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ABSTRACT 

Control of mRNA degradation is an important step in the regulation of 

gene expression. In Saccharomyces cerevisiae, pathways of mRNA decay-

have been determined and have provided a framework for understanding 

how mRNA decay is controlled. I have studied how the process of 

translation affects the decay mechanism of a yeast transcript and I have 

isolated and characterized yeast mutants that exhibit reduced rates of 

mRNA decay. 

The process of translation has been shown to affect mRNA decay rates 

in eukaryotes. However, using a MFA2 mRNA that caimot be translated 

due to insertion of secondary structure in its 5' untranslated region, I have 

determined that translation of the MFA2 mRNA is not required for its 

degradation. This observation demoristrates that translation of an mRNA, 

per se, is not required for the normal kinetics or mechanism of mRNA 

decay. Additionally, I have demonstrated that the translational irihibitor, 

cycloheximide, reduces the rate at which the MFA2 transcript is decapped. 

Inhibition of decapping occurs even on MFA2 transcripts that cannot be 

translated due to insertion of secondary structure. This result suggests that 

the general stabilizing effects of translational inhibitors on mRNAs may not 

be due to the inhibition of translation of these transcripts. 

The identification of mRNA decay pathways in yeast, deadenylation-

dependent decapping and deadenylation-independent decapping, provided 

a basis by which gene products required for mRNA decay through these 

pathways could be identified. To this end, a screen of mutant yeast strains 

was undertaken. I have isolated and characterized two mutants, mrtl and 
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mrt3. that exhibit reduced rates of deadenylation-dependent decapping on 

several yeast transcripts. This result suggests that the MRTl and MRT3 gene 

products promote deadenylation-dependent mRNA decapping. 

A third mutant, dcpl. was also isolated, and the wild-type DCPl gene 

was identified. Characterization of dcpl mutants by myself and others 

revealed that the DCPl gene encodes the decapping enzyme, or an essential 

component of the decapping enzyme, required for both deadenylation-

dependent and deadenylation-independent mRNA decapping. This result 

demonstrates that the DCPl gene product, Dcplp, is required for all known 

mRNA decapping in yeast. 
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CHAPTER 1. INTRODUCTION 

Statement by author. 

This chapter is a review article written by myself, with help from my 

advisor, for the journal Cell (7). I have made minor modifications of the 

article for its inclusion in this dissertation. 

mRNA turnover is important in determining the levels of gene 

expression. Importantly, since rates of mRNA decay can be subject to 

regulation (see (9) for review), mRNA turnover can be an important step in 

the regulation of gene expression. This chapter will present mechanisms of 

eukaryotic mRNA decay. The knowledge of these mRNA decay pathways 

has been the basis of my research. 

Several different, yet related, mechanisms by which eukaryotic 

mRNAs are degraded have been identified (Figure 1.1). One mRNA decay 

pathway is initiated by shortening of the poly (A) tail followed by decapping 

and 5' to 3' exonucleolytic degradation of the transcript. A variation of this 

pathway has been observed where transcripts undergo 3' to 5' decay after 

poly(A) shortening. Decay of mRNAs can also initiate prior to shortening 

of the poly(A) tail. For example, some specific trai\scripts can be degraded 

via deadenylation-independent decapping followed by 5' to 3' degradation. 

In addition, mRNA decay can also begin by endonucleolytic cleavage in the 

transcript body. These pathways suggest a model of mRNA turnover in 

which all polyadenylated mRNAs are degraded by a "default" pathway 

initiated by poly(A) shortening. In addition, pathways limited to subsets of 
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mRNAs exist in which specific sequences trigger decay independently of 

deadenylation. This diversity of decay pathways, in addition to different 

rates of decay for individual mRNAs within one pathway, allows for a wide 

spectrum of mRNA half-lives and for their differential regulation. 
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Figure 1.1 mRNA decay pathways in eukaryotes. 

The left pathway depicts deadenylation-dependent decay which can lead to: 

i) decapping and 5' to 3' exonucleolytic decay or to ii) 3' to 5' decay, mediated 

by endo- and/or exonucleases. All eukaryotic mRNAs may undergo decay 

via this deadenylation-dependent pathway unless they are targeted for rapid 

deadenylation-independent decapping or for endonucleolytic cleavage 

(right). After deadenylation-independent decapping, mRNA is degraded in 

a 5' to 3' manner. Endonucleolytic cleavage of mRNA may serve as a one-

step deadenylation which leads to decapping and 5' to 3' decay. Decay 

intermediates, arising from either exo- or endo-nucleolytic decay, are 

represented by partially digested transcript bodies. 
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Deadenylation can be the first step in mRNA decay. 

After transcription of eukaryotic mRNA, poly(A) tails are added to the 

3' end of transcripts. Several observations suggest that shortening of 

poly(A) tails is required for the decay of many eukaryotic mRNAs (for 

reviews see (11) (29) (83)). Some of the key observations are as follows. 

First, in transcriptional pulse-chase experiments (wherein a regulatable 

promoter is used to produce a burst of sjmchronous transcription) the 

mammalian c-fos mRNA and several yeast mRNAs do not decay until their 

poly (A) tails have been shortened (30) (98). This temporal correlation is 

significant because mutations within unstable mRNAs that decrease the 

rate of deadenylation, or transfer of sequences capable of stimulating rapid 

deadenylation to a stable reporter mRNA, correspondingly alter the time at 

which the transcript begins to decay (22) (30) (74) (98) (109). In addition, 

decay intermediates that accumulate after deadenylation and have oligo(A) 

tails can be detected in yeast, even at times when the total population 

consists of a mixture of long and oligo(A) tails (30) (72). This observation 

indicates that mRNA decay intermediates are produced only with oligo(A) 

tails. Taken together, these results indicate that shortening of the poly(A) 

tail is required for decay of the transcript. 

The length to which a poly(A) tail must be shortened for subsequent 

decay may differ between mammals and yeast. A poly(A) tail of 

approximately 25 to 60 adenosine residues is sufficiently short to allow decay 

of some mammalian transcripts (22) (98) whereas yeast transcripts decay 

when the poly(A) is approximately 10-12 adenosine residues (30). The 

poly(A) tails of transcripts are generally thought to be bound by the poly(A) 
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binding protein (PAB). Deadenylation to ~ 10-12 residues seen in yeast 

might lead to the loss of the last poly(A) binding protein (PAB) associated 

with the trariscript, and the loss of PAB may trigger further decay events. It 

is possible that the disassociation of PAB may occur at a longer poly(A) tail 

length in mammalian cells. 

Deadenylation can trigger decapping and 5' to 3' decay of mRNA. 

One important question is how deadenylation leads to mRNA 

degradation. In yeast, observations indicate that deadenylation to an 

oligo(A) tail allows the mRNA to become a substrate for a decapping 

reaction (removal of the 5' mono-methylated cap structure) within the first 

few nucleotides of the transcript, thereby exposing the transcript body to 5' to 

3' exonucleolytic decay. The critical observation is that when 5' to 3' decay is 

blocked in yeast, mRNA fragments lacking the cap structure accumulate 

after deadenylation. In these experiments, 5' to 3' decay was by blocked 

either by deletion of the XRNl gene, which encodes a major 5' to 3' 

exonuclease (60), or by the insertion of strong RNA secondary structures (72) 

(73). These observations have been made for both unstable and stable 

mRNAs. In addition, several other mRNAs also accumulate in xrnlA 

strains as transcripts which have, at most, short (A) tails and lack the cap 

structure (47). These results suggest that this pathway of degradation is a 

general mechanism of decay that acts on many yeast transcripts. 

Since poly(A) tails and cap structures are common features of 

eukaryotic transcripts, an appealing model is that mRNA decay by 

deadenylation-dependent decapping and 5' to 3' digestion could be a 
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conserved mechanism of mRNA turnover. Although there is no direct 

data for such a pathway in more complex eukaryotes to date, mRNAs 

lacking the cap structure are rapidly degraded in many eukaryotic cells (e.g. 

(32)). In addition, erizymes that could catalyze the removal of the cap 

structure and subsequent 5' to 3' degradation of the transcript have been 

described in mammalian cells (e.g. (28)). Finally, a particular plant 

transcript, oat phytochrome A mRNA, undergoes cleavage near the 5' 

terminus of the mRNA and is degraded, in part, in a 5' to 3' direction (44). 

Taken together, these data raise the possibility that deadenylation-

dependent decapping followed by 5' to 3' exonucleolytic decay may be a 

conserved eukaryotic mRNA decay mechanism. 

Interactions between the 5* and 3' termini of mRNAs. 

The observation that deadenylation can lead to removal of the cap 

structure (72) (73) suggests an interaction between the 5' and 3' ends of an 

mRNA. Interactions between the transcript termini have been proposed to 

explain the effects that the poly(A) tail and 3' UTR sequences can have on 

translation initiation at the 5' terminus (77) (reviewed in (48)). A unifying 

hypothesis is that the same 5'-3' interaction may mediate the rates of 

translation initiation and decapping. Although there is no direct 

biochemical evidence for such a 5'-3' interaction, the abundance of circular 

polysomes seen in some electron micrographs suggests that the termini of a 

transcript can be in close proximity (e.g. (26)). The nature of the 5'-3' 

interaction may allow the poly(A) tail to inhibit decapping, either indirectly 

or directly. For example, because mRNAs may interact with the 
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cytoskeleton through their poly(A) tails (e.g. (105)), the putative 5'-3' 

interaction may cause deadenylation to alter the subcellular localization of 

an mRNA thereby exposing it to a localized decapping activity. 

Alternatively, the poly(A) tail might inhibit decapping directly by forming, 

or stabilizing, a mRNP structure involving the 5' and 3' termini of the 

mRNA. 

Deadenylation can also lead to 3' to 5' decay of mRNA. 

Eukaryotic mRNAs can also be degraded in a 3' to 5' direction 

following deadenylation. For example, fragments of the yeast PGKl mRNA 

shortened at the 3' end accumulate when the 5' to 3' decay pathway is 

blocked (73) (75). Decay intermediates that are consistent with 3' to 5' decay 

following deadenylation have also been observed for the oat phytochrome 

A mRNA in vivo (44). It is not known whether exo- and/or endonucleases 

are involved in 3' to 5' decay or how prevalent this decay pathway may be. 

However, it should not be expected that deadenylation necessarily exposes 

transcripts to 3' to 5' degradation since several mRNAs can be quite stable 

with essentially no poly(A) tail (e.g. (22) (30)). 

An important point is that an individual transcript can simultaneously 

be a substrate for more than one mechanism of decay. For example, both 

the oat phytochrome A and yeast PGKl transcripts undergo deadenylation-

dependent 3' to 5' decay in addition to a 5' to 3' decay mechanism (44) (73). 

The presence of multiple overlapping pathways has several consequences. 

First, the observed half-life for an mRNA will be a summation of the rates 

of decay through each individual pathway. In addition, the mechanism by 
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which an mRNA is degraded may change under different conditions. This 

change in mRNA decay mechanism may not produce a significant 

alteration in mRNA stability if the alternate decay mechanism has a similar 

overall rate of mRNA decay (e.g. (73)). The existence of multiple decay 

pathways also suggests that mutations that inactivate one pathway may not 

always have significant effects on mRNA stability, yet combinations of 

mutations inactivating different pathways may exhibit synergistic effects on 

stability and possibly viability. A system of redundant overlapping 

mechanisms of mRNA turnover is highly analogous to that observed in E. 

coli (for review (9)). 

Determination of mRNA decay rates via deadenylation-dependent decay. 

In deadenylation-dependent mRNA decay, differences in mRNA 

stability result from differences in the rates of poly(A) shortening and steps 

required for the subsequent decay of the deadenylated transcript. Thus, 

features of mRNAs that influence the rates of poly(A) shortening, 

decapping, and possibly 3' to 5' decay will affect mRNA stability. The rate of 

5' to 3' digestion of the transcript body appears to be relatively fast, and 

therefore unlikely to contribute to differences in decay rates. This is based 

on the observation that intermediates of 5' to 3' decay are not observed 

unless the XRNl nuclease has been deleted or secondary structure blocks the 

nuclease (30) (47) (72). Several sequence elements within mRNAs that 

promote rapid poly(A) shortening have been identified. These include 

sequences within the c-fos coding region and 3' UTR, which contains a 

prototype AU-rich element (ARE) (22) (96) (99) (108) (109), and in the yeast 
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MFA2 3' UTR (30) (72) (74). Interestingly, mutations in the c-fos ARE and 

the MFA2 3' UTR can also slow degradation following deadenylation (74) 

(98). Thus, at least for the MFA2 mRNA, 3' UTR sequences can also specify 

the rate of decapping. 

There is little information about the nucleases involved in 

deadenylation-dependent decay and how mRNA sequences modulate their 

rate of activity. The product of the XRNl gene appears to be the primary 

nuclease responsible for 5' to 3' degradation of yeast mRNAs after decapping 

(47) (72). Decapping activities (28) (57) (80) and poly(A) nucleases (3) (4) (65) 

(90) have been biochemically defined in cell extracts of yeast and mammals, 

although the in vivo roles of these particular activities remain to be 

established. Several proteins have been identified which interact with the 

ARE (14) (23) (52) (67) (106) (115) and therefore might modulate 

deadenylation rate. However, only one of these proteins, termed AUBF, has 

been shown to stimulate decay in an in vitro system. Progress in this area 

may be aided by the future identification of proteins which bind to a small 

sequence, UUAUUUA(U/A)(U/A), that has been determined to be 

important for a functional ARE to stimulate mRNA decay (58). 

Deadenylation-independent decapping: mRNA surveillance. 

mRNA decay can also be initiated by decapping and 5' to 3' decay of the 

transcript independent of poly(A) shortening. An example of this process is 

the degradation of the yeast PGKl mRNA containing an early nonsense 

codon (36) (75). The degradation of mRNAs with nonsense codoris is part of 

a process, termed mRNA surveillance, that ensures the rapid degradation of 
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aberrant transcripts. These aberrant mRNAs contain early nonsense codons 

(61) (64) (84) (89), unspliced introns (41), or have extended 3' UTRs (89). 

Since mRNA surveillance occurs in many organisms, this process appears 

to be evolutionarily conserved. Mutations in related genes that inactivate 

this surveillance pathway have been identified in yeast and nematodes, 

nemied upf and smg mutants, respectively (46) (61) (62). 

mRNA surveillance may exist, in part, to increase the fidelity of gene 

expression by degrading aberrant mRNAs that, if translated, would produce 

truncated proteins. This process would be biologically advantageous since 

truncated proteins often have dominant negative phenotypes. A striking 

example of this phenomenon is seen in C. elegans where mutations in smg 

genes convert recessive nonsense mutations in the myosin gene unc-54 into 

dominant negatives (89). Since mRNA surveillance degrades imspliced and 

aberrantly-processed transcripts, this decay mechanism might be most 

important in organisms with a large number of introns where processing 

errors might lead to tnmcated proteins. 

How a nonsense-containing transcript is recognized as aberrant, and 

mRNA decay is triggered is imclear. The simplest model is that premature 

translation termination sends a signal to expose immediately the 5' end to 

decapping by the same nucleases that degrade normal mRNAs. This 

hypothesis is supported by the observations that decapped PGKl mRNA 

decay intermediates have the same 5' ends, which lack the cap and the first 

two nucleotides of the transcript, after deadenylation-independent and 

d e a d e n y l a t i o n - d e p e n d e n t  d e c a p p i n g  ( c f .  ( 7 3 )  &  ( 7 5 ) ) ,  a n d  t h e  X R N l  

exonuclease performs subsequent 5' to 3' decay in both cases. The 
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generation of the destabilizing signal requires both the failure to translate a 

significant part of the coding region and the presence of specific sequences 

downstream of the nonsense codon (24) (84) (114). In a similar mechanism, 

transcripts with extended 3' UTRs may also be recognized and degraded 

because destabilizing sequences that are normally in the untranscribed 

region are included within the extended 3' UTR. 

A related, and surprising, observation is that early nonsense mRNAs 

can reduce the levels of fully spliced transcripts that copurify with nulcei (6) 

(10). One possibility is that the first round of translation occurs while the 

transcripts are still nuclear-associated, and that premature termination 

during this round of translation can generate the signal to expose the 5' end 

to decapping. 

Decay of eukaryotic mRNA by a pathway involving endonucleolytic 

cleavage. 

Eukaryotic mRNAs can be degraded by a pathway involving 

endonucleolytic cleavage prior to deadenylation. Evidence for this 

mechanism comes from the analysis of transcripts such as mammalian 9E3. 

IGFII. transferrin receptor (TfR), and Xenopus Xlhbox2B mRNA. In these 

cases, mRNA fragments are detected in vivo that correspond to the 5' and 3' 

portion of the transcript and are consistent with internal cleavage within 

the 3" UTR (13) (17) (78) (104). It appears that deadenylation of transcripts is 

not required for endonucleolytic cleavage since the 3' fragments of 9E3 and 

TfR mRNAs are polyadenylated (13) (104) and cleavage of the Xlhbox2B 

mRNA is not affected by the adenylation state of the mRNA (17). However, 
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it is possible that endonucleolytic cleavage of some mRNAs could be 

dependent on the length of the poly(A) tail. In addition, endonucleolytic 

cleavages have been defined in vitro for the albumin mRNA (31) and in the 

coding region of the c-myc mRNA (12). Since there does not appear to be 

any sequence or structural similarities between the cleavage sites in these 

mRNAs, there may be a wide variety of endonucleases with different 

cleavage specificities. 

Since sequence-specific endonuclease target sites are likely to be limited 

to individual mRNAs or classes of mRNAs, their presence may allow for 

specific control of the decay rate of these transcripts. In some cases, it has 

been demonstrated the rate of endonucleolytic cleavage is modulated by the 

activity of protective factors that bind at, or near, the cleavage site and 

compete with the endonuclease (13) (17). For example, the binding of the 

iron response element binding protein in the TfR 3' UTR in response to low 

intracellular iron concentrations inhibits the endonucleolytic cleavage of 

this mRNA (13). Therefore, some endonucleases may be constitutively 

active and the accessibility of the cleavage site is regvilated. 

