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ABSTRACf 

mRNA decay is an important step in the control of gene expression. To study 

mRNA degradation I have exploited the genetic, biochemical, and molecular tools 

available in Saccharomyces cerevisiae. These studies provided insight into the signals 

within individual transcripts which specify their half-lives, the various mechanisms by 

which mRNAs are degraded, and the trans-acting factors which both perform and control 

nucleolytic events. 

I identified a 65 nucleotide segment from the coding region of the unstable 

MATal mRNA which was capable of targeting both the MATal and stable PGKI 

transcripts for rapid degradation. This "instability element" was divided into two parts, 

one located in the first 33, and the second in the latter 32, nucleotides. The first part could 

be functionally replaced by different mRNA sequences containing rare codons, and while 

unable to promote mRNA decay by itself, enhanced degradation mediated by the second 

part. 

I determined that the MATal Instability Element (MIE) targets mRNAs for rapid 

degradation by increasing the rates of two nucleolytic steps in a pathway of mRNA decay 

common to several stable and unstable yeast transcripts. The initial step in this pathway is 

shortening of the poly(A) tail of an mRNA. Subsequently, mRNAs are decapped, after 

which the transcript body is degraded in a 5' to 3' exonucleolytic manner. The MIE 

promotes decay of the MATal mRNA through an increase in its decapping rate. In 

contrast, PGKI mRNA decay was stimulated through an increase in its rate of 

deadenylation. 

The observation that the poly(A) tail must be removed prior to mRNA decapping 

suggests that the poly(A) tail inhibits decapping. I determined that the major poly(A)

binding protein (Pablp) is required for the inhibition of decapping mediated by the 

poly(A) tail. Pablp is also required for normal deadenylation rates. Pablp therefore 
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affects mRNA decapping and deadenylation, the two rate determining steps in a common 

pathway of mRNA decay. Determining how Pablp, and additional trans-acting factors, 

exert influence over both decapping and deadenylation will provide a greater 

understanding of the basis of differential rates of mRNA degradation. 
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CHAPTER 1. INTRODUCTION 

It has been clear for over thirty years that mRNA turnover contributes to the 

control and regulation of gene expression. The steady-state level of an mRNA is 

established by the cumulative effects of its rates of synthesis and decay. Moreover, the 

time required for an mRNA to reach a new steady-state level following a change in its rate 

of synthesis is directly proportional to its half-life (65). Therefore, the induction and 

repression of genes encoding unstable mRNAs is more rapid than of genes encoding 

stable mRNAs. In addition, the half-lives of many eukaryotic transcripts are altered in 

response to environmental cues indicating that mRNA decay rate not only determines the 

steady-state level of an mRNA, but is also an important regulatory point in gene 

expression (for review see 15) 

Using a combination of molecular, genetic, and biochemical approaches 

significant progress has been made toward understanding the process of mRNA 

degradation in the simple eukaryote Saccharomyces cerevisiae. I will review what is 

currently known about mRNA decay in yeast and relate it to mRNA turnover in more 

complex eukaryotes where appropriate. (For a more comprehensive review of mRNA 

degradation in mammalian cells see 134). 

Methods for studying mRNA turnover in yeast. 

The study of mRNA turnover in yeast has been aided by a number of simple 

methods for measuring mRNA half-lives. These include in vivo labeling of mRNAs, and 

the direct measurement of mRNA decay rates following transcription inhibition (Table 

1.1). In addition, a number of convenient techniques for trapping intermediates in mRNA 

degradation have been developed. These methods, as well as their relative advantages and 

disadvantages, are detailed below. 



Table 1.1 Methods for measuring mRNA half-lives in yeast 

Method 

Approach to steady 
state labeling 

Thiolutin and 1,10, 
Phenanthroline 

rpb1-1 mutation 

Regulated GAL 1 
promoter 

Advantages 

Minimal cellular perturbation 
Special strains and constructs not required 
Measure half-lives of many transcripts 

simultaneously 

Special strains and constructs not required 
Measure half-lives of many transcripts 
simultaneously 

Special constructs not required 
Measure half-lives of many transcripts 

simultaneously 

Minimal cellular perturbation 
Transcriptional pulse-chase possible 

Disadvantages 

Large amounts of radioactive material 
Possible poor signal to noise ratio 

Potential loss of labile factors 
May affect decay of certain transcripts 
May induce transcription of certain 
genes 

