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ABSTRACT 

Regulation of mRNA stability and mRNA translation are important components 

of gene expression within the eukaryotic cell. Multiple observations have suggested that 

the processes of translation and mRNA turnover are interrelated. Based on these 

observations, and the fact that the translation initiation machinery and the decapping 

enzyme both utilize the cap structure as a substrate, I hypothesized that these processes 

might be linked due to a competition at the cap between the cap binding complex and the 

decapping enzyme. 

Since disruption of translation using translational inhibitors or insertion of strong 

secondary structure within the 5' UTR affects the stability of mRNAs, I asked whether 

mutations within the translation initiation machinery itself would have a similar effect. I 

found that mutations in many different translation initiation factors led to an increase in 

the rate of mRNA turnover within the yeast cell. It was found that when the process of 

translation initiation is impaired in this manner that the rates of both deadenylation and 

decapping are increased. These results imply that the nature of the translation initiation 

complex bound to the 5' end of the mRNA is a critical component in determining 

mRNA half-life. 

One of the translation initiation factors, the cap binding protein eIF4E, is a 

logical candidate for a protein that might compete with the decapping enzyme for the 
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cap structure. I purifled the decapping enzyme and the cap binding protein from yeast 

and showed that addition of eIF4E could block decapping by the Dcplp in an in vitro 

decapping assay. In addition, this inhibition was dependent on eIF4E's ability to bind to 

the cap structure. This observation was then recapitulated in vivo by showing that an 

allele of eIF4E, which is unable to bind the cap structure, could suppress the decapping 

defect of the partially functional dcpl-1 allele. This same allele could not suppress the 

decapping defects of a IsmlA or patlA, other mutations which affect decapping. These 

results argue that the translation initiation machinery acts as a physical block to the 

decapping enzyme and that decapping is composed of at least two genetically separable 

steps. 
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CHAPTER 1. INTRODUCTION 

STATEMENT BY AUTHOR. 

This chapter is a book chapter written by myself, with help from my advisor, for 

the book Translational Control (105). I have made minor modifications of the chapter 

for its inclusion in this dissertation. 

BIOLOGICAL SIGNIFICANCE OF mRNA TURNOVER 

It has become clear that mRNA tiunover can play a major role in the control of 

gene expression. In eukaryotic cells, the decay rates of individual mRNAs vary by more 

than two orders of magnitude (22, 110, 112). There have also been a growing number of 

examples wherein the regulation of gene expression in response to an environmental cue 

is attained by altering the rates of degradation for specific mRNAs (for review, see (99)). 

In addition, a specialized system of mRNA decay, referred to as mRNA surveillance, 

functions to ensure that mRNA biogenesis has been completed correctly by degrading 

aberrant transcripts (for reviews, see (80) and (96)). Finally, specific mechanisms of 

mRNA degradation function in the gene specific silencing induced by double stranded 

RNA (for review, see (44)). The numerous and diverse roles for mRNA degradation 

suggest that the modulation of mRNA stability is a critical step in the regulation of 

eukaryotic gene expression. 
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PATHWAYS OF mRNA DEGRADATION 

Four distinct pathways of mRNA turnover have been identified in eukaryotic 

organisms (Figure 1.1). In yeast, degradation begins by shortening of the 3' poly(A) tail 

followed by removal of the 5' cap structure (decapping), thus allowing 5' to 3' 

exonucleolytic digestion of the body of the transcript (37, 59, 86-88). Alternatively, 

mRNAs can be degraded 3' to 5' following deadenylation (60, 87)). Both deadenylation 

leading to decapping or 3' to 5' degradation appear to be general pathways of turnover, 

since all mRNAs examined in yeast utilize one or both of these pathways. Two 

additional pathways of decay show more specificity in their mRNA substrates. For 

example, during mRNA surveillance, aberrant mRNAs are rapidly decapped and 

degraded 5' to 3' independently of deadenylation (89). Similarly, some vertebrate 

mRNAs contain specific recognition sites for endonucleases that initiate degradation of 

the mRNA (e.g. (15, 16, 19, 92)). 

These mRNA degradation pathways have primarily been characterized in yeast, 

but there is evidence that these pathways are conserved in other organisms. In mammals, 

many mRNAs deadenylate as a first step in degradation (e.g. (109, 122)), and molecules 

have been detected which could correspond to a deadenylated and decapped intermediate 

(31). Moreover, several of the proteins involved in yeast mRNA decay, including the 5' 

to 3' ribonuclease, Xmlp (10), two proteins involved in decapping, Dcplp and Dcp2p 

(40, 117), and the exosome complex, which is responsible for 3' to 5' degradation of the 

mRNA body (4, 60), are conserved in other eukaryotes. 
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Figure 1.1 Four pathways of mRNA degradation. 

There are two pathways of mRNA degradation thought to occur on all mRNAs. The 5'-

>3' pathway initiates with deadenylation which leads to decapping followed by 5'->3' 

exonucleolytic digestion. The 3'->5 pathway also initiates with deadenylation but is 

followed directly by 3'->5' exonucleolytic digestion. Two alternative pathways of 

mRNA degradation appear to be mRNA specific. The mRNA surveillance pathway 

degrades mRNAs the cell regards as aberrant. This pathway leads to rapid decapping 

followed by 5'->3' exonucleolytic digestion. Finally, some mRNAs are known to contain 

cis-acting elements which allow recognition by specific endonucleases. 
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TRANSLATION AND TURNOVER ARE INTERCONNECTED 

It has been a long standing observation that the processes of mRNA turnover and 

mRNA translation are interconnected. This is based on a variety of observations wherein 

changing the translation status of a mammalian or yeast mRNA by mutation in cis, or by 

the addition of translation inhibitors such as cycloheximide, alters the degradation rate of 

the mRNA (for review, see (61)). The identification of a discrete set of pathways for 

mRNA turnover has allowed insight into the relationship between translation and 

turnover. The remainder of this review will examine how translation interacts with the 

main pathway of deadenylation-dependent mRNA degradation, focusing primarily on 

work in yeast. An emerging theme with mechanistic implications is that the interplay 

between translation and turnover is achieved in part by the efficiency of translation 

initiation. 

Interaction of Translation Initiation and Decapping 

Several recent lines of experimental evidence lead to the conclusion that the 

decapping step of the mRNA turnover pathway is controlled by a competition between 

translation initiation factors and the decapping enzyme. This idea is based on the fact 

that the cap structure, in addition to being the site of decapping, also fimctions as a site 

of assembly for the cytoplasmic cap binding complex (also termed eIF4F), which 

promotes translation initiation (for review, see (83)). This dual nature of the cap 

structure has led to the hypothesis that decapping could be in competition with the 

cytoplasmic cap binding complex for access to the cap (36, 61, 86). In the simplest view. 
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if the cap binding complex binds to the cap structure, translation occurs; alternatively, if 

the decapping enzyme binds to the cap, the mRNA is degraded. 

i) Mutations in Translation Initiation Factors Increase mRNA decapping Rates 

Evidence for a competition between translation initiation and decapping has 

come from analysis of mRNA timiover in yeast strains containing mutations in proteins 

in the translation initiation complex (107). Mutations in components of the cap binding 

complex, including eIF4E, eIF4G, and eIF4A, that strongly inhibit translation initiation 

also increase the rate of decapping of both the unstable MFA2 and stable PGKl 

transcripts. Similarly, mutations in the Prtl protein, a component of the elF3 complex 

that interacts with the cap binding complex to stabilize the 40S preinitiation complex on 

the mRNA (28), also increase the rate of decapping of both MFA2 and PGKl transcripts 

(107), and have been reported to accelerate the decay of the SSAl and Ip mRNAs under 

specific conditions (9, 27). Interestingly, partial loss of (unction mutations in the cap 

binding protein, eIF4E, that lead to only a modest decrease in translation in vivo, have 

little effect on the degradation rate of the PGKl mRNA in yeast (77). 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. 
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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 

PGKl mRNA, which effectively blocks translation by preventing 40S scanning, leads to 

accelerated decapping (87). Thus, in yeast, decreasing translation initiation either in cis 

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

number of examples from metazoan organisms where insertion of stem-loops into the 5' 

UTR of mRNAs acts to stabilize these transcripts ( e.g. (1, 34)). 

In striking contrast to the stimulation of mRNA degradation under conditions of 

translation initiation inhibition, blocks to translation elongation stabilize mRNAs. For 

example, inhibiting translation elongation with cycloheximide greatly stabilizes several 

yeast mRNAs (12, 57). Similarly, mutations in factors required for the production of 

functional tRNAs lead to an apparent elongation block and also stabilize mRNAs (95, 

126). In the case of stabilization due to cycloheximide, the affect can be attributed to an 

inhibition of decapping (12), although the reason for this effect is currently unclear. One 

possible interpretation of these observations is that inhibiting translation elongation traps 

the translation initiation complex in a phase that is resistant to mRNA decapping. 

ii) The Cap Binding Protein Inhibits Dcpip In vitro 

Further support of a competition between the cap binding complex and the 

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

purified cap binding protein (eIF4E) and decapping enzyme. The key observation is that 
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purified eIF4E acts as an inhibitor of decapping by Dcplp in vitro (106). Two facts 

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

First, the inhibition can be alleviated by addition of m^GTP (106), which has been 

shown to efficiently compete with capped mRNAs for eIF4E binding (111). Second, a 

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

Dcplp in vitro (106). The inhibition of decapping by elF4E protein strongly argues that 

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

Hi) Poly(A) Binding Protein Inhibits Decapping and Promotes Translation Initiation 

The status of the Pablp association with the 3' poly(A) tail also influences the 

rates of both translation initiation and mRNA turnover. The poly(A) binding protein is 

known to bind the 3' poly(A) tail and enhance translation initiation, at least in part, 

through interactions with the elF4G and eIF4B components of the cap binding complex 

(74, 114, 115). In addition, the poly(A) binding protein is also required for the 3' poly(A) 

tail to function as an inhibitor of decapping. mRNAs from strains containing a deletion 

of the P AB1 gene are decapped prior to deadeny lation, showing that the Pab 1 p is 

necessary for linking of the two processes (26, 29). One simple model is that the 

interaction of Pablp with translation initiation factors promotes translation and thereby 

inhibits decapping. However, this model is likely oversimplified since strains carrying 

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

initiation still exhibit deadenylation dependent mRNA decapping (107). This strongly 
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suggests that the ability of poly(A) tail to inhibit decapping may include additional 

unidentified interactions. 

Interaction between translation initiation and deadenyiation 

Several lines of experimental evidence suggest that efficient translation initiation 

of yeast transcripts also slows the rate of deadenyiation. For example, all mutations in 

translation initiation factors which lead to faster rates of decapping also lead to faster 

rates of deadenyiation (107). Similarly, inhibition of translation of the PGKl mRNA 

with a secondary structure in its 5'UTR leads to 3-4 fold faster deadenyiation rates (87). 

Interestingly, the AU-rich instability elements found in many mammalian mRNAs are 

known to both promote deadenyiation rates and inhibit translation (66, 67). In addition, 

translation inhibitors can effect the distribution of poly(A) tails lengths on the ferritin 

mRNA in mammalian cells (85). These observations suggest a significant relationship 

between the rates of translation and the rates of deadenyiation. 

There are two appealing models for how translation initiation rate could be 

coupled to deadenyiation (Figure 1.2). The first model is based on the observation that 

interaction of the poly(A) binding protein with the cap binding complex increases its 

affinity for poly(A) (74). Thus, a stable assembly of initiation factors on the 5' end of the 

transcript would stabilize Pablp binding and thereby prevent deadenyiation. In this 

hypothesis, the Pablp is an inhibitor of deadenyiation, which appears to be the case in 

vertebrate systems (14)[(38, 123), but may not be true in yeast (26, 101). Alternatively, 



in the second model the cap structure of the mRNA, unoccupied by a translation 

initiation complex would yield a higher intrinsic rate of deadenylation. This model 

supported by the observation that, in vertebrate cells, the nuclease thought to be 

responsible for deadenylation is bound to, and is stimulated by a 5' cap structure. 
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Figure 1.2 Translation regulates mRNA stability through the interaction of 

translation initiation factors with the 5' and 3' ends of the mRNA. 

mUNAs that are well translated are protected from degradation enzymes by the binding 

of translation initiation factors. Deadenylation may occur in-between rounds of 

translation initiation when there is a weakening of the 5' and 3' associated proteins. Loss 

of the poly(A) tail and the poly(A) binding protein weaken the cap binding complex 

allowing decapping. An alternative mechanism of deadenylation is shown wherein 

deadenylation can occur via a cap dependent poly(A) nuclease. 
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A Model for the Interaction of Translation and Decapping 

The above observations suggest a working hypothesis for the interaction between 

translation initiation and decapping (Figure 1.2). In this view, a polyadenylated mRNA 

is protected from decapping because the assembly of Pablp, along with the cap binding 

complex, leads to a stable association of initiation components on the 5' end of the 

mRNA and the cap structure is therefore not accessible to the decapping enzyme. 

Following the completion of deadenylation, the poly(A) binding protein dissociates, 

leading to a weaker interaction between the cap binding complex and the mRNA, and 

thereby promoting disassembly of this complex and allowing access by the decapping 

enzyme. In this hypothesis, the stabilizing effect of drugs or mutations which inhibit 

translation elongation can be interpreted as trapping the translation initiation complex in 

a state wherein the cap structure is protected from decapping. Alternatively, any block 

to translation initiation which prevents this assembly (whether through mutation or 

secondary structure) would promote disassembly of the translation initiation complex, 

leaving the cap structure readily accessible to the decapping enzyme. 

SEQUENCE ELEMENTS THAT AFFECT mRNA DECAY CAN AFFECT 

TRANSLATION RATE 

The model that mRNA decay is influenced by translation initiation predicts that 

cis-acting sequences that promote mRNA turnover may actually serve to repress 

translation initiation, thereby leading to increased rates of deadenylation and decapping. 