In other cases, the endonuclease activity may be directly regulated. For 

example, the mammalian endonuclease RNaseL is normally inactive and is 

only activated by oligomers of 2', 5' phosphodiester bonded adenylate 

residues, which are produced in response to the presence of double stranded 

RNA (for discussion see (101)). Although RNaseL is important in 

mediating interferon responses (e.g. (39)) it has yet to be established whether 

this enzyme normally degrades any cellular mRNAs. 

Summary 
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Based on the above mechanisms of mRNA degradation, an integrated 

model of mRNA turnover can be proposed (Figure 1.1). In this model, all 

polyadenylated mRNAs would be degraded by the deadenylation-dependent 

pathway at some rate. In addition to this "default" pathway, another layer 

of complexity would come from degradation mechanisms specific to 

individual mRNAs, or classes of mRNAs. Such mRNA-specific 

mechanisms would include sequence-specific endonuclease cleavage and 

deadenylation-independent decapping. Thus, the overall decay rate of an 

individual transcript will be a function of its susceptibility to these turnover 

pathways. In addition, cis-acting sequences that specify mRNA decay rate, 

and regulatory inputs that control mRNA turnover, are likely to affect all 

the steps of these decay pathways. 

A primary goal of future work will be to identify the gene products that 

are responsible for the nucleolytic events in these pathways of mRNA 

decay. The identification of distinct mRNA decay pathways allows genetic 

and biochemical approaches that can be targeted to identify these gene 

products. A second important goal is to understand the nature of the 

interaction between the 5' and 3' termini. This interaction, which may be 

critical for efficient translation, may provide a mechanistic basis for the 

relationship between mRNA decay and translation. The following chapters 

present research which was focused on the identification of gene products 

that are required for mRNA decay and the involvement of translation in 

the mRNA decay process. 
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CHAPTER 2. DIFFERENTIAL EFFECTS OF TRANSLATIONAL 
INHIBITION IN CIS AND IN TRANS ON THE DECAY OF THE 
UNSTABLE YEAST MFA2 mRNA. 

Statement by author 

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

help from my advisor, published in the Journal of Biological Chemistry in 

1994 (269: 9687-9692). The research presented in this article was performed 

by myself with guidance from my advisor. 

Summary 

Several observations in eukaryotic cells suggest that the processes of 

translation and mRNA turnover are interrelated. To understand this 

relationship, we examined the effects of translational inhibition on the 

decay of the unstable yeast MFA2 mRNA, which is degraded in a 5' to 3' 

direction following deadenylation (30). Although inhibition of translation 

in cis stabilizes several unstable mammalian transcripts, inhibiting 

translation of the MFA2 mRNA in cis, by the insertion of a large stem loop 

structure in the 5' untranslated region (UTR), did not affect the half-life, 

deadenylation rate, or the appearance of specific decay intermediates. 

Therefore, efficient translational elongation on the MFA2 mRNA is not a 

requirement for the normal rate, or mechanism, of degradation of this 

transcript. In contrast, inhibition of trarislation in trans, by the addition of 

cycloheximide, stabilized the deadenylated form of MFA2 mRNA. 

Furthermore, the MFA2 transcripts that were not translated due to a stem-

loop in the 5' UTR were also stabilized in the presence of cycloheximide, 
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suggesting that cycloheximide is likely to increase mRNA stability 

indirectly. These results suggest possible relationships between the 

mechanisms of mRNA decay and the trai\slational process. 
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Introduction 

The utilization of mRNA in the cytoplasm of eukaryotic cells requires 

the proper coordination of translation and mRNA turnover. Diverse 

experimental evidence suggests that the degradation of eukaryotic 

transcripts is often coupled to the translation process (for reviews, see (87) 

(91)). For example, the inhibition of protein synthesis through the use of 

antibiotics, or by mutation of the translational machinery, stabilizes many 

mRNAs (42) (59) (85) (110). Similarly, alterations to mRNAs that block 

translation initiation, or introduce premature stop codons, can dramatically 

change mRNA decay rates (1) (64) (70) (95) (111). In order to understand 

how mRNA degradation rates are determined, it will be important to 

ascertain the mechanisms by which translation and turnover are related. 

Determination of the relationship between translation and mRNA 

degradation will be aided by a description of the role of translation in the 

turnover of an individual mRNA for which the mechanism of degradation 

is known. A decay pathway for the imstable yeast MFA2 mRNA has been 

recently described. In this decay pathway, MFA2 mRNA undergoes rapid 

poly(A) shortening as a prerequisite for a decapping reaction that exposes 

the mRNA to degradation in a 5' to 3' direction (30) (72). The rapid decay of 

this mRNA is, in part, due to specific sequences within the 3' untranslated 

region (UTR) of the MFA2 transcript that stimulate the rates of both 

deadenylation and subsequent decay (74). These MFA2 3' UTR sequences 

can be considered analogous to the AU-rich sequences found in the 3' UTRs 

of many unstable mammalian mRNAs, such as c-fos and c-myc. that also 



30 

stimulate both poly (A) shortening and subsequent degradation events (15) 

(98) (109). 

Several studies indicate that these mammalian AU-rich instability 

elements require translation of the mRNA in order to stimulate mRNA 

degradation. For example, mutation of the translational start codon of 

either a chimeric 6-globin-GM-CSF transcript, containing the AU-rich 

element from the GM-CSF 3' UTR, or of the c-myc mRNA significantly 

increases the half-life of these transcripts (95) (110) (111). Similarly, the 

insertion of a stem-loop into the 5' UTR to block translation initiation can 

also inhibit the rapid decay induced by the AU-rich element from the GM-

CSF transcript (2). Conversely, it has been reported that a 95% reduction in 

translation rate does not affect the rapid decay induced by the AU-rich 

element from the c-fos mRNA (53). This apparent translational 

independence of the c-fos AU-rich element could be due to the possibility 

that only a low level of translation is needed to activate the decay induced 

by the AU-rich elements, or alternatively, that individual AU-rich elements 

may have different requirements for trar\slation. However, given that most 

data indicate that stimulation of mRNA decay by elements within the 3' 

UTR requires translation of the mRNA, we hypothesized that translation 

would also be required for the rapid decay of the yeast MFA2 transcript. 

In order to determine the role of the translation process in the decay of 

MFA2 mRNA, we examined the effects of translational inhibition on the 

degradation of the transcript. Surprisingly, inhibition of translation in cis 

did not affect the half-life, deadenylation rate, or the accumulation of 

observed decay intermediates. This result indicated that efficient 
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translational elongation of the MFA2 mRNA is not a requirement for the 

normal degradation of the trariscript. In contrast, inhibition of translational 

elongation in trans, by the addition of cycloheximide, stabilized the 

deadenylated form of MFA2 mRNA, by inhibiting the decapping reaction. 

Furthermore, the MFA2 transcripts that did not undergo translational 

elongation, due to insertion of a stem-loop in the 5' UTR, were also 

stabilized in the presence of cycloheximide. This result suggests that the 

stabilizing effect of cycloheximide on MFA2 mRNA is not due to a direct 

effect of "freezing" ribosomes on the MFA2 mRNA. Taken together, these 

results suggest possible relationships between the mechanisms of mRNA 

decay and the translational process. 
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Results 

Strategy. 

Given the h5^othesis that translation of the MFA2 mRNA is required 

for its rapid decay, my strategy to test this hypothesis was to specifically 

inhibit translational elongation on the MFA2 mRNA. In this experiment, 

we utilized the approach of blocking translational initiation in cis by the 

insertion of a strong stem-loop structure into the 5' UTR. This strategy has 

been used previously to inhibit the translation of specific transcripts in yeast 

(1) (27) (107) and in more complex eukaryotes (54). In order to insert 

sequences into the MFA2 5' UTR, we first created a new BgLQ site 10 bases 5' 

of the translational start codon by the introduction of two base changes. 

These point mutations do not affect the decay of the MFA2 mRNA (data not 

shown, see below). Into this Bglll site (MFA2.(B28)) we inserted 

oligonucleotides that created a secondary structure with an eleven base stem 

stabilized by a UUCG tetraloop (25). Based on the predicted thermal stability 

of this structure (>-17.4 Kcal/mole (116)) and its proximity to the 

translational start codon, this stem would be predicted to strongly inhibit 

translational initiation in yeast (5) (27) (107). The MFA2 transcript arising 

from this construct is referred to as MFA2f5'stem). 

Translation of MFA2(5'stem) mRNA is severely inhibited. 

To evaluate whether the MFA2(5'stem) transcript was being translated 

we introduced plasmids expressing the MFA2('5'stem) transcript under the 

GALl promoter into the yeast strain yRP713 and examined the production 
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of the MFA2 gene product, a-factor. Since the MFA2(B28) transcript behaves 

identically to the wild-type MFA2 transcript by all functional assays (data not 

shown) and is the direct precursor to the MFA2f5'stem) transcript, we 

included this transcript in each experiment as a wild-type control. The yeast 

strain yRP713 used in these experiments is disrupted for the chromosomal 

copy of both the MFAl and MFA2 genes, thus the only source of a-factor in 

these strains is from the introduced plasmid. 

Three different methods were used to assay the relative translation rate 

of the M£A2(5'stem). First, we utilized a simple plate assay taking 

advantage of the ability of a-factor, to inhibit the growth of a lawn of MATa 

cells in a "halo" around a colony of MATa cells (e.g. see (71)). Using a 

MATa yeast strain superserisitive to a-factor, we observed that while strains 

expressing the MFA2(B28) mRNA produced large halos, strains expressing 

the MFA2(5'stem) produced no detectable halo (Table 2.1). Although this 

assay is only semiquantitative, expression of 5% of the level derived from 

the endogenous MFA2 gene is sufficient to produce a halo (S. Michaelis, 

pers. comm.). However, since the MFA2(B28'> and MFA2(5'stem) transcripts 

are overexpressed from the GALl promoter at least lO-fold relative to the 

MFA2 promoter (data not shown), these results suggest that the 

MEA2(5'stem) mRNA is translated extremely poorly, if at all. 



Table 2.1. Translation data for MFA2 constructs. 
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Transcript Halo assay a-Factor labeling P-Galactosidase 
activity 

% % 

MFA2fB28) +++ 100 100 
MFA2f5'stem^ - <1 0.33±0.08 

a-Factor measurements were judged to be semiquantitative while P-

galactosidase measurements were the average of several independent 

experiments. See text and Materials and Methods for details. 
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In order to obtain a more accurate measurement of the relative 

translation of the MFA2f5'stem) mRNA we quantitated the amount of 

immunoprecipitated intracellular radioactive a-factor produced in a brief 

labeling with 35s-L-Cys (see Materials and Methods). As shown in Figure 

2.1, although a-factor is easily detectable from yeast expressing the 

MEA2(B28) mRNA we were unable to detect any labeled a-factor from 

strains expressing the MFA2f5'stem) mRNA. Based on quantitation of the 

a-factor bands by directly coimting the gel (see Materials and Methods), and 

from long overexposures of the autoradiogram, we estimated that we could 

detect 1% of the wild-type level. This result indicated that translation must 

be inhibited at least 99% percent by the insertion of the 5' stem-loop 

structure. 

Since the assays described above were not able to detect very low levels 

of translation of the MFA2f5'stem) mRNA, we replaced the 3' portion of the 

MFA2 coding region with a lacZ reporter gene and assayed 6-galactosidase 

activity (see Materials and Methods). This spectrophotometric assay is 

extremely sensitive, and translational efficiencies less than 1% can be 

observed (e.g. (82)). In comparison to the unaltered construct, the insertion 

of the 5' stem-loop insertion reduced 6-galactosidase activity to less than 1% 

(Table 2.1). Although this assay has been carried out on a MFA2 mRNA 

altered by the introduction of the lacZ sequences, these results are consistent 

with the halo assays and immunoprecipitation of a-factor from the 

unaltered MFA2 transcripts. Based on these observations, we concluded 

that the 5' stem-loop structure inserted into the 5" UTR of MFA2 mRNA 

severely inhibited translation. 
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Figure 2.1 Immunoprecipitation of intracellular L-Cys labeled a-factor 

produced by MFA2(B28) and MFA2(5'stein) transcripts. 

Lanes are as follows: UT, untransformed yRP713; B28, yRP713 transformed 

with a plasmid expressing the MFA2fB28) transcript; 5'stem, yRP713 

transformed with a plasmid expressing the MFA2(5'stem) transcript. 

Molecular weight markers are shown at the right of the gel. The arrows 

indicate the precursor (P) and mature (M) forms of the protein (94). The 

amount of labeled a-factor, from both the precursor and mature bands, for 

each sample was quantitated by using a Betascope (Framingham, MA), a-

factor was not visible in the 5'stem lane even after 10-fold longer exposures 

of the gel. 
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Inhibition of translation in cis on the MFA2 mRNA does not alter the rate 

of mRNA decay. 

Since translation of the MFA2(5'stem) mRNA was severely reduced, 

we measured the decay rate of this mRNA to determine if efficient 

ribosome elongation on the MFA2 transcript was required for its rapid 

decay. In this experiment cells were grown in media containing galactose at 

24°C and transcription was inhibited by thermal inactivation of a 

temperature sensitive allele of RNA polymerase II present in the strain and 

the simultaneous addition of glucose to additionally repress the GALl UAS 

(see Methods). As shown in Figure 2.2, there is no significant difference in 

the stability of MFA2 constructs with or without the secondary structure 

insertions (MEA2(5'stem) ti/2= 6.8 ± 1.0'; MEA2(B28) ti/2 = 6.2 ± 0.2'). It 

should be noted that the decay of the wild-type MFA2 transcript (ti/2=6.0; 

data not shown) is slightly slower than in cells grown in glucose medium 

(ti/2=4'; (74)). The basis for this difference is not known but may be due to 

the slightly slower growth rate of cells growing with galactose as a carbon 

source. Since there is no difference between the MFA2(5'stem) mRNA and 

the essentially wild-type mRNA, we conclude that inhibition of translation 

in cis on MFA2 mRNA does not affect the stability of this message. 
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Figure 2.2 Decay rates of MFA2(B28) and the poorly-translated 

MFA2(5'stem) mRNAs are identical. 

This figure shows representative Northern blots of MFA2(B28) and 

MEA2(5'stem) and their corresponding half-lives. These RNAs were 

probed with a random primed probe of the Sphl/Ndel fragment of the 

MFA2 gene. 
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The mechanism of MFA2 mRNA decay is not affected by inhibition of 

translation in cis. 

The above experiment indicated that the decay rate of the MFA2 

mRNA was not altered by severe inhibition of translation in cis. In order to 

verify that the mechanism of mRNA decay was not altered, we examined 

the decay pathway of the MFA2<"5'stem) mRNA. Using a procedure to 

analyze the decay of a synchronously produced population of MPA2 

transcripts, referred to as a transcriptional pulse-chase, pathway by which 

the MFA2 mRNA is degraded was recently described (30). Features of this 

pathway include a rapid deadenylation phase preceding 5' to 3' decay of the 

body of the transcript. A useful marker for this decay pathway is an mRNA 

fragment that accumulates following deadenylation if strong RNA 

secondary structures, such as a poly(G) tract, are inserted into the 3' UTR to 

block 5' to 3' exonucleases (30). 

In order to determine if the MFA2(5'stem) transcript was degraded by 

the mecharusm described above, we constructed a MFA2(5'stem') transcript 

containing a poly(G) tract in the 3' UTR, and examined the decay of the 

transcript by the transcriptional pulse-chase procedure in comparison to the 

translatable MFA2.(B28) mRNA. As shown in Figure 2.3, both the 

MFA2(B28) and MFA2(5'stem) transcripts present after the pulse have long, 

relatively homogeneous poly(A) tails (as judged by comparison to a sample 

in which the poly(A) tails have been removed by treatment with RNaseH 

and oligo(dT) (OdT lane)). The poly(A) tails then shorten at the same rate, in 

a somewhat heterogeneous maimer, to produce transcripts with short 

oligo(A) tails. In addition, for both MFA2.(B28) and MFA2(5'stem) 
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transcripts we observed that, following poly(A) shortening, an mRNA 

fragment corresponding to the 3' portion of the mRNA accumulated as 

oligoadenylated mRNA levels decreased. Based on these observations, the 

untranslated MFAZCS'stem) mRNA decayed by the same mechanism as the 

translated MFA2fB28) transcript. We therefore concluded that efficient 

translational elongation on MFA2 mRNA is not a requirement for the 

normal rate, or pathway, of decay for the MFA2 transcript. 
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Figure 2.3 MFA2(B28) and MFA2(5'stem) are degraded by the same 

mechanism. 

The figure shows an acrylamide gel of a transcriptional pulse-chase analysis 

of the decay of the MFA2(B28) and MFA2(5'stem) transcripts. The numbers 

above each lane denote minutes after traiiscriptional inhibition following a 

10 minute induction of the GALl UAS. The last lanes for both gels show 

RNA from the 0' time point that has been incubated with oligo(dT) and 

then digested with RNaseH to remove poly(A) tails. Both MFA2(B28) and 

MFA2(5'stem) RNAs were probed with an poly(C) sequence complementary 

to the poly(G) insert in the 3' UTR. 

(A) The decay of MFA2(B28) mRNA. (B) Decay of MFA2(5'stem) mRNA. 
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Cycloheximide stabilizes the MFA2 mRNA by blocking decapping. 

One piece of evidence suggesting that translation and mRNA 

degradation are coupled is the observation that in several types of 

eukaryotic cells the addition of protein synthesis inhibitors prevents the 

decay of many different transcripts. Since our results suggested that 

translation of MFA2 mRNA was not required for its decay, we wanted to 

determine whether or not the turnover of the MFA2 mRNA would be 

affected by the addition of the translational elongation inhibitor 

cycloheximide, which stabilizes many yeast mRNAs (42). To determine if 

cycloheximide affects MFA2 mRNA decay, cells expressing the MFA2('B28) 

transcript were grown continuously in media containing galactose and 

cycloheximide was added at the time of transcriptional inhibition (due to a 

simultaneous shift to 36^0 and the addition of glucose to the media). Since 

the half-life of the MEA2(B28) mRNA was greatly increased in the presence 

of cycloheximide (Table 2.2), these experiments indicated that the decay of 

the MFA2 transcript can be inhibited by cycloheximide. 
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Table 2.2. Cycloheximide stabilizes both MFA2(B28) and MFA2(5'stem) 

mRNAs. 