Potential loss of labile factors 
Heat shock 
Requirement for a special strain 
Not useful with other conditional 
mutants 

Requirement for a special construct 
May not be useful for carbon source 

regulated transcripts ...... 
w 
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A. Approach to steady-state labeling 

One method for determining mRNA half-lives is through approach to steady-state 

labeling of total yeast RNA. In this method, yeast cells are incubated with radioactive 

nuc1eotides, typically tritiated adenine, and RNA samples are isolated at various times 

following the addition of label. Then, either total mRNA, or alternatively poly(A)+ 

mRNA, is hybridized with immobilized DNA probes complementary to the transcript of 

interest. Half-lives of individual transcripts are then approximated through the kinetics of 

their initial labeling (60, 9, 72). One cautionary note is that the half-lives of mRNAs that 

are stable as poly(A)- species (see below) will be underestimated using this technique if 

poly(A)+ rather than total mRNA is used (e.g. 72). This method has the advantage of not 

requiring the creation of either special strains or plasmids and causes minimal cellular 

perturbations. However, this technique does require large amounts of radioactive 

material, and a poor signal to noise ratio may be obtained for mRNAs that are transcribed 

at low levels (e.g. 72). 

B. Inhibition of transcription utilizing drugs 

Two drugs, thiolutin, an inhibitor of all three yeast RNA polymerases, and 1, 10 

phenanthroline, a Zn++ chelating agent, have been used to repress transcription in order 

to measure mRNA half-lives (72, 143, 142, 73, 64). Since these drugs inhibit the 

transcription of most genes, half-lives of many mRNAs can be measured simultaneously 

by determining the amount of any transcript present as a function of time after drug 

addition by either northern blotting or RNase protection assays. This approach has 

several advantages over other methods used for inhibiting transcription. First, there is no 

requirement for the synthesis of special constructs or strains (see below). Second, since 

these drugs can be employed under a variety of experimental circumstances they can be 

used in conjunction with conditional mutations, unlike when a temperature-sensitive 
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mutation in the gene encoding RNA polymerase II is used to repress transcription (see 

below). However, both thiolutin and 1, 10 phenanthroline induce transcription of certain 

heat shock genes (1). They may also affect the decay of some yeast transcripts as 

demonstrated by the existence of a lag prior to the decay of some mRNAs following 

treatment with thiolutin, and the stabilization of several mRNAs in the presence of 1, 10 

phenanthroline (72, 73, 1). In addition, since individual yeast strains can have different 

degrees of sensitivity to thiolutin, the amount of thiolutin required to repress transcription 

in the particular strain under study needs to be determined. 

c. . Inhibition of transcription utilizing a conditional allele of RNA 

polymerase II. 

An alternative method for inhibiting mRNA synthesis utilizes a temperature

sensitive allele of the RPB 1 gene (rpbl-1), which encodes the large subunit of RNA 

polymerase II. In rpb 1-1 mutants RNA polymerase II is rapidly inactivated following a 

shift from 240 C to 360 C (118). Use of the rphl-l mutation to inhibit transcription again 

allows for the half-lives of many mRNAs to be measured simultaneously without a 

requirement for the creation of specific plasmids. However, this technique does require 

the construction of yeast strains that contain the rpb 1-1 mutation. Since transcription 

repression by rpb 1-1 also requires that cells be shifted to 360 C, this approach is not 

useful for measuring half-lives in strains harboring other conditional mutations, such as 

cold-sensitive lesions or temperature-sensitive mutations that require long incubations at 

their restrictive temperatures. Moreover, not all promoters may be repressed by 

inactivation of rpb 1-1 following a shift to 360 C (1). Use of this approach also 

necessitates heat-shocking cells, which may affect the decay of some mRNAs (73, 105). 

However, for the majority of yeast mRNAs examined, heat shock does not affect 

transcript half-lives (72). Despite these various drawbacks, the lack of pleiotropic affects 
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associated with this approach has made it a widely, and successfully, employed strategy 

for measuring mRNA half-lives. 