To date, many sequence elements have been identified in yeast that contribute to 
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mRNA-specific rates of turnover. For instance, instability elements have been 

discovered in MFA2, MATal, HIS3, STE3, SP013, PPRl, SDHl and HTBl (54, 56, 

78, 88, 94, 97, 113, 124). These elements can be found in the 5' UTR, the coding region, 

or the 3' UTR and in all cases examined they accelerate the rates of both deadenylation 

and decapping. For example, mutation of the 3' UTR of the unstable MFA2 transcript 

leads to slower rates of deadenylation and decapping (88). Similarly, instability elements 

within the MATal coding region can also promote both deadenylation and decapping 

(25). 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 (69). Importantly, the changes in the PGK.1 start codon context that 

destabilize the transcript also reduce its translational efficiency. These observations 

suggest that instability elements may function by affecting translation initiation rate and 

thereby ultimately affect the rates of both deadenylation and decapping. 

Another example of a cis-acting sequence affecting both translation initiation and 

decapping is found in the process of mRNA surveillance (see (96)). In this case, 

recognition of an early nonsense codon by the translation machinery leads to rapid 

decapping of the mRNA independent of prior deadenylation (89). Utilizing a reporter 

system where 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 amount of protein 

produced per mRNA (90). This occurred even when mRNA degradation was prevented 

by inactivation of the decapping enzyme. These observations argue that the recognition 
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of a premature 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 (27). This 5* UTR has been proposed to 

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

(103), 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 decay rate in response to specific fatty acids (48). A likely possibility is 

that the OLE 1 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 found in many 

mammalian transcripts can in some cases promote degradation and also decrease mRNA 

translation (e.g. (65)). 

A prediction made from the above data is that many cis-acting elements known 

to alter mRNA half-lives will also affect rates of translation. Sequences which stabilize 

mRNAs could do so by increasing the rates of translation, alternatively, sequences which 

destabilize mRNAs might be acting by repressing translation. The data suggest that 

regulation of translation initiation and ultimately mRNA half-life could be controlled at 

many points. Sequences located in the 3'UTR could affect both the ability of the Pablp 



to bind the poiy(A) tail and also influence the strength of the interactions between the 

Pablp and the cap binding complex. Secondly, sequences could alter the ability of the 

many RNA binding proteins in the cap binding complex, such as eIF4E, eIF4G, and 

eIF4B, to assemble on the 5' end of an mRNA. Finally, the sequences located in and 

around the AUG may be a last point at which translation initiation is regulated. The 

diverse number of ways in which translation initiation can be regulated would allow fbr 

multiple mechanisms to regulate mRNA decay rate. 

TRANSLATION AND THE mRNA DECAY MACHINERY 

As discussed above, the stability of the cap binding complex appears to be a key 

modulator of mRNA deadenylation and decapping rates. At the current time, the 

interaction of the mRNA decay machinery and the translation machinery is not clear. 

However, several proteins are known to affect mRNA decay including both degradative 

nucleases and proteins that promote mRNA decapping. In many cases links from these 

proteins to the translation machinery are emerging. In the following sections we discuss 

the proteins involved in turnover and how they interact with translation. 

Several nucleases involved in mRNA degradation have been identified. The 

en2yme responsible for both deadenylation-dependent and deadenylation independent 

decapping is encoded by the DCPl gene (13, 70). In addition, Dcplp dependent 

decapping activity requires the Dcp2p, which is either required for production of active 

Dcplp or could be a second subunit of the decapping enzyme required for function in 

vivo (40). The 5' to 3' exoribonuclease that degrades mRNA following decapping is 



27 

encoded by the XRNl gene (59, 86). Although not understood, efficient 5' to 3' mRNA 

digestion after decapping requires the eIF5A protein (127). Conversely, 3' to 5' 

degradation of the mRNA body appears to be performed by the exosome complex and 

the accessory proteins Ski2p, Ski3p and Ski8p (4, 60, 84). The identity of the nuclease(s) 

responsible for the cytoplasmic shortening of the poly(A) tail is not yet clear. A poly(A)-

specific nuclease has been identified in yeast, encoded by the PAN2 gene, but this 

nuclease appears to function in the nuclear trimming of newly synthesized poly(A) tails 

(20). A promising candidate for the poly(A) nuclease in vertebrates has been identified 

by purification of a poly(A) specific activity from HeLa cells, termed PARN or DAN 

(63). Antibody inhibition experiments suggest that this protein is responsible for 

cytoplasmic deadenylation in Xenoptis oocytes (64). However, whether this is the major 

deadenylase in somatic cells remains to be determined. Moreover, examination of the 

yeast genome does not reveal any clear homologs of PARN/DAN, although there 

presumably is a functional homolog. For each of these degradative nucleases, their 

activity on individual mRNAs appears to be controlled by accessory or activator 

proteins. 

Upf proteins activate mRNA Decapping in Response to Aberrant Translation 

Termination 

One example of such activator proteins are the Upf proteins, which are required 

for the rapid deadenylation independent decapping induced by aberrant translation 
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termination (for more discussion, see (80) and (96)). In this case, genetic and 

biochemical evidence indicates that the Upfl, Upf2 and UpO proteins interact with the 

peptide release factors, and affect the nature of the translation termination event (33, 35, 

75, 121). This suggests that differences in translation termination events can be 

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 (90) (Figure 1.3 A). Moreover, 

specific mutations in the translation initiation factor suil/mof2 inhibit the process of 

mRNA surveillance (32). This suggests that Suilp may be an important link between 

recognition of an aberrant mRNA at translation termination and signaling alterations in 

the translation initiation complex to allow decapping independent of deadenylation. 
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Figure 1.3 Regulation of decapping may occur by dissociation of tiie cap binding 

complex. 

(A) Nonsense mediated turnover of mRNAs is thought to occur via a signal sent from 

the UPF complex of proteins to the cap binding complex. This signal causes dissociation 

of the cap binding complex allowing rapid decapping prior to deadenylation. (B) A 

similar mechanism might occur for all mRNAs. Once deadenylation has been completed, 

the LSM/PATl complex may bind to the 3' end of an mRNA and signal dissociation of 

the cap binding complex to allow decapping. 
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A Cytoplasmic Lsm Complex and Patl/Mrtip Activate Decapping on Normal 

mRNAs 

Proteins involved in activating decapping on normal mRNAs include a complex 

of Sm-like proteins (referred to as Lsm proteins) and the associated Patl/Mrtl (17, 53, 

116). Interestingly, mutations in these genes only partially inhibit decapping (17, 116). 

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

but instead serve as activators of this process. 

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 (81, 

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

associated with snRNAs and to function in splicing (30, 55, 108). Biochemical and 

structural analysis suggests that the Sm motif serves as a site of protein-protein 

interaction, which allows the Sm proteins to form a seven member ring structure (55, 

62). Similar to the Sm proteins, the Lsm proteins are known to associate with each other 

and are a component of the U6 snRNP (81, 93, 102). Consistent with this fiinction, 

inactivation of Lsm2 through LsmSp leads to a defect in pre-mRNA splicing, 

presumably due to a destabilization of the U6 snRNA (81, 93, 102). Thus, mutations in 

several of the Lsm proteins affects both mRNA splicing and mRNA degradation. 

Several observations suggest that the Lsm proteins are directly involved in 

decapping. First, two hybrid analysis has identified several interactions between the Lsm 
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proteins and Dcpl, Dcp2, Patl/MrtI and Xml (45), all proteins required for mRNA 

degradation (13,40, 53, 59, 86, 117). Second, the Lsm proteins co-immunoprecipitate 

with Dcplp, Dcp2p and Patl/Mrtlp (116). 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 having a role in both mRNA 

decay and splicing (116). Finally, Lsm proteins have been shown to directly interact with 

the U6 snRNA and have also been shown to associate with mRNA, suggesting that they 

may affect decapping by interacting directly with the substrate (116, 118). These results 

argue that the Lsm proteins function in the cytoplasm to stimulate mRNA degradation. 

An unresolved question is how the cytoplasmic Lsm complex affects mRNA 

degradation. One appealing model is that the Lsm complex, and the associated proteins, 

affects the dynamics of the translation initiation complex in some manner (Figure 1.3B). 

This possibility is suggested by some of the phenotypes of IsmlA strains. Since Lsmlp 

does not function in splicing (81), its phenotypes can be interpreted as reflecting the 

function of the cytoplasmic Lsm protein complex. Interestingly, IsmlA strains show a 

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

temperatures (81). This phenotype is similar to the phenotype of the patl/mrtlA mutants 

(53, 120) and suggests that these proteins affect some essential function, possibly 

translation. Consistent with that hypothesis, the Lsm proteins show two-hybrid 

interactions with three translation factors (45). These include the y subunit of elF2, 
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which delivers the initiator tRNA to the ribosome (39); an eIF2B subunit (GCN3), which 

is involved in the GDP-GTP exchange of eIF2 (21, 58); and a ribosomal protein 

(RPS28), which is a component of the decoding site of the 40S subunit (3). It is striking 

that all three of these proteins are involved in the recognition of the AUG start codon in 

some manner suggesting that the cytoplasmic Lsm protein complex may somehow 

function in the process of AUG recognition in a manner that affects mRNA decapping. 

SUMMARY 

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

the rate of mRNA decay in yeast. This hypothesis 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 decay 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 substeps 

of the translation process. 
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CHAPTER 2. MUTATIONS IN TRANSLATION INITIATION FACTORS LEAD 

TO INCREASED RATES OF DEADENYLATION AND DECAPPING OF 

mRNAS IN SACCHAROMYCES CEREVISIAE. 

STATEMENT BY AUTHOR 

This chapter is essentially the research article, written by myself with help from 

my advisor, published in the journal Molecular and Cellular Biology in 1999 (19:5247-

5256). The research presented in this article was performed by myself with guidance 

from my advisor. 

SUMMARY 

The turnover of most mRNAs in Saccharomyces cerevisiae begins with 

deadenylation followed by decapping and 5'->3' exonucleolytic digestion. An important 

question involves the mechanisms that allow particular mRNAs to exhibit different rates 

of both deadenylation and decapping. Since the cap structure plays a critical role in the 

assembly of translation initiation factors, we hypothesized that the status of the 

cytoplasmic cap binding complex would affect the rate of decapping. To test this 

hypothesis, we examined mRNA decay rates in yeast strains that were defective in 

several translation initiation factors that are part of the cap binding complex. These 

experiments yielded three significant observations. First, any mutation known to inhibit 

translation initiation also increased the rate of decapping. Second, decapping still 

occurred only after deadenylation, suggesting that the ability of the poly(A) tail to inhibit 
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decapping does not require efficient translation of the transcript. Third, mutants with 

defects in translation initiation factors also showed an increase in the rate of 

deadenylation, suggesting that the rate of deadenylation may be controlled primarily by 

the translation status of the transcript. These results argue that the nature of the 

translation initiation complex is a critical factor in determining the mRNA half-life. This 

view also implies that some cis-acting sequences that modulate mRNA decay rate do so 

by affecting the translation status of the transcript. 
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INTRODUCTION 

The differential turnover of mRNAs is an important aspect of the modulation of 

gene expression in the eukaryotic cell (for reviews, see references (11, 24,61) and (99)). 

It is now clear that, at least in Saccharomyces cerevisiae, mRNAs with different decay 

rates are degraded primarily by a single general pathway of mRNA turnover. In this 

pathway, mRNAs are first deadenylated, which allows the transcript to become a 

substrate for a decapping reaction (37, 59, 86-88), and once decapped, they are 

susceptible to 5'-to-3' exonucleolytic degradation by the Xmlp exoribonuclease (59, 86, 

87). Several observations suggest that a similar pathway of degradation is likely to exist 

in mammalian cells. For example, deadenylation can be the first step in mammalian 

mRNA turnover (see, e.g., references (122) and (109)). Moreover, deadenylated 

decapped intermediates of the decay process can be detected (31), and mammalian 

homologs of the yeast Xmlp exoribonuc lease (10) and the yeast-decapping enzyme 

(encoded by the DCPl gene (13)) have been identified (117). 

The basis for differential decay rates of individual yeast mRNAs is that the 

transcripts differ in their rates of deadenylation and decapping. For example, at 24°C the 

unstable MFA2 transcript (t\/2 = 4 min) deadenylates more rapidly (~13 A's/min) than 

does the stable PGKl transcript (ha = 45 min; ~4 A's/min) (18). In addition, the MFA2 

transcript is decapped rapidly after deadenylation whereas the PGKl transcript is 

decapped slowly (86, 87). Given these differences, in order to understand differential 



37 

mRNA degradation it will be critical to determine the sequences and properties of 

mRNAs that modulate the rates of deadenylation and decapping. In addition to being the 

site of decapping, the cap structure is crucial for the ability of a mRNA to initiate 

translation efficiently (8, 98). This dual role of the cap structure has led to the hypothesis 

that the rate of decapping is specified by the nature of the cap binding complex or by 

proteins that interact with this complex of proteins. Given this view, a likely set of 

proteins to affect decapping are those that make up the cytoplasmic cap binding 

complex, also referred to as the eIF-4F complex (50, 111). In addition, a second set of 

proteins known as eIF-3 may play a role in decapping, since this complex recruits the 

40S ribosomal subunit to the 5' end of the mRNA by binding to both the eIF-4F 

complex and the mRNA itself (52, 91). An important issue is how these proteins 

influence the ability of a mRNA to be decapped. 

Prior examination on the effects of mutations in translation initiation factors on 

mRNA stability have been mixed. For example, mutations in the Prtl protein, which is a 

component of the elF-3 complex, have been reported to accelerate the decay of the SSAl 

and Ip mRNAs under specific conditions (9, 27). Conversely, specific mutations in the 

translation initiation factor eIF-5A have been reported to block 5'-to-3' exonucleolytic 

digestion (127). Finally, it has been reported that mutations in the eIF-4E protein that 

lead to a partial decrease in translation in vivo have no effect on the degradation rate of 

the PGK.1 mRNA in yeast (77), which is known to be degraded primarily by 

deadenylation-dependent decapping (87). This observation has raised the possibility that 
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the eIF-4E protein and possibly other initiation factors do not play a major role in 

mRNA turnover (77). However, it is possible that the eIF-4E alleles examined, which 

were partial-loss-of-fiinction alleles, were simply not strong enough to show an effect. 