Transcript Cycloheximide mRNA half-life 
minutes 

MFA2(B28) - 6.2±0.2 

MFA2fB28) + >30 

MFA2f5'stem) - 6.8±1.0 

MFA2f5'stem) + >30 

mRNA half-lives are the averages of several independent experiments. 

Cycloheximide was added at the time of transcriptional inhibition. 
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In principle, cycloheximide could slow degradation of the MFA2 

transcript by iiihibiting either deadenylation and/or subsequent decay steps. 

In order to determine the step(s) in the decay pathway affected by 

cycloheximide addition, we examined the decay of the MFA2fB28) mRNA 

in a transcriptional pulse-chase experiment in which cycloheximide was 

added at the time of transcriptional inhibition. As shown in Figure 2.4A, 

MFA2(B28) transcripts deadenylated with the same kinetics as in the absence 

of cycloheximide (see Fig. 2.3A) but persisted as a species with approximately 

0-12 adenosine residues. From these data we concluded that the stabilizing 

effect of cycloheximide on MFA2 mRNA is to greatly reduce the rate of 

mRNA decay following deadenylation. It should be noted that 

cycloheximide does not completely block decay after deadenylation, as levels 

of the deadenylated species decrease with time. 



Figure 2.4 Cycloheximide inhibits mRNA decay after deadenylation. 

(A) The profile of decay of MFA2(B28) mRNA during a transcriptional 

pulse-chase experiment, with the addition of CX and inhibition of 

traiiscription at time 0', is shown. 

(B) A long exposure of the autoradiogram seen in Panel (A). Arrows 

indicate an mRNA fragment that appeared after deadenylation of the 

mRNA has taken place. 

(C) Primer exter\sion, using a primer that anneals 3' of the translational 

stop codon (see Methods and Materials), of the RNA in Panel (A). The 

arrow indicates cDNAs that correspond to the 5' end of the fragment seen 

in Pcinel (B). The schematic depicts the production of the mapped 5' end of 

the MFA2 message and its corresponding 159 nucleotide cDNA. 
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The two nucleolytic events that occur following deadenylation in the 

decay of the MFA2 mRNA are decapping and 5' to 3' degradation of the 

transcript body (72). In order to determine which of these steps is inhibited 

by cycloheximide we immimoprecipitated the MFA2 trariscripts at early and 

late time points in the transcriptional pulse chase with antisera directed 

against the 5' cap structure. If cycloheximide blocks decapping we would 

predict that MFA2 transcripts present at the late time point would still be 

immimoprecipitable. In contrast, if cycloheximide blocks the 5' to 3' 

exonucleolytic process following cap removal then MFA2 transcripts 

present at late time points would be predicted to no longer be 

immunoprecipitable. As shown in Figure 2.5, at both early and late time 

points, the majority of the MFA2 transcripts are immunoprecipitable in the 

presence of cycloheximide. Based on this observation, we concluded that 

cycloheximide inhibits the decapping reaction that follows deadenylation. 
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Figure 2.5 Immunoprecipitation of MFA2 transcripts with antisera directed 

against the 5' cap structure. 

The majority of MFA2fB28) mRNA is precipitated by antibodies directed 

against the 5' cap structure from early and late time points of a 

transcriptional pulse-chase experiment with cycloheximide added at time 0'. 

Total RNA was rvm on a 6% polyacrylamide gel and MFA2 mRNA was 

specifically probed by using an oligo complementary to a poly(G) insert in 

the 3' UTR (see methods) of the transcript. Length markers are indicated on 

the left of the Betascope image. Region 1, P and S, shows the pellet and 

supernatant, respectively, of immunoprecipitation of the 2' time point in 

the transcriptional pulse-chase experiment shown in Figure 2.4A. Identical 

results are obtained with RNA from the zero minute time point. Region 2, 

P and S (pellet and supernatant, respectively), shows immunoprecipitation 

of the 30' time point of the same transcriptional pulse-chase experiment. 

The MFA2fB28) mRNA is shorter in the 30' time point due to 

deadenylation of the MFA2(B28) transcript, as indicated by the schematic 

(see also Figure 2.4A). 
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A decay fragment corresponding to full-length MFA2 mRNA trimmed at 

the 5' end acctimulates in cells treated with cycloheximide. 

On overexposures of the autoradiogram shown in Figure 2.4A, we 

noticed that small amoimts of mRNA fragments, which are shortened by 

approximately 20 to 25 nucleotides, accumulated after deadenylation (Figure 

2.4B). By primer extension analysis these smaller fragments are shown to be 

shortened at the 5' end by approximately 24 nucleotides (Figure 2.4C). In 

addition, RNase protection assays indicated that these fragments have the 

same 3' end as the full length mRNA (data not shown). These results are 

consistent with observations that following deadenylation, MFA2 mRNA is 

degraded in a 5' to 3' direction following deadenylation (72). Since 

cycloheximide inhibits translational elongation, the accumulation of these 

fragments could be explained by a slow rate of decapping in the presence of 

cycloheximide accompanied by a steric block to a 5' to 3' exonuclease caused 

by a ribosome stalled at the translation initiation codon. These results are 

consistent with previous work indicating that a ribosome positioned at the 

AUG codon will protect 12-13 nucleotides 5' of the AUG codon (112). 

Cycloheximide stabilizes MFA2(5'stem) mRNA. 

Several models have been proposed to explain how protein synthesis 

inhibitors affect mRNA decay (e.g. (87)). Cycloheximide could have a direct 

effect on the stability of the message by "freezing" elongating ribosomes 

onto the RNA and thus physically blocking the degradation machinery 

from gaining access to the mRNA. Alternatively, cycloheximide could have 

an indirect effect on mRNA decay, perhaps by reducing the levels of a labile 
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turnover factor (e.g. (16) (53)). The MFA2(5'stem) transcript provided a 

means to distinguish between these hypotheses. Since very few, if any, 

MFA2(5'stem) transcripts will have elongating ribosomes on them, the 

stability of these mRNAs should be unaffected by cycloheximide addition if 

cycloheximide effects on mRNA decay are due to a block to translational 

elongation in cis. Alternatively, if cycloheximide acts indirectly on mRNA 

decay, then the untranslatable M£A2(5'stem) transcript would still be 

stabilized by the addition of cycloheximide. As shown in Table 2.2, the 

MFA2f5'stem) transcripts are stabilized in the presence of cycloheximide to 

the same extent as MFA2(B28) mRNA (ti/2 >30'). Moreover, the step in 

decay blocked by cycloheximide addition for the MFA2f5'stem) transcript is 

after deadenylation (data not shown), identical to the block seen for the 

translatable MFA2(B28) transcript (Figure 2.4A). Since both tmtranslated 

and efficiently translated MFA2 messages are stabilized by cycloheximide, 

we conclude that the stabilization of the deadenylated form of MFA2 

mRNA by cycloheximide is not due to the accumulation of ribosomes in the 

coding region (see discussion). 
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Discussion 

In this work we have examined the effects of translational inhibition 

on the degradation of the yeast MFA2 transcript. The mechanism of 

degradation for the MFA2 mRNA initiates with rapid deadenylation 

followed by a decapping reaction that exposes the mRNA to degradation in 

a 5' to 3' direction (30) (72). Our experiments demonstrated that 

cycloheximide slows decay of the MFA2 mRNA by inhibiting the decapping 

reaction. The key observation is that in the presence of cycloheximide, the 

rate of deadenylation is not significantly affected but deadenylated full-

length MFA2 transcripts persist (Figure 2.4) and are immunoprecipitable 

with antibodies against the cap structure even 30' following transcriptional 

repression (Figure 2.5). Our data suggest that the decapping reaction can 

occur at a slow rate in the presence of cycloheximide, since the transcript is 

eventually degraded, and we observed that low levels of mRNA fragments, 

trimmed approximately 24 nucleotides from the 5' end of the message 

(Figure 2.4C), accumulated after deadenylation. It is also possible that MFA2 

mRNAs stabilized by cycloheximide may undergo slow turnover by a 3' to 

5' decay pathway (e.g. 73). It is interesting to note that the size of this 

mRNA fragment is consistent with a steric block to the 5' to 3' exonuclease 

due to a ribosome stalled at the translational initiation codon. 

How might cycloheximide inhibit the decapping reaction? Since both 

poorly (MEA2(5'stem)) and efficiently translated transcripts (MFA2(B28)) are 

stabilized in the presence of cycloheximide, it is vmlikely that the effect of 

cycloheximide on the decapping reaction is from physically blocking access 

of degradation factors to the mRNA by driving the transcript into the 
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polysome state. These data could be explained by the proposal that 

cycloheximide affects the stability of mRNA by blocking the sjmthesis of a 

very labile protein required for degradation (16) (53). However, since the 

effect of cycloheximide on mRNA degradation in yeast is essentially 

immediate (42) (and data not shown) such a protein would have to be 

extremely imstable. 

The observation that the degradative event inhibited by cycloheximide 

is decapping suggests an alternative model for how cycloheximide might 

affect mRNA decay. In this model, the accessibility of the cap structure to 

the enzyme responsible for the decapping reaction would be dependent on 

the mRNP structure of the 5' UTR. Since the 5' UTR is the site of a dynamic 

process of initiation factor assembly, ribosome loading, and translational 

initiation, there are likely to be many discrete mRNP forms of this region of 

the transcript. Cycloheximide, by indirectly affecting the levels of 

translational initiation factors and ribosomal subunits, or their post-

translational modifications (e.g. (66)), could lead to transcripts accumulating 

as an mRNP form that is particularly resistant to decapping. An extension 

of this model is that the poly(A) tail might prevent the decapping reaction 

before deadenylation by stabilizing a similar mRNP structure (see below). 

Our results also indicated that elongating ribosomes on the MFA2 

transcript are not required for the proper degradation of the transcript. The 

critical observation was that, although translation of the MFA2f5'stem) 

mRNA was severely inhibited, the decay rate of this mRNA was not 

affected. The half-lives, kinetics of deadenylation, requirement of 

deadenylation before decay, and the precursor-product relationship of the 
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full length mRNA to a decay intennediate were identical for both the poorly 

translated and wild-t)^e MFA2 transcripts. These observations indicated 

that the MFA2(5'stem) mRNA was degraded by the same mechanism as the 

MFA2 mRNA. We carmot rule out the formal possibility that an extremely 

low residual level of translation is required, and sufficient, for this 

degradative mechanism. However, given that translation of the 

MFA2(5'stem) mRNA is likely to be less than 1% of the parental MFA2 

mRNA, our data strongly favor the conclusion that none of the steps in the 

degradation of MFA2 mRNA, deadenylation, decapping or 5' to 3' 

exonucleolytic digestion, require translocating ribosomes. However, since 

transcripts with stem-loops in the 5' UTR may still bind a 43S pre-initiation 

complex, we carmot exclude the possibility that interaction of a 40S subimit 

with the 5' UTR could be required for proper mRNA degradation. 

The observation that the rapid decay of the MFA2 mRNA does not 

require elongating ribosomes is surprising given the number of studies that 

have shown a translational dependence for the rapid decay of some unstable 

mammalian mRNAs (2) (95) (110) (111). Whether or not these differences 

are due to inherent differences between yeast and mammals, different 

mRNA decay mechanisms, or to differences in how individual mRNAs 

interact with the degradative machinery is currently unclear. Nevertheless, 

our results indicate that ribosomal elongation will not be a universal 

requirement for rapid mRNA decay in eukaryotes. 

How might the MFA2 mRNA be rapidly degraded independently of 

elongating ribosomes? In the simplest model, the features of the MFA2 

transcript that stimulate degradation interact sufficiently with the 
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degradative machinery to promote decay independently of translation. In 

this view, the translational dependence of some AU-rich instability 

elements in mammalian cells could be explained by the presence of 

ribosomes enhancing the interaction between degradative factors and the 

sequence elements (e.g. (95)). 

An alternative model is suggested by interactions between the 5' and 3' 

termini of eukaryotic mRNAs. An interaction between the mRNA termini 

is suggested by the observations that poly(A) tails can stimulate translational 

initiation (34) (77) (93), as well as inhibit cleavage of the cap linkage during 

mRNA degradation (72). In this view, different forms of this 5'-3' 

interaction may function to stimulate translation initiation, prevent 

decapping, and possibly slow the rate of deadenylation. Therefore, the 

function of sequences in the 3' UTR that stimulate decay, such as those in 

the 3' UTR of the MFA2 mRNA, may be to disrupt, or alter, the 5'-3' 

interaction and thus promote the rates of deadenylation and decapping. 

Interestingly, the AU-rich instability elements from mammalian cells that 

stimulate deadenylation, have been shown to reduce translational efficiency 

independently (35) (55) (56). In future experiments to discern the 

relationship between translation and mRNA decay, it will be important to 

determine the natiire of the interaction between the transcript termini. 

One of the striking features of these results is that they suggest that the 

degradation of individual mRNAs will respond differently to translational 

inhibition. For example, cycloheximide has been demonstrated to affect the 

rate of deadenylation of the mammalian c-myc and c-fos mRNAs (59) (109), 

which is different from the inhibitory effect of cycloheximide on the 
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decapping of the MFA2 mRNA. The effects of cis and trans translational 

inhibition on the degradation of MFA2 transcripts are consistent with 

models of MFA2 mRNA decay where the association of the 5' UTR with 

either proteins or the 3' UTR, independent of elongating ribosomes, is 

important in determining the rates of mRNA deadenylation and decapping. 

If such effects of mRNP structure on mRNA decay are combined with 

specific sequences within mRNAs that influence turnover in a translation-

dependent mechanism (e.g. (18) (108) (113), the different responses of 

mRNA decay rates to translational inhibition can be understood. 
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Materials and Methods. 

Plasmids. 

The plasmid expressing the MZA2,(B28) transcript, pRP455, was 

constructed by inserting a ~2.3Kb Scal/Ndel restriction fragment, containing 

the GALl UAS and a portion of the MFA2 gene, of pRP410 (30) into the 

Scal/Ndel sites of pRP270 (74) in which the ARS BgUI site was filled, 

creating pRP493. Thus, pRP493 contains an M13 replication origin, CEN and 

ARS markers, and the TRPl gene, as well as the MFA2 transcript under 

GALl control. A Bgin site (B28), located 10 nucleotides upstream of the 

MFA2 start codon, was created on this plasmid by using site-directed 

mutagenesis with the oligonucleotide, oRPlSl, 5' 

AGGTTGGTAGATCTTGTTGl l l AT 3', creating the plasmid pRP455. The 

two xmderlined nucleotides introduce base changes that create the new BgLH 

site. 

The plasmid expressing the MjEA2(5'stem) transcript, pRP456, was 

derived from pRP455 by inserting 5' GATCCCGCGGTTCGCCGCGG 3', and 

the corresponding anti-sense strand, into B28 of pRP455. This insertion is 

predicted to form a stable 11 basepair C/G-rich stem with a UUCG tetraloop 

structure within the mRNA with a calculated free energy of at least -17.4 

Kcal/mole (116). 

Plasmids with the 3' poly(G) insertion were made by replacing the 400 

nucleotide BamHI/BamHI piece of the MFA2 3' UTR in both pRP455 and 

pRP456 with a BamHI/BamHI piece from the plasmid pRP485 (30) that 

contains a poly(G) insertion in its MFA2 3' UTR. 
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MFA2/LACZ fusions were made by fusing the MFA2 coding region to 

the LACZ coding region at the BamHI site in the coding region of MFA2. 

The LACZ sequences came from a plasmid, pRP186, which contains a LACZ 

coding region with a Xhol linker at the 5' end of LACZ sequences and 

transcriptional terminator and poly(A) addition site from the PGKl gene 3' 

of the LACZ gene. 

When relevant, constructs were verified by DNA sequencing of oligo 

insertions and translational reading frame junctions. 

Yeast Strains. 

Two yeast strains were used during this study. The first strain, yRP713 

(MATa. ura 3-52. rpbl-1. trpl-Al. his3-A200. mfa2::URA3. mfal::LEU2) was 

derived from a cross of yRP77 (MATa. ade2. ura3-52. Iys2-201) and yRP384 

(MATa. trpl-Al. his3-A200. rpbl-1. his4. mfa2::URA3. mfal::LEU2) 

transformed with an MFA2-containing TRP plasmid, pRP264 (74). This 

strain was used for halo assays, mating assays, in vivo labeling of a-factor, 6-

galactosidase assays, and for some RNA half-life experiments. The second 

strain, yRP835 (MATa. rpbl-1. Ieu2 . trpl-Al. mfa2::URA3). was derived from 

crossing yRP582 and a MATa. Ieu2. his. trpl-Al strain. yRP835 was used for 

the transcriptional pulse-chase experiments and for RNA half-life 

determinations. Both yRP713 and yRP835 were transformed using lithium 

acetate and transformants were selected and maintained on synthetic 

medium lacking tryptophan. 
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Procedures to determine translation of MFA2 constructs. 

Halo assays. 

yRP713 cells transformed with pRP455 and pRP456 were assayed for 

their ability to form a-factor halos when plated onto a lawn of a cells 

(yRP318; MATa. sst2-l. rme. his6. metl. canl. cyh2) through a procedure 

outlined by Muhlrad and Parker (74) except that medium with either 2% 

galactose or 2% galactose/sucrose was used to induce the GALl UAS of these 

constructs. 

Immiinoprecipitation of a-factor. 

Levels of intracellular a-factor produced from pRP455 and pRP456 

constructs were ascertained in yRP713 cells by immunoprecipitation of 35S-

L-Cys-labeled a-factor, essentially as previously described (94). Cells were 

grown in a 75 ml volume of minimal synthetic medium containing only 

histidine, adenine, lysine, and leucine and 2% galactose overnight at SO^C to 

a mid-log phase OD600 ~ 0.4. Cells were labeled with 150 ^iC 35S-L-Cys for 5 

minutes at 30OC. Precipitated a-factor bands, both the precursor and mature 

forms of the protein, were quantitated through Betascbpe (Betagen, 

Framingham, MA) analysis of 16% acrylamide SDS gels. 

fi-galactosidase assays. 

fi-galactosidase activity, relative to the OD600 of each culture, was 

measured in yRP835 cells transformed with the MFA2/LACZ fusion 

constructs by the method described by Piatt et al. (88). Reactions were 

incubated at 30OC for 5-10 minutes, stopped, and then immediately assayed 

at 420 nm. 
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RNA procedures. 