D. Inhibition of transcription utilizing regulated promoters. 

A more specific method for measuring mRNA half-lives is to use a promoter that 

can be regulated to produce conditionally the transcript of interest. The promoter most 

commonly used is the GALl promoter (79, 157,69), although other regulated promoters 

should also prove useful for this purpose (e.g. the MET3 promoter, 40). Genes under the 

control of the GALl promoter are expressed at high levels in the presence of galactose and 

rapid transcriptional repression of these genes is accomplished through the addition of 

glucose to the medium. In contrast to other methods of transcription repression, only a 

subset of genes are repressed by glucose. Therefore, it is unlikely that decay rates of 

mRNAs will be altered by depletion of labile turnover factors as a result of using this 

technique, as they may be when global inhibitors of transcription are employed. In 

addition, the GALl promoter can also be used to perform transcriptional pulse-chase 

experiments (48, see below). However, the GALl promoter may not useful for the 

study ofmRNAs whose stability is influenced by carbon source (94, 157, 109, 105,35). 

E. Transcriptional pulse-chase: a method for examining pathways of 

decay. 

Measurement of the steady-state half-life of an mRNA provides little information 

about the mechanisms by which that transcript is degraded. In order to overcome this 

limitation, methods for examining the pathways through which individual transcripts are 

degraded have been devised in both yeast and mammalian systems. These methods 

exploit regulated promoters to rapidly induce and then repress transcription of a given 

gene, thereby creating a synchronously produced pool of newly synthesized mRNA 
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whose decay can be monitored in the subsequent "chase" (167, 147,48). This general 

approach has been termed a transcriptional pulse-chase. 

In yeast, transcriptional pulse-chase experiments have been performed utilizing the 

GALl promoter (48). In this case, cells are grown in medium containing a "neutral" 

carbon source, such as raffinose, or a mixture of raffinose and sucrose, in which 

expression from the GAL 1 promoter is neither induced nor repressed (79). Addition of 

galactose to these cultures causes a rapid induction of transcription from the GAL 1 

promoter. After a brief induction, typically 10 - 15 minutes, transcription is quickly 

repressed by the addition of glucose. Most mRNA is synthesized between 6 and 10 

minutes following transcription induction (C. Decker personal comm.). Thus, this 

technique enables a population of mRNA transcripts that are all recently synthesized and 

therefore have a uniformly-long poly(A) tails to be produced (Fig. 1.1). Following 

transcription repression, the absolute levels of the mRNA, the status of the poly(A) tail 

before and during mRNA degradation, and the appearance and/or disappearance of decay 

intermediates can all be monitored (see below). This protocol has proven useful in 

establishing temporal correlations between events in mRNA degradation such as poly(A) 

tail loss and mRNA decay, and precursor-product relationships between a full-length 

mRNA and its decay intermediates (Fig. 1.1, see below). 
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Figure 1.1 Transcriptional pulse-chase experiment examining the decay of the 

MFA2pG mRNA. (A) Schematic representation of the MFA2pG mRNA. The shaded 

region depicts the site of insertion in the 3' UTR of this mRNA of a poly(G) tract (pG), 

which forms a stable secondary structure. (B) Poly-acrylamide northern analysis of the 

MFA2pG mRNA from a transcriptional pulse-chase experiment. The upper band is full

length MFA2pG mRNA, and the reduction in size of this mRNA with time is due to 

progressive shortening of the poly(A) tail (determined by treatment of the time = 0 sample 

RNA with RNAseH and oligo(dT), data not shown). The lower band corresponds to a 5' 

to 3' decay product trimmed to the 5' side of the poly(G) tract. The full-length mRNA 

and decay product are shown schematically on the right, and poly(A) tail lengths on the 

full-length mRNA are shown on the left. The time following transcription repression for 

each sample is shown above the figure. (C) Comparison of the decay rates of the MFA2 

and MFA2pG mRNAs during transcriptional pulse-chase experiments. Also shown are 

levels of the poly(G) decay product as a percent of the initial amount of MFA2pG 

mRNA. The MFA2pG mRNA points represent the mean of three separate experiments. 

Courtesy of Carolyn J. Decker and Roy Parker. Reprinted from reference (48) with 
, 

permission of the publisher. 
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F. Identification of intermediates in mRNA decay 

In order to understand mRNA decay, the nucleolytic events that lead to the 

degradation of individual transcripts must be determined. However, intermediates in 

mRNA decay are only rarely observed. This result strongly suggests that following an 

initial nucleolytic event, the body of the transcript is degraded extremely rapidly. To 

prevent or slow this rapid degradation, strategies have been developed that block 

exonucleases, thereby allowing detection of decay intermediates. These approaches 

include the insertion of thermodynamically stable secondary structures into mRNAs to 

block nucleases, and the use of mutations in genes encoding the nucleases. From the 

analysis of decay intermediates trapped by these methods, the pathways through which 

several mRNAs are degraded have been inferred. 