To examine more completely the role of the translation initiation factors in 

controlling mRNA turnover, we have examined the stability of the MFA2 and PGKl 

mRNAs in strains carrying alleles of several of the components of eIF-4F and eIF-3 that 

were known to cause a defect in translation initiation. These two mRNAs were ideal for 

comparison in this analysis for several reasons. First, they represent the range of mRNA 

stability in yeast, since the MFA2 mRNA is unstable (/i/2 = 4 min) and the PGKl 

transcript is stable {t\n. = 45 min) (57). Most importantly, the decay of these mRNAs has 

been well characterized, and both are degraded by the deadenylation-dependent 

decapping pathway of mRNA turnover (86, 87). Moreover, the different rates of mRNA 

degradation of these two transcripts can be attributed to specific differences in 

deadenylation and decapping (37, 86, 87). We observed that mutations in either the elF-

4F complex or the eIF-3 complex can influence the rate of mRNA turnover by 

increasing both the rate of deadenylation and the rate of decapping. These observations 

have implications for understanding the control of mRNA turnover and suggest that the 

status of the translation initiation complex on the mRNA dictates the rates of both 

deadenylation and decapping. 
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RESULTS 

Defects in the cytoplasmic cap binding complex (eIF-4F) lead to higher mRNA 

decay rates. 

To test the hypothesis that translation initiation factors binding to the 5' end of a 

mRNA play a role in controlling decapping, we first examined the effects of mutations 

in the components of the cap binding complex (eIF-4F) on mRNA turnover. This 

complex in yeast is generally described as consisting of eIF-4E (cdc33), the cap binding 

protein (5), and an eIF-4G subunit, which is encoded by two genes in yeast, TIF4631, 

which encodes eIF-4Gl, and TIF4632, which encodes eIF-4G2 (49). In addition, we 

examined the effects of mutations in eIF-4A, a DEAD box helicase required for 

translation (104) and known to physically associate with eIF-4F in mammals (42, 51), 

and p20, encoded by the CAF20 gene, that is thought to bind the cap binding protein in a 

negative regulatory role (6). If deletion of a given gene was lethal, temperature-sensitive 

mutants were used in this analysis. All temperature-sensitive alleles used were alleles 

that had previously been shown to have effects on translation rate in vivo (7,43,46, 104) 

(see below). If a strain with deletion of a particular gene was viable, strains with 

disruptions of the gene were used. 

The translation initiation mutations could be placed into two categories based on 

their effects on mRNA half-life. For example, disruption of the CAF20 gene had little or 

no consequence on the decay rate of either the PGK.I mRNA or the MFA2 mRNA (Fig. 

2.1 A and Table 2.1). Since this protein does not significantly affect growth rate or 
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translation rate (73), it was not surprising that a caf20A mutation failed to alter mRNA 

decay rates. 

In contrast, following a shift to the restrictive temperature for 1 h, temperature-

sensitive mutations in eIF-4E and eIF-4A and a deletion of eIF-4Gl all led to higher 

rates of mRNA degradation. For example, in wild-type cells the PGKl mRNA decayed 

with an average half-life of 17 min at 38°C (Fig. 2.1 A). It should be noted that this is a 

shorter half-life than has been previously reported at lower temperatures and presumably 

reflects the faster decay of yeast mRNAs that is seen at high temperatures (57). Notably, 

the half-life of the PGKl mRNA from a strain containing the temperature-sensitive 

mutation in eIF-4E/cdc33-42, was decreased to about 6 min, almost a threefold reduction 

compared to that of the wild-type strain at 38°C (Fig. 2.1 A). Similarly, the rate were 

extremely reproducible, but because of their smaller magnitude, they should be 

interpreted with caution. Moreover, it might be difHcult to accelerate the decay rate of 

the MFA2 transcript greatly since this mRNA is already highly unstable. 

The conclusion that the mRNA decay rate was higher in the various translation 

initiation mutants was also supported by the observation that the total levels of 

individual mRNAs in strains containing translation initiation mutations were decreased. 

For example, after I h at the restrictive temperature, the level of the full-length PGKl 

mRNA in the eIF-4E/cdc33-42 strain was approximately 28% of the level in a wild-type 

strain under similar conditions (data not shown). In combination, these results indicated 

that lesions in the cap binding complex can accelerate mRNA degradation for yeast 

transcripts and suggest a role for these proteins in modulating mRNA turnover rates (see 
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Discussion). PGKl mRNA decayed faster in the temperature-sensitive eIF-4A {ha = 8.5 

min) and eIF-4GlD (jm = 8.2 min) mutants (Fig. 2.1 A and Table 2.1), although the 

magnitude of the change was not as great. Control experiments done at the permissive 

temperature showed that PGKl and MFA2 mRNA from the conditional elF-4Eycdc33-

42 allele decayed with wild-type kinetics. In contrast, the elF-4GlA showed an increased 

decay rate at high and low temperatures. 

Faster mRNA turnover was also observed for the unstable MFA2 mRNA in 

translation initiation mutant strains. In a wild-type strain at 38°C, the MFA2 half-life 

was 4 min (Table 2.1), whereas in strains containing the temperature-sensitive elF-

4E/cdc33-42, temperature-sensitive elF-4A, or eIF-4Gl A mutations, the MFA2 half-life 

was decreased to 3, 3.5, and 2 min respectively. In addition, the MFA2 mRNA showed 

accelerated decay in an elF-4G2A strain, even though the decay of the PGKl mRNA in 

this strain was only slightly affected (Table 2.1). These smaller changes in the MFA2 

mRNA decay rate were extremely reproducible, but because of their smaller magnitude, 

they should be interpreted with caution. Moreover, it might be difficult to accelerate the 

decay rate of the MFA2 transcript greatly since this mRNA is already highly unstable. 

The conclusion that the mRNA decay rate was higher in the various translation 

initiation mutants was also supported by the observation that the total levels of 

individual mRNAs in strains containing translation initiation mutations were decreased. 

For example, after 1 h at the restrictive temperature, the level of the full-length PGKl 

mRNA in the eIF-4E/cdc33-42 strain was approximately 28% of the level in the wild-

type strain under similar conditions (data not shown). In combination, these results 
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indicated that lesions in the cap binding complex can accelerate mRNA degradation for 

yeast transcripts and suggest a role for these proteins in modulating mRNA turnover 

rates (see Discussion). 
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Figure 2.1 Disruption of translation initiation factor function leads to a decrease in 

the half-lives of mRNAs. 

(A) mRNA half-life measurements from strains containing mutations in translation 

initiation factors from the elF-4F complex. (B) mRNA half-life measurements from 

strains containing a mutation in PRTl, a translation initiation factor from the eIF-3 

complex. (C) mRNA half-life measurements from a strain containing mutations in both 

eIF-4E and PRTl. (D) mRNA half-life measurements from strains containing mutations 

in both PRTl and UPFl. Steady-state half-life measurements of the PGIClpG mRNA 

were determined from agarose Northern gels. The numbers above the lanes indicate 

minutes after transcriptional repression. A representative gel for each strain is shown, 

and the average value (minutes) of the half-life for the full-length transcript from at least 

three experiments in each strain is given on the right. The experimental variation for the 

half-life measurements of each strain was less than ±15%. Northern gels were probed 

with oligonucleotide oRPI41 (5'-AATTGATCTATCGAGGAATTCC-3'), which is 

complementary to the poly(G) and flanking 3' sequence in the PGKlpG mRNA. ts, 

temperature sensitive. 
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TABLE 2.1. Effects of translation initiation factors on mRNA iialf-life and 

deadenylation of PGKl and MFA2. 

Strain PGKl RNA PGKl deadenylation MFA2 RNA 

half-life" (min) rate'' (A's/min) half-life'' (min) 

Wild type 17.0 3.1 4.0 

cafZOA 20.0 4.4 

eIF-4G2A 11.6 ND 2.6 

elF-4GIA 8.0 3.7 2.0 

ts elF-4E cdc33-42 6.0 4.1 3.0 

ts eIF-4A 8.5 4.5 3.5 

gcd10-505 4.9 ND 2.3 

prtl-63 6.0 4.0 3.0 

ts eIF-4E prtl-63 4.0 5.1 2.0 

Comparative half-life measurements for PGKl and MFA2 mRNA based on a minimum 

of three transcription shutoff experiments. The experimental variation for the half-life 

measurements of each strain was less than ±15%. 

^ Deadenylation rates of PGKl are given for all the translation initiation mutants based 

on measurements taken from transcriptional shutoff mRNAs run on acrylamide Northern 

gels. The deadenylation rates are based on a minimum of two transcription shutoff 

experiments. The experimental variation for the half-life measurements of each strain 

was less than ±15%. 

ND, not determined. 



46 

Defects in the elF-3 complex lead to higher mRNA decay rates. 

In addition to the cap binding complex, a second complex of translation factors, 

termed eIF-3, plays a crucial role in interacting with the eIF-4F complex and the 

40S-€lF-2 complex to initiate assembly at the 5' end of the mRNA. The eIF-3 complex 

is made up of about eight proteins that physically interact with both the mRNA and the 

eIF-4F complex (72, 79). These interactions place eIF-3 in the immediate vicinity of the 

5' cap structure. For this reason, components of the eIF-3 complex were also tested for a 

role in mRNA tumover. The Prtl protein was tested for its effect on mRNA turnover by 

using a temperature-sensitive mutation of the protein. 

An interesting result was that a mutation in the Prtl protein also gave faster 

degradation of the PGKl and MFA2 transcripts (Table 2.1 and Fig. 2. IB). For example, 

the PGKl half-life was decreased from a wild-type value of 17 min to 6 min in prtl-63 

mutant strains. Mutations in the Gcd 10 protein, which has been hypothesized to be a 

component of the eIF-3 complex in addition to having other functions (46), gave similar 

results (data not shown). These results showed that defects in the eIF-3 complex can lead 

to an acceleration of mRNA tumover. 

The above experiments indicated that the PGKl and MFA2 mRNAs were 

degraded more rapidly in strains that carried lesions in several different translation 

initiation factors. The decrease in mRNA stability corresponded to lesions known to 

decrease translation initiation. To magnify the effect on mRNA decay rate, we reasoned 

that a double mutant defective in both eIF-4F and eIF-3 function might show an even 

stronger phenotype with respect to mRNA decay rates. To test this hypothesis, we 
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constructed a strain carrying both the temperature-sensitive elF-4E/cdc33-42 and the 

prtl-63 mutations. This strain showed an increased sensitivity to higher temperatures 

and failed to grow above 24°C, whereas either single mutant strain grew well at 30°C. 

The half-lives of both PGKl and MFA2 mRNAs in the double mutant were shorter than 

those in either single mutant, suggesting that blocking multiple steps of translation 

initiation leads to a more severe mRNA turnover defect (Fig. 2. IC). These results 

demonstrate that lesions that alter the normal assembly and function of the translation 

initiation complex on the 5' end of the transcript result in faster mRNA degradation. 

The eflect of mutations on the mRNA decay rate generally corresponds to their 

effect on the translation rate. 

Our analysis of the effect of various translation initiation mutations on mRNA 

decay compared several mutations whose effects on translation rate have been 

individually determined by a number of different laboratories using different types of 

assays. To relate our observations on the effects on mRNA decay, it was necessary to 

compare the effects of all these mutations on translation rate by using the same 

experimental protocol. To do this, we measured the rate of incorporation of 

[^^S]methionine into trichloroacetic acid-precipitable counts in the various strains both at 

24°C and after a shift to 38°C for 1 h (see Materials and Methods). As can be seen in 

Fig. 2.2, with the exception of the cafZOA mutants, all the mutants had a decreased 

translation rate to some extent. The rates for the tif4631A and tif4632A strains were 

decreased to approximately 40% of wild-type rates at both 24 and 38°C. All of the 
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temperature- sensitive strains showed a temperatiu'e-dependent inhibition of translation 

rate, with the residual translation at 38°C being 19, 12, 7.5, and 3% for the elF-

4E/cdc33-42, temperature-sensitive eIF-4A, prtl-63, and eIF-4E/cdc33-42 prtl-63 

mutants, respectively. These results indicate a strong correlation between translation rate 

and mRNA stability (see Discussion). 
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Figure 2.2 Relative rates of translation in various translation initiation mutants. 

The rate of SJmethionine incoq3oration was measured either at 24°C or after a 1 -h 

temperature shift to 38°C. The rates of translation are given relative to the wild-type 

strain at 24°C (where rates were originally measured as the rate of incorporation per 

optical density unit after 30 min). The rate of translation for each strain is the average of 

at least two independent experiments. The numbers in parentheses are the rates of 

incorporation of the strains at 38°C relative to the wild-type strain at 38°C. ts, 

temperature sensitive. 
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The faster mRNA turnover seen in translation initiation mutants occurs by the 

normal 5'->3' pathway of decay. 

An important question was whether the faster decay seen in the various 

translation initiation mutants was due to an acceleration of the normal pathway of 

deadenylation-dependent decapping or occurred because the transcript was being 

degraded rapidly by alternative degradation mechanisms, which are icnown to exist in 

yeast (60). To interpret the effects of the lesions in the translation initiation factors, we 

determined if the accelerated decay required the Dcplp decapping enzyme and the 

Xmlp 5'-to-3' exoribonuclease, which are known to function in the normal degradation 

of these mRNAs (13, 86, 87). To this end, strains were made which combined the 

temperature- sensitive elF-4E lesions with a dcplA or a xmlA mutation. 

