains. This indicates that 

the elements within the MFA2 3' UTR that promote deadenylation do so by accelerating 

the action of the Ccr4p/Caflp deadenylase. This implies that both PARN as well as the 

Ccr4p/Caflp deadenylases in other eukaryotes will be targets of mRNA specific, 

regulated deadenylation rates. An important goal of future work will be to determine 

how the rates of specific deadenylases are controlled and how 3" UTR elements influence 

the deadenylases acting on individual mRNAs. 
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EXPERIMENTAL PROCEDURES 

Strains 

All strains used in this study are; irpl ura3-52 leu2-3. 112 cuplA::LEU2P\I. 

Strains differ as follows; yRP840 [44] MATa his4-539. yRP841 [44] MATa lys2-201. 

yRP1616 MATa his-f-539 ccr4A::NE0. yRPl6l7 MATa cafIA::URA3. yRP1618 MATa 

his4-539 ccr4A::NE0 cajl A::URA3. yRP1619 MATa his4-539 pan2A::URA3. yRP1620 

MATa his4-539 ccr4A::NE0 pan2A::URA3. yRP1621 A^iATa his4-539 lys2-20l CCR4-

myc.-.yEO. yRP1622 MATa his4-539 CAFI-myc::NEO. 

The constructions of the ccr4^. cafl^. and pan2\ were made by standard 

methods of transformation and yeast genetics. All of the above gene disruptions were 

verified by genomic southern analysis. Double mutant strains were obtained by mating 

combinations of single deletion haploid strains. (yRP1618 and yRP1620). /nyc-tagged 

versions of Ccr4p and Caflp were generated as described in [145] and confirmed both by 

southem and western blots. 

Plasmids 

The FLAG-CAFl plasmid (pRP 1042) was created by PCR amplification of the 

CAFl gene from yRP840, placing the FLAG epitope 5" of the CAFl gene, and ligated 

into the yeast expression vector pG-1 [146] and confirmed by sequencing. 
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RNA isolation and analysis 

Ail procedures with RNA were done as previously described; transcriptional 

shutoff experiments, RNA isolations and normalization [147], transcriptional pulse-chase 

experiments (with the exception that all growth media was supplemented with 1% 

sucrose/2% raffmose) [23], RNaseH reactions [21]. 

Localization of epitope tagged Ccr4p and Caflp 

YRP841. yRP1621 and yRP1622 were grown to midlog. fixed, and analyzed by 

standard methods using anti-myc-FITC 9E10 antibody (CoVance) at a dilution of 1:200 

and goat anti-mouse IgG-FITC (Roche) was used at a dilution of 1:300. 

In I 'itro Deadenylation Assays 

FLAG-Caflp proteins were purified from wild type and ccr-fA strains (yRP840 

and yRP1616) harboring the plasmid pRP1042 following similar procedures [31]. 

Fractions were analyzed for activity prior to storage of samples at -80°C in 20% (v/v) 

glycerol. 

To prepare substrate uncapped RNA was transcribed from plasmid pRP802 as 

previously described [45], which was partially digested with Sau3AI, to produce both a 

49 and a 134-nucleotide transcript. The RNAs were capped [45] and poly(A) tails were 

added to capped substrate using Poly(A) polymerase and 650 nM of ATP [148]. 3" end 

labeling of substrate was achieved by addition of 500nM of a32p ATP to the Poly(A) 

polymerase reactions. 
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FLAG-Caflp elution fractions were assayed for deadenylation activity at 37°C. 

lOOjil deadenylation reactions contained 70|ii of FLAG-Caflp elution, 0.01 pmol cap 

labeled RNA. 20mM HEPES. pH7.0, ImM MgOAc. 2mM spermidine. ImM DTT. 

0.2|ig/!il BSA. 0.2% NP-40 and lU/jil RNasin. 10|il time points were stopped with 

300|il of stop mix (20mM EDTA. 300mM NaOAc. 3ng/|il glycogen). Products from the 

reaction with 3" labeled. poly(A) RNA substrates were separated by PEI-cellulose thin 

layer chromatography developed in 0.45M (NH4)2S04. 
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CHAPTER 3. THE CCR4 PROTEIN IS THE CATALYTIC SUBUNIT OF THE 

MAJOR CYTOPLASMIC mRNA DEADENYLASE IN Saccharomyces cerevisiae 

Statement by author 

This chapter is essentially a research article written by myself with input from my 

advisor. The results presented here are my own. 