Half-life determination. 

Harvestmg of cells during time courses and isolation of total RNA for 

each time point was performed as described by Caponigro et al. (18). MFA2 

mRNAs were probed using standard methods and quantitated using a 

Betascope (Betagen, Framingham, MA). Levels of MFA2 mRNA were 

standardized by stripping and reprobing the blots with probes specific for 

scRl, a stable RNA transcribed by RNA polymerase m (33). 

Transcriptional pulse-chase experiments. 

Transcriptional pulse-chases were performed essentially as described by 

Decker and Parker (30) except that medium containing raffinose was 

adjusted to pH 6.5 with ammonium hydroxide to prevent acid hydrolysis of 

raffinose into galactose and thus inducing the GALl UAS prior to the 

addition of galactose. Cultures were shifted in mid-log phase, OD600 ~ 0.4 

and a 10 minute induction period was used. 

Primer extension procedure. 

Primer extension of pRP455 mRNA was done using standard methods. 

20 |j.g of RNA and approximately 5 XIO^ counts of end-labeled primer, RP59, 

were used. RP59, 5' TTAAGCGATAACACAG 3', hybridizes to the 

translational stop codon (underlined nucleotides) and extends 13 

nucleotides 5' of the stop codon. 

Immunoprecipitation of capped mRNAs. 

MFA2 mRNAs with cap structures were immunoprecipitated through 

a procedure outlined in Muhlrad et al. (72). Essentially, total RNA was 

incubated with the cap antibody, precipitated with protein A Sepharose 
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beads, and then run on 6% polyacrylamide denaturing gels. MFA2 mRNA 

was analyzed by probing specifically for this mRNA. 



CHAPTER 3. MUTATIONS IN fraws-ACTING FACTORS AFFECTING 

mRNA DECAPPING IN SACCHAROMYCES CEREVISLAE. 
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This chapter is essentially a research article, written by myself and 

Liaima Hatfield, with help from my advisor. This article was published in 

1996 in Molecular and Cellular Biology (40). With the exception of in vitro 

decapping assays (which were performed by Audrey Stevens at Oak Ridge 

National Laboratories), the research presented in this article was shared 

between myself and Liaima Hatfield. We contributed equally to this work. 

Summary 

The decay of several yeast mRNAs occurs by a mechanism in which 

deadenylation precedes decapping and subsequent 5'-3' exonucleolytic decay. 

In order to identify gene products required for this process of mRNA 

turnover we screened a collection of temperature-sensitive strains for 

mutants with altered mRNA degradation. We identified seven mutations 

that iiihibited mRNA turnover. Two mutatioris were alleles of the XRNl 5' 

to 3' exoribonuclease, known to degrade mRNAs following decapping. One 

mutation defined a new gene, termed DCPl. which in subsequent work was 

demonstrated to encode a decapping erizyme, or a necessary component of a 

decapping complex. The other mutations defined two additional genes 

termed MRTl and MRT3 (mRNA turnover). Mutations in the MRTl and 

MRT3 genes slow the rate of deadenylation-dependent decapping, show 

transcript-specific effects on mRNA decay rates, and do not affect the rapid 
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turnover of an mRNA containing an early nonsense codon, which is 

degraded by a deadenylation-independent decapping mechanism. 

Importantly, cell-free extracts from mrtl and mrt3 strains contain normal 

levels of the decapping activity required for mRNA decay. These 

observations suggest that the products of the MRTl and MRT3 genes may 

function specifically to modulate the rates of decapping that occxir following 

deadenylation. 
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Introduction 

The process of mRNA turnover can be a critical step in determining 

the regulation, and levels, of gene expression (for reviews see (9) (20)). In 

eukaryotic cells, a major pathway of mRNA turnover is initiated by 

shortening of the poly(A) tail, which is followed by degradation of the 

transcript body (for reviews see (7) (11) (29)). In yeast, mRNA deadenylation 

promotes removal of the 5' cap structure of mRNAs (decapping) followed 

by rapid 5' to 3' exonucleolytic digestion of the mRNA body (30) (47) (72) 

(73). Although there is no direct evidence for decapping being a step in 

mRNA decay in more complex eukaryotes, mRNAs lacking the cap 

structure are rapidly degraded in many eukaryotic cells (e.g. (32)) and 

enzjmiatic activities that could catalyze the removal of the cap structure and 

subsequent 5' to 3' degradation of the transcript have been identified in 

mammalian cells (e.g. (28)). Thus, deadenylation-dependent decapping 

followed by 5' to 3' exonucleolytic decay may be a conserved mechanism of 

eukaryotic mRNA degradation. 

Since decapping is the final step that leads to degradation of the 

transcript body, decapping rates significantly affect mRNA decay rates. 

Thus, decapping rates are controlled by several inputs. For example, the 

unstable MFA2 mRNA is rapidly decapped following deadenylation while 

the stable PGKl transcript is decapped slowly after deadenylation (30) (72) 

(73). Differences in decapping rates are at least partially determined by 

specific sequences within these mRNAs (72) (73) (74). Similarly, the major 

effect of the poly(A) tail on mRNA stability appears to be an inhibition of 

decapping (21). Finally, early nonsense codons promote extremely rapid 
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mRNA decay by triggering decapping independently of deadenylation (75). 

Given the importance of decapping, a knowledge of the mechanisms and 

control of mRNA decapping will be essential to understanding the process 

of mRNA decay. 

In order to identify gene products required for mRNA decapping, a 

collection of temperature-sensitive strains was screened for mutants with 

altered mRNA degradation. We identified seven mutations that inhibited 

nxRNA turnover. These mutations were determined to be located in four 

genes. Two mutations were alleles of the XRNl 5' to 3' exoribonuclease 

known to degrade mRNAs following decapping (47) (72) (73). One mutation 

defined a new gene, termed DCPl. which in subsequent work was 

demonstrated to encode a component of the decapping enzyme (8). The 

other mutations defined two additional genes termed MRTl and MRT3 

(mRNA turnover), whose gene products are reqxiired for mRNA decapping. 

Interestingly, the rapid turnover of an mRNA containing an early nonsense 

codon, which is degraded by a deadenylation-independent decapping 

mechanism (75), was not inhibited in the mrtl and mrt3 strains. These 

observations suggest that the MRTl and MRT3 gene products specifically 

modulate the rates of decapping that occur following deadenylation. 



69 

Results 

Strategy 

The approach we utilized to identify gene products involved in mRNA 

decay was to screen a collection of approximately 900 temperature-sensitive 

mutants for lesions that alter the normal pathway of mRNA decay (Figure 

3.1A). We reasoned that mutations that inhibit mRNA degradation would 

increase the levels of full-length mRNA and reduce or abolish the levels of 

decay products. Decay products carmot be observed vmless a stable secondary 

structure, such as a stem-loop or a tract of p(G) residues, is inserted into the 

mRNA. Insertion of a poly(G) tract (termed pG) into the 3' UTR of an 

mRNA allows the detection of a single, major decay product that 

corresponds to a fragment produced by 5' to 3' exonucleolytic digestion to 

the pG insertion (30) (depicted in Figure 3.1A). It has been hypothesized that 

this pG insertion forms a strong secondary structure that inhibits 

exonucleases, thereby stabilizing this decay fragment (e.g. (30)). An example 

of the assay used is shown in Figure IB where a strain deleted for the XRNl 

gene, which encodes the 5' to 3' exoribonuclease responsible for mRNA 

degradation (47) (72) (73), accumulated full-length MFA2 transcripts and 

showed a decrease in the levels of decay product. 
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Figure 3.1 Strategy to isolate mutations affecting mRNA decay. 

(A) A common pathway of mRNA degradation in yeast. In the schematic, 

the shaded box labeled pG represents the site of insertion of the poly(G) tract, 

which serves as a barrier to exonucleases. 

(B) A Northern blot illustrating the different steady-state distributions of 

full-length MFA2pG mRNA and its corresponding decay product seen in 

wild-type (WT), yRP840, and xrnlA. yRP884 strains. The probe for this 

experiment was an oligonucleotide oRP140 (21), which hybridizes to the 

junction of the poly(G) insertion and the MFA2 3' UTR sequences and is 

therefore specific for the MFA2pG transcript and its decay product. 
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The isolation of mrt mutants. 

As the first step in this screen we constructed a pair of strains in which 

the PGKl and MFA2 genes containing the 3' UTR pG insertion, termed 

PGKlpG and MFA2pG, were integrated into the genome. These genes 

contained the pG insertion to allow detection of PGKl and MFA2 mRNA 

decay products. In addition, to allow subsequent analysis, the PGKlpG and 

MFA2pG genes were under control of the GALl UAS (see below). 

Following mutagenesis and purification, approximately 900 temperature-

sensitive strains were screened by Northern analysis for accumulation of 

full-length PGKlpG and MFA2pG transcripts and a corresponding decrease 

in the levels of their decay products. 

Seven different strains were identified that showed an increase in full-

length mRNA and a decrease in the levels of decay product (similar to the 

xrnlA phenotype shown in Figure 3.1B). Genetic analysis of these isolates 

demonstrated the following points (see methods for details): 1) In each case 

the alteration in distribution between full-length mRNA and decay product 

was due to a single genetic locus. 2) One of the mutations, originally termed 

mrt2-l. was in the DCPl gene, which appears to encode a critical component 

of the decapping enzyme (8). This point mutation in the DCPl gene was 

subsequently named dcpl-1. 3) None of the mutations was in the CCAl 

gene, which is thought to affect mRNA decay indirectly by inhibiting 

translation elongation (85). 4) Two of the mutants carried new alleles of 

XRNl. which we have termed xrnl-230 and xrnl-428. 5) The remaining 

four mutations defined two different genes. Based on these observations, 

we concluded that we had identified mutations in two genes that affect 
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mRNA turnover (see results below). We termed these genes MRTl. (three 

alleles: mrtl-1. mrtl-2. and mrtl-3) and MRT3 (one allele: mrt3-l^. 

The mrtl and dcpl-1 mutations can affect growth at high temperature. 

Due to the collection of mutants screened, each original isolate in this 

screen was temperature-sensitive for growth at 36°C. However, since strains 

in this collection were heavily mutagenized (see Materials and Methods), it 

was likely that the mutants harbored more than one mutation. To 

determine if temperature-ser\sitive growth was due to the mrt or dcpl-1 

alleles, we examined if the alteration in mRNA distributions and 

temperature sensitivity co-segregated in back crosses of the mutants to wild-

type strains. For the mutants carrying the mrt3-l mutation and the alleles 

of XRNl. the temperature sensitivity and the alteration in mRNA 

distributions segregated away from each other. These mutations did not 

irOiibit growth at any temperature tested. In contrast, in mrtl-1. mrtl-2 and 

mrtl-3 strains, the mutation responsible for the mRNA phenotype co-

segregated with the conditional lethality in 25 tetrads indicating that these 

lesions in the MRTl gene cause temperature-sensitive growth. It should be 

noted, however, that the alteration in mRNA distributions was seen at both 

the permissive and non-permissive temperatures for all three mrtl alleles. 

Additionally, the mrtl mutants appeared to have a slightly longer 

generation time even at the permissive temperature (data not shown). It is 

therefore possible that effects on mRNA decay are only lethal when the cells 

are grown at 36°C, or that the mrtl lesions cause lethality at 36°C due to loss 

of a second, essential, function. 
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The genetic linkage between the effects on mRNA distributions and 

growth at 36°C for the dcpl-1 mutation was complex. Although in every 

tetrad two spores showed alterations in mRNA distributions (as judged by 

northern analysis), only one-half of the spores with a mutant mRNA 

phenotype, and none of the wild-type spores, from the first back cross were 

temperature-sensitive. These results suggested that a second, unlinked 

mutation, which we termed MDCl-1 (modifier of dcpl), caused dcpl-1 

strains to be temperature-ser\sitive. 

To test this model, two crosses were performed (for similar analysis 

discussed in more detail see (51)). First, a four spore tetrad was identified in 

a dcpl-1 back cross where no spores were temperature-ser\sitive, suggesting 

that the modifier had segregated away from the dcpl-1 allele and was 

present in the spores that do not show an alteration in mRNA distributions. 

(Distribution of tetrads from this cross: 6 parental diatypes (2:2 ts); 4 non-

parental diatypes (4:0); and, 10 tetratypes (3:1).) Such a spore was picked, and 

then crossed to a temperature-sensitive dcpl-1 strain, which would be 

expected to give a diploid homozygous for the modifier mutation. As 

predicted, dissection of this diploid gave 2:2 segregation for temperature 

sensitivity with each temperature-sensitive spore showing alterations in 

mRNA distributions. Additional evidence for such a modifier mutation 

came from taking a spore from a similar tetrad as above, which was 

predicted to have the dcpl-1 allele, but not the modifier lesion, and back 

crossing it to wild-type. As predicted, dissection of this diploid, which 

would be lacking the modifier, gave 2:2 segregation for alterations in the 

mRNA phenotype, but no spores were temperature-sensitive. The modifier 
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mutation, termed MDCl-1. was later seen to be dominant, since a diploid 

homozygous for dcpl-1 and heterozygous for the modifier mutation was 

temperature-sensitive. 

The MDCl-1 mutation had no phenotype by itself, with respect to cell 

growth or mRNA decay (data not shown), nor did the MDCl-1 mutation 

affect growth of dcpl-1 strains at 24°C (data not shown). However, the 

MDCl-1 mutation was synthetically temperature-sensitive with the dcpl-1 

mutation. This indicated that the dcpl-1 mutation itself does not limit 

growth at high temperature but can become required when combined with a 

second lesion. Although the basis for the temperature sensitivity of the 

dcpl-1 MDCl-1 mutant is unknovm, it can be suppressed by expression of 

the DCPl gene (8). This observation implies that the temperature-sensitive 

phenotype is due, at least in part, to a defect in mRNA decapping (see 

below). 

mANAs are stabilized in mrt and dcpl-1 mutant strains. 

In order to determine if the changes in distribution between full-length 

mRNA and decay products were due to a change in mRNA decay rate we 

measured the half-lives of the MFA2pG and PGKlpG mRNAs in wild-type, 

dcpl-1. and mrt mutant strains. In these experiments cells were grown in 

media containing galactose and transcription of the MFA2pG and PGKlpG 

mRNAs was later repressed by the addition of glucose (81). Comparison of 

the decay rates of the indicated mutants showed 2-4-fold slower rates of 

decay than seen in wild-type cells for the MFA2pG (Figure 3.2) and PGKlpG 

transcripts (Table 3.1). It should be noted that decay rate of the PGKlpG 
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transcript in this wild-type strain is slightly faster than previously reported 

(e.g. (81)) due to the different strain background. The observation that the 

mrtl-3. dcpl-1. and mrt3-l mutations affected mRNA decay rates 

demonstrated that the MRTl. MRT3. and DCPl gene products are required 

for normal rates of mRNA tximover. 



Figure 3.2 MFA2pG mRNA is stabilized in mrt and dcpl-1 mutants. 

The figure shows measurement of the decay rate of the MFA2pG mRNA in 

wild-type, mrt. and dcpl-1 strains on a Northern blot following the 

inhibition of trai\scription by the addition of glucose to the growth media. 

The time points represent minutes after the addition of glucose to the 

media. The strains utilized were wild-type (WT) (yRP840), mrtl-3 

(yRP1066), dcpl-1 (yRP890), and mrt3-l (yRP1067). Other alleles of MRTl. 

mrtl-1 and mrtl-2. exhibit a similar stabilization of MFA2pG mRNA as seen 

in the mrtl-3 mutant (data not shown). The xrnl-230 and xml-428 mutants 

isolated in this screen both yield a MFA2pG half-life of approximately 9 

minutes (data not shown). To specifically detect the MFA2pG transcript and 

it's decay product, the oligonucleotide oRP140 (21) was used as the probe. 
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The mrtl and mrt3 mutations affect mRNA decapping. 

In principle, the mrtl. mrt3. and dcpl-1 mutations could affect mRNA 

decay by slowing either deadenylation, decapping, and/or 5' to 3' digestion. 

We have recently cloned the DCPl gene and shown that this gene encodes a 

component of the decapping enzyme (8). Accordingly, loss of function 

mutations in the DCPl gene lead to a block of decapping in vivo (8). To 

determine the step(s) in the decay pathway affected by lesions in the MRTl 

and MRT3 genes, we analyzed the decay of the MFA2pG trariscript in these 

mutant strains by transcriptional pulse-chase analysis (30). In this type of 

experiment, the carbon source regulation of the GALl UAS is utilized to 

rapidly induce and then repress transcription, thereby producing a pool of 

newly-made transcripts the turnover of which can be followed over time to 

observe rates of deadenylation and subsequent decay of the MFA2pG 

trai\script. 

The decay profile of the MFA2pG transcript in wild-type, mrtl-3 and 

mrt3-l strains is shown in Figure 3.3 and reveals two important 

observations. First, the deadenylation rate for the MFA2pG mRNA was not 

significantly different in the mrtl-3 and mrt3-l mutants when compared to 

wild-type cells (cf. bottom of bands in 0' through 8' lanes). Second, both 

mutant strains showed an accumulation of full-length deadenylated 

transcripts relative to the wild-type strain (cf. 30' lanes). We interpret these 

observations to indicate that the primary effect of the mrt lesions on mRNA 

decay is to affect steps that occur after deadenylation, such as decapping 

and/or 5' to 3' exonuclease digestion. 
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Figure 3.3 mrt mutations inhibit mRNA decay after deadenylation. 

The figure shows a transcriptional pulse-chase analysis of the decay of the 

MFA2pG transcript in wild-type (yRP840; labeled WT) and mrt strains. 

MFA2pG mRNA was analyzed on a 6% acrylamide 8 M urea Northern gel. 

Time points represent minutes after transcriptional repression by the 

addition of glucose following an eight minute induction of transcription 

(see (30)). The mutant strains utilized were mrtl-3 (yRP1066) and mrt3-l 

(yRP1067) and the blot was probed with oRP140 (21). The position of fully-

deadenylated MFA2pG transcripts is shown on the right, based on lanes in 

which the RNA was treated with RNaseH and oligo(dT) prior to 

electrophoresis (not shown). In wild-type cells, the decay product arising 

from 5' to 3' exonucleolytic decay accumulates beginning at the eight 

minute time point (not shown). In the mrt strains, the appearance of this 

decay fragment is severely reduced or abolished in the transcriptional-pulse 

chase experiment (data not shown; see Figure 3.2 for steady-state 

comparison). 