We observed that the deletion of either the DCPl gene or the XRNl gene 

prevented the faster degradation seen in the temperature-sensitive elF-4E/cdc33-42 

strain. For example, deletion of the DCPl gene in combination with the cdc33-42 lesion 

led to a stabilization of the mRNA, since the decapping step was prevented, giving the 

PGKl mRNA an increased half-life of 27 min (Fig. 2.3). The elF-4E/cdc33-42 dcplA 

double mutant had a half-life identical to that of the dcplA mutant, i.e., four to five times 

longer than that seen in the temperature-sensitive eIF-4E/cdc33-42 mutant alone. 

Analysis of the mRNA from the temperature-sensitive eIF-4E/cdc33-42 xmlA double-

mutant strains showed very similar results to the temperature- sensitive eIF-4E/cdc33-42 

dcplA double mutant (Fig. 2.3), although the mRNA from the temperature-sensitive elF-

4E/cdc33-42 xmlA double mutant was not quite as stable as the mRNA from the xmlA 



mutant, presumably due to residual alternative S'-to-3' exonuclease activity subsequent 

to the decapping step (87). We interpreted these results to suggest that the faster decay 

seen in the various translation initiation mutants was due to an increase in the rates of 

specific steps in the 5'-to-3' mRNA decay pathway. 
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Figure 2.3 mRNAs from strains containing a mutation in elF-4E undergo turn-over 

ttirougii tiie general 5^->3' pathway. 

mRNA half-lives were measured in strains containing mutations in both eIF-4E and 

DCPl and in strains containing mutations in both eIF-4E and XRNl. Steady-state half-

life measurements of the PGKlpG mRNA were determined from agarose Northern gels. 

The numbers above the lanes indicate minutes after transcriptional repression. The 

average value (minutes) of the half-life for the full-length transcript from at least three 

experiments in each strain is given on the right. Northern gels were probed with 

oligonucleotide oRP141. ts, temperature sensitive. 
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Defects in translation initiation increase the rate of botii deadenylation and 

decapping. 

To determine the basis for the faster mRNA decay seen in the various translation 

initiation mutants, it was important to determine what step in mRNA decay was being 

accelerated. In principle, the higher observed decay rate could be due either to an 

acceleration of deadenylation and/or decapping or to a bypass of the requirement for 

deadenylation before decapping (89). In the following experiments, we examined the 

rates of deadenylation and decapping in the various mutant strains. 

One method for measuring the rates of deadenylation and decapping is to 

monitor the changes in poly(A) tail length and mRNA levels following repression of 

transcription from a culture at steady state (88). Two significant observations were made 

from this examination. First, measurement of the rate of deadenylation, as assessed by 

the shortening of the longest poly(A) tails in the population, indicated that the 

temperature-sensitive eIF-4E/cdc33-42, temperature-sensitive eIF-4A, eIF-4GIA (data 

not shown), and prtI-63 strains all showed higher rates of deadenylation (Fig. 2.4; 

summarized in Table 2.1). For example, measurements of the wild-type strain showed 

that deadenylation of the mRNA present as full-length mRNA proceeded at a rate of 

about 3.1 adenylate residues per min (Fig. 2.4 and Table 2.1); whereas the deadenylation 

of the full-length mRNA from the temperatiu'e-sensitive eIF-4E/cdc33-42 mutant strain 

proceeded at a rate of 4.1 adenylate residues per min. The largest change in 

deadenylation rate was seen in the eIF-4E/cdc33-42 prtl-63 double mutant, wherein the 

poly(A) tail of the PGKl mRNA now shortened at 5 to 6 adenylate residues per min. 
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Similar results were obtained by measuring deadenylation rates in transcriptional pulse-

chase experiments, where the deadenylation rate is measured by monitoring the poIy(A) 

tail length from a synchronous population of mRNAs (see below) (data not shown). 

Based on these observations, we concluded that lesions in the various translation 

initiation factors promoted faster deadenylation. This has implications for understanding 

the control of the deadenylation rate (see Discussion). 

The second important observation from examining the decay of the mRNA 

following transcriptional repression was that the deadenylated form of the PGKl 

mRNA, which is relatively stable in wild-type strains due to the low rate of decapping 

for this transcript, decays rapidly in all the mutant strains except the eIF-4G2A and the 

cafZOA strains (Fig. 2.4 and data not shown). A clear example of this phenomenon is 

seen by comparing the wild-type and temperature-sensitive eIF-4E strains (compare 

panels in Fig. 2.4). Since decapping is a prerequisite for 5'-to-3' exonucleolytic 

digestion, these observations indicate that defects in the translation initiation complex 

increase the rate of decapping (see Discussion). 
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Figure 2.4 The rate of deadenylation is increased when translation initiation is 

impaired. 

Polyacrylamide Northern gels of transcriptional repression experiments examining the 

deadenylation of PGKI and accumulation of oligoadenylated mRNAs in various 

translation initiation mutants are shown. Minutes following transcription repression are 

given directly above each sample. The top firagment was produced by cleavage of the 

full length mRNA with RNase H and oligonucleotide oRP70 (5'-

CGGATAAGAAAGCAACACCTGG-3'). This cleavage shortens the mRNA enough to 

visualize small differences at the 3' end. The bottom fragment is the decay intermediate 

stabilized by the poly(G) insertion in the 3' UTR. The arrow indicates the size of the 

oligoadenylated mRNA. The numbers after the A's in the cartoons represent the range of 

poly(A) tail sizes found on each mRNA species as determined by comparison with the 

oligo(dT) lanes, in which the poly(A) tails have been completely removed by cleavage 

with RNase H, oligonucleotide oRP70, and oligo(dT). The blots were probed with 

oRP141. ts, temperarnre sensitive. 
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Decapping remains dependent on prior deadenylation in translation initiation 

mutants. 

In the 5'-to-3' mRNA decay pathway, mRNA turnover proceeds sequentially by 

deadenylation followed by decapping and exonucleolytic decay. To determine if the 

rapid decay seen in the translation initiation mutants still required deadenylation, we 

examined the decay in these strains by using a transcriptional pulse-chase method (37). 

These experiments used the reguiatable GAL 1 upstream activating sequence to create a 

synchronous pulse of mRNA that can be monitored throughout the decay pathway, 

thereby allowing an examination of the relationship between deadenylation and decay. 

Transcriptional pulse-chase experiments with the various mutants provided two 

observations that argued that decapping still required prior deadenylation. First, the 

mRNA levels did not begin to drop until after the poly(A) tail had been shortened to an 

oligo(A) length. This is characteristic of mRNAs that require deadenylation before decay 

(37) and is not seen with mRNAs that are degraded independently of poly(A) tail 

shortening, which occurs in response to premature translation termination (89). The 

second observation, that the rapid decay seen in the translation initiation mutants still 

required deadenylation, came from the analysis of an mRNA decay intermediate 

stabilized by the insertion of a poly(G) tract in the 3' untranslated region (UTR), which 

serves to block the Xmlp exoribonuclease (37, 119). Consistent with earlier work on 

transcripts that require deadenylation before decay (37), this mRNA fragment was 

produced in the various mutant strains, including the temperature-sensitive elF-
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4E/cdc33-42 prtl-63 double-mutant strain, only after a substantial fraction of the mRNA 

had been deadenylated to an oligo(A) length (Fig. 2.5). Moreover, these mRNA decay 

intermediates had oligo(A) tails, even at times when the mRNA population consisted of 

transcripts with both long and short poly(A) tails (Fig. 2.5), arguing that only 

oligoadenylated transcripts are substrates for the next step in decay. These results are in 

strong contrast to cases where decapping is independent of deadenylation, wherein this 

mRNA fragment is produced before poly(A) shortening has reached a oligo(A) tail and 

so the mRNA fragment itself has long poly(A) tails (41). 

These observations indicate that the ability of the poly(A) tail to act as an 

inhibitor of decapping is not prevented even if there is a strong inhibition to translation. 

This is inconsistent with the simple model that the mechanism by which poly(A) tails 

inhibit decapping is by bringing the poly(A) binding protein to the mRNA and thereby, 

through its interaction with eIF-4G, stabilizing the cap binding complex. 
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Figure 2.5 The rates of both deadenylation and decapping are increased when 

translation initiation is impaired. 

Transcriptional pulse-chase analysis of the PGKlpG mRNA in various translation 

initiation mutant strains is used to examine deadenylation and fragment production. 

Time points used after a 6-min transcriptional induction and subsequent repression are 

shown above each lane. The top fragment was produced by cleavage of the full-length 

mRNA with RNase H and oligonucleotide oRP70. This cleavage shortens the mRNA 

enough to visualize small differences at the 3' end. The bottom fragment is the decay 

intermediate stabilized by the poly(G) insertion in the 3' UTR. The blots were probed 

with oRP141. ts, temperature sensitive. 
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The increased rate of mRNA turnover in translation initiation mutants is not UPFl 

dependent. 

The above results showed that defects in the Prtl protein led to faster decay of 

the PGKl and MFA2 mRNAs, by promoting increases in the rates of both deadenylation 

and decapping. It has also been recently shown that prtl mutations can affect the levels 

of the SSAl and SSA2 mRNAs in yeast, suggesting that in prtl mutants 

these mRNAs might also be degraded more rapidly (9). Interestingly, the faster turnover 

seen in the prtl mutant strains was dependent on the Upfl protein, which is known to be 

required for the degradation of mRNAs containing early nonsense codons (76). Given 

this requirement for the Upflp in the faster decay seen in the prtl mutants, we 

determined if the faster decay we observed in the prtl mutants for the PGKl and MFA2 

transcripts was also UPF1 dependent. 

Strains that contained mutations in both the eIF-4E/CDC33 gene and the UPFl 

gene or in the PRTl gene and the UPFl gene were created. Transcriptional shutoffs were 

performed as previously described to determine the mRNA half-lives of PGKl and 

MFA2 in the mutant strains. In both the temperature-sensitive double-mutant elF-

4E/cdc33-42 upfl A and the prtl-63 upfl A strains, the half-lives resembled those of the 

single translation-initiation mutant, indicating that the Upfl protein was not required for 

the faster decay of these mRNAs in response to mutations in the translation initiation 

factors (Fig. 2.ID). 

These results indicated that the faster decay observed for the PGKl and MFA2 

mRNAs in response to the mutations in the PRTl or eIF-4E/CDC33 gene is somehow 
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different from the proposed faster decay seen with the SSAl and SSA2 mRNAs in the 

PRTl strain. Unfortunately, since the actual mechanism by which the SSAl and SSA2 

transcripts are degraded is not known, it is difficult to evaluate these differences. It is 

possible that the SSAl or SSA2 mRNAs are subjected to a different mechanism of 

turnover and therefore give different results. Alternatively, since SSAl and SSA2 

encode heat shock proteins, these mRNAs might have methods for enhancing their 

translation during heat shock and as such might have a different dependence on the 

Upflp. 
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DISCUSSION 

Mutations in translation initiation factors increase the rate of decapping. 

Several observations indicated that defects in the translation initiation factors 

eIF-4E, eIF-4G, eIF-4A, and PrtI (a component of eIF-3) led to an increase in the rate of 

decapping. First, in strains carrying mutations in these translation initiation factors, the 

decay rate of the PGKl and MFA2 transcripts was higher. Second, oligoadenylated 

PGKl mRNA species produced following deadenylation were degraded rapidly in the 

translation initiation mutants (Fig. 2.4 and 2.5). In contrast, such oligoadenylated PGKl 

transcripts persisted in the wild-type strain due to the normally low rate of decapping for 

this mRNA. These results support the conclusion that the ability of the decapping 

enzyme to cleave a mRNA substrate is affected by the ability of the translation initiation 

complex to form or to persist on the transcript. This interpretation is also supported by 

the prior observation that altering the translation initiation process in cis by the insertion 

of secondary structures in the 5' UTR increases the rate of decapping of the PGKl 

mRNA (87). 

Comparison of translation rates in the various mutants allowed us to relate the 

effects on mRNA turnover to changes in the translation rate. In general, the stronger the 

inhibition of observed translation rate, the higher the observed mRNA decay rate. For 

example, the tif463lA and tif4632A mutations had the smallest effects on PGKl mRNA 

decay, and these strains showed the highest level of residual translation. It is interesting 

and notable that the tif4632A mutation caused a decrease in the translation rate without 

significantly affecting the decay rate of the PGKl mRNA, although the MFA2 mRNA 
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did show accelerated decay in this strain (Table 2.2 and Fig. 2.2). This suggests that 

there will be some mRNA-specific effects of mutations in particular translation initiation 

factors. In the other extreme, the strongest defect in the translation rate was seen in the 

eIF-4E/cdc33-42 prtl-63 double mutant, which showed the highest mRNA decay rates 

(Table 2.1 and Fig. 2.2). 

The increase in decapping rate we observed in a defective allele of the erF-4E 

protein is seemingly difTerent from reports that small N- and C-terminal deletions of the 

eIF-4E protein had no effect on the half-lives of the mRNAs in strains containing those 

mutant proteins (77). To compare our results with this prior work, we examined the 

turnover of mRNAs from two of these eIF-4E deletion mutants (cdc33A7/209 and 

cdc33A202) and also found no change in the half-lives of PGKl and MFA2 mRNA (data 

not shown). This suggests that these particular mutations in eIF-4E are competent for 

proper mRNA tiunover, possibly due to their partial ability to assemble a cap binding 

complex. The mutation used in the current work, temperature-sensitive eIF-4E/cdc33-42, 

leads to a more severe defect in cap binding than do the nonlethal eIF-4E truncation 

mutations and also leads to a more significant decrease in translation of mRNAs at the 

restrictive temperatiu-e (7). This more severe defect in eIF-4E function manifests itself as 

an increase in the rate of mRNA turnover. 