Several different sequences capable of forming stable stem-loops have been used 

to trap decay intermediates that arise from yeast mRNAs (165,48, 12, 111). The most 

efficient of these is a poly(G) tract, which forms a very stable secondary structure in vitro 

(176, 166). It was first demonstrated that poly(G) tracts could be used to trap decay 

intermediates in vivo when an 18 nucleotide poly(G) tract was inserted into the 3' 

untranslated region (UTR) of the PGKI mRNA (165). This structure has proven 

effective in trapping both 5' to 3' and 3' to 5' decay intermediates (165,48, 110, 111, 

113). Insertion of poly(G) tracts into the 3' UTRs of the PGKI and MFA2 transcripts 

does not appear to alter the rate or the mechanism of decay. This suggests that insertion 

of poly(G) tracts into 3' UTRs will in general not activate novel pathways of mRNA 

degradation (48, see Fig. 1.1C). In contrast, when poly(G) tracts are inserted into the 5' 

UTR this structure inhibits translation (163, 12,), which can alter the rates of mRNA 

deadenylation and decapping (e.g. 111). This caveat must be considered when 

interpreting the mechanisms of decay based on such 5' UTR insertions and whenever 

possible supporting information should be obtaining by analyzing the transcript turnover 
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in nuclease mutants (see below). In addition, the effect of this structure on either 

translation elongation or mRNA decay when inserted into the coding region is not yet 

known. 

A second method for trapping decay intermediates is to utilize mutations in genes 

encoding the nucleases that degrade mRNAs. One such gene is XRNl. which encodes a 

major cytoplasmic 5' to 3' exonuclease (88). In vitro, this nuclease degrades mRNAs that 

lack a 5' cap (152), and consistent with this activity, full-length decapped intermediates in 

mRNA decay are stabilized in xrn1~ mutants (76, 113, 110, 111). Such decapped 

intermediates are undetectable in wild type cells (76, 110, 111). The xrn1~ mutation may 

also prove useful in the study of endonucleolytic cleavage of yeast mRNAs since this 

mutation might stabilize 3' decay products that result from such cleavages. 

The analysis of degradation intermediates has allowed a discrete set of mRNA 

decay pathways to be defined (48, 76, 113, 110, 111). An extension of this work is that 

specific decay intermediates can now be diagnostic for a particular pathway of mRNA 

decay. For instance, poly(G) tracts trimmed to their 5' side are diagnostic of 5' to 3' 

mRNA decay (see below). Similarly, features of a given transcript's mechanism of 

degradation can be inferred by the affects of mutations in genes required for specific 

pathways of decay. For example, if an mRNA is stabilized in cells lacking either the 

XRN1 5' to 3' exoribonuclease, or the decapping enzyme (encoded by the Dep1 gene, 

see below), the transcript can be inferred to be degraded by decapping and 5' to 3' 

digestion. Similarly, transcripts whose decay is dependent on the UPF1, UPF2, or 

UPF3 genes, which are required for rapid decay of mRNAs with early nonsense codons, 

can be inferred to have properties of this decay pathway in their turnover (see below). 

Determinants of mRNA stability in yeast 
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The half-lives of individual yeast mRNAs vary over a wide range, from as little as I 

minute to as long as 60 minutes (95, 72). Determining the basis for these differences is 

central to understanding how mRNA half-lives are controlled. The available information 

suggests that mRNA half-lives are determined in large part by specific sequences within 

each mRNA. It is also clear that less defined features of an mRNA such as specifically 

positioned rare codons and translation rate can also influence the decay of individual 

transcripts. 

A. Specific sequences influence mRNA half-lives. 

Elements that affect mRNA decay rates have been identified through the analysis 

of chimeric mRNAs that are composed of portions of transcripts which degrade with 

different half-lives, and through the study of mRNAs that contain deletions and point 

mutations that alter their decay. One general class of elements that have been revealed by 

these methods are sequences that destabilize mRNAs. These instability elements have 

been identified throughout the lengths of transcripts indicating that they need not be 

localized to any general region of mRNAs. 

Instability elements have been identified in the 5' UTRs of two yeast mRNAs. 