81 

MFA2pG mRNA 

0 2 4 6 8 10 15 20 30 60 

0 2 4 6 8 10 15 20 30 40 60 

mill-3 

0 2 4 6 8 10 15 20 30 

-A, 



82 

In order to distinguish whether the mrtl and mrt3 mutations blocked 

mRNA decapping or 5'-3' exonuclease digestion, we utilized antisera 

directed against the 5' cap structure to separate steady-state mRNA, from 

wild-type cells and mrt mutants, into capped and decapped populations (72) 

(73). Mutations that block 5' to 3' exonucleolytic digestion, such as xrnlA. 

are known to acciunulate deadenylated, decapped transcripts (47) (72) (73). 

In contrast, lesions that inhibit decapping were expected to accumulate 

deadenylated, capped transcripts. Consistent with the trar\scriptional pulse-

chase analysis, examination of the MFA2pG mRNA present in the mrt 

mutants at steady-state indicated that these mutants accumulated full-

length, deadenylated transcripts (Figure 3.4, total RNA, T, lanes). As seen in 

the lanes containing immunoprecipitated RNA in Figure 3.4 (P lanes), both 

of the mrt mutants accumulated a deadenylated species that was 

immunoprecipitable, indicating that these full-length deadenylated 

transcripts are capped. In contrast, xrnlA strains accumulated a 

deadenylated species that lacks the 5' cap, as judged by their presence in the 

soluble fraction. These observations indicated that the mrtl and mrt3 

mutations inhibit decapping of the MFA2pG transcript. 
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Figure 3.4 mrt mutants accumulate deadenylated, capped transcripts. 

The figure shows the immunoprecipitation of MFA2pG mRNA using 

antisera directed against the cap structure. Following immunoprecipitation 

of total RNA under steady-state conditions (prepared from cells growing in 

media containing galactose) the RNA was analyzed on polyacrylamide 

Northerns and probe oRP140 (21) was used to visualize MFA2pG mRNA. 

Lanes are as follows: T, total I^A before immunoprecipitation; P, pellet 

(immunoprecipitable fraction); S, supernatant. Since some RNA is lost 

during the immunoprecipitation protocol (30), the T lanes of the wild type 

(yRP840), the mrt mutants, mrtl-3 (yRP1066) and mrt3-l (yRP1067), and 

xrnlA control (yRP884) are lighter exposures than compared to the 

immunoprecipitated fractions, thereby allowing a comparison of the 

poly(A) distributions in each case. The small amount of the RNA that is 

not iirunimoprecipitable even in the wild-type cells represents RNA that is 

capped but is not precipitated due to the limited amoimts of antiserum 

utilized in these experiments. The use of increased amounts of antiserum 

precipitates these species (data not shown). M lanes denote DNA fragment 

size markers and the dT lane shows WT mRNA treated with oligo d(T) and 

RNaseH to show the size of full-length MFA2pG mRNA lacking poly(A) 

tails. 
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In order to obtain additional evidence that the mrtl and mrt3 

mutations inhibit decapping, we took advantage of the observation that the 

decapped PGKlpG transcripts that accxmiulate in xmlA strains are shorter at 

their 5' ends by two nucleotides (72) (73). We determined if decapped 

PGKlpG transcripts accvimulated in the mrt mutants by examining the 5' 

end of PGKlpG mRNA in these strains by primer extension analysis. If 

decapping is blocked in a mrt mutant, then full-length (capped) PGKlpG 

transcripts would be expected to accumulate in these strains (labeled FL in 

Figure 3.5). This can be seen in dcpl-1 strains (Figure 3.5, dcpl-1 lane), 

which are deficient in decapping activity (8). Conversely, if 5'-3' 

exonuclease digestion is blocked in the mrt strains, as in xrnlA strains, then 

decapped transcripts should accumulate as cDNA extension products 

shorter by two nucleotides (labeled -2, Figxire 3.5, xmlA lane). As expected, 

in both the xmlA and xml-230 strains, cDNA extension products shorter by 

two bases were observed. In contrast, only full-length cDNA products were 

observed in the mrtl and mrt3 strains (Figure 3.5). We interpreted the 

results of this primer extension assay, in combination with the results from 

the direct assay of cap immimoprecipitations on MFA2pG mRNA described 

above, to indicate that mutations in the MRTl and MRT3 genes inhibit 

mRNA decapping. 



Figure 3.5 Primer extension analysis of the PGKl transcript in mrt mutants. 

The figure shows the primer extension analysis of the PGKl transcripts in 

various mutants affecting mRNA decay. The band labeled FL marker 

indicates the cDNA product corresponding to full-length PGKl transcripts. 

The band labeled -2 corresponds to the cDNA product previously shown to 

arise from a decapped PGKl RNA (73). The labels above each lane indicate 

the strain from which RNA was prepared (xrnlA (yRP884), mrtl-3 

(yRP1066), mrt3-l (yRP1067), mrtl-1 (yRPlllS), xml-23Q (yRP1064), mrtl-2 

(yRP1114)). In this experiment the oligonucleotide used to prime cDNA 

synthesis (oRP131 (75)) will produce cDNA products from both the 

endogenous PGKl gene, and the integrated PGKlpG construct. 
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Lesions in the MRTl and MRT3 genes affect the decay rates of several 

endogenous transcripts. 

The degradation pathway of deadenylation-dependent decapping has 

been speculated to be a common pathway of mRNA decay in yeast (7) (29). 

Since the mrtl and mrt3 lesions affected decapping of MFA2pG and PGKlpG 

mRNAs, we determined whether these lesions affected the turnover of 

additional yeast trariscripts. To perform this experiment, the mrtl-3 and 

mrt3-l mutations were introduced into a strain carrying a temperature-

sensitive lesion in RNA polymerase II (rpbl-1') (79). Subsequently, 

transcription in these strains was inhibited by shifting the cells to 36°C, and 

the decay of a number of endogenous mRNAs over time was followed (42) 

(81). The temperature shift is not expected to change the effects of the mrt 

mutations on mRNA decay because the alterations in mRNA distribution 

between full-length mRNA and decay product due to the mrt mutations are 

the same at both 24°C and 36°C (data not shown). As summarized in Table 

3.1, both the mrtl and mrt3 mutations affected the degradation of a number 

of different cellular mRNAs, suggesting that the function of the MRT gene 

products in mRNA decay is relatively general (see discussion). The 

stabilization effect was greatest for unstable mRNAs, such as the HIS3 and 

MFA2pG transcripts. This is presumably because the normal rate of 

decapping and 5' to 3' decay of these mRNAs is much faster than the rates of 

possible alternative mRNA decay mechanisms for these transcripts (such as 

3' to 5' decay). Thus, a block in decapping will have a more dramatic effect 

on HIS3 and MFA2pG mRNA stability when compared to more stable 

transcripts, such as PGKlpG, that undergo both slow 5' to 3' decay and 3' to 
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5' decay (see (73) for discussion). Interestingly, although the mrtl-3 

mutation stabilized the GALIO transcript 3-4-fold when compared to the 

wild-type strain, the mrt3-l mutation did not significantly affect the decay 

rate of this transcript. This observation implied that mRNA-specific 

interactions with the MRT gene products may play a role in differential 

rates of mRNA decapping and decay (see discussion). 

The stability of the PABl transcript was not affected by mrtl or mrt3 

mutatioris. Moreover, the stability of this transcript is also not affected in 

dcpl-1 strains (data not shown). These observations show that mRNA 

stability is not increased by default in the mrt and dcpl mutants, and suggest 

that PABl mRNA may be primarily degraded by an alternative decay 

mechanism. 
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Table 3.1 mRNA half-lives in wild-type and mrt strains. 

mRNA wild-tj^e mrtl-3 mrt3-l 

PGKlpG 22.5' 47.8' 41.8' 

PABl 20.8' 20" 14.5' 
pre-CYH2 <2- <T <T 

CYH2 26' 48.5' 38' 
HISS 7 17 16.5' 
GALIO 5' 17' 6.2' 

MFA2pG 3.5' 16' 7 

Half-lives are based on multiple determination and typically vary by less 
than 20% between individual experiments. For determination of PGKlpG, 
GALIO. and MFA2pG mRNA half-lives, cells were grown in rich medium 
containing galactose and transcription was subsequently shut-off by placing 
cells in rich medium containing glucose. For determination of PABl. 
CHY2. pre-CYH2. and HISS mRNA half-lives, cells were grown in rich 
medium contairung glucose and transcription was subsequently shut-off by 
shifting the cells to 2>6°C, the non-permissive temperature of the 

genomically encoded thermolabile RNA polymerase II in these strains. See 
Materials and Methods for details. 
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PGKlpG mRNAs containing an early nonsense codon are not stabilized in 

mrt mutant strains. 

In principle the mrtl and mrt3 mutations could inhibit decapping in 

two general manners. First, the MRTl and MRT3 gene products could be 

direct regulators of Dcplp activity by promoting the sjmthesis, or increasing 

the activity, of this decapping enzyme. Alternatively, the MRT gene 

products might influence mRNP structure after deadenylation, resulting in 

increased accessibility of the 5' cap structure to the decapping enzyme. In 

order to distinguish between these possibilities we first examined the 

degradation of transcripts containing early nonsense codons in the mrtl and 

mrt3 mutants. This experiment is based on the observation that, even 

though mRNAs containing premature nonsense codons are decapped prior 

to deadenylation (75), these trai\scripts are decapped by the same enzyme 

that decaps normal transcripts, Dcplp (8). If the mrtl and mrtS lesions 

directly affect the activity of the decapping enzyme then they would be 

expected to affect the decapping of a transcript with an early nonsense 

codon. Alternatively, if the mrtl and mrt3 mutations are only required for 

modulating the rate of deadenylation-dependent decapping then they 

would not be expected to affect the decay of a transcript with an early 

nonsense codon. 

To perform this experiment, we transformed the mrtl and mrt3 strains 

with a plasmid expressing a PGKlpG transcript containing an early 

nonsense codon, termed B55TPGKlNi03pG (75). Since this mRNA is under 

the transcriptional control of the GALl UAS we measured its decay rate 

following inhibition of transcription by the addition of glucose. As shown 



in Figure 3.6, the mrtl-3 and mrt3-l mutations do not sigiuficantly affect the 

decay rate of the B55TPGKlNi03pG transcript. Consistent with these results 

the mrtl-3 and mrt3-l mutations do not affect the rapid decay of the 

inefficiently spliced precursor to the CYH2 mRNA (Table 3.1), which is 

thought to be degraded by the same mechanism that degrades transcripts 

containing early nonsense codons (41). These results demonstrated that the 

MRTl and MRT3 gene products are not involved in deadenylation-

independent decapping and suggested that they are unlikely to affect the 

activity of the Dcplp decapping enzyme. Instead, the MRTl and MRT3 gene 

products may specifically function to modulate rates of decapping following 

deadenylation (see discussion). 
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Figure 3.6 mrt mutations do not inhibit the decay of PGKlpG mRNA 

containing an early nonsense codon. 

The figure shows the measurement of decay of a PGKlpG transcript 

containing an early nonsense codon (B55TPGKlNi03pG) (75). In this 

experiment, a plasmid expressing the B55TPGKlNi03pG transcript under 

the control of the GALl UAS (pRP611 (75)) was introduced into a wild-type 

strain (WT) (yRP840) and mrtl-3 (yRP1066) and mrt3-l (yRP1067) mutants. 

Transcription was repressed at zero time by the addition of glucose and the 

levels of B55TPGKlNi03pG present were determined by probing with an 

oligo probe specific for the B55TPGKlisji03pG mRNA, oRP252 

(5'CTTGGACAGAGATCAATTCG3'). This probe is complementary to an 

oligonucleotide inserted a position 55 of the PGKl sequence in the 

B55TPGKlNi03pG transcript and PGKl mRNA sequence 3' of the tag. 
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mrtl and mrt3 mutants contain normal levels of the mRNA decapping 

activity. 

The previous results suggested that the mrtl-3 and mrt3-l mutants 

must contain at least some decapping activity. To directly test the levels of 

decapping activity in these mutants, we assayed cell-free extracts from wild-

type, mrtl. and mrt3 strains for the decapping activity recently shown to be 

required for mRNA decay (8). This experiment demonstrated that cell 

extracts from both mrt mutants contain essentially wild-type levels of in 

vitro decapping activity (relative decapping activity: wild-tjrpe, 1.0; mrtl-3. 

0.9; mrt3-l. 1.2). This observation implies that mrtl and mrt3 lesions may 

affect the rates of mRNA decapping by altering the interaction of the 

decapping enzjone with it's substrate (see discussion). 

Mutations in the MRTl. MRT3. and PCPl genes suppress the lethality of 

pablA. 

The above results suggested that the MRTl and MRT3 gene products 

promote mRNA decapping. However, decapping can also be negatively 

controlled. For example since decapping generally occurs following 

deadenylation, the poly(A) tail can be considered an inhibitor of mRNA 

decapping. This negative affect on decapping requires the poly(A) binding 

protein (Pablp) (92) since mRNAs are decapped prior to deadenylation in 

pablA strains (21). It was hypothesized that such deadenylation-

independent decapping in pablA strains might result in the premature 

degradation of mRNAs, thereby contributing to the lethality of pablA. This 

model was supported by the observation that inhibition of mRNA tumover 



downstream of decapping, by deletion of the XRNl gene, suppresses the 

lethality of pablA (21). A prediction of the model is that mutations that 

inhibit mRNA decapping should suppress the lethality of pablA. To test 

this possibility we examined whether the mrtl. mrt3. and/ or dcpl-1 lesions 

could suppress the lethality of pablA by a standard genetic cross (see 

methods). We concluded that the mrtl. mrt3. and dcpl-1 mutations can all 

suppress the lethality of pablA. since the majority of tetrads from crosses of 

these three mutations with pablA exhibited a 4:1 growth ratio (data not 

shown). Double mutants were picked from these tetratype tetrads and are 

shown in Figure 3.7. The observation that all three of these mutations 

suppress the lethality of pablA suggests that one class of suppressor of pablA 

will be those that alter mRNA degradation following deadenylation (see 
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Figure 3.7 Mutations that inhibit mRNA decay suppress pablA. 

The figure shows a YEPD plate on which pablA strains in combination with 

the mutations shown were streaked for single colonies at 240C. The strains 

shown are: yRP881 fspb2A pablA). yRP903 (xmlA pablA). yRPlllO fmrtl-S 

pablA). yRPllll (mrtl-2 pablA). yRP1112 (dcpl-1 pablA). yRPlllS (mrt3-l 

pablA). The wild-type (WT) strain used for comparison was yRP840. The 

spb2A mutation, which suppresses pablA lethality (93), was used as a 

positive control for pablA growth suppression. 
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Disctission 

Two pathways of mRNA turnover converge on mRNA decapping. 

Two different, but related, pathways of mRNA degradation utilize 

mRNA decapping to expose transcripts to 5' to 3' exonucleolytic degradation 

(for review see (7)). One of these pathways is a mechanism whereby 

mRNAs are deadenylated and then decapped. This process of mRNA decay 

appears to function on normal yeast mRNAs spaiming a wide range of 

decay rates (30) (72) (73). A related pathway of degradation functions on 

mRNAs that contain early nonsense codons wherein transcripts are 

decapped without prior deadenylation (36) (75). Several lines of evidence 

suggest that these two pathways converge at a common step of mRNA 

decapping (Figure 3.8). First, both pathways require the function of the same 

decapping enzyme, thought to be encoded by the DCPl gene (8). Similarly, 

following decapping the same 5' to 3' exonuclease, Xmlp, degrades the body 

of the trariscript (36) (47) (72) (73) (75). Finally, the convergence of these 

pathways is supported by the observations that the 5' end of the decapped 

transcript is the same in deadenylation-independent and deadenylation-

dependent decapping (cf. (73) (75)). In both of these pathways different 

features of transcripts including the poIy(A) tail, the status of translation 

termination, and specific mRNA sequences need to be recognized and 

utilized to affect the rate of the decapping reaction. 
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Figure 3.8 Model of MRT gene product function. 

The figure shows the converging pathways of deadenylation-dependent 

decay of normal mRNAs and the deadenylation-independent decapping of 

transcripts containing premature stop codons. The positions at which 

various gene products are thought to function, including the MRT gene 

products, are shown. 
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Identification of mutations affecting mRNA decapping. 

In this work we have identified mutations in two genes, MRTl and 

MRT3. that affect mRNA decay. Since these recessive mutations lead to the 

stabilization of mRNAs, the MRTl and MRT3 gene products presumably 

function to promote mRNA degradation. Several lines of evidence 

indicated that mutations in these genes primarily lead to an inhibition of 

mRNA decapping. First, in a transcriptional pulse-chase analysis of the 

mrtl and mrt3 mutants, MFA2pG transcripts are deadenylated essentially 

normally but persist as full-length deadenylated species (Figure 3.3). Second, 

immimoprecipitation of MFA2pG transcripts showed that the full-length 

deadenylated transcripts that accumulate in the mrt mutants have a cap 

structure (Figure 3.4). Third, primer extension analysis of the FGKlpG 

transcript detects only a full-length species and not a species lacking two 

bases at the 5' end that is detected in strains blocked at 5" to 3' exonucleolytic 

degradation (Figure 3.5). We interpret these observations to indicate that 

the MRTl and MRT3 gene products promote mRNA decapping. We have 

shown by complementation and linkage analysis that the MRTl and MRT3 

genes are distinct from the DCPl gene, which encodes the decapping 

enzyme, or a necessary component of the decapping complex, required for 

mRNA decapping in vivo (8). Thus, at the present time, the products of the 

MRTl and MRT3 genes, and Dcplp, represent the three gene products 

known to affect mRNA decapping. 
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Two classes of gene products affect mRNA decapping. 

The three gene products defined by the MRTl. MRT3. and DCPl loci 

fall into two classes with regards to their role in mRNA decapping. The first 

class consists of gene products required for the production of active 

decapping enz)nne, and thereby should affect both deadenylation-dependent 

and deadenylation-independent decapping. The only known member of 

this class is the DCPl gene (8). Strains deleted for the DCPl gene are 

defective in deadenylation-dependent and deadenylation-independent 

decapping and show no decapping activity when assayed in cell-free extracts. 