A straightforward mechanistic interpretation of these observations is that 

decapping requires the destabilization or disassembly of the cap binding complex, to 

allow the decapping enzyme to gain access to the cap structure. In the simplest view, the 

cap binding complex and the decapping enzyme could be viewed as being in direct 
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competition for the 5' cap structure. However, it is not unreasonable to expect that there 

will be specific transitions or states of the cap binding complex that promote interactions 

of the decapping enzyme with this complex and ultimately lead to decapping of the 

transcript. It should be noted that this view of decapping predicts that there should be 

specific alleles of translation initiation factors that lead to an inhibition of the decapping 

rate. However, one possibility that cannot be formally ruled out is that translation 

initiation indirectly protects the mRNA from decapping. For example, the mere presence 

of elongating ribosomes bound to the mRNA could be hypothesized to prevent 

decapping. 

Mutations in translation initiation factors increase the rate of deadenylation. 

We also observed that the same lesions in translation initiation factors that gave 

higher rates of decapping also led to an increase in the rate of deadenylation. The critical 

experiment was that direct measurement of deadenylation rate in wild-type and mutant 

strains showed that in strains containing mutations in translation initiation factors (elF-

4E, eIF-4A, Prtl (Fig. 2.4 and 2.5), and eIF-4Gl (data not shown)), deadenylation was 

faster than in a wild-type strain. The most extreme example of this effect was observed 

in the temperature-sensitive eIF-4E/cdc33-42 prtl-63 double mutant, whose 

deadenylation rate was increased threefold over that of the wild-type strain (Table 2.1). 

These observations led us to propose that the status of the translation initiation complex 

plays a major role in modulating the deadenylation rate for yeast mRNAs. 
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The conclusion that the status of the translation initiation complex plays a 

significant role in determining the deadenylation rate is supported by several prior 

observations in the literature. First, insertion of a stem-loop into the PGKl 5' UTR to 

inhibit ribosome assembly leads to a higher rate of deadenylation (87). Second, 

alterations of the PGKl 5' UTR and AUG context which decrease the translation 

initiation rate also increase the rate of deadenylation (69). Third, the AU-rich elements 

known to promote deadenylation in mammalian cells have also been observed to inhibit 

translation initiation rate (66). Similarly, the human ferritin L-chain mRNA also shows 

changes in poly(A) tail length based on the translational status of the mRNA (85). 

Finally, deadenylation of the c-myc mRNA is inhibited by the addition of the translation 

elongation inhibitor cycloheximide (71). 

Why do changes in translation initiation affect the deadenylation rate? The 

simplest hypothesis is that the rate of translation initiation affects the nature of the 

physical interaction between the 5' and 3' ends of the mRNA and that changes in the 

nature of this 5'-3' interaction in turn affect the rate of deadenylation by altering the 

availability of the poly(A) tail to the deadenylating nuclease(s). There are two ways in 

which this could be occurring. In one model, the poly(A) binding protein (PAB) is an 

inhibitor of deadenylation and must dissociate from the poly(A) tail for deadenylation to 

occur. This view is suggested by the observation that in both mammalian cell extracts 

and Xenopus oocytes PAB appears to be an inhibitor of deadenylation (14, 123). 

Interestingly, PAB interacts with the cap binding complex in several systems (114), and 
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such an interaction can increase the ability of PAB to bind the poly(A) tail (74). This 

suggests that decreases in the stability of the cap binding complex could lead to 

destabilization of PAB bound to the poly(A) tail and thereby activate deadenylation. It 

should be noted that this model of deadenylation occurring in the absence of Pab 1 p is at 

odds with the observation that yeast strains deficient for PAB have lower rates of 

deadenylation (26, 101). This observation in yeast leads to an alternative model in which 

PAB bound to the poly(A) tail is required for proper deadenylation but that poly(A) 

shortening is slowed by the process of translation. Transient dissociation between the 

PAB protein and translation initiation factors, possibly between rounds of translation 

initiation, allows for periods of deadenylation to occur. This model explains both the 

pablA phenotypes and the increase in deadenylation seen in yeast translation initiation 

mutants. Further experiments are required to resolve these issues. 

What determines the mRNA half-life? 

Our results imply that the relative translational efficiency of a transcript will be a 

major determinant of the mRNA half-life. In strains carrying strong defects in various 

translation initiation factors, the mRNA half-lives were significantly decreased, and both 

mRNAs examined showed relatively similar decay rates. For example, in a wild-type 

strain there is about a fivefold difference in mRNA half-life between PGKI and MFA2, 

but in the translation initiation mutants there is only about a twofold difference in half-

life between the two mRNAs, implying that stability differences may arise due to 

differences in the translational efficiency of the individual mRNAs. This observation 



suggests that the PGKl mRNA is stable in the wild-type strain because it is efficiently 

translated and that the MFA2 mRNA is highly unstable because it is poorly translated. 

Consistent with this hypothesis, replacing the context of the PGKl AUG with the MFA2 

AUG context, which decreases the translation initiation rate of the PGKl mRNA, also 

leads to faster mRNA degradation (69). Moreover, inhibiting PGKl translation with a 

stem-loop leads to faster decay, due to the loss of efficient translation (87). In contrast, 

insertion of a stem-loop into the MFA2 5' UTR has little effect on the decay rate, 

presumably because this mRNA is already so poorly translated (12). 

The view that the translation efficiency of a mRNA is a major determinant of the 

decay rate has important implications for understanding the function of sequences that 

ultimately dictate differential rates of mRNA degradation. This hypothesis leads to the 

prediction that at least some sequences that promote the mRNA decay rate will function 

by decreasing the rate of translation initiation, with corresponding down-stream changes 

on the decapping and deadenylation rates. Interestingly, several cis-acting elements that 

can destabilize yeast transcripts have been described as affecting the rates of both 

deadenylation and decapping (25, 69, 87, 88). This effect of such instability sequences 

on both steps in decay can now be easily understood if they primarily affect the rate of 

translation initiation. 
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MATERIALS AND METHODS 

Yeast strains. The genotypes of all the strains used are listed in Table 2.2, and the 

strains were grown in standard media. All strains except yRP1323 and yRP1324 have 

GAL I upstream activating sequence-regulated PGK.lpG and MFA2pG genes as well as 

the LEU2 gene, collectively termed LEU2pm, integrated at the CUPl locus (53). The 

CAF20 and eIF-4G2 disruption plasmids were obtained from Michael Altmann and used 

to disrupt the CAF20 and eIF-4G2 loci with a URA3 gene in the yRP841 background 

(50, 73). Both integrations were verified by Southern blot analysis (data not shown). The 

eIF-4GlA strain and the cdc33-42 strains were obtained from Nahum Sonenberg and 

repeatedly crossed into the same genetic background by using strain yRP841 (7,49). The 

prtl-63 strain was obtained from Alan Hinnebusch and repeatedly crossed to yRP84l 

(43,46). The mutant eIF-4A (SS8-3A) strain was obtained from Patrick Linder (104) 

and transformed with pRP469 and pRP485 for mRNA analysis. The yeast strains were 

transformed by standard techniques, and plasmids were maintained when necessary by 

growth in selective media. 

mRNA analysis. Steady-state transcriptional shutoff experiments were performed as 

described previously with slight modifications (23). Briefly, the cells were grown to 

mid-log phase in galactose medium, shifred to 38°C for 1 h, harvested, and shifted to 

medium containing dextrose to inhibit transcription, with an aliquot removed at each 

time point (specified on figures). Transcriptional pulse-chase experiments used to track a 
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synchronous pool of mRNAs were done as previously described with slight 

modifications (37, 86). Briefly, cells were grown to mid-log phase in medium containing 

raffmose, shifted to 38°C for 1 h, harvested, and resuspended in medium containing 

galactose to induce the transcripts; finally dextrose was added to shut off transcription. 

mRNA was isolated as described previously (23). Agarose Northern assays were done 

with 10 ng of RNA, and RNase H and polyacrylamide Northern (RNA) assays were 

done with 40 ng of RNA as previously described (88). Northern assay results were 

quantitated on a Molecular Dynamics Phosphor-Imager and standardized to 7S RNA, a 

polymerase III transcript (23). 

In vivo translation. In vivo [ SJmethionine incorporation was performed as previously 

described (7) with some modifications. Briefly, yeast strains were grown to mid-log 

phase (optical density at 600 nm ~ 0.4) at 24°C in medium containing dextrose, at which 

point half of each culture was shifted to 38°C for I h. The cells were then harvested, 

resuspended in prewarmed methionine-minus medium containing dextrose, and 

supplemented with 25 nCi of [ SJmethionine. At various time points, aliquots were 

removed and the cells were harvested and resuspended in 1 ml of ice-cold 10% 

trichloroacetic acid. The samples were heated at 95°C for 5 min and cooled on ice. The 

precipitated protein was collected on glass fiber filters, washed with 10 ml of 5% 

trichloroacetic acid, and washed again with 10 ml of 70% ethanol and finally with 1 ml 
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of acetone. The filters were air dried for 30 min and then counted in a liquid scintillation 

counter. 



Table 2.2, Strains used in this study 

Strain Genotype Sourcc 

yRP84l MATa Ieu2-3.II2 Iy.i2-20l irpl urai-S2 cupl::I.EU2/PGKIpG/MFA2pG llulficid elal1996 

yRIM314 MA T* ku2 irpl urai c(k33::I.EU2 cupl::LEV2/PGKIpG/MI-A2pG ICDCHri 'RPIJ this study 

yRlM3l5 MAT* Ieu2 trpl urai cdcii::l.EU2 cupl::l.Ell2/PGKlpG/htEA2pG ICDCii/lWII this study 

yRIM3l6 MA Ta Ieu2 irpl urai cupl::I.EU2/PGKIpG/MI'A2pG this study 

yRPI3l7 MATa Ieu2 Ius4 Iys2 irpl urai cupl::I.EU2/PGKIpG/MI'A2pG this study 

yRP1318 MA'la Ieu2-i, 112 Iys2-20l irpl urai-S2 caf20::VRAi cupl::I.EU2/PGKIpG/MrA2pG this study 

yRI»l319 MATa Ieu2 Irpl urai cupl.:LEU2/PGKlpG/MI'A2pG iif-f6i2::URAi this study 

yRIM320 MA'la hIsiM Ieu2-i.ll2 Iy.s2-20l irpl urai-52 cupl::l.EU2/PGKIpG/MFA2pG uf46i 1::I.EV2 this study 

yRI'l32l MA'l a Ieu2 trpl urai c<lc3i::I.EU2 cupl::I.EU2/PGKIpG/MFA2pG lcdcii-4-2/TRPII this study 

yRI»l322 MA Ta Ieu2 trpl urai cdc3i::LEU2 cupl::I.EU2/PGKIpG/MFA2pG [cdcii-4-2/TRPIJ this study 

y RIM 323 MA'l a ade2 hisi ku2 urai ii/l::UISi tif2::ADE2 liifl/LEU2 MFA2pG/URAiJ Schmid and Kinder, 1991 

yRP1324 MA'l a ade2 hisi Ieu2 urai lifl::HISi tif2::ADE2 llifl/LEU2 PGKIpG/lIRAil Schmid and l.indcr, 1991 

yRPI326 MA'l a ku2prll-6i trpl urai cupl::I.EU2/PGKIpG/MFA2pG this study 

yRPt327 MA l a ku2 prll-6i irpl urai cdcii::l.EU2 cupl::l.EU2/l'GKIpG/MFA2pG lcdcii-4-2/TRPI] this study 

yRPI328 MA Ta ku2 his4 Iys2 Irpl urai cupl::l.EU2/PGKIpG/MFA2pG dcplr.VRAi this study 

yRPI329 MA Ta ku2 hls4 trpl urai cdcii::l.EU2 cupl::l.EU2/PGKIpG/MFA2pG dcplr.URAi lcdcii-4-2rrRPII this study 

yRPI330 MA'fa ku2 Irpl urai cupl::I.EU2/PGK!pG/MFA2pGxrni::URAi this study 

yRPI33l MA Ta his4 ku2 trpl urai cupl::I.EU2/l'GKIpG/i\fFA2pGxrnl::URAi this study 

yRP1332 MATa his4 ku2 Iy.i2 irpl urai cdcii:.I.EU2 cupl::iEU2/PGKIpG/MFA2pG xrnlr.lJRAi /cdcii-4-2/TKPI 1 this study 

yRPI333 MA Ta hls4 ku2 lys2 trpl urai cdcii::l.EU2 cupl::I.EIJ2/PGKlpG/MFA2pG xrnI::URAi lcdcii-4-2/'l'RPlj this study 

yPRI373 MA Ta his4 ku2 Iys2 trpl urai cupl::I.EU2/PGKIpG/MFA2pG upfl::URAi Ihis study 

yRPI374 MA Ta hls4 ku2 iys2prll-6i trpl urai cupl::I.EU2/PGKIpG/MFA2pG upfl::URAi Ihis study 
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CHAPTER 3. mRNA DECAPPING REQUIRES MULTIPLE STEPS 

FOLLOWING DEADENYLATION INCLUDING DISSOCIATION OF THE CAP 

BINDING PROTEIN, eIF4E. 

STATEMENT BY AUTHOR 

This chapter is an article I submitted to The EMBO Journal. This research article 

was written by myself with help from my advisor. The research presented in this article 

was performed by myself with guidance from my advisor. 