SUMMARY 

The process of mRNA turnover is critical for the proper regulation of gene 

expression. The major pathways of mRNA turnover in eukaryotic cells are initiated by 

shortening of the poly(A) tail. Recently it has been demonstrate that CCR4 and CAFI 

encode critical components of the major cytoplasmic deadenylase in yeast. Although 

both proteins have significant homology to known exonucleases. in this work we 

demonstrate by several criteria that CCR4 encodes the catalytic subunit of the 

deadenylase and that Caflp is dispensable for catalysis. First, over-expression of Ccr4p 

rescues the deadenylation defects of a cq/7A strain, indicating that Caflp is not essential 

for deadenylation. Second, over-expression of Ccr4p also accelerates the rate of 

deadenylation in a wild type strain, suggesting that deadenylation rates are directly 

influenced by the local concentration of Ccr4p. Third. Ccr4p co-purifies with poly(A) 

specific e.xonuclease activity, and this activity is not dependent on the presence of Caflp. 

Finally, point mutants in predicted catalytic residues of the Ccr4p exonuclease domain 
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result in deadenylation defects in vivo and in vitro. The strong conservation of Ccr4p in 

other eukarvotes suggests that it will also function as the deadenylase in additional 

organisms. 

INTRODUCTION 

The regulation of gene expression is highly influenced by the rate of mRNA 

turnover. In an effort to understand how different rates of mRNA decay are regulated, 

the major pathways of mRNA turnover have been elucidated [20]. In most cases, the 

degradation of the transcript begins with the shortening of the poly(A) tail at the 3' end of 

the mRNA [21. 22]. In yeast, shortening of the poly(A) tail primarily leads to removal of 

the 5' cap structure, thereby exposing the transcript to digestion by a 5' to 3' exonuclease 

[23-26], Alternatively, transcripts can also decay in a 3" to 5" manner following 

deadenylation [26. 32]. 

The process of deadenylation is the key step influencing mRNA function and 

stabilit\-. First, deadenylation has been shown to be the major rate determining step in 

mRNA decay in yeast [149], Second, as in yeast, many mRNAs in more complex 

eukaryotes are deadenylated prior to the decay of the body of transcript [22. 27. 28]. 

Third, deadenylation rates for individual mRNAs are influenced by numerous regulatory 

inputs [21. 22. 27. 67]. Finally, because the poly(A) tail can influence translation 
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initiation, control of deadenylation rate can directly influence the translational status of 

the message [126]. Given the pivotal role deadenylation plays in mRNA function, 

understanding the mechanism by which mRNA deadenylation occurs and its regulation 

will be central for our imderstanding of mRNA decay. 

Recent work has identified two interacting proteins, encoded by the yeast CCR-4 

and CAFl genes, which co-purify with deadenylase activity. This activity progressively 

removes poly{A) tails from mRNAs in vitro [125]. Importantly, deletion of either CCR4 

or CAFI leads to severe defects in deadenylation in vivo [125]. Moreover, both Ccr4p 

and Catlp have significant homology to known 3' to 5" exonucleases [123. 128]. This 

suggests that either CCR4 and/or CAFI may encode the actual catalytic subunit of the 

mRNA deadenylase. 

Several lines of evidence suggest that Ccr4p may be the catalytic subunit of the 

mRNA deadenylase. First, as demonstrated previously. ccrVA strains show more severe 

defects in both rate and end point of deadenylation than caflA strains [125]. Second, 

purification of deadenylase activity via Caflp is dependent on the presence Ccr4p [125] 

indicating that Caflp is not sufficient for deadenylase activity. Finally, over-expression 

of Ccr4p has been shown to suppress the growth phenotypes previously associated with 

caJlA strains [133], indicating that Ccr4p plays a more central role in the process of 

mRNA deadenylation. 