A point mutation in this gene, dcpl-1. which was isolated during this work, 

shows similar phenotypes to dcplA (8). One might predict that other gene 

products will be isolated that fall into this class of decapping gene products. 

These gene products could function to increase the expression of the Dcplp, 

or modulate its enzymatic activity, perhaps as another subunit of a 

decapping complex or by post-translational modification. 

The second class of gene products affecting mRNA decapping consists 

of the products of the MRTl and MRT3 genes. In contrast to the general 

effects of dcplA. mutations in these genes do not affect deadenylation-

independent decapping (Figure 3.6, and CYH2 precursor mRNA, Table 3.1) 

and therefore may be functionally limited to transcripts that require 

deadenylation before decapping (depicted in Figure 3.8). This model is 

supported by the demonstration that cell-free extracts from mrtl-3 and mrt3-

1 strains show normal levels of decapping activity. In this light, it is striking 

to note that some mRNAs are affected differently by the mrtl-3 and mrt3-l 

lesions. For example, the GALIQ transcript is stabilized by a mrtl-3 lesion 
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but is not affected by a mrt3-l mutation, even though both mutations 

stabilize the HISS mRNA. The observation of differential effects of mrtl-3 

and mrt3-l mutations on the stability of GALIO mRNA, which has been 

shown to undergo deadenylation-depdendent decay (30), raises the 

possibility that the MRTl and MRT3 gene products may be involved in 

determining mRNA-specific rates of decapping following deadenylation. 

An important issue is how mrtl and mrt3 mutations inhibit mRNA 

decapping. Previous observations have shown that inhibition of 

translational elongation, due to either cycloheximide (e.g. (42)) or the ccal-1 

mutation (85), can stabilize mRNAs. This raises the possibility that the mrtl 

and mrt3 lesions irihibit mRNA decapping as a secondary consequence of an 

inhibition of translation in these mutants. Although we cannot formally 

rxile out this possibility, the mRNA-specific effects observed in the mrtl and 

mrt3 mutants are different from the general stabilization of all mRNAs 

examined due to the inhibition of translation through either cycloheximide 

or ccal-1. 

Two general models may explain how the MRTl and MRT3 gene 

products more directly affect decapping rates. In one view, these gene 

products would be envisioned to interact with Dcplp in a marmer that 

would recruit Dcplp to the mRNA after deadenylation and thus promote 

decapping. An appealing alternative view is suggested by the proposed role 

of the UPF gene products in the decay of mRNAs with early nonsense 

codons. In that case, the UPF gene products have been hypothesized to 

function in sensing premature translation termination and subsequently 

alter the mRNP structure at the 5' end of the transcript to allow rapid 
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deadenylation-independent decapping (20) (36) (49) (75) (86). By analogy to 

this model, the MRTl and MRT3 gene products may promote the formation 

of, or stabilize, a particular mRNP structure, after loss of the poly(A) tail, 

that is susceptible to decapping by Dcplp. In this model, modulation of 

decapping rate by specific mRNA features could promote the interaction of 

proteins, such as translation initiation factors, with the 5' cap structure 

thereby sterically competing with the decapping enzyme. Such a model is 

appealing in that it provides a mechanistic basis for the interrelationship 

between the translation and turnover of eukaryotic mRNAs. 
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Materials and Methods. 

Plasmid construction. 

The plasmid pRP484 was used for integrating the MFA2pG and 

PGKlpG genes iinder the transcriptional control of the GALl UAS, along 

with the LEU2 gene as a marker (collectively termed LEU2 (PM)) into the 

CUPl locus. Using standard cloning techniques, pRP484 was derived from 

pRP480 which contains the following sequences located in the polylinker 

region of the LEU2 integration vector pRS405 (100): A -450 bp Sau3A, EcoRI 

fragment containing sequences from the 5' region of the CUPl locus was 

isolated from pUC8-cupls (37) after filling the EcoRI site using Klenow, and 

is located between the BamHI and Pstl/Klenow filled polylinker site. A 

~1200 bp Hindin, Xhol fragment containing sequences from the 3' region of 

the CUPl locus was isolated from pBS-Cup-Sma (63) after having changed 

the Smal site to an Xhol site by linker insertion, and is located between the 

Hindm and Xhol sites of the polylinker. A SphI, Xhol fragment containing 

the GALl UAS and PGKlpG transcription unit was isolated from pRP469 

(30) after changing the Hindin site to Xhol by linker insertion, and filling 

the SphI site using BClenow. This fragment is oriented within the Xhol site 

with the blimt-ended SphI end at the insert/vector junction. The Xhol site 

at the insert/vector junction was lost in pRP480. To create the insertion 

plasmid pRP484, Xhol linkers were added to the PvuII, Hindin fragment 

contairiing the GALl UAS and the MFA2pG transcription unit from pRP485 

(30) prior to insertion into the tmique Xhol site at the PGKlpG fragment/3' 

CUPl homology jimction of pRP480. The promoter-proximal end of this 
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DNA insertion is adjacent to the 5' CUPl homology as determined by DMA 

sequencing (data not shown). 

Yeast strains. 

The mrt. dcpl-1. and other strains used in this study are given in Table 

3.2. The mrt and dcpl-1 strains were obtained from at least two back crosses 

of the original mutants obtained from the screen. 

The starting yeast strains for this project were constructed in the 

following manner. First, by utilizing the HO gene (43) two isogenic MATa 

and MATa strains were constructed, yRP685 and yRP684. Each of these 

strains was then transformed with Hindlll-linearized pRP484 thereby 

integrating at the CUPl locus the PGKlpG and MFA2pG genes under the 

control of the GALl UAS (termed PM). All integrations were confirmed by 

southern analysis (data not shown). To facilitate selection of diploids 

during subsequent analysis, yRP839 (yRP685 with PM), was transformed 

with the a 4.5 kb fragment of the LYS2 gene thereby creating yRP840. 

Similarly, yRP838, was transformed with the a 3.3 kb fragment of the HIS4 

gene thereby creating yRP841. 
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Table 3.2. Yeast strains used in this study. 

Strain Mutant Genot)rpe 

yRP684 

yRP685 

yRP693 

yRP838 

yRP839 

yRP840 

yRP841 

yRP850 

yRP881 

yRP884 

yRP890 

yRP891 

yRP892 

yRP903 

yRP1063 

yRP1064 

wild-type 

wild-type 

rpl?l-l 

wild-type 

wild-type 

wild-type 

wild-type 

pablA 

spb2A pablA 

2miM 

dcpl-1 MPCl 

dcpl-1 MPCl 

dcpl-l 

xmlA pablA 

dq?l-l 

xml-230 

1 

zl 

MATa. trpl. ura3-52. Ieu2-3.112. his4-539. Ivs2-201 

MATa. trpl. ura3-52. Ieu2-3.112. his4-539. Iys2-201 

MATa. ura3-52. Ieu2-3.112. rpbl-1. 

MATa. trpl. ura3-52. Ieu2-3.112. his4-539. 
i3ipl::LEU2 (PM), Iys2-2Q1 

MATa. trpl. ura3-52. Ieu2-3.112. his4-539. 
cupl::LEU2 (PM), lvs2-201 

MATa. trpl. ura3-52. Ieu2-3.112. his4-539. 
cupl::LEU2 fPM^ 

MATa. trpl. ura3-52. Ieu2-3.112. Ivs2-201. 
cupl::LEU2fPM) 

MATa. tmL lgM2-3,112, pal?l::URA3, 
cupl::LEU2 (PM) with pAS137 

MATa. trpl. ura3-52. Ieu2-3.112. his4-539. 
spb2::URA3. pabl::URA3 

MATa. trpl. ura3-52. Ieu2-3.112. Ivs2-201. 
cupl::LEU2 (PM), xml::URA3 

MATa. trpl. ura3-52. ieu2-3.112. Ivs2-201. 
£UP1::LEU2 (PM), dq>l-l. MDCl-1 

MATa. trpl. ura3-52. Ieu2-3.112. his4-539. 
cupl-LBJZ (PM), dcpH, MDCl-1 

MATa. trpl. ura3-52. Ieu2-3.112. Iys2-201. 
cupl::LEU2 (PM), dq)l-l 

MATa. Iys2. trpl. ura3. Ieu2. cupl::LEU2 (PM), 
xml::URA3. pabl::URA3 

MATa. trpl. ura3-52. Ieu2-3.112. his4-539. 
Saj2l::LEiI2(PM),d£plzl 

MATa. trpl. ura3-52. Ieu2-3.112. Ivs2-201. 
cupl::LEU2 (PM), xml-230 
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Strain Mutant Genotjrpe 

yRP1065 )<nit-428 

yRP1066 mrtl-3 

yElP1067 tnrt3-l 

yRP1069 dcplA 

yRP1102 

yRPllOS 

yRP1104 

yRPllOS 

yRP1130 

yRP1131 

yRP1132 

rpbl-1 

mrtl-3 rpbl-1 

dq?l-l rpbl-l 

mrt3-l rpbl-1 

mrtl-3 pablA 

mrtl-2 pablA 

dq>l-l pablA 

yRP1133 mrt3-l pablA 

yRP1134 mrtl-2 

yRP1135 mrtl-1 

MATw, trpL Mra3-52, Iey2-3,n2, lys2-201> 
Saspl-.LELS (PM), xml-428 

MATa. trpl. ura3-52. Ieu2-3.112. his4-539. 
cupl::LEU2 (PM), mrtl-3 

MATa. trpl. ura3-52. Ieu2-3.n2. his4-539. 
cupl::LEU2 (PM), mrt3-l 

MATa. trpl. ura3-52. Ieu2-3.112. Ivs2-201. 
cupl::LEU2 (PM), dcpl::URA3 

MATa. ura3-52. his4-539. rpbl-1 

MATa. ura3-52. mrtl-3. rpbl-1 

MATa. ura3-52. dqpl-l. rpbl-1 

MATa. ura3-52. his4-539. mrt3-l. rpbl-1 

MATa. trpl. ura3-52. Ieu2-3.112. his4-539. 
pabl::URA3. cupl::LEU2 (PM), mrtl-3 

MATa. trpl. ura3-52. Ieu2-3.112. his4-539. 
pabl::URA3. cupl::LEU2 (PM), mrtl-2 

MATa. trpl. ura3-52. Ieu2-3.112. his4-539. 
pabl::URA3. cupl::LEU2 (PM), dcpl-1. MDCl-1 

MATa. trpl. ura3-52. Ieu2-3.112. his4-539. 
pabl::URA3. cupl::LEU2 (PM), mrt3-l 

MATa. trpl. ura3-52. Ieu2-3.112. his4-539. 
cupl::LEU2 (PM), mrtl-2 

MATa. trpl. ura3-52. Ieu2-3.112. his4-539. 
cupl::LEU2 (PM), mrtl-1 
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Creation of the temperature-sensitive collection of yeast mutants and 

screening of these mutants. 

A collection of temperature-sensitive yeast strains was constructed by 

standard EMS mutagenesis yielding 640 temperature-sensitive strains from 

yRP840 and 262 temperature-sensitive strains from yRP841. Both strains 

were independently grown at 30°C for 1 hour in 5% EMS to yield 2-10% 

survival. This heavy mutagenesis was carried out so that mutations 

affecting mRNA turnover that did not necessarily cause temperature-

sensitive growth could be isolated. After EMS-mutagenesis, strains were 

screened in step-wise fashion for temperature-sensitivity and for the ability 

to grow well on rich mediimi containing galactose as the carbon source. 

This procedure yielded 902 temperature-sensitive mutants, which comprise 

the entire collection. This collection of mutants was then screened by 

northern analysis using RNA prepared (18) after growing cells at 36°C for 

one hour. In this screen oligonucleotide probes specific for either the 

PGKlpG (oRP141) (21) or MFA2pG (oRP140) (21) mRNAs and their 

corresponding decay fragments were used to examine the effects of 

mutations on both transcripts. These probes are complementary to a 

portion of the poly(G) insertion (30) and to MFA2. or PGKl. sequences just 

3' of the insertion. 
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Genetic analysis of mrt and dcpl-1 mutants and linkage of mRNA 

phenotype with temperature-sensitive growth. 

The original temperature-sensitive mutants were first back crossed at 

least two times to the parental strains, yRP840 and yRP841. In each case 

spores from multiple tetrads were examined both for temperature-sensitive 

growth and, by northern analysis, for alterations in mRNA decay. In each 

case, the analysis of over 20 tetrads indicated that the mutant mRNA 

phenotjrpe segregated 2:2 indicating that it was due to a single lesion. For 

mrtl alleles the mRNA phenotype was always linked to the temperature 

sensitivity (25 tetrads) indicating that the mrtl alleles cause temperature-

sensitive growth. 

Novelty of MRT genes with respect to other genes whose products are 

involved in mRNA decay in yeast. 

The DCPl gene has been shown to encode a component of the 

decapping enzyme (8). In order to determine if the other isolated mutants 

represented alleles of either XRNl. CCAl. or DCPl genes, we transformed 

each mutant with a centromere plasmid carrying these genes, expressed 

under their native promoters (pRP635, pRP636, and pRP717, respectively) 

and examined the growth and mRNA phenotypes. Two of the isolates were 

complemented by the XRNl plasmid indicating that these were new alleles 

of XRNl. This was also confirmed by linkage analysis by a cross to an xmlA 

strain (yRP884). None of the mutants were complemented by the CCAl 

gene. Neither mrtl-3 nor mrt3-l was complemented by the DCPl gene, 

suggesting that the mrtl-3 and mrt3-l lesions were not in the DCPl gene. 
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This conclusion was confirmed by linkage analysis by crossing yRP1066 

fmrtl-S) and yRP1067 fmrt3-l) to a dcplA strain, yRP1069. 

Complementation and linkage analysis of mrt mutants. 

Using standard techniques, mrtl-1. mrtl-2. mrtl-3. dcpl-1. and mrt3-l 

were examined by both complementation analysis (examining both growth 

and mRNA phenotypes), and by pairwise linkage analysis (examining 

mRNA phenotypes). This defined three unlinked complementation groups 

which we defined as MRTl. DCPl. and MRT3. 

Suppression of pablA by mrt and dcpl mutations. 

In order to examine if the mrtl-2. mrtl-3. dcpl-1. and mrt3-l lesions 

would suppress pablA. these mutants were crossed to yRP850 (pabl::URA3) 

bearing pAS137 (see (21)). Diploids auxotrophic for tryptophan (those 

diploids which lost the pAS137 PABl plasmid) were sporulated and their 

spores dissected by standard procedures. The predominance of tetrads 

exhibiting a 3:1 growth ratio (three spores viable to one dead spore) and a 1:3 

URA+ ratio (only one viable URA+ spore) was interpreted to suggest that 

the mrt and dcpl-1 mutations and pablA were unlinked and that the mrt 

and dcpl-1 mutations suppress pablA lethality, dcpl-1 suppressed pablA 

only if spores were grown at 240C, therefore, spores from all crosses were 

grown at 240C. The steady-state MFA2pG mRNA distributions from the 

mrtl-3 (yRP1066), pabl::URA3 cross supported our interpretation of the 

tetrad analysis showing one wild-type spore, one mrtl-3 spore, and a unique 

mRNA phenotype in the mrtl-3 pabl::URA3 spore (an apparent 
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combination of both the mrtl-3 and pablA (21) effects (data not shown) on 

MFA2pG mRNA). 

RNA analysis. 

Analysis of mRNA was done losing the following previously published 

procedures: RNA preparation (18), immimoprecipitations using antisera 

directed against the cap structure (72) (76); RNaseH reactions (74); primer 

extension analysis (72); measurements of mRNA half-lives by 

transcriptional repression of the GALl UAS and by temperature shifts of 

rpbl-1 (79) strains (81). Transcriptional pulse chase experiments were done 

essentially as previously described (30), except that cells were grown in 

minimal medium with 2% raffinose and 2% sucrose as neutral carbon 

sources prior to a transcriptional induction period of eight minutes, without 

a temperature shift at the end of the induction period. 

Cell-free decapping activity assays. 

Decapping activity was assayed following partial purification as 

described by Beelman et al. (8). Wild-type (yRP840), mrtl-3 (yRP1066), and 

mrt3-l (yRP1067) cells were grown in YEPD medium, and the decapping 

enz)nTiatic activity was eluted from the heparin-agarose column with Buffer 

A containing 700 mM (NH4)2S04. 
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CHAPTER 4. AN ESSENTIAL COMPONENT OF THE DECAPPING 

ENZYME REQUIRED FOR NORMAL RATES OF mRNA TURNOVER IN 

YEAST. 

Statement by author 

I have written this chapter as an expanded version of a letter to Nature 

that was published in 1996 (8). The results presented in this chapter were 

achieved through a highly-collaborative effort of several people in the 

Parker lab as well as the efforts of Audrey Stevens (Oak Ridge National 

Laboratories). 

My specific contributions to this work were to: i) generate the dcplA 

strain; ii) determine that dcpl-1 was, in fact, allelic to the DCPl gene; iii) 

determine the mutation in the dcpl-1 allele; iv) demonstrate that capped, 

deadenylated MFA2pG transcripts accumulate, in vivo, in both dcpl-1 and 

dcplA strains, which is consistent with the reduced in vitro decapping 

activities present in these strains; and, v) determine that the Dcplp 

decapping activity is involved in deadenylation-independent decapping by 

showing that the B55PGKlN103pG mRNA, which undergoes 

deadenylation-independent decapping, is stabilized in both dcpl-1 and 

dcplA strains. 

The rest of the data presented in this chapter were provided by Giordi 

Caponigro (half-life measurements of endogenous mRNAs, transcriptional 

pulse-chase experiments, and purification of Dcplp antibodies), Tom 

LaCrandeur (copurification of His-Dcplp with decapping activity from 
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yeast), and Audrey Stevens (purification of Decap 1 and Decap 2, and in 

vitro decapping assays of dcpl-1 and dpclA strains). 

Summary 

A major pathway of mRNA degradation in eukaryotic cells is iiutiated 

by shorterung of the poIy(A) tail, which, at least in yeast, leads to a decapping 

reaction, thereby exposing the mRNA to 5' to 3' degradation (30) (47) (72) 

(73). Decapping is the key step in this decay pathway because the transcript 

body is rapidly degraded following decapping. Accordingly, decapping is 

controlled by many different inputs, including the inhibition of decapping 

by the poly(A) tail (72) (73) and the modulation of mRNA decapping rate by 

specific sequences (72) (73) (74). Moreover, a second decay pathway, that is 

specialized for the degradation of aberrant transcripts, triggers rapid mRNA 

decapping independent of poly (A) tail shortening (75). We have identified a 

yeast gene, termed DCPl. that encodes the decapping enzyme, or an essential 

component of a decapping complex. Dcplp is required for the normal decay 

of many unstable and stable yeast mRNAs, as well as mRNAs that are 

decapped independently of deadenylation. Since the rate of mRNA 

decapping influences the stability of transcripts, these results indicate that 

mRNA-specific rates of decapping, and thus decay, will result from 

differences in the interaction of the DCPl decapping enzyme with 

individual transcripts. 
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Introduction 

Two major pathways of mRNA decay have been identified in 

Saccharomyces cerevisiae (reviewed in (7)). The first of these two pathways, 

termed deadenylation-dependent decapping, is initiated by shortening of the 

poly(A) tail, which leads to decapping and then rapid 5' to 3' exonucleolytic 

degradation of the transcript by the exonuclease encoded by the XRNl gene 

(72) (73). This pathway appears to be a general mRNA decay pathway since 

it is responsible for the degradation of unstable, intermediately stable, and 

stable transcripts (30). 

The second major mRNA decay pathway appears to be a more 

specialized decay pathway responsible for the degradation of aberrant 

transcripts, such as those mRNAs that contain early nonsense codons 

(reviewed in (86)). This pathway, referred to as deadenylation-independent 

decapping, rapidly decaps transcripts without prior deadenylation of the 

transcript (75). Once the transcript is decapped, it is rapidly degraded in a 5' 

to 3' fashion by XRNl exonuclease (36) (75). The deadenylation-

independent mRNA decay pathway is distinct from the deadenylation-

dependent decapping mRNA decay pathway, yet these two pathways share 

the same 5' to 3' exonucleolytic decay step. An important question is 

whether these two pathways use the same decapping enzyme or if they 

require different decapping enzymes, such as a decapping enzyme that is 

insensitive to the presence of the poly(A) tail for the deadenylation-

independent decapping reaction. 

Since transcripts are rapidly degraded following decapping, decapping is 

a critical step in mRNA decay that influences the overall stability of 
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transcripts. Thus, many types of factors control mRNA decapping. It has 

been demonstrated that czs-acting sequences within the MFA2 (72) (74), 

PGKl (30) (73), and MATal (19) transcripts can affect the stability of these 

transcripts after deadenylation, and therefore appear to affect the rate at 

which these transcripts are decapped. The poly(A) binding protein in 

combination with the poly(A) tail is thought to inhibit mRNA decapping 

(21). In contrast, deadenylation-independent mRNA decapping is promoted 

by the combination of premature translation termination, due to an early 

nonsense codon (76), and the activity of proteii\s encoded by the UPF genes 

(reviewed in (86)). Since mRNA decapping is controlled by several different 

means and is a critical step in determining mRNA stability, it is of primary 

importance to identify the enzyme(s) responsible for this step in mRNA 

decay if we are to gain further imderstanding in how mRNA stability is 

controlled. 

In this work, we provide evidence that the DCPl gene encodes the 

decapping enzyme, or an essential component of a decapping complex, that 

is required for both deadenylation-dependent decapping as well as 

deadenylation-independent decapping. Since the rate of mRNA decapping 

significantly contributes to the overall stability of mRNAs, these results 

indicate that mRNA-specific rates of decapping, and thus decay, will result 

from differences in the interaction of the DCPl decapping enzyme with 

individual transcripts. 
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Results 

Identification of the DCPl gene. 

We previously identified mutations in three genes that are required for 

normal rates of mRNA turnover (40). Strains carrying one of these 

mutations, termed dcpl-1 (see below) are unable to grow at 36°C when 

combined with a second modifier mutation, termed MDCl-1 (40). We 

identified a gene from a genomic yeast library that would complement this 

conditional growth phenotype (termed the DCPl gene) and suppress the 

mRNA decay defect in dcpl-1 strains (data not shown and Figure 4.1A). 

Two observations indicated that the DCPl gene is the site of the dcpl-1 

lesion. First, a dcplA gene disruption co-segregated with the dcpl-1 

mutation in twenty-one tetrads. Second, sequencing the DCPl gene from 

the dcpl-1 strain identified a single point mutation resulting in a glycine to 

aspartic acid substitution (Figure 4.2). 
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Figure 4.1. The DCPl gene complements the mRNA defect seen in dcpl-1 

and dcplA mutants. 

Northern analysis of steady-state distributions of full-length MFA2pG 

mRNA (FL) and its corresponding decay product (pG frag.) in WT (yRP840), 

dcpl-1 (yRP891), and dcplA (yRP1070) strains. oRP140 (21) was used as the 

probe against both FL and pG frag, from MFA2pG mRNA. Plasmids were 

maintained by growing strains in selective media containing galactose to 

induce transcription of the chromosomally expressed MFA2pG mRNA 

(A) WT and dcpl-1 strains were transformed with GEN (pRP250) and 2p,M 

(pRP246) control plasmids. The WT distribution of FL and pG frag, can be 

seen in the WT lanes whereas increased levels of FL and less pG frag, is seen 

in the dcpl-1 GEN and 2^M lanes. The mutant dcpl-1 phenotype is 

complemented in dcpl-1 strains transformed with GEN+DCPl (pRP717) and 

2fiM+DCPl (pRP718) plasmids. 

(B) The WT and mutant distributions of FL and pG frag, can be seen in the 

WT and dcplA lanes, respectively. The dcplA phenotjrpe is complemented 

in dcplA strains transformed with plasmids that contain either the DCPl 

gene (pRP776) or the His-DCPl fusion gene (pRP777). 
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Figture 4.2. The predicted amino acid sequence of Dcplp. 

The N-terminal sequence obtained from the major polypeptide present in 

the purified Decap 2 fraction (Table 4.1) is underlined. The amino acid 

substitution in the dcpl-1 allele is shown in bold and results from a GGC to 

GAC change at codon 155. 
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MTGAATAAENSATOLEFYRKALNFNVIGRYDPKIKQLLFHTPHASLYKWD 

100 

FKKDEWNKLEYQGVLAIYLRDVSQNTNLLPVSPQEVDIFDSQNGSNNIQV 

150 

NNGSDNSNRNSSGNGNSYKSNDSLTYNCGKTLSGKDIYYGLIILNRINPD 

D 200 

NFSMGIVPNSWNKRKVFNAEEDTLNPLECMGVEVKDELVIIKNLKHEVY 

GIWIHTVSCRQNIYELIKYLLENEPKDSFA 



123 

The DCPl gene product is required for normal rates of mRNA decapping. 

To determine the role of Dcplp in mRNA decay in vivo we analyzed 

the effects of a DCPl gene disruption on mRNA turnover. Dissection of 

diploids heterozygous for a replacement of the DCPl coding region with the 

URA3 gene fdcplA::URA3) gave rise to URA+ spores that grew slowly 

(doubling time = 265' at 30°C in rich media) as compared to wild-type cells 

(doubling time = 105'). We examined the decay of the imstable MFA2pG 

transcript (the MFA2 mRNA that contains a poly(G) tract in its 3' 

untranslated region, which allows detection of decay intermediates) in the 

dcplA strain by a transcriptional pulse-chase experiment (30). In this 

experiment the GALl promoter was used to induce, and then repress, 

transcription, thereby producing a "pulse" of transcripts whose decay could 

be monitored during an er\suing "chase". A critical result was that dcplA. 

and dcpl-1. cells showed essentially normal rates of deadenylation but 

accumulated full-length deadenylated trariscripts as compared to a wild-type 

strain (Figure 4.3). Immunoprecipitation of transcripts from dcplA and 

dcpl-1 strains with antisera directed against the cap structure indicated that 

the full-length deadenylated transcripts that accumulated in these strains 

were capped (Figure 4.4). In contrast, an xrnlA strain, which lacks the 5' to 

3' exonuclease required to degrade mRNAs after decapping, accumulated 

deadenylated and decapped transcripts (Figure 4.4 & (47) (72)). These 

observations indicated that Dcplp is required for mRNA decapping in vivo. 
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Figure 4.3. Lesions in the PCPl gene inhibit decay of the MFApG transcript 

after deadenylation. 

Acrylamide northern blots probed for the MFA2pG RNA (oRP140, (21)) 

across a transcriptional pulse-chase. Transcription was induced for eight 

minutes, followed by repression of transcription at time zero by the addition 

of glucose. Time points represent minutes after transcriptional repression. 

The strains utilized were wild-type (yRP840), a congenic dcplA strain 

(yRP1069) rMATa. trpl. ura3-52. Ieu2-3.112. his4-539. cupl::LEU2 MFA2pG 

PGKlpG. dcpl::URA3). and dcpl-1 (yRP891). The appearance of fully 

adenylated mRNA seen in both the wild-type and dcpl strains at 15' 

through 30' is due to some residual transcription. 
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Figure 4.4. dcplA and dcpl-1 mutants accumulate deadenylated^ capped 

MFA2pG transcripts. 

Immunoprecipitations of steady-state MFA2pG transcripts, utilizing antisera 

directed against the 5' cap structure, from wild-t)rpe, xrnlA. dcpl-1. and 

dcplA strains grown in media with galactose as the carbon source. In each 

case transcripts were analyzed on acrylamide northern gels where xrnlA 

(yRP1062), dcpl-1 (yRP891), and dcplA (yI^1069) strains were observed to 

accumulate deadenylated mRNAs. The lanes are labeled as follows: T, total 

input RNA; P, immimoprecipitate pellet; S, supernatant. In the exposures 

shown, the total lanes have been underexposed (approximately 10-fold) to 

allow the distribution of transcript present at steady state to be observed. 

This was necessary because some of the input RNA is lost during the 

immunoprecipitations. oRP140 (21) was used to visualize the MFA2pG 

mRNA. 
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The PCPl gene encodes a decapping enzyme, or an essential component of a 

decapping complex. 

Several lines of evidence indicated that the DCPl gene encodes either 

the decapping enzyme, or an essential component of a decapping complex. 

In one case, the N-terminal sequence of a polypeptide present in a highly 

purified preparation of decapping activity matched the predicted amino acid 

sequence of Dcplp. This enzymatic activity, which releases m^GDP from 

the 5' end of transcripts (103), was purified ~40,000-fold from yeast extracts 

(see Table 4.1). Following initial steps in this purification, fractionation of 

the activity on a Mono Q column yielded two peaks of activity (termed 

Decap 1 & 2). Further purification of Decap 1 & 2 on hydroxylapatite 

columns in each case identified a single, abimdant polypeptide (20-50% of 

the total protein) that paralleled the enzymatic activity, and was 

approximately the size predicted for Dcplp (28 kDa for Decap 1, and 30-31 

kDa for Decap 2) (102). Although the N-terminal sequence of the 28 kDa 

protein was not obtained, N-terminal sequencing of the 30-31 kDa protein 

from Decap 2 gave a fourteen amino acid sequence identical to the predicted 

Dcplp amino acid sequence (imderlined in Figure 4.2). 
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Table 4.1. Ptirification of Decap 1 & 2 fractions from yeast cell extracts. 

Step Activity 
(units X 10*3) 

Protein 
(mg) 

Specific activity 
(units X 10'3/ mg) 

Crude extract 12,500 15,000 0.83 
27Kxg pellet -
high 
salt wash 

10,000 840 11.9 

Heparin -
agarose 

10,000 28 357 

(NH4)2S04 
fraction 
dialyzed 

4100 15 273 

Mono Q 1050; 1040 0.25; 0.40 4200 ; 2600 
Hydroxylapatite 660; 700 0.016; 0.020 41,250; 35,000 

Decapping activity was assayed as the release of from pHJm^Gppp 

TAT mRNA in the presence of alkaline phosphatase, as previously described 

(103). Specific activity is given as a the fraction of decapping activity present 

in total protein. Purification data for the Mono Q and hydroxylapatite steps 

are for the Decap 1 and Decap 2 fractions (respectively) which separate at the 

Mono Q step. 
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Additional evidence that Dcplp is a component of the decapping 

enzyme is that dcplA strains showed essentially no decapping activity in 

cell-free extracts (Table 4.2) and dcpl-1 strains showed reduced activity (-15% 

of wild type. Table 4.2). In addition, overexpression of the DCPl gene from 

either a multicopy 2|iM plasmid or the GALl promoter, produced a 

substantial increase in the amount of decapping activity (Table 4.2). 

Overexpression of Dcplp increased both Decap 1 and Decap 2 peaks (data not 

shown). This observation, and the lack of decapping activity in the dcplA 

strain, suggested that Decap 1 and Decap 2 represent two different forms of 

Dcplp, possibly differing by post-translational modification. 
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Table 4.2. In vitro decapping activity. 

Expt Strain Plasmid Relative activity 

1. wild type none 1.0(b) 

dcplA none <0.05 (b) 

2. wild type none 1.0 (a) 

dcpl-1 none 0.15 (a) 

dcplA none <0.05 (a) 

3. wild type p424 (2^M) 1.0 (a) 

wild type p424-DCPl (2nM) 5.4 (a) 

4. wild type -GAL pGAL-DCEl 1.0 (a) 

wild tjrpe +GAL pGAL-DCPl 9.0 (a) 

mRNA decapping activity (as described in (103)) was calcvilated as units/mg 

of total protein and is expressed as relative activity. Yeast cells were grown in 

YEPD medixam (expts. 1 and 2) or supplemented SD medium (expt. 3) to late 

log phase. Cells in experiment 4 were grown as previously described (50). For 

the assays marked (a), the decapping enzyme was eluted with buffer A 

containing 700 mM (NH4)2S04 and assayed. For the assays marked (b), a 

gradient elution was used and the activity peak analyzed. 
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A final line of evidence that Dcplp is a an essential component of the 

decapping enzyme came from analysis of a modified Dcplp, termed His-

Dcplp, which contains a hexahistidine N-terminal extension capable of 

binding nickel affinity columns (45). The His-Dcplp complemented the 

mRNA turnover and slow growth defects due to dcplA (Figure 4.1B and 

data not shown). Importantly, the majority of decapping activity (Figure 

4.5A) and His-Dcplp (Figure 4.5B) expressed in the dcplA strain co-purified 

on a nickel affinity column. In contrast, decapping activity and wild-tjrpe 

Dcplp expressed in the dcplA strain did not bind to a nickel affinity column 

(Figures 4.5A, 4.5B). Moreover, after proteolytic cleavage of the 

hexahistidine extension from His-Dcplp, the decapping activity and Dcplp 

did not bind a nickel affinity column (Figures 4.5A, 4.5B). Interestingly, in 

dcplA strains expressing His-Dcplp, two proteins were detected on Western 

blots (Figure 4.5B). This observation is similar to the detection of two 

separable forms of Dcplp in wild-type yeast (Decap 1 and Decap 2), and is 

consistent with the hypothesis that Dcplp may undergo post-translational 

modification (see Discussion). 

We interpreted the biochemical evidence (Table 4.2, Figure 4.5A), and 

the strong block to decapping seen in vivo in dcpl mutant strains (Figures 

4.3, 4.4) to indicate that the DCPl gene encodes the decapping enzyme, or an 

essential component of the decapping enzyme. Importantly, since Dcplp is 

apparently identical to a purified protein (Decap 2; see Figure 4.2) that 

catalyzes the release of m^GDP from trariscripts in vitro, and Dcplp required 

for mRNA decapping in vivo, this work suggests that decapping of mRNAs 

in vivo is characterized by removal of m^GDP from transcripts. 
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Figiue 4.5. Copurification of His-Dcplp and cellular decapping activity. 

(A) PEI-cellulose TLC separation of in vitro decapping reactions. Lanes are 

as follows: (-) substrate alone; (+) purified Decap 2 (Table 4.1); (WT) wild-

type (yRP840) whole-cell extract; (A) dcplA (yRPlOZO) whole-cell extract; 

(DCPI lanes are samples from yRPlOZO expressing the DCPl gene from 

pRP776; His-DCPl lanes are samples from yRP1070 expressing the His-DCPl 

gene from pRP777; His-DCPl cleaved lanes show the re-analysis of the 

bound His-Dcplp, after proteolytic cleavage of the His tag from Dcplp): (E) 

whole-cell extract, (FT) flow-through from the Nickel-NTA histidine 

affinity column, (B) imidazole eluate. 

(B) Western blot analysis of crude extracts and column fractions using 

Dcplp-specific antibodies. (FP) His-Dcplp expressed in E. coli. The 

remairiing lanes correspond to samples used for PEI-cellulose TLC analysis 

listed in (A). 



134 

A. 

m^GDP 

origin 

-  +  W T A  E F T B  E F T B F T B  
DCP1 Hi8-DCP1 His-OCPl 

cleaved 

B. 
dcplA 

HIs-DCPI 
HIs-DCE] claaved 

F P W T A  E F T B E F T B F T B  

QQEl 



135 

Dcplp is required for the normal rates of decay of many yeast transcripts. 

Since mRNA deadenylation leading to decapping has been predicted to 

be a common pathway of mRNA degradation (7) (29) (72), we examined the 

decay of several transcripts in the dcplA strain. Two observations suggested 

that Dcplp was required for normal decay of the stable PGKl transcript, 

which in this case contained a poly(G) insertion in the 3' UTR. First, the 

PGKlpG transcript was more stable in dcplA strains as compared to congenic 

wild-type strains (Table 4.3; Figure 4.6A). This was due to a slower rate of 

decay following deadenylation, consistent with a block to decapping (data 

not shown). Second, an intermediate arising by 5' to 3' degradation to the 

poly(G) tract (30) was lacking in dcplA cells while levels of intermediates 

produced by an alternative 3' to 5' decay pathway (73) were increased (Figure 

4.6B). Measurement of decay rates for a number of additional mRNAs 

indicated that the dcplA mutation slows the turnover of several yeast 

mRNAs, including transcripts with rapid, intermediate, and slow decay 

rates (Table 4.3). 
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Figure 4.6. Dq>lp is required for decay of PGKl transcripts. 

(A) Analysis of the PGKlpG transcript in wild-type (yRP840) (top panel) and 

dcplA (yRP1070) (bottom panel) strains on an agarose northerns. Blots were 

probed with an oligonucleotide (oRP141, (21)) that hybridizes to full-length 

transcripts and mRNA decay products arising from 5' to 3' decay (72). The 

10' time point in the wild-type time course is slightly overloaded, as judged 

by RNA standardization to 7S RNA. 

(B) Comparison of PGKlpG transcripts in wild-type (yRP840) and dcplA 

(yRP1070) strains on a northern gel utilizing an oligonucleotide probe 

(oRP154, (75)) that allows detection of full-length transcripts and mRNA 

decay products arising from 3' to 5' decay (73). 
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Table 4.3. Dq)lp is required for normal decay rates of many yeast transcripts. 

mRNA wild type dcplA 

MFA2pG 6' 20' 

GALIO 5' 20' 

HISS 7 18' 

PGBapG 25' 45' 
ACTl 17.5' 32' 

pre-CYH2 2' 23' 
CYH2 26' >45' 

Half-lives of MFA2pG, PGKlpG and GALIO mRNAs were determined in 

yRP840 and a congenic dcplA strain (yRP1069) following glucose repression of 

transcription. Half-lives of the HIS3. CYH2 and ACTl mRNAs were 

determined in strain yRP1106 (MATa. dcpl::URA3. rpbl-1. ura3-52. leu2-3. 

112), and a congenic DCPl strain following repression of RNA pol5niierase n. 

mRNA levels were quantified with a phosphorimager (Molecular Dynamics) 

following hybridizing of northern blots with either 5' 32[p]-end-labeled 

oligonucleotides specific for the MFA2pG (oRP140, (21)) PGKlpG (oRP141, 

(21)), GALIO (oRP98, (30)) and ACTl (0RPI66, (69)) transcripts or random 

primed DNA probes specific for the HIS3 and CYH2. mRNAs. 
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Dq)lp is required for deadenylation-independent mRNA decapping. 

Transcripts that contain early nonsense codons are degraded through a 

deadenylation-independent decapping reaction (75). This is part of an 

mRNA surveillance pathway for degrading aberrant transcripts (see (7) (86)). 

In dcplA and dcpl-1 strains, the rapid decay of a transcript containing an 

early nonsense codon (B55PGKlNi03pG (75)) and the decay of the unspliced 

CYH2 preoxrsor mRNA, which is degraded by the same mechanism(41), was 

iithibited (Figure 4.7, Table 4.3, and data not shown). This result indicated 

that the Dcplp decapping activity is required for deadenylation-independent 

decapping. 
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Figtue 4.7. Mutations in DCPl inhibit the decay of a transcript containing an 

eaily nonsense codon. 

Decay of the BSSPGKlNiospG transcript (75), which contains an early 

nonsense codon, in wild-type (yRP840), dcpl-1 (yRP891), and dcplA 

(yRP1069) strains following transcriptional repression, A plasmid 

expressing the B55PGKlNl03pG transcript (pRP609) was introduced into 

these strains and was maintained by growing the strains in selective 

medium containing galactose to induce transcription of the 

B55PGKlNi03pG transcript. Transcription was shut-off at time 0' by 

resuspending cells in selective medium containing glucose. To prevent 

cross hybridization to the chromosomally expressed PGKl and PGKlpG 

transcripts, the northern blots were probed with an oligonucleotide specific 

for the B55PGK1N103 pG transcript (oRP252: 5' 

CTTGGACAGAGATCAATTCG 3'). 
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Discussion. 

This work demonstrates that a single decapping enz)nTie is required for 

the decapping of many unstable and stable yeast mRNAs, as well as mRNAs 

that are decapped independently of deadenylation. Since the rate of mRNA 

decapping significantly contributes to the overall stability of transcripts, an 

implication of this work is that control of Dcplp-dependent mRNA 

decapping can contribute to differential transcript stability. Therefore, a 

primary question is how are Dcplp-dependent decapping rates determined? 

How are mRNA decapping rates determined? 

Current evidence suggests that Dcplp decapping rates on transcripts 

will be controlled by proteins that recognize specific mRNA features. For 

example, the inhibition of decapping by the poly(A) tail requires the poly(A) 

binding protein, Pablp (21). Similarly, the rapid deadenylation-independent 

decapping triggered by premature translational termination requires the 

products of the UPFl. UPF2. and UPF3 genes (61) (62) (75). Additionally, the 

MRTl and MRT3 gene products, which are only involved in deadenylation-

dependent decapping (40), appear to promote decapping following 

deadenylation. 

Proteins that affect mRNA decapping rates could do so through two 

general mechanisms. First, they may directly act on the Dcplp-dependent 

decapping enzyme to affect the rate of decapping. These proteins could bind 

to Dcplp and affect the activity of the Dcplp-dependent enzyme and/ or 

affect the binding of the decapping enzyme to the mRNA. For example, the 

Pablp, in association with the poly (A) tail, could bind the Dcplp-dependent 
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decapping enzyme and thereby inhibit the decapping reaction. In this view, 

proteins that are found to interact with Dcplp would be candidates for 

factors involved in controlling mRNA decay. 

Alternatively, mRNA decapping rates could be controlled by proteins 

that act directly on the mRNA substrate. By this mechanism, the intrinsic 

activity of the Dcplp-dependent decapping enzyme would not be affected, 

but rather, the accessibility of the mRNA to the decapping enzyme would be 

controlled. This could occur through alterations in mRNP structure that 

affect the accessibility of the cap structure to the decapping enz)ane. For 

example, the 3' Pablp/ poly(A) tail complex could inhibit mRNA decapping 

by forming a physical interaction with the 5' end of the transcript that 

would prevent the Dcplp decapping enzyme from accessing the 5' cap 

structure. Or more simply, control of decapping rates could occur through 

competition for the 5' cap structure between the eIF-4F cap binding complex 

and the decapping enzyme. Such a model is appealing in that it would 

provide a mechanistic basis for the observation that the translation and 

turnover of eukaryotic mRNAs are often coupled. 

What are the components of the yeast mRNA decapping enzyme? 

An important question is whether Dcplp is sufficient for decapping of 

mRNAs in yeast. Although we have not yet determined if Dcplp, itself, is 

the decapping enzyme, it is apparent that the DCPl gene product is identical 

to the major protein found in the purified Decap 2 fraction isolated from 

yeast cell extracts (102). Dcplp and the Decap 2 fraction both cleave m^GDP 

in vitro from capped mRNA substrates (Table 4.1 and Figure 4.5A) and the 
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first 14 amino-terminal cimino acids of the predicted Dcplp amino acid 

sequence match the amino-terminal sequence of the major polypeptide 

present in the Decap 2 fraction (Figure 4.2). The relationship between Dcplp 

and the major protein present in the purified Decap 1 fraction is unclear. 

However, overexpression of the DCPl gene increased both Decap 2 and 

Decap 1 decapping activity peaks (data not shown). This observation 

suggests that Dcplp decapping activity is present in both Decap 1 and Decap 2 

fractions and that the major proteins fovmd in these active fractions may be 

different forms of Dcplp. 

This hypothesis is consistent with the observation that two forms of 

Dcplp are identified by Western analysis of His-Dcplp (Figure 4.5B). The 

different forms of Dcplp in this experiment both originate from the His-

DCPl construct since this plasmid was expressed in a dcplA strain, which 

does not express Dcplp (Figure 4.5B). Thus, the smaller form of Dcplp is 

likely to be produced by proteolytic cleavage of His-Dcplp. This cleavage 

event could also produce the 28kD major protein in Decap 1 from the 30-31 

kD protein of Decap 2. 

How does Dcplp decapping activity relate to other eukaryotic decapping 

activities? 

The identification of Dcplp as an essential component of the decapping 

enzyme required for normal rates of mRNA decay in yeast provides 

significant progress towards vmderstanding the mechanisms and control of 

yeast mRNA turnover. The identification of proteins from other 

eukaryotes that are similar to Dcplp would provide additional evidence that 
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mRNA decay mechanisms in other eukaryotes are similar to the decay 

pathways seen in yeast. Although database searches for Dcplp-like proteins 

in other eukaryotes have not yet revealed such proteins, it is clear that 

decapping enzymes exist in other eukaryotes (57) (80) (97). However, it is 

unclear how these enzymes relate to the Dcplp-dependent decapping 

enzyme. These erizymes release m^GMP during the decapping reaction, 

which is different from the release of m^GDP seen from the Dcplp 

decapping reaction (Figure 4.5A). Additionally, only one of these enzymes 

decaps intact mRNAs (97). These observations suggest that: i) mRNA 

decapping reactions may be different in other eukaryotes; ii) the bulk of 

these previously identified decapping enzymes may not be involved in 

mRNA decay; and, iii) these enzymes may not be similar to the yeast Dcplp-

like decapping enz)n]ie. Future work may clarify the relationship between 

mRNA decapping reactions and the similarity of mRNA decay pathways in 

eukaryotes. 

Materials and Methods. 

Cloning of the DCPl gene. 

The DCPl gene was identified on an ~9 kB fragment from a genomic 

library that complemented the dcpl-1. MDCl-1 temperature-sensitive 

phenotype (Genbank accession #Z48239; DCPl corresponds to the third ORF 

in this sequence). Subcloning the Nsi-Clal fragment, containing the third 

ORF of this region, into pRS416, and pRS424 yielded plasmids pRP717(CEN) 

and pRP718(2|xM), both of which complemented the mRNA defect seen in 

the dcpl-1. MDCl-1 strain (yRP891) (see Figure 4.1 A). 
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The DCPl gene disruption fdcpl::URA3) replaced the DCPl coding 

region, from the 5' EcoRI site to the 3' Dral site with the URA3 gene 

(pRP716). A wild-type, Ura-, diploid strain, derived from crossing yRP840 

and yRP841, was transformed with pRP716 cut with Dral and Clal. URA+ 

transformants were selected, sporulated, and tetrads dissected by standard 

procedures. 

A spore carrying the dcpl::URA3 allele (yRP1069) was crossed to yRP891 

fdcpl-1. MDCl-1) and steady-state MFA2pG (the MFA2 mRNA containing a 

poly(G) insertion in the 3' UTR) mRNA from Ura- spores from 21 tetrads 

was analyzed (40). All of these Ura- spores showed an alteration in mRNA 

metabolism that was nearly identical to the effects on mRNA metabolism 

due to the dcpl-1 mutation (data not shown). We therefore concluded that 

the dcpl::URA3 and dcpl-1 mutations were lesions at the same genetic 

locus. 

This conclusion was supported by sequence analysis of the DCPl locus 

in both wild-t3^e (yRP840) and dcpl-1 (yRP891) strairis. Primers derived 

from the DCPl genomic sequence (from #Z48239) were used to PCR amplify 

genomic DNA from both the yRP840 and yRP891 strains and yielded the 

wild-type DCPl sequence from yRP840 DNA and the DCPl sequence 

containing a point mutation in codon 155 (GGC to GAC), resulting in an 

amino acid substitution, from yRP891 DNA (see Figure 4.2). 

Purification of Decap 1 & 2 decapping activities. 

Decapping activity was assayed as previously described (103). Methods 

for growth, harvesting, cell disruption and the high salt wash step, heparin-
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agarose. Mono Q, and hydroxylapatite column procedures were as 

previously described (102) with the changes given below. Starting with 500 

grams of yeast (yPHSOO: xml::URA3) the Beadbeater (Biospec Products) cell 

suspension was centrifuged at 4500xg for 6'. The supernatant (crude extract) 

was centrifuged at 27Kxg for 45'. The resulting pellet was washed briefly 

with 100 ml of initial buffer and re-centrifuged. The second 27Kxg pellet 

was suspended in 100 ml of high salt wash buffer, stirred for Ih, and 

centrifuged for 2.5 h at 45K rpm. Heparin-agarose column chromatography 

was carried out on the supernatant solution. Triton X-100 (0.1%) was 

included in the buffers and the enzyme eluted at 0.4 M (NH4)2S04. Solid 

(NH4)2S04 was added to the active fractions to 80% saturation and the 

suspension was centrifuged for 45' at 27Kxg. The precipitate was dissolved 

in 5 ml of 20 mM Tris-HCl buffer (pH 7.6), 10% glycerol, 0.1% Triton X-100, 

0.5 mM DTT and protease inhibitors and dialyzed for 16-18 h against the 

same buffer. Mono Q HR and hydroxylapatite high performance column 

chromatography were then carried out with the dialyzed fraction. The 

enzyme activity eluted as two peaks from the Mono Q colvmin, one at 0.12 

M KCl (Decap 1) and one at 0.17 M KCl (Decap 2). The two peaks were 

chromatographed separately on the hydroxylapatite column, and both 

eluted at about 0.25 M potassium phosphate. 

In vitro decapping assays and puiification of His-Dcplp. 

Cells were harvested after growth in selective media, washed with lysis 

buffer [10 mM Tris-HCl, (pH 7.6), 100 mM KOAc, 2 mM MgOAC, 2 mM 

DTT], and suspended in an equal volume of lysis buffer containing 2 p,g/ml 
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each leupeptin and pepstatin A. Acid-washed glass beads equal in volume 

to the cell suspension were added, and cells were lysed by six cycles of 

vortexing for 15 sec and 45 sec of cooling in ice water. The lysate was 

centrifuged at 12,000 Xg for 15' at and the supernatant was 

chromatographed by gravity flow on a 1 ml Nickel-NTA column 

(Qiagen/GibcoBRL), and was eluted stepwise with 2 ml aliquots of buffer C 

[20 mM Tris-HCl (pH 8.5), 0.1 M KCl, 10 mM 2-mercaptoethanol, 10% (v/v) 

glycerol] containing increasing concentrations of imidazole (0.1, 0.2, 0.3, 0.4, 

or 0.5 M); 1 ml fractions were collected. The majority of His-Dcplp eluted at 

0.2 M imidazole. The His tag was removed by cleavage with TEV protease 

(GibcoBRL). Column fractions were assayed for decapping activity at SO^C 

for 10' in reactions containing -0.02 pmoles of m7G[32p]pppMFA2 RNA, 50 

mM Tris-HCl (pH 7.5), 1 mM MgCl2, 50 mM NH4CI, and 0.4 mM DTT, and 

analyzed by PEI-cellulose TLC developed in 0.45 M (NH4)2S04. The 

substrate MFA2 mRNA was synthesized in vitro with T7 RNA polymerase 

from a PCR amplified DNA template (38), and the RNA was capped at 37°C 

for two hours in a reaction containing 23 pmoles RNA, 45 pmoles [a-32p] 

GTP, 40u RNasin (Promega), 0.67 mM S -adenosylmethionine, 50 mM Tris-

HCl (pH 7.6), 2 mM MgCl2, 1 mM DTT, and 25 u guanylyltransferase 

(GibcoBRL). Cap-labeled RNAs were separated from unincorporated label 

by Sepharose CL6B (Pharmacia) spin chromatography. 

Protein procedures. 
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Standard protocols were followed for Western analysis and ECL 

chemiluminesence (Amersham) using affinity-purified, Dcplp-specific 

antisera. 

The purified Decap 2 fraction from yeast cell extracts was 

microsequenced at the amino-terminus using standard procedures. 

RNA procedures. 

Analysis of mRNTA was done using the following previously published 

procedures: RNA preparation (18), immimoprecipitations using antisera 

directed against the cap structure (72) (76); measurements of mRNA half-lives 

by transcriptional repression of the GALl UAS and by temperature shifts of 

rpbl-1 (79) strains (81). Transcriptional pulse-chase experiments were done as 

previously described (40). 
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FUTURE WORK 

Future work that addresses results given in this dissertation can be 

separated into goals for the immediate future and the long-term goal of 

understanding of how mRNA decay is controlled. 

The primary goal for the immediate future will be to clone the MRTl 

and MRT3 genes, which were identified during screening of a 

thermosensitive mutant yeast collection for gene products that are required 

for mRNA degradation. Mutations in the mrtl and mrt3 genes iithibit 

deadenylation-dependent mRNA decapping. It is necessary to isolate the 

MRTl and MRT3 genes to understand how these gene products are 

involved in determining mRNA decapping rates. 

I have attempted to clone the MRTl gene by complementation of the 

thermosensitive growth phenotype of the mrtl-3 mutant using single-copy 

genomic yeast plasmid libraries. Despite screening over 20 genomic 

equivalents of mrtl-3 transformants, the MRTl gene was not isolated. This 

could be due to many reasons, such as the possibility of lethality of the 

MRTl gene product to £. coli, and thus the lack, or under-representation, of 

plasmids bearing the MRTl gene after amplification of yeast genomic 

libraries in £. coli. Therefore, future cloning of the MRTl gene will require 

a different approach, such as genetic mapping of the temperature-sensitive 

mrtl-3 mutation, or Ty-transposition of mrtl-3 mutants and selecting for 

thermoresistant clones (e.g. (68)). Mapping of the mrtl-3 mutation is 

currently imderway. 

A long-term goal is to understand how mRNA decapping rates are 

determined in yeast. While understanding how decapping rates are 
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determined will require answers to many questions, the immediate 

question is whether the DCPl gene product, Dcplp, is sufficient for mRNA 

decapping in yeast. If Dcplp is indeed sufficient for mRNA decapping to 

occur, then efforts to understand how mRNA decapping rates are 

determined can focus on the activity of the Dcplp enzyme. Such efforts 

could include: i) further biochemical characterization of the decapping 

reaction carried out by Dcplp; ii) mutational analysis of Dcplp; and, iii) 

determining how other gene products that influence mRNA decapping 

rates may affect Dcplp activity. 

A second aim for the long-term future will be to determine if other 

eukaryotes possess mRNA decapping enzymes that are similar to Dcplp. 

One might expect that Dcplp-like decapping enzymes exist in other 

eukaryotes since mRNA decapping activities have been isolated from other 

eukaryotes (28) (57) (80) (97). A comparison of the specificities, and control, 

of other decapping en25anes to the yeast Dcplp ei\zyme will help us to relate 

yeast mRNA decay mechanisms to the degradation of mRNA in other 

eukaryotes. 
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