SUMMARY 

A major pathway of eukaryotic mRNA turnover occurs by deadenylation-

dependent decapping that exposes the transcript to 5' to 3' exonucleolytic degradation. A 

critical step in this pathway is decapping since removal of the cap structure permits 5'-

>3' exonucleolytic digestion. Based on alterations in mRNA decay rate from strains 

deficient in translation initiation, it has been proposed that decapping rate is modulated 

by a competition between the cytoplasmic cap binding complex which promotes 

translation initiation, and the decapping enzyme, Dcplp. In order to test this model 

directly, we examined the interaction of Dcplp and the cap binding protein, eIF4E, in 

vitro. These experiments indicated that eIF4E is an inhibitor of Dcplp in vitro due to its 

ability to bind the 5' cap structure. In addition, we demonstrate that in vivo a 
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temperature-sensitive allele of eIF4E/cdc33-42 suppressed the decapping defect of a 

partial loss of function allele of DCPi. These results argue that dissociation of eIF4E 

from the cap structure is required before decapping. Interestingly, the temperature 

sensitive allele of eIF4E does not suppress the decapping defect seen in strains lacidng 

the decapping activators, Lsmlp or Patlp. This indicates that there are at least two 

genetically separable steps in mRNA decapping following deadenylation. 
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INTRODUCTION 

The turnover of mRNAs is a significant aspect of the differential gene expression 

in the eukaryotic cell (for reviews see (11, 26,61,99)). It has become clear, at least in 

yeast, that mRNAs with different decay rates are largely degraded by a single general 

pathway of mRNA turnover. In this pathway, mRNAs are first deadenylated, which 

allows the transcript to become a substrate for a decapping reaction catalyzed by the 

decapping enzyme encoded by the EXTPl gene (13, 37, 59, 86-88). Once decapped, the 

mRNAs are then susceptible to 5' to 3' exonucleolytic degradation by the Xmlp 

exoribonuclease (59,86,87). Several observations suggest a similar pathway of 

degradation is likely to exist in other eukaryotic cells. For example, deadenylation can be 

the first step in mammalian mRNA turnover (e.g. (109,122)). Moreover, deadenylated 

decapped intermediates in turnover can be detected in mammals and in Chlamydomonas 

(31,47). In addition, several proteins functioning in mRNA decapping in yeast (Dcplp, 

Dcp2p, Xmlp, Patl/Mrtlp, and Lsmlp) have homologs throughout the eukaryotic 

kingdom (10,40,1(X), 102,117). 

In yeast, multiple lines of evidence suggest that the decapping of mRNAs is an 

important control point in the regulation of mRNA half-life. In the deadenylation-

dependent decapping pathway of mRNA turnover, the basis for the differential decay 

rates of individual yeast mRNAs is that transcripts differ in their rates of deadenylation 

and decapping. Short-lived mRNAs decap very rapidly, while longer-lived mRNAs 

decap more slowly (86, 87). In addition, in the deadenylation independent pathway of 
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mRNA turnover, transcripts bypass the need for deadenylation and rapidly decap (89). 

Given these observations, in order to understand differential mRNA stability, it will be 

critical to determine the mechanisms that modulate the rates of decapping. 

One hypothesis for the control of decapping is that the rate of decapping is 

controlled by a steric competition for the cap structure between the decapping enzyme 

and the translation initiation machinery (36,61, 107). This proposal was originally based 

on the fact that the cap structure is crucial for the ability of a mRNA to initiate 

translation efficiently due to its ability to assemble the cytoplasmic cap binding complex, 

which ultimately directs ribosome loading to the 5' end (8, 98). A competition between 

the decapping enzyme and eIF4E (the cap binding protein) is supported by two 

observations. First, conditional alleles of eIF4E (e.g. cdc33-42) lead to faster decapping 

at the restrictive temperature (107). Second, inhibition of translation initiation due to the 

insertion of strong secondary structures in the 5' UTR leads to faster decapping (87). 

However, several observations suggest that the interrelationship between translation 

initiation and decapping may be more complex. For example, mutations in the eIF3 

translation initiation complex, which acts downstream of the cytoplasmic cap binding 

complex in the translation initiation process, also promote faster mRNA degradation 

(107). In addition, decreasing translation initiation rate by creating a poor AUG context 

also leads to faster rates of mRNA decapping (69). 
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These observations suggest two possible relationships between the translation 

initiation complex and the decapping enzyme. First, the decapping rate of a transcript 

could be a function of its overall translation rate per se, and not a reflection of a physical 

competition between the cap binding complex and the decapping enzyme. Alternatively, 

the decapping rate of the transcript could be due to a competition between the cap 

binding complex and the Dcplp, with the stability of the cap binding complex on the 

mRNA being influenced by the overall success of the translation initiation process. The 

critical difference between these two views is that in the latter model the cap binding 

complex must dissociate before decapping can occur. However, these models cannot be 

currently distinguished by the available in vivo evidence since any change to the cap 

binding complex also changes translation rate. 

In order to determine whether the cap binding complex directly competes with 

the decapping enzyme for the cap structure, we examined the effects of the cap binding 

protein eIF4E on decapping in vitro using purifled Dcplp and eIF4Ep. The advantage of 

this system is that it is fully defined, and any indirect effects of eIF4E on decapping due 

to translation per se have been prevented, since there are no other translation factors in 

the reaction. These experiments have shown that eIF4Ep binding to the cap structure was 

sufficient to inhibit Dcplp decapping activity. We have also recapitulated this 

observation in vivo by showing that a mutation in elF4E can suppress the decapping 

defect caused by the partial loss of function allele, dcp 1 -1. These results argue that 
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eIF4E bound to the cap structure protects the mRNA from decapping and indicate that 

dissociation of eIF4E from the cap structure will be a critical step in mRNA turnover. 
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RESULTS 

Purification of eIF4E 

In order to examine the effects of eIF4E on decapping by Dcplp in vitro we first 

purified the two proteins. Dcplp was purified using a His-Dcplp fusion expressed in 

yeast as previously described (13). elF4E was initially purified fi-om yeast as a GST-

eIF4E fusion protein. This GST-eIF4E fusion protein was functional since it 

complemented an eIF4EA (cdc33A) strain and was also able to bind to a cap column 

(Figure 3.1 & data not shown). Although eIF4E can be directly purified out of yeast by a 

cap affinity column, we utilized a GST-eIF4E fusion to allow the parallel purification of 

a mutant version of eIF4E/cdc33-42, which is unable to bind the cap column. In 

addition, both wild type and mutant eIF4E were purified from E. coli using His-tagged 

versions of the proteins. In all cases, the preparations were highly purified and free of 

additional polypeptides as assayed by Coomassie stain (Figure 3.1). 

e[F4E blocks decapping activity in vitro 

The effects of these purified eIF4E proteins on decapping were then examined 

using an in vitro decapping assay which consists of adding purified Dcplp to in vitro 

transcribed, cap labeled mRNA, and assaying for the release of the ^"P labeled cap 

structure by thin layer chromatography (13, 70, 125). As shown in Figure 3.2, under the 

conditions utilized in these experiments, Dcplp gives an average release of about 22% 

of the labeled cap after a 30 minute time course. To allow comparison across 

experiments, the amount of cap released by Dcplp alone is set at 100% for each 
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individual experiment. An important result is that following the addition of increasing 

amounts of GST-eIF4E purified from yeast over a cap affinity column to the decapping 

reaction, there is a decreasing amount of cap released over time. At a 12.5 molar excess 

of eIF4E protein, relative to Dcplp, decapping activity is decreased almost 8.5-fold 

(Figure 3.2A and 3.2B). BSA is added to all reactions to maintain a constant protein 

concentration, but BSA alone has no inhibitory effect on the activity of Dcplp (data not 

shown). Addition of elF4E by itself has no effect on the integrity of the substrate (data 

not shown). 

To test whether the ability of eIF4E to inhibit Dcplp activity was due to eIF4E 

binding to the cap structure, two experiments were performed. First, we examined the 

effect on decapping of a purified mutant GST-eIF4E, which is unable to bind the cap 

structure in vitro (7). Since this temperature sensitive allele of eIF4E/cdc33-42 is unable 

to bind a cap column, this protein was purified over a glutathione column. The wildtype 

eIF4E protein was also purified in this manner to control for the purification procedure. 

Addition of wildtype eIF4E protein again leads to inhibition of DCPl, indicating that the 

method of protein purification has no effect on the activity of eIF4E in vitro (Figure 

3.3). However, addition of up to 5-fold molar excess of the mutant eIF4E/cdc33-42 

protein had no effect on the decapping activity of the Dcpl protein (Figure 3.3). This 

result suggests that the eIF4E protein blocks decapping due to its interaction with the cap 

structure. 
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A second test of whether the ability of eIF4E to inhibit Dcplp was due to eIF4E 

binding to the cap structure was to take advantage of the different effects of the cap 

analog m^GTP on eIF4E and Dcplp. In this case, the decapping activity of Dcplp is not 

affected by m^GTP (70), whereas elF4E is known to be dissociated from the cap 

structure by m^GTP, which serves as an alternative binding site (111). As seen 

previously, addition of m^GTP to a decapping assay has minimal effect on Dcplp 

activity (Figure 3.4). However, addition of m^GTP to a reaction containing Dcplp and 

eIF4E restores decapping. GTP, which is not bound effectively by eIF4E, has no effect 

on eIF4E's ability to block Dcplp. We interpret these observations to indicate that the 

inhibition of Dcplp by eIF4E requires binding of eIF4E to the cap structure. 

eIF4E purified from yeast is known to co-purify various other translation 

initiation factors, most notably eIF4Gp and Caf20p (73). Although these proteins could 

only be present at low levels in our preparations based on silver staining assays, it is a 

formal possibility that the inhibition of decapping we observed was actually due to a 

contaminating protein that co-purified with wild type eIF4E. To rule out this possibility, 

we purified histidine-tagged versions of both the wild type and temperature sensitive 

allele of eIF4E/cdc33-42 from E. coli, which contains no endogenous cap binding 

proteins. Consistent with our earlier results the wildtype elF4E from E. coli inhibits the 

decapping activity of Dcplp, while the temperature sensitive allele of eIF4E/cdc33-42 

has no effect on decapping (Figure 3.5). However, slightly higher amounts of protein are 

needed to achieve the same degree of inhibition as seen with protein purified from yeast. 
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One simple explanation for this difference is that our yeast preparations have a small 

amount of eIF4G present, which is known to increase eIF4E's cap binding affinity. 

Consistent with this possibility, the addition of small amounts of eIF4G to these 

reactions significantly increases the inhibition of decapping (data not shown). The 

observation that eIF4E purified from E. coli inhibits decapping indicates that eIF4Ep, 

when bound to the cap structure of a mRNA, is sufficient to inhibit Dcplp's ability to 

decap the mRNA. 

In the protein purifications we observed that while the mutant GST-eIF4E protein 

purified from yeast ran as a single band, the corresponding wild type protein ran as a 

doublet (Figure 3.IB). Moreover, this difference in mobility could be removed by 

treatment of the preparation with alkaline phosphatase (Figure 3. IB). This suggests that 

one affect of the cdc33-42 mutation is to alter the phosphorylation status of eIF4E, 

although the significance of this change is unclear. Additionally, the proteins purified 

fi-om E. coli all ran as a single band and had no change in mobility af^er treatment with 

alkaline phosphatase (Figiu-e 3.IB). Although the phosphorylation status of eIF4E in 

yeast has no obvious effect, it is interesting to speculate that the degree of 

phosphorylation could play a role in eIF4Es ability to block the decapping enzyme. 
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Figure 3.1 Purification of various eIF4E proteins. 

(A) Analysis of GST-eIF4E and His-eIF4E purified in various manners by Coomassie-

stained SDS-PAGE. The left-most column shows GST-eIF4E purified from a yeast 

extract using m^GDP chromatography. The second and third columns show GST-eIF4E 

and GST-ts-4E purified from yeast extracts using glutathione chromatography. The right 

two columns show His-eIF4E and His-ts-4E purified fi-om E. coli extracts using nickel 

column chromatography. The relevant protein size marker is shown next to each panel. 

The size difference between the GST-tagged and His-tagged version of eIF4E come 

about through the size of the particular epitope added to the eIF4E protein. (B) The 

wildtype eIF4E protein purified firom yeast extracts consists of two closely migrating 

bands. Treatment of the GST-eIF4E protein with alkaline phosphatase collapses the 

doublet into a single band as analyzed by coomassie-stained SDS-PAGE. Either a 

mutant allele of eIF4E purified from yeast or eIF4E purified from E. coli migrate as a 

single band which does not change upon treatment with alkaline phosphatase. The 

protein band indicated with an asterisk is the alkaline phosphatase. 
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Figure 3.2 Purified eIF4E inhibits decapping. 

(A) Analysis of decapping activity by DC? 1 alone (left panel) and increasing amounts of 

GST-eIF4E (purified using a cap affinity column); either 8.3 pmol of GST-eIF4Ep 

(middle panel, labeled 2.5x) or 16.7 pmol of GST-eIF4Ep (right panel, labeled 5x). 

Decapping by His-DCPlp was assayed over a 30 minute time course with aliquots 

removed at the designated time points. The products of the reaction were resolved using 

TLC. (B) Decapping is inhibited upon addition of eIF4E. The histogram shows the 

amount of decapping activity using increasing amounts of eIF4E. Relative activity was 

determined by assaying decapping ± eIF4E in multiple experiments, and is expressed as 

the amount of decapping relative to DCPl alone (set at 100%). The 30-minute time point 

is shown on the histogram. 
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Figure 3.3 Decapping is not inhibited by a non-functional allele of eIF4E. 

(A) Analysis of decapping activity by DCPl alone (left panel) and in the presence of 

either eIF4E (middle panel; 16.7 pmol of GST-eIF4E) or a non-ftinctional allele of 

eIF4E (right panel, labeled ts-4E; 16.7 pmol of GST-ts-4E) (both purified using a 

glutathione affinity column). Decapping by His-DCPl was assayed over a 30 minute 

time course, with aliquots removed at the designated time points. The products of the 

reaction were resolved using TLC. (B) Relative decapping activity in the presence of 

increasing amounts of either GST-eIF4E or GST-ts-4E. Relative activity was 

determined by assaying decapping ± eIF4E in multiple experiments, and is expressed as 

the amount of decapping relative to DCPl alone (set at 100%). The 30-minute time point 

is shown on the histogram. 
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Figure 3.4 Inhibition of decapping by elF4E is relieved upon m^GTP addition. 