I l l  

In this work we demonstrate that CCR4 encodes the catalytic subunit of the yeast 

mRNA deadenylase. This conclusion is based on three observations. First, over-

expression of Ccr4p suppresses the deadenylation defects of a caflA mutation and 

accelerates deadenylation rates in a wild type strain. Second. Ccr4p co-purifies with 

deadenylase activity and this activity is not dependent on the presence of Caflp. Finally, 

we show that key residues of the highly conserved exonuclease domain of Ccr4p are 

absolutely required for proper mRNA deadenylation in vivo and deadenylase activity in 

vitro. 
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RESULTS 

Over-expression of Ccr4p suppresses cq/7A deadenylation endpoint defects 

To examine the role of Ccr4p in mRNA deadenylation. we first determined the 

effect of over-expression in the absence of Caflp. Previous results demonstrates that 

over-expression of Ccr4p is capable of suppressing the growth defects associated with 

cafI/\ strains [133]. To analyze the effects of over-expression of Ccr4p on mRNA 

turnover we first examined mRNA poly( A) distributions in wild-type, ccr4A and caflA 

strains harboring a vector control or a plasmid expressing Ccr4p driven by the strong 

GPD promoter. We examined both the MFA2pG and PGKlpG reporter transcripts [23]. 

These mRNAs contain a poly(G) tract in the 3" UTR that inhibits 5' to 3" exonuclease 

digestion following decapping. allowing the detection of a decay intermediate that 

extends from the 5" side of the poly(G) tract to the 3" end of the mRNA. 

Comparison of steady state mRNA populations in these strains led to several 

important observations. First, as previously reported. ccr4A and caflA strains show a 

distinct defect in the endpoint of deadenylation [125]. Wild type MFA2pG and PGKlpG 

mRNAs have a steady state poly(A) distribution from 75 to approximately 10-12 

adenosine residues (Figure 3.1. lane 2) [23]. In ccr4A strains the shortest poly(A) tails 

observed for both MFA2pG and PGKlpG were 20-26 adenosines (Figure 3.1. lane 4). 

Similarly in cafiA strains the shortest poly(A) tails observed for both MFA2pG and 

PGKlpG measured slightly shorter, at 14-20 adenosines (Figure 3.1. lane 6). Second. 
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over-expression of Ccr4p was capable of complementing a ccrVA deletion for this defect 

in deadenylation with the deadenylation end point returning to approximately 12 

adenosine residues (Figure 3.1, lane 5). Third, over-expression of Ccr4p in a wild type 

background had no significarit effect on the end point of deadenylation with the 

deadenylation end point remaining at approximately 10 to 12 adenosine residues (Figure 

3.1. lane 3). Finally, it was clear that over-expression of Ccr4p was capable of 

suppressing the deadenylation end-point defect seen in a cafIA strain with the 

deadenylation end point returning to approximately 8 to 10 adenosine residues (Figure 

3.1. lane 7). These data are consistent with the idea that over-expression of Ccr4p is 

capable of bypassing the need for Caflp in the process of mRNA deadenylation. 
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Figure 3.1 Comparison of deadenylation end-points. Shown are the deadenylation end-

points for MFA2pG and PGKlpG transcripts in wild type. ccr4A and caflA strains 

containing either a FLAG-Ccr4p over-expression plasmid (pRP 1045) or vector control 

as indicated. Here, and in other figures, the full-length (FL) mRNA and decay fragment 

(Frag.) is indicated at the left. Steady-state mRNA samples were resolved on 6% 

polyacrylamide/ 8M urea Northern gels either with or without removal of poly(A) tails 

with RNaseH and oligo(dT) (lane I). Here, and in other figures, to allow for size 

resolution of the poly(A) tail the 3" 319-nucleotides of the 1.4-kb PGKlpG mRNA were 

cleaved by hybridizing to oRP70 followed by cleavage with RNaseH prior to loading on 

the gel. 
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Over-expression of Ccr4p accelerates deadenylation rates 

To further illuminate the relative roles of Ccr4p and Caflp in deadenylation we 

determined whether the over-expression of Ccr4p could suppress the deadenylation rate 

defect as well as the deadenylation endpoint defect seen in ca/7A strains. To address this 

question we analyzed the decay of the MFA2pG and PGKlpG mRNAs in wild-type and 

caflA strains harboring either a vector control or the Ccr4p over-expression plasmid by a 

transcriptional pulse-chase [23]. In this experiment we utilized the carbon source 

regulation of the GAL UAS to rapidly induce and then repress transcription of these 

reporter mRNAs. This produces a pool of newly transcribed mRNAs whose metabolism 

can be followed over time to observe deadenylation and subsequent decay of the mRNA. 