The 5' UTR of the highly unstable PPRI transcript (tl/2= I minute) is capable of 

destabilizing the moderately unstable URA3 mRNA (tl/2=1O') (9, 95, 127). Similarly, 

the 5' UTR of the SDH Ip mRNA is responsible for the rapid degradation of this 

transcript that occurs in the presence of glucose (35). How either of these 5' UTR 

sequences promote mRNA decay is not known. However, one speculation, given the 

proximity of the 5' UTR to both the 5' cap and the translation start site, is that these 5' 

UTRs may affect mRNA decapping (see below) either directly, or indirectly through the 

regulation of translation initiation. Consistent with this model is the observation that like 
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other mRNAs whose decay is initiated by mRNA decapping, the SDH Ip transcript is not 

rapidly degraded in xrnlL\ cells (76, 110, 111, 113,35, see below). 

Instability elements have also been identified in the coding regions of several yeast 

mRNAs including the unstable MAT(d, HIS3, STE3 and SP013 transcripts (119, 71, 

69, 157, 32). The most well defined of these is a 65 nucleotide region from the unstable 

MAT(d transcript (t1l2=3.5'). This 65 nucleotide element is composed of two parts, one 

located in the 5' 33 nucleotides and the other in the 3' 32 nucleotides. The 3' 32 

nucleotides of this element contain the information specifying rapid decay while the 5' 33 

nucleotides serve to stimulate turnover mediated by the downstream region roughly 

twofold. This instability element serves to promote mRNA turnover by increasing the 

rates at which mRNAs are both deadenylated and decapped (34, see below). Thus, 

coding region elements can be both relatively small, and affect steps in decay that occur at 

distal sites on the mRNA. 

The mechanisms by which this and other coding region instability elements 

function is unknown. However, because these elements are located in the coding regions 

of mRNAs they may interact with the translation machinery to influence decay. This 

possibility is strongly supported by two observations. First, translation up to, or 

through, the MAT(d instability element is required for it to promote rapid decay (119). 

Second, the important feature of the upstream 33 nucleotide region of this element are rare 

codons, rather than any specific RNA sequence or structure (32). These results suggest 

that decay mediated by this element requires both the ribosome, or alternatively a 

ribosome-associated factor, and that the ribosome be paused at a particular site on the 

mRNA. 

A coding region element has been identified within the unstable mammalian c-fos 

mRNA that is similar to the MAT(d instability element for two reasons (148, 147). Like 

the MATal instability element the c-fos instability element stimulates the rate at which 
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mRNAs are deadenylated (14S, 147). In addition, the c-fos coding region element also 

appears to require translation to promote mRNA decay since it does not destabilize a 

reporter mRNA that is untranslated due to the presence of a stem-loop structure in its 5' 

UTR (144). Thus, discrete sequence elements within the coding regions of mRNAs that 

stimulate turnover in a manner that is linked to mRNA translation are likely to be common 

features of eukaryotic mRNAs. 

Instability elements are present within the 3' UTRs of the unstable HTB1, MFA2 

and STE3 mRNAs (170, 112, 69). The most extensively analyzed of these 3' UTRs in 

tenns of specific sequences that promote mRNA degradation is the MFA2 3' UTR. This 

analysis strongly suggests that the elements within this 3' UTR that promote rapid mRNA 

decay are redundant since various deletions and point mutations can be tolerated with only 

small effects on decay rate, whereas double mutants, or larger deletions, have a greater 

effect on slowing mRNA decay (112). The exact sequences that serve to promote rapid 

mRNA decay are not known. However, one possibility is that a sequence motif Y 6-

SCAU (where Y = C or U) is a feature that promotes mRNA turnover since there are six 

copies of this motif within the MF A2 3' UTR, and a point mutation in one of these motifs 

can contribute to slowing mRNA decay. Through analogy to several labile mammalian 

transcripts that contain AU rich sequences capable of promoting decay (see below), a 

second motif within the MFA2 3'UTR that may stimulate rapid mRNA decay is the 

sequence UA/CAUUUAUU of which two copies are present (112). 

The 3' UTR of MFA2 mRNA promotes rapid mRNA turnover by stimulating the 

rates at which this mRNA is both deadenylated, and decapped (112). Instability elements 

similar to those found in the MFA2 3' UTR have also been identified in several unstable 

mammalian transcripts such as the c-fos, c-myc and GM-CSF transcripts (146, SO, SI, 

167, 14S, 147). For example, the c-fos mRNA contains within its 3' UTR a repeated 

motif, UU A UUU A U I A U I A, that stimulates the rates of both deadeny lation and 
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subsequent degradation of the body of the transcript (167, 147, 86, 177). How these 

regions within mRNA 3' UTRs increase the rates of deadenylation and subsequent 

degradation of the body of transcripts is not known. However, the fact that these 

instability elements within 3' UTRs are often redundant, and are situated close to the 

poly(A) tail suggests that they may provide multiple binding sites for factors that stimulate 

mRNA deadenylation. Along these lines a factor has been identified that binds to U-rich 

sequences that contain AUUUA sequence motifs within the c-myc mRNA. This factor 

also stimulates turnover of this mRNA in vitro (28). Perhaps this protein, and analogous 

factors in yeast, serve to directly influence the activity of the deadenylation machinery (see 

below). 

Two observations raise the possibility that there may also be sequence elements 

that stabilize mRNAs. First, the 3' UTR of the STE3 mRNA contains an instability 

element capable of destabilizing the PGKI mRNA only if 82% of the PGKI coding 

region has been deleted. This result suggests that sequences capable of overriding the 

instability element within the 3' UTR of the STE3 mRNA are present within the PGKI 

coding region (69). Second, the presence of a premature translation termination codon 

destabilizes the PGKI mRNA (see below). However, insertion of a specific region from 

the 3' portion of the PG K 1 coding sequence upstream of the early nonsense codon 

partially stabilizes the mRNA (122). This results provides further support for the 

existence of sequences that can stabilize mRNAs. 

The identification of specific sequence elements within mRNAs that affect decay 

rates is often difficult. The most commonly used approach is to construct chimeric genes 

between genes encoding stable and unstable mRNAs and then to determine the half-lives 

of the resulting mRNAs. The ability of a region from an unstable mRNA to destabilize a 

stable transcript when it is either fused to, or inserted into, the recipient mRNA is taken as 

evidence for an instability element. However, the interpretation of chimeric mRNA half-
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lives may be complicated for two reasons. First, construction of chimeric mRNAs may 

involve the removal of portions of the stable mRNA that contain stability elements (e.g. 

69). Second, chimeric mRNAs contain novel combinations of mRNA sequence at 

junctions between the different transcripts which could potentially form instability 

elements. It should be noted, however, that this possibility is unlikely since chimeric 

mRNAs composed of various portions of the stable PGKl and ACTl mRNAs are 

themselves stable (69). 

Several other possibilities must also be considered during the analysis of 

sequences that affect mRNA decay. Identification of elements that affect mRNA stability 

may be obscured by the presence of additional antagonistic or redundant elements within 

an mRNA. For instance, the coding region and 3' UTR of the STE3 mRNA both contain 

instability elements. Due to the presence of the two functionally redundant elements, 

deletion of a single element has little or no effect on the half-life of this mRNA (69). 

Through analogy to nonsense-mediated mRNA decay (see below), the deletion or 

insertion of sequences into an mRNA may also cause novel pathways of degradation to be 

activated. Despite these caveats, the identification of a large number of elements that 
I 

affect mRNA decay illustrate that transcript half-lives are determined in large part by 

specific sequences within mRNAs. These elements should be useful tools for 

understanding how different mRNAs are degraded, and in the identification of trans

acting factors that influence mRNA-specific rates of decay (see below). 

B. Non-specific features of mRNAs generally do not influence mRNA 

half-lives 

Most evidence suggests that non-specific features of transcripts, such as mRNA 

length, translational efficiency, and percentage of rare codons, do not contribute in any 

consistent way to mRNA stability. However, while there may not be any general 



27 

relationship between these features of an mRNA and it's half-life, these features can 

contribute to the half-lives of individual transcripts. 

1. There is no correlation between mRNA length and stability 

It has been proposed that mRNA length is inversely proportional to mRNA half

life (143). The original rationale behind this model was that longer mRNAs would 

present a greater target area for endonucleolytic attack than do shorter ones. This 

possibility seems less likely now given that the major pathway of mRNA decay in yeast 

appears to be 5' to 3' and not endonucleolytic (see below). However, a correlation 

between length and decay rate has been reported for several yeast mRNAs (143), although 

a more extensive comparison of length to stability for a large number of yeast transcripts 

suggests that no such general relationship exists (72). Furthermore, in direct contrast to 

this model, large deletions within the stable PGKl and ACTl mRNAs slightly destablize 

these mRNAs. Thus, there is no general rule correlating mRNA half-life and length. 

2. Ribosome protection cannot account for mRNA half-lives 

It has been proposed that ribosomes protect an mRNA from nucleolytic attack, and 

therefore less efficiently translated, or untranslated, mRNAs should be more unstable 

(75). This model stems largely from the facts that early nonsense codons, which create a 

"ribosome free" area 3' of the early stop codon, destabilize mRNAs (96, 122), whereas 

the translation inhibitor cycloheximide, which stalls ribosomes on an mRNA, stabilizes 

most transcripts (72). However, several observations indicate that, in general, ribosome

mediated mRNA protection is unlikely to influence mRNA half-lives. First, ribosome 

packing densities do not differ between stable and unstable transcripts (142). Second, at 

least in some cases, treatment of cells with cycloheximide stabilizes untranslated as well as 
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translated transcripts, indicating that stabilization by this drug is not due to the presence of 

elongating ribosomes on an mRNA that directly prevent nucleolytic attack (12). Third, 

mRNA destabilization by early nonsense co dons is dependent on specific sequences 3' of 

the early tennination codon, and not simply on the presence of ribosome free regions 3' of 

premature stop codons (122). Thus, ribosome-mediated protection of an mRNA does not 

account for differential mRNA half-lives. 

While there is no simple relationship between mRNA decay and translation, it 

should be noted that translation is an important detenninant of stability for some mRNAs. 

For example, inhibition of translation of the PGKI mRNA through the insertion of a 

stable secondary structure into its 5' UTR destabilizes this transcript. This destabilization 

is due to an increase in the rates of deadenylation and decapping of this mRNA (111, see 

below). In contrast, translation up to, or through, an instability element within the coding 

region of the MAT(d transcript is required for this element to promote rapid mRNA decay 

(119). Thus, translation is likely to affect the stability of mRNAs in a message-specific 

manner. 

3. Rare co dons are not general determinants of mRNA stability 

A third model is that a high percentage of rare codons in an mRNA increases the 

rate of mRNA degradation (75). Evidence in support of this hypothesis comes from the 

observation that unstable mRNAs have a higher percentage of rare codons than do stable 

mRNAs, although this correlation may also reflect independently evolved mechanisms of 

maintaining low levels of gene expression (72). Also, replacement of the first 164 codons 

(39%) of the PGKI transcript with their rare counterparts reduced steady-state levels of 

this transcript approximatey 3-fold (75). However, these manipulations also caused 

changes in the primary sequence within a region of the PG K 1 gene that may contain a 

mRNA stabilizing sequence (69) and/or a transcriptional enhancer (104). In addition, 
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inserting rare codons into the PGKI transcript, or fusing an mRNA containing a high 

percentage of rare codons to the PGKI transcript is not sufficient to destabilize this 

mRNA (32). Thus it is unlikely that rare codons per se are general determinants of 

mRNA stability. Rare codons can, however, affect mRNA stability in a message-specific 

manner as demonstrated by the observation that decay mediated by a 32 nucleotide region 

of the MA Tn 1 transcript is significantly enhanced when a cluster of rare codons is 

positioned 5' of this region (32, see above). 

A common pathway of mRNA decay. 

In order to understand the basis for differential mRNA half-lives the various 

pathways of mRNA decay must be determined. Once these pathways have been 

established they will provide a framework for understanding how both cis-acting 

sequences and trans-acting factors serve to influence the stabilities of specific mRNAs. 

One model consistent with the available data is that many mRNAs in yeast are degraded at 

different rates through a common pathway. The initial nucleolytic event in this pathway is 

shortening of the poly(A) tail to an oligo(A) length of 10-15 nucleotides. Following this 

shortening, the transcript is decapped by the product of the Depl gene, rendering it 

susceptible to 5' to 3' exonucleolytic digestion performed by the product of the XRN 1 

gene (165, 76, 48, 48, 110, 111, 14, see Fig. 1.2). 

A. Deadenylation precedes the decay of some yeast mRNAs 

Several lines of evidence strongly suggest a role for deadenylation in the decay of 

yeast mRNAs. In one case, point mutations in the 3' UTR of the unstable MFA2 mRNA 

(t1l2 = 3.5') that stabilize this transcript up to 4-fold have been identified. These 

mutations change the rate of deadenylation of the MFA2 mRNA to an extent that either 

entirely, or at least partially, accounts for the observed changes in decay rate (112). In 
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Figure 1.2. A common pathway of mRNA decay in yeast. Shown is a schematic 

representation of the deadenylation-dependent decapping pathway ofmRNA decay. The 

initial step in this pathway is shortening of the poly(A) tail of an mRNA to an oIigo(A) 

length (- 10-15 residues). Following deadenylation, the mRNA is decapped by the DePl 

gene product, and subsequently degraded in a 5' to 3' direction, primarily by the product 

of the XRN 1 gene. 
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addition, transcriptional pulse-chase experiments examining the degradation of the stable 

PGKI (t1l2 = 35') and unstable MFA2 and STE3 (t1l2 = 3') transcripts indicates that 

degradation of the body of these mRNAs occurs only following shortening of their 

poly(A) tails to an oligo(A) length of - 10 - 15 residues (48 , Fig. 1.2). Thus, 

deadenylation precedes thedecay of these mRNAs. This temporal correlation between 

shortening of the poly(A) tail and degradation of the transcript body is significant because 

transfer of the MF A2 3' UTR, which is capable of stimulating rapid deadenylation, to the 

stable PGKI mRNA, decreases the time required to deadenylate this chimeric mRNA and 

correspondingly alters the time at which the transcript body begins to decay (48). 

Examination of decay intermediates that arise from 5' to 3' degradation of the 

PGKI and MFA2 transcripts provides further evidence that deadenylation precedes the 

decay of these mRNAs (165,48). First, in transcriptional pulse-chase experiments, these 

decay products accumulate only after the poly(A) tails of the full-length mRNAs have 

shortened to an oligo(A) length (Fig. 1.2). Importantly, these intermediates also have 

only short poly(A) tails even though the full-length mRNA consists of a mixture of short 

and intermediate-length poly(A) tailed species (48). Similar results are seen with decay 

intermediates trapped by deletion of the XRNI gene, where only deadenylated transcripts 

are seen to be decapped (76, 110). These results indicate that decay products are 

generated only from full-length mRNAs that have been deadenylated (48). 

Following deadenylation mRNAs are degraded at different rates. For instance, 

decay of oligo-adenylated PGKI mRNA is relatively slow, whereas oligo-adenylated 

MFA2 mRNA is highly unstable (48). This observation provides an alternative 

explanation for several results that have been previously interpreted to argue that 

deadenylation does not contribute to mRNA decay (72, 125). First, the steady-state 

populations of several stable yeast mRN As, including the PG K 1 transcript, have 

predominantly short (or no) poly(A) tails (142,72). Second, the polyadenylated forms of 
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the CYH2 and PGK1 mRNAs chase into a stable poly(A)-deficient form too rapidly to 

account for their overall stability (72, 165). This accumulation poly(A)-deficient mRNA 

species is now understood to result from fact that although deadenylation precedes decay 

of these transcripts, degradation of the oligo-adenylated mRNA species is slower than the 

rate of deadenylation (48, 111). 

B. Decapping and 5' to 3' exonucleolytic digestion follow deadenylation 

of some yeast mRNAs 

Following deadenylation, the body of the MFA2 and PGK1 transcripts are 

degraded by 5' to 3' exonucleolytic digestion. This degradation is initiated at, or near, the 

5' cap. The evidence for this mechanism of decay has come from the analysis of decay 

products trapped by various strategies. For example, the presence of a poly(G) tract in 

the 3' UTRs of the PGK1 and MFA2 mRNAs results in the accumulation of decay 

products trimmed to the 5' side of the poly(G) insertion (165, 48). Movement of the 

poly(G) tracts close to the 5' ends of these mRNAs again results in the accumulation of 

decay products trimmed to the 5' side of the poly(G) insertion. Moreover, in mRNAs 

containing multiple poly(G) insertions, decay products trimmed to the 5' side of more 

distal poly(G) tracts are less abundant than those trimmed to the 5' side of the proximal 

poly(G) tract (165, 110, 111). 

Examining the decay of the MFA2 and PGKI mRNAs in cells lacking the XRN1 

gene product indicates that the initial nucleolytic event following deadenylation is mRNA 

decapping. The XRN1 gene encodes a 5' to 3' exonuclease that in vitro degrades RNA 

lacking a 5' cap (152, 88). In yeast harboring a xrn 1~ mutation, 5' to 3' decay 

intermediates trapped by the insertion of a poly(G) tract into the MFA2 3' UTR cannot be 

detected. (110). Levels of a similar decay product arising from the PGK1 transcript with 

a poly(G) in its 3' UTR are also greatly reduced in these mutants (