(A) Analysis of decapping activity by DCPI ± m^GTP (left 2 panels) and in the presence 

of eIF4E ± GTP and m^GTP (right 3 panels). Decapping by His-DCPl was assayed over 

a 30 minute time course, with aliquots removed at the designated time points. The 

products of the reaction were resolved using TLC. (B) Relative decapping activity in the 

presence of eIF4E and m^GTP. Relative activity was determined by assaying decapping 

± eIF4E and m^GTP multiple experiments, and is expressed as the amount of decapping 

relative to DCPI alone (set at 100%). The 30-minute time point is shown on the 

histogram. 
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Figure 3.5 Purified eIF4E protein from E. coli lias similar activity to elF4E purified 

from yeast. 

(A) Analysis of decapping activity by DCPl alone (left panel) and in the presence of 

either eIF4E (middle panel; 71.8 pmol of His-eIF4E) or a non-ftinctional allele of eIF4E 

(right panel, labeled ts-4E; 71.8 pmol of His-ts-4E) purified from E. coli. Decapping by 

His-DCPl was assayed over a 30 minute time course, with aliquots removed at the 

designated time points. (B) Relative decapping activity in the presence of increasing 

amounts of His-eIF4E. Relative activity was determined by assaying decapping ± eIF4E 

in multiple experiments, and is expressed as the amount of decapping relative to DCP1 

alone (set at 100%). The 30-minute time point is shown on the histogram. 
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Mutations in elF4E can suppress dcpl mutants in vivo 

The observation that eIF4E inhibits decapping in vitro suggests a simple 

relationship between eIF4E and Dcpip, wherein a competition for the cap structure leads 

to either translation initiation or decapping depending on which protein binds to the cap. 

This model predicts that mutations in the Dcplp should be suppressible by loss of 

function alleles of eIF4E in vivo. In order to test this prediction, we created a strain 

carrying the partially functional dcpl-1 allele in combination with the temperature 

sensitive allele of eIF4E/cdc33-42. This allele of dcpl gives reduced levels of decapping 

at 24°C and is essentially null for decapping at 37°C in this strain background. 

To examine decapping in this experiment we utilized a transcriptional pulse 

chase experiment. In this procedure, we utilized the MFA2pG gene under control of the 

GAL 1 UAS (37). This gene also carries an insertion of a poly(G) tract in its 3' UTR that 

inhibits the 5' to 3' exonuclease and thereby traps a decay intermediate (37). In these 

specific experiments, strains were grown in rafflnose-containing media at 24°C, then 

shifted to 38°C for one hour to inactivate the temperature sensitive eIF4E/cdc33-42 

protein. Galactose is added to induce transcription of the MFA2 gene for 6 minutes, 

followed by dextrose addition to repress the MFA2 gene. This burst of transcription 

creates a population of mRNAs, which are all full length with long poly(A) tails. Time 

points are taken after transcriptional repression to allow observation of the decay rate of 

the full length mRNA, the deadenylation kinetics, and the appearance of the poly(G) 

fragment, which also gives an estimate for the rate of decapping. 
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In this assay, the MFA2pG transcript from a wild type strain deadenylates 

rapidly, and upon deadenylation to an oligo(A) length, the mRNA rapidly decaps leading 

to the production of the poly(G) fragment (Figure 3.6). In contrast, the full length oligo-

adenylated MFA2pG mRNA from the dcpl-1 strain is stabilized and essentially no 

fragment is produced (Figure 3.6). An important observation is that the temperature 

sensitive eIF4E/cdc33-42 mutation now suppresses the decapping defect seen in the 

dcp I -1 strain and restores both degradation of the frill length mRNA and the appearance 

of mRNA decay fragment. This suppression must be due to increased function of the 

dcpl-lp since temperature sensitive eIF4E/cdc33-42 dcp IA strains show no decapping at 

high temperature (107). This observation is consistent with the in vitro data presented 

above and argues that there is a competition between Dcplp and eIF4Ep for the cap 

substrate in vivo. Moreover, this observation suggests that the dcp 1 -1 p, which retains 

approximately 15% of wild type decapping activity (53), has a defect in decapping due 

to an inability to compete with eIF4E (see Discussion). 
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Figure 3.6 A mutation in the elF4E protein can suppress the decapping defect of a 

partially functional DCPl allele. 

A mutation in the eIF4E protein can suppress the decapping defect of a partially 

functional DCPl allele. Transcriptional pulse-chase analysis of the MFA2pG mRNA to 

examine the levels of fragment RNA produced through decapping-dependent 

degradation of the body of the message. Time points used after a 6-min. transcriptional 

induction and subsequent repression are shown above each lane. The bottom band is the 

decay intermediate stabilized by the poly(G) insertion in the 3' UTR. The blots were 

probed with oligonucleotide oRP140 (5'-ATATTGATTAGATCAGGAATTCC-3'). ts, 

temperature sensitive; pre, pre-induction time point. 
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Mutations in eIF4E do not suppress the decapping defects seen in isml A, 

patl/mrtlA, or dcp2A strains 

The above observations argue that one step in mRNA decapping is a competition 

between the cap binding protein and the decapping enzyme. This suggests that one 

manner in which decapping will be modulated is by proteins that influence this 

competition. One prediction of this model is that mutations in proteins that regulate the 

decapping reaction, either by affecting eIF4Ep binding to the cap, or by activating 

Dcplp function, will be suppressed by the temperature sensitive allele of eIF4E/cdc33-

42 in a manner analogous to the dcpl-1 lesion. Given this logic, we asked if defects in 

other proteins that lead to an inhibition of decapping can be suppressed by the 

temperature sensitive eIF4E/cdc33-42 allele. Mutations in the dcp2, Isml, and patl/mrtl 

genes were used in this analysis. Dcp2p is a protein that interacts with Dcplp and is 

necessary for decapping (40). Lsmlp is a member of a seven protein complex that binds 

to mRNA and is necessary for efficient decapping (116). Patl/Mrtlp interacts with the 

Lsm complex and is also required for efficient decapping (116). Deletions of each of 

these three genes were combined with the temperature-sensitive allele of eIF4E/cdc33-

42, and the levels of decapping were analyzed from each strain using the same 

transcriptional pulse chase analysis described earlier. 

An interesting observation is that the temperature-sensitive eIF4E/cdc33-42 

mutation did not suppress the decapping defect seen in Isml A, patl/mrtl A, or dcp2A 

(Figure 3.7 and data not shown). The failure of the temperature sensitive eIF4E/cdc33-
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42 allele to suppress the dcp2A may not be that surprising since this allele abolishes all 

decapping and fails to produce active decapping enzyme (40). However, the failure of 

the temperature sensitive eIF4E/cdc33-42 allele to suppress the decapping defect in the 

Isml A or the patl/mrtl A strains is likely to be highly significant, because the decapping 

defect seen in these strains is less severe than the defect seen in the dcpl-1 allele 

(compare Figure 3.6 to Figure 3.7). This indicates that the ability of a temperature 

sensitive elF4E/cdc33-42 lesion to suppress a decapping defect is not a function of the 

strength of the decapping defect per se, but instead depends on the exact change in the 

decapping reaction. This observation strongly implies that Lsmlp, and the associated 

Lsm/Patlp complex (116) affect a step in mRNA decapping distinct from the 

competition between Dcplp and eIF4Ep (see Discussion). 

A second interesting observation from these experiments is that there is an 

additional shortening of the mRNA from the 3' end in the IsmlA and patl/mrtl A (17). 

This phenomenon is seen in the continued shortening of the fiill length mRNA after 

deadenylation is complete leading to the production of a mRNA lacking -10-15 

additional nucleotides at the 3' end. This difference can be more clearly seen in the low 

levels of the mRNA decay fi^gment produced in Isml A and patl/mrtl A strains, which is 

shorter than the corresponding fi-agment seen in wild type cells by approximately 15 

nucleotides (Figure 3.7). However, this difference in 3' trimming into the mRNA body is 

not simply due to an inhibition of decapping since dcpl A or dcp2A strains, which are 

completely blocked for decapping, do not show 3' trimming into the body of the mRNA 
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(compare Figure 3.6 and 3.7, see also (13,40). One interpretation of these results is that 

the Lsm/Patlp complex normally binds to the 3' end of the mRNA and following 

deadenylation this complex inhibits additional 3' trimming into the mRNA body. 
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Figure 3.7 A mutation in the eIF4E protein cannot suppress the decapping defect of 

a ismlA or a patl/mrtlA. 

Transcriptional pulse-chase analysis of the MFA2pG mRNA to examine the levels of 

fragment RNA produced through decapping-dependent degradation of the body of the 

message. Time points used af^er a 6-min. transcriptional induction and subsequent 

repression are shown above each lane. The bottom band is the decay intermediate 

stabilized by the poly(G) insertion in the 3' UTR. The blots were probed with 

oligonucleotide oRP140. ts, temperature sensitive; pre, pre-induction time point. 
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Mutations in PRTl do not suppress dcpl mutants in vivo 

Previous work has shown that mutations in several different translation initiation 

factors can cause an increase in the rate of decapping (107). The mutation which causes 

the greatest change in mRNA half-life is the prtl-63 allele, which is in a component of 

the eIF3 complex involved in delivering the 40S ribosomal subunit to the cap binding 

complex (52,91). A mutation in the Prtl protein is thought to prevent this delivery fi-om 

occurring which may destabilize the cap binding complex leading to faster rates of 

decapping. For this reason we determined whether the prtl-63 mutation, which leads to 

faster decapping, could suppress the decapping defect of the dcpl-1 allele similarly to 

the temperature sensitive eIF4E/cdc33-42 mutation. 

As described previously with the temperature sensitive eIF4E/cdc33-42 allele, 

prtl-63 was combined with the dcpl-1 allele and transcriptional pulse chase analysis 

was performed to examine the levels of decapping from the double mutant strain. As 

shown in Figure 3.8, the prtl-63 mutation looks similar to the wild type strain for the 

MFA2pG mRNA, but does have shorter half-lives and increased levels of fragment 

being produced. In contrast, the strain containing both the prtl-63 and the dcpl-1 

mutations looks identical to the dcp 1 -1 strain alone. This result shows that a mutation 

that inactivates the eIF3 complex is not able to suppress the decapping defect of the 

dcpl-1 allele. This implies that the function of the Prtl protein is distinct from the 

competition between eIF4Ep and Dcp I p. When eIF3 is not fully functional, eIF4E and 

the cap binding complex are still an effective block to the partially functional dcpl-l 
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protein (see Discussion). 



Figure 3.8 A mutation in the PRTl protein cannot suppress the decapping 

defect of a partially functional DCPl allele. 

Transcriptional pulse-chase analysis of the MFA2pG mRNA to examine the levels of 

fragment RNA produced through decapping-dependent degradation of the body of the 

message. Time points used after a 6-min. transcriptional induction and subsequent 

repression are shown above each lane. The bottom is the decay intermediate stabilized 

by the poly(G) insertion in the 3' UTR. The blots were probed with oRPl40. ts, 

temperature sensitive. 
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DISCUSSION 

The cap binding protein eIF4E is an inhibitor of decapping 

Several lines of evidence indicate that when the cap binding protein, eIF4E, is 

bound to the cap structure mRNA decapping is blocked. First, eIF4E protein purified 

from yeast or E. coli is sufHcient to inhibit Dcplp in vitro (Figure 3.2 and 3.5). This 

inhibition is due to eIF4E binding the cap structure since m^GTP can abolish the 

inhibition and restore decapping (Figure 3.4). Correspondingly, a mutant version of 

eIF4E/cdc33-42 defective in cap binding fails to inhibit decapping (Figure 3.3). Second, 

defects in eIF4E increase the rate of decapping in yeast cells (107). Third, the 

temperature sensitive allele of eIF4E/cdc33-42 can suppress the decapping defect of a 

dcpl-1 mutant at the restrictive temperature (Figure 3.6). Since the dcpl-1 allele is 

known to reduce decapping activity to approximately 15% of wildtype levels (53), the 

simplest interpretation is that the competition between eIF4E and Dcplp is at the level of 

Dcplp interaction with the cap structure (See Figure 3.9). These results argue that 

dissociation of eIF4E from the cap structure by some mechanism (see below) is a 

required step before mRNA decapping and degradation can occur. 

Distinct functions of the Lsm/Patlp complex and Dcplp in the decapping of 

mRNAs 

Several observations suggest that the functions of the Lsm/Patlp complex 

and the Dcplp in the decapping of mRNAs are distinct. For example, the prtl-63 lesion, 

which is very similar to the temperature sensitive eIF4E/cdc33-42 allele in its ability to 
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cause rapid decapping (107), does not suppress the dcpl-1 lesion, while the temperature 

sensitive eIF4E/cdc33-42 allele does. Similarly, the temperature sensitive eIF4E/cdc33-

42 allele had no affect on the decapping defect in IsmlA or patl/mrtlA strains (Figures 

3.7). These results indicate that decapping is a multi-step process and suggest that the 

Lsm/Patl proteins act at a stage distinct from the competition between Dcplp and 

eIF4E. 

There are two general types of possible manners in which the Lsm and Pat 

proteins could promote decapping. First, this protein complex could act downstream of 

the Dcp 1 p and eIF4E competition, perhaps to promote catalysis by Dcp 1 p once it has 

bound the cap structure. This possibility would also provide a rationale for the 

association of the Lsm/Patl p complex with the Xmlp, the ribonuclease responsible for 

5' to 3' digestion of the mRNA body following decapping (59). However, if these 

proteins were required to activate catalysis by Dcplp, they might be expected to be 

required for all decapping. This is not the case, as the deadenylation independent 

decapping catalyzed by Dcplp in response to premature translation termination is 

independent of the Lsm or Patl proteins (17, 18, 53). An alternative possibility is that 

the Lsm/Patl p complex acts upstream of the Dcplp/eIF4E competition either to recruit 

Dcplp to the mRNA or to affect the process of translation initiation in a manner that 

ultimately affects the stability of the interaction between the cap binding protein and the 

cap. This last hypothesis is suggested by the observations that two-hybrid interactions 

have been detected between the Lsm complex and three proteins involved in the process 
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of AUG recognition. eIF2, which delivers the tRNA to the ribosome; eIF2b, which is 

involved in GTP-GDP exchange of eIF2 (for review see (82)); and RPS28, which is a 

ribosomal protein localized to the site of mRNA decoding (2). 