Comparison of transcriptional pulse-chases for the MFA2pG and PGKlpG 

mRNAs in wild type and caflA strains over-expressing Ccr4p. to the same strains 

harboring only a vector control, led to several important observations. First, it was clear 

for MFA2pG mRNA that over-expression of Ccr4p complemented the deadenylation rate 

defect of a ccWA strain (data not shown). Second, in the wild type strain over-e.xpressing 

Ccr4p the MFA2pG mRNA was deadenylated at a rate similar to that of the wild t\'pe 

control strain (Figure 3.2). This indicated that high levels of Ccr4p could not accelerate 

the already rapid deadenylation of the MFA2pG mRNA. Furthermore, it was apparent 

that over-expression of Ccr4p in ca//A strain restored the rapid deadenylation rate of 

MFA2pG mRNA (Figure 3.2). This is consistent with the idea that over-expression of 
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Ccr4p is capable of suppressing the need for Caflp in the process of mRNA 

deadenylation. 

Additionally, it was evident that over-expression of Ccr4p was capable of 

significantly accelerating the deadenylation rate of the normally stable PGKlpG mRNA. 

In wild-type strains PGKlpG deadenylated at an approximate rate of 2-3 nucleotides per 

minute (Figure 3.3). In wild type and cafIA strains over-expression of Ccr4p accelerated 

the deadenylation rate of the PGKlpG mRNA to appro.ximately 10-12 nucleotide per 

minute (Figure 3.3). Interestingly, the caflA strain over-expressing Ccr4p apparently had 

two populations of PGKlpG mRNA (Figure 3.3). One of these populations underwent 

the rapid deadenylation similar to the wild type strain over-expressing Ccr4p. The other 

population appeared to deadenylate at a slower rate typical of a caflA strain. This 

implied that Catlp functions as a critical modulator of Ccr4p function (see discussion). 

The ability of Ccr4p over-expression to at least partly suppress the caflA defects in 

deadenylation as well as accelerate the rate of deadenylation in an otherwise wild type 

strain implies that Ccr4p plays the pivotal role in mRNA deadenylation. 
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Figure 3.2 Transcriptional pulse-chase analysis of the MFA2pG transcript. Shown are 

polyacr\ lamide Northern gels examining the decay of MFA2pG in wild type and caflA 

strains containing either a FLAG-Ccr4p over-expression plasmid (pRP 1045) or vector 

control as indicated. Numbers above the lanes are minutes after ttanscriptional repression 

by the addition of glucose following an 8-minute induction of transcription [23]. The 0 

minute time point was treated with RNaseH and oligo(dT) to indicate the position of the 

deadenylated mRNA. Here, and in all subsequent figures. poly(A) tail lengths were 

determined by comparison of bands to size standards and the poly(A)-minus mRNA 

species generated by cleavage of RNaseH and oligo(dT) (data not shown). 
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Figure 3.3 Transcriptional pulse-chase analysis of the PGKlpG transcript. Shown are 

polyacrvlamide Northern gels examining the decay of PGKlpG in wild type, ccr4A. and 

caflA strains containing either a FLAG-Ccr4p over-expression plasmid (pRP 1045) or 

vector control as indicated. Numbers above the lanes are minutes after transcriptional 

repression by the addition of glucose following an 8-minute induction of transcription 

[23]. The 0 minute time point was treated with RNaseH and oligo(dT) to indicate the 

position of the deadenylated mRNA. 
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Ccr4p co-purifies with deadenylase activity, independent of Caflp. 

Our analysis indicated that over-expression of Ccr4p was capable of suppressing 

the deadenylation defects of a C£z/7A strain. Moreover, previous reports have 

demonstrated that Caflp co-purifies with deadenylase activity and that this activity is 

dependent on the presence of Ccr4p [125]. Together these observations suggested that 

the deadenylase activity that co-purifies with Caflp might be independent of Caflp. 

Given this, we purified a functional FLAG-Ccr4 fusion protein from either a wild type or 

a ca/7A strain under conditions that would co-purify endogenous Caflp. 

Purified FLAG-Ccr4p from both a wild type and a ca/7A strain were then assayed 

for their ability to deadenylate a mRNA substrate in vitro. A body-labeled, capped 

mRNA. synthesized in vitro with a 50-nucleotide body and a poly(A) tail length of 

approximately 50 to 60 adenosines, was incubated with purified FLAG-Ccr4p extracts 

and analyzed at various times on 6% polyacrylamide gels. We observed, in extracts from 

either strain background, that a shorter species of the input RNA appeared over time and 

a new species accumulated of the correct length to represent a fully deadenylated 

substrate (Figure 3.4). It was also apparent that the relative rates of deadenylation. in 

vitro, were not significantly different between the two extracts. These results suggested 

that the observed deadenylase activity did not require the presence of Caflp. 
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Figure 3.4 FLAG-Ccr4p co-purifies with deadenylase activity. Analysis of deadenylation 

activity in FLAG-Ccr4p elution fractions from ccr4A. and ccr4A/caflA strains on a 

capped, poly-adenylated substrate. Numbers above the lanes indicate time points taken 

after addition of substrate to the reaction. The arrow represents the fully deadenylated 

form of the substrate based on migration of substrate after cleavage with RNaseH and 

oligo(dT) (data not show). The * indicates the position of the radiolableled phosphates. 
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The exonuclease domain of Ccr4p is critical for deadenylase activity. 

The above observations indicated that Ccr4p played a central role in mRNA 

deadenylation. An important issue was the specific role of Ccr4p in deadenylation. 

Insight into a possible function of Ccr4p came from observation that the Ccr4p contains a 

highly conserved exonuclease motif [128]. This exonuclease domain is also conserved in 

homologues of Ccr4p. as well as a number of other known magnesium-dependent 

nucleases (Table 3.1) [128]. The presence of a conserved exonuclease domain in Ccr4p 

suggested that this protein might function as the catalytic sub-unit of the mRNA 

deadenylase. 

To determine if the exonuclease domain of the Ccr4p was required for in vivo 

deadenylation we constructed four independent point mutants in amino acids that were 

absolutely conserved in this family of magnesium-dependent nucleases. Specifically, in 

alleles ccr4-3 and -4. aspartic acid 713 and asparagine 715 respectively were changed to 

alanine, each likely a catalytic pocket residue [128]. In allele ccr4-6. aspartic acid 817. 

putatively involved in magnesium binding [128], was changed to alanine. Finally, the 

allele ccr4-'' changed histidine 818 to alanine; this amino acid is likely to be a key 

catalytic residue [128]. Each of these point mutants was expressed as FLAG-epitope 

fusions from the GPD promoter. Expression of the wild-type FLAG-Ccr4p completely 

rescued the slow growth phenotype (data not shown), and the deadenylation defects of 

the ccr-/A mutation for both MFA2pG and PGKlpG mRNAs. In contrast, each of the 

point mutants failed to complement both the growth (data not shown) and the 
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deadenylation end point defects of the ccr4A strain (Figure 3.5A & 3.5B). Consistent 

with these amino acid residues having a critical role in the function of Ccr4p. each of 

these mutants were expressed as a stable, full-length protein when assayed by western 

analysis (Figure 3.5C). These data suggested that the exonuclease domain of Ccr4p is 

essential for Ccr4p function in vivo. 

Our analysis indicated that the Ccr4p exonuclease domain was required for deadenylation 

in vivo. To determine if the exonuclease domain of the Ccr4p was also required for in 

vitro deadenylase activity, we purified the FLAG-Ccr4p containing the point mutations 

and assayed equal concentrations of protein for their ability to deadenylate a mRNA 

substrate. When compared to wild type FLAG-Ccr4p it was apparent that each of the four 

point mutants did not degrade a polyadenylated mRNA substrate in vitro (Figure 3.6). 

This observation indicated that the Ccr4p exonuclease domain is essential for purified 

FLAG-Ccr4p deadenylase activity'. Together, the above results indicate that the Ccr4p 

exonuclease domain is essential for deadenylation, both in vivo and in vitro, and strongly 

implies that Ccr4p is a deadenylating enzyme in yeast. 
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Table 3.1 Reproduced from [128]. Multiple sequence alignment of a representative set of 

identified proteins. Numbers on the left are either PDB or GenBank identifier codes of 

proteins, separated by an underscore from the species abbreviation. The first and last 

residues of the aligned region are shown preceding the first block and following the last 

block, respectively. The size of gaps between blocks is indicated by numbers in 

parentheses. Common protein names from their annotations are shown at the end of the 

alignment. Amino acids are coloured differently from the background when at least 80% 

residues conform to a consensus. The following colour scheme was used: hydrophobic 

residues (ACFGHIKLMRTVWY). dark blue; aromatic residues (FHWY), light blue: 

aliphatic residues (ILV). green: polar residues (CDEHKNQRST). red: small residues 

(ACDGNPSTV). purple: charged residues (DEHKR). orange. Residues with >90% 

identity across the whole alignment are highlighted in yellow. Both secondary-structure 

elements and their annotations are shown beneath the alignment and were assigned 

according to the Exo III structure. The residues of Mg2+-dependent endonucleases 

involved in catalysis are marked by blue triangles: blue circles denote residues that bind 

Mg2-i-: red circles are for residues that surround the catalytic pocket and possibly bind the 

phosphate. Complete alignment of all identified sequences is available at 

http:/7www.umich.edu/~mensur/endoalign.html. At. Arabidopsis thaliana: Bt. Bos 

Uiurus: Ce. Caenorhabditis elegans: Ec. Escherichia coli: Hd. Haemophilus ducreyi: Hs, 

Homo sapiens: Li. Leptospira interrogans: Mp. Mycoplasma pneumoniae: Mt. 

Methanobacterium thermoautotrophicum: Sc. Saccharomyces cerevisiae: Sco. 

Streptomyces coelicolor: Tp, Treponema pallidum: XI. Xenopus laevis. 

http://www.umich.edu/~mensur/endoalign.html
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Figure 3.5 Comparison of deadenylation end-points in ccr4 point mutants. Shown 

are the deadenylation end-points for MFA2pG (A) and PGKlpG (B) transcripts in ccr4A 

strains containing either a vector control. FLAG-Ccr4p wild-type plasmid (pRP 1045) or 

FLAG-Ccr4p plasmids containing specific point mutants (pRP 1047. 1048. 1050 and 

1051) as indicated (see Experimental Procedures). Steady-state mRNA samples were 

resolved on 6% polyacrylamide/ 8M urea Northern gels either with or without removal of 

poly(A) tails with RNaseH and oligo(dT) (lane I). Western analysis of extracts from 

strains harboring both wild type and mutant forms of the CCR4 plasmid (C). Probing 

with anti-FLAG antibodies indicates that each mutant produces a full length Ccr4p. 
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Figure 3.6 The Ccr4p nuclease motif is required for deadenylase activity. Analysis of 

deadenylation activity in FLAG-Ccr4p elution fractions on a capped, poly-adenylated 

substrate from ccr4A strain containing either a FLAG-Ccr4p wild-type plasmid (pRP 

1045) or FLAG-Ccr4p plasmids containing specific point mutants (pRP 1047. 1048. 1050 

and 1051) as indicated (see Experimental Procedures). Numbers above the lanes indicate 

time points taken after addition of substrate to the reaction. The * indicates the position 

of the radiolableled phosphates. 
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DISCUSSION 

Ccr4p is the primary catalytic subunit of the cytoplasmic deadenylase 

Several observations indicate that Ccr4p is the catalytic subunit of the major 

cytoplasmic mRNA deadenylase In yeast. First, previous reports Indicate that Ccr4p is 

required in vivo and in vitro for deadenylase activity [125]. Second, over-expression of 

Ccr4p not only suppresses the deadenylation defects of a caflA but over-expression is 

also capable of increasing the rate of deadenylation in an otherwise wild type 

background. Third. Ccr4p co-purifies with a deadenylase activity that is independent of 

Cat! p. Furthermore, purification of Caflp in the absence of Ccr4p does not co-purify 

with the observed activity [125]. These observations demonstrate that Caflp alone is not 

capable of catalysis under the conditions assayed or is it required for catalysis by Ccr4p. 

Moreover, reports previously indicate that Caflp is required for Ccr4p association with 

the NOT complex of proteins [139], and the observation that Ccr4p still co-purifies with 

deadenylase activity would suggest that the NOT proteins do not function in the Ccr4p 

mediated catalysis of deadenylation. This point is further supported by the observation 

that deletion of the NOT 3.4 and 5 genes have no effect on deadenylation in vivo (Staples 

and Parker, unpublished data). Finally, we demonstrate that conserved amino acid 

residues in the exonuclease motif of Ccr4p are required for Ccr4p function in vivo and 

deadenylase activity in vitro. Together these observations demonstrate that Ccr4p is the 

catalytic subunit of the mRNA deadenylase. Given the strong conservation of Ccr4p in 
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other eukar\otes it is likely that it will also function as the deadenylase in additional 

organisms. 

Cat! p modulates Ccr4p function in vivo 

Our data indicate that the Caflp functions as a crucial modulator of Ccr4p 

deadenylase activity in vivo. The critical observation is that ccr4A and caflS. strains 

possess almost identical defects in deadenylation in vivo [125] (Figures 3.2 and 3.3): 

however. Catlp is dispensable for Ccr4p catalytic activity in vitro (Figure 3.4). It is a 

formal possibility the Caflp itself functions as a deadenylase. however, several lines of 

e\ idence would argue against this prospect. First, over-expression of Caflp does not 

suppress the deadenylation defects of a ccr4A strain nor does it have any affect on mRNA 

deadenylation in an otherwise wild type strain (data not shown). Second, it is evident 

from sequence analysis that the yeast Caflp is missing critical residues that are thought to 

be essential for catalysis among this family of magnesium dependent nucleases [123]. 

Finally, purified Caflp isolated form a ccr4A strain fails to show any nuclease activity in 

vitro [125]. However, considering that the Caflp homologues in higher eukaryotes 

appear to contain intact nuclease domains [123]. it is possible that Caflp may function as 

a nuclease in other organisms. 

Interestingly, prior work has shown that Ccr4p and Caflp interact within the same 

complex of proteins [131. 139, 140] suggesting that in yeast Caflp may function to 



135 

recruit Ccr4p to an active deadenylase complex. Consistent with this model is the 

presence of both a slow and rapid deadenylating population of PGKlpG mRNAs in a 

caflA strain when Ccr4p is over-expressed (Figure 3.3). This suggests that in the absence 

of Caflp a significant population of mRNA is inaccessible to the CCR4 encoded 

deadenylase. An important goal in future work will be to determine the specific function 

of Catlp in deadenylation and investigate the possibility that Caflp may play a key role 

in determining mRNA specific rates of deadenylation by governing Ccr4p/substrate 

interactions. 
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EXPERIMENTAL PROCEDURES 

Strains 

All strains used in this study are: trpl iira3-52 leu2-3. 112 cuplA::LEU2PM. 

Strains differ as follows; yElP840 [44] XIATa his4-539. yRP1616 [125] MATa his4-539 

ccr4A::\'E0. yRP1617 [125] MATa caflA::UHA3. yRP1618 [125] MATa his4-539 

ccr4A::\EO cafl A::UILA3. 

Plasmids 

The FLAG-CCR4 plasmid (pRP 1045) was created by PCR amplification of the 

CCR4 gene from yRP840. placing the FLAG epitope 5" of the CCR4 gene, and ligated 

into the yeast expression vector pG-1 [146] and confirmed by sequencing. 

RNA isolation and analysis 

All procedures with RNA were done as previously described; transcriptional 

shutoff experiments. RNA isolations and normalization [147], transcriptional pulse-chase 

experiments (with the exception that all growth media was supplemented with 1% 

sucrose and 2% raffmose) [23], RNaseH reactions [21]. 

In Vitro Deadenylation Assays 

FLAG-Ccr4 proteins were purified firom ccr4A and ccr4A/caJlA strains (yRP1616 

and yRPl618) harboring the plasmid pRP1045 following similar procedures [31]. 
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To prepare substrate capped RNA was transcribed, as previously described [45]. 

from plasmid pRP1040 which was digested with Hind III and mung bean nuclease. This 

produced a body labeled, 50-nucleotide transcript with a 50-nucleotide adenosine tail that 

lacked any additional 3" nucleotides. 

FLAG-Ccr4p elution fractions were assayed for deadenylation activity as 

previously described [125]. 
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