Possible Mechanisms for eIF4F release from the cap structure 

Our results argue that dissociation of eIF4E, or the larger eIF4F complex, from 

the cap structure is a key step in facilitating decapping. Given this a critical issue is 

what triggers disassembly of the cap binding complex from mRNA. In principle, there 

are two, nonexclusive, mechanisms that are consistent with current data. In the first 

model, the stability of eIF4F on the cap complex is a fimction of a series of reversible 

assembly/disassembly steps and that any change that drives one of these reactions 

towards the disassembled state would favor decapping (Figure 3.9, left side). Thus, 

defects in eIF4E would promote decapping because it would increase the disassembly of 

eIF4F from the mRNA. Similarly, mutations in eIF3 would promote decapping because 

they allow the eIF4F-mRNA complex an increased chance to disassemble. However, the 

nature of the effect would be different in each case. Thus, for prtl-63, the lesion would 

presumably limit the interaction of eIF3 and 40S subunits to the cap binding complex 

still allowing the normal competition between eIF4E and Dcplp. This would explain 

why a prtI-63 mutation fails to suppress the decapping defect of dcpl-1. In contrast, the 

temperature sensitive eIF4E/cdc33-42 allele would directly affect the eIF4E-Dcplp 

competition thereby enhancing decapping rate in wild type cells and suppressing the 

decapping defect in dcpl-I strains. A related, but fundamentally similar, model is that 
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disassembly of the translation initiation complex may in some cases be an active process 

that promotes removal or degradation of the translation initiation complex (Figure 3.9, 

right side), perhaps in response to the failure to complete a translation initiation event. 

This latter model might also explain why any defect in translation initiation up to AUG 

recognition promotes mRNA decapping, whereas inhibition of translation elongation 

stabilizes mRNAs (reviewed in (105)). It will be important in future work to determine 

the mechanisms by which the translation initiation complex is disassembled. 
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Figure 3.9 A model representing how translation initiation and decapping may 

compete for the mRNA cap structure. 

The left hand side shows translation initiation in various states of assembly. When eIF4F 

is bound to the cap structure, the Dcplp may compete for cap binding, once recognition 

of the cap occurs by the Dcplp, decapping immediately targets the mRNA for 

degradation. The right hand side diagrams an active mode of disassembly for the 

translation initiation machinery leading to an unprotected mRNA. 
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m'Gppp 

m^Gppp 



114 

MATERIALS AND METHODS 

Yeast strains 

The genotypes of all the strains used are listed in Table 3.1, and the strains were 

grown in standard media. All strains have GALl upstream activating sequence-regulated 

PGKlpG and MFA2pG genes as well as the LEU2 gene, collectively termed LEU2pm, 

integrated at the CUP I locus (53). 

Vector construction 

The GST-eIF4E and GST-ts-4E genes were created by PGR of the eIF4E gene 

from pMDA-lOl carrying either a wildtype eIF4E gene or the eIF4E/cdc33-42 allele (7) 

with the oligonucleotide GGGAATTCCATATGTCCGTTGAAGAAGTTAG (oRP969), 

and the oligonucleotide GGT ACT AGTCT AG AC AT GAT GAG 111 AT ACGT G 

(oRP970). These fragments were digested with Ndel and Xbal and ligated into the yeast 

GST expression vector pRP966 between the Ndel and Xbal sites to yield plasmids 

pRP967 and pRP968. This CEN, URA3 plasmid expresses either the GST-eIF4Ep or 

GST-ts-4Ep from the inducible GALl promoter. 

The His-eIF4E and His-ts-4E genes were created by PCR of the eIF4E gene 

from pMDA-101 carrying either a wildtype eIF4E gene or the eIF4E-42 allele with the 

oligonucleotide CCGCCGCATATGTCCGTTGAAGAAGTTAGCAAG (oRP971), and 

the oligonucleotide CGGAAAAGGATCCTTACAAGGTGATTGATGGTTGAG 

(oRP972). These fragments were digested with Ndel and BamHI and ligated into the E. 

coli expression vector pET-l6b (Novagen) between the Ndel and BamHI sites to yield 
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pRP969 and pRP970. These plasmids express either His-eIF4E or His-ts-4E from the 

inducible T7 promoter. 

All plasmids were sequenced to ensure that all mutations, junctions and tags were 

properly generated. 

Protein purifications 

The His-Dcplp utilized in these assays was purified as previously described (13). 

The GST-eIF4Ep used in Figures 3.2 and 3.4 was purified using a protocol 

adapted from (114). Briefly, 1 liter of strain yRP1463 containing pRP967 was grown in 

selective media containing 2% galactose to late log phase and harvested by 

centrifugation. Cells were washed once with ddH20 and then resuspended in 12 mis of 

Buffer A (100 mM KOAc, 2 mM MgOAc, 0.5 mM PMSF, 7 mM BME, 30 mM HEPES, 

pH 7.5) containing Complete (Boehringer-Mannheim) protease inhibitors. Acid-washed 

beads (24 g) were added to the cell suspension, and cells were lysed by 5 cycles of 

vortexing for 30 s and 1 minute of cooling on ice. The lysate was clarified by two 5 

minute spins at 15,500 rpm in an SS34 rotor. The resulting supernatant was added to 500 

(xl of m^GDP-agarose resin prepared as described in (41) and pre-equilibrated in Buffer 

A. The slurry was allowed to nutate at 4°C for 2 hours, then was chromatographed at 

4°C by gravity flow. The flow-through was collected and re-applied to the column. The 

column was washed 3 times with 10 mis of Buffer B (100 mM KCl, 0.2 mM EDTA, 

0.01% Triton X-100,0.5 mM PMSF, 7 mM BME, and 20 mM HEPES, pH 7.4) 

containing Complete protease inhibitors, and washed 3 times with 10 mis of Buffer B + 
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0.1 mM GDP. The eIF4E protein was eluted in five 250 washes using Buffer B + 0.1 

mM m^GTP. The GST-elF4E protein was dialyzed into buffer containing 50 mM KCl, 

20 mM HEPES, pH 7.4, 7 mM BME, 0.2 mM EDTA, and 0.01% Triton X-100. The 

protein was aliquoted and frozen at —80°C. 

The GST-eIF4E (strain yRP1463 containing plasmid pRP967) and GST-ts-4E 

(strain yRP1464 containing plasmid pRP968) proteins used in Figure 3.3 were purified 

as described above with the following modifications. 12 mis of the post-lysis 

supcmatants were added to 500 ̂ 1 of glutathione sepharose (Pharmacia), prepared as 

recommended by the manufacturer, and pre-equilibrated in Buffer C (50 mM Tris, pH 

7.5, 0.1% NP-40, 2 mM EDTA, and 100 mM NaCl) containing Complete protease 

inhibitors. The slurry was nutated at 4°C for 2 hours, then chromatographed at 4°C by 

gravity flow. The flow-through was collected and re-applied to the column. The column 

was washed 3 times with 10 mis of Buffer C. The eIF4E proteins were eluted in three 

250 washes using 25 mM reduced glutathione. The GST-elF4E and GST-ts-4E 

proteins were dialyzed into buffer containing 50 mM NaCl, 30 mM Tris, pH 8.0, 0.2 

mM EDTA, 7 mM BME, and 0.01% Triton X-100. The proteins were aliquoted and 

frozen at -80°C. 

The His-eIF4E and His-ts-4E were purified as recommended by the manufacturer 

(Novagen). Briefly, 100 ml cultures of BL-21 cells containing either a His-eIF4E 

(pRP969) or a His-ts-4E (pRP970) plasmid were grown in LB media at 37°C to an OD 



117 

of 0.6. The cultures were induced with 1 mM IPTG for 3 hours, then harvested by 

centriftigation. After elation of the proteins with Ix Elution buffer, the proteins were 

dialyzed first into 50 mM KCl, 20 mM HEPES, pH 7.5, and 5 mM EDTA to separate the 

proteins from the nickel and then dialyzed into 50 mM KCl, 20 mM HEPES, pH 7.5, 7 

mM BME, 0.2 mM EDTA, and 0.01% Triton X-100. The proteins were aliquoted and 

frozen at -80°C. 

All purified protein preparations were analyzed by standard SDS-PAGE methods 

on 12% gels (68). Protein size markers were purchased from Gibco-BRL. 

Protein phosphorylation analysis 

To determine if the GST-eIF4E protein purified out of yeast was phosphorylated, 

GST-elF4E protein purified using m^GTP chromatography was treated with 20 units of 

calf intestinal alkaline phosphatase at 37°C for one hour. Treated and untreated proteins 

were analyzed by standard SDS-PAGE methods on a 10% gel. 

Substrate preparation 

Uncapped MFA2 mRNAs lacking poly(A) tails were synthesized in vitro by 

using a "Riboprobe" in vitro transcription system (Promega). The DNA template was as 

previously described (70). T7 transcription was done as recommended by the 

manufacturer using 1-2 ng of template DNA at 37°C for 2 hours. The DNA template 

was digested using 1 ^l of RQl DNase. The resulting uncapped transcript was purified 
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by phenol/chloroform extraction and sephadex G-50 chromatography. The samples were 

precipitated and resuspended in 20 nl of DEPC H2O. 

The mRNAs were capped as previously described (70). 

Decapping assays 

Decapping reactions were assayed at 30°C over a 30 minute time course. All 

reactions depicted on histograms are an average of multiple experiments. The reactions 

generally contained ~2.3 fmol of m'G[^'P]pppMFA2 mRNA, 3.1 pmol of DCPlp, 50 

mM Tris, pH 7.6, 5 mM MgCb, 50 mM NH4CI, 1 mM DTT, and 1 ^l of RNasin in a 

volume of 15 ^il. eIF4E proteins were added at the concentrations noted in the figure 

legends. BSA was added to all reactions to maintain constant total protein 

concentrations. GTP and m^GTP were added at a concentration of 1 mM. Time courses 

were carried out by withdrawing an aliquot of the reaction at various time points. 

Decapping in each aliquot was stopped by adding 1 |xl of 0.5 M EDTA to the aliquot and 

placing it on ice. The products of the reaction were separated by PEI-cellulose thin layer 

chromatography developed in 0.45 M (NH4)2S04 and detected with a Molecular 

Dynamics Phosphorimager. 

mRNA analysis 

Transcriptional pulse-chase experiments used to track a synchronous pool of 

mRNAs were done as previously described (107). Briefly, cells were grown to mid-log 

phase in medium containing rafllnose, shifted to 38°C for Ih, harvested, and 



119 

resuspended in medium containing galactose to induce the transcripts; fmally the cells 

were again harvested and dextrose was added to shut off transcription. 

mRNA was isolated as described previously (23). RNase H and polyacrylamide 

Northern (RNA) assays were done with 40 ng of RNA as previously described (88). 



TABLE I. Strains used in this study 

Strain Genotype Source 

yRP841 MATaIeu2-3,ll2 Iys2-20ltrpl ura3-52 cupl::U:U2/PGKIpG/MFA2p(} 

yRP1063 MATa dcpl-l Ieu2-3,II2 irpi ura3-52 cupl::LEV2/PGKIpG/MFA2pG 

yRPI3l5 MAT a Ieu2 Irpi ura3 cdc33::LEU2 cupl::LEU2/PGKIpG/MFA2pG ICI)C33/Ulil3/ 

yRPI32l MAT a Icu2 Irpi ura3 cdc33::LEU2 cupl::LEU2/PGKIpG/MFA2pG lcdc33-42/TKPIJ 

yRPI463 MATa Ieu2 irpi ura3 cdc33::LEAJ2 cupl::LEU2/PGKIpG/MFA2pG IGST-elF4E/URA3/ 

yRPI464 MATaleu2-3.ll2lys2-20llrplura3-52cupl::LEV2/PGKIpG/MFA2pGlGST-ls-4FJVRA3l 

yRPI465 MAT a dcpl-l Ieu2 Irpi ura3 cupl::LElJ2/PGKIpG/MFA2pG 

yRPI466 MATa dcpl-l Ieu2 IrpI ura3 cdc33::LEU2 cupl::LEU2/PGKIi)G/MFA2pG lcdc33-42/TRPI/ 

yRPI467 MATa Ieu2-3.II2 Iys2-20l Irpi ura3-S2 cupl::LEU2/PGKIpG/MFA2pG his3::URA3 

yRPI468 MAT a leu2 Irpi ura3 cdc33::LEU2 cupl::LEU2/PGKIpG/MFA2pG his3::lIRA3 lcdc33-42/TRPI} 

yRPI469 MATa Ieu2-3.II2 Iys2-20l irpi ura3-S2 cupl::LEU2/PGKIpG/MFA2pG his3::URA3 lxml::HIS3 

yRPI470 MAT a Ieu2 Irpi ura3 cdc33::LEU2 cupl::LEU2/PGKIpG/MFA2pG his3::URA3 lsml::IIIS3 Icdc33-42JTRPI} 

yRPI47l MAT a ku2 Iys2prtl-63 ura3-52 cupl::LEU2/PGKIpG/MFA2pG 

yRPl472 MAT a dcpl-l Ieu2 Iys2prll-63 Irpi ura3 cupl::I.EU2/PGKIpG/MFA2pG 

yRP1372 MAT a his4-539 Ieu2 irpi ura3 cupl::LEU2/PGKIpG/MFA2pGpall::I.EU2 

yRPI473 MAT a Ieu2 Iys2 irpi ura3 cdc33::LEU2 cupl::LEU2/PGKIpG/MFA2pG his3::URA3 patl::HIS3 lcdc33-42/TRP 

Hatfield et al., 1996 

Hatfield et al., 1997 

Schwartz and Parker, 1999 

Schwartz and Parker, 2000 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

Tharun et al., 2000 

This study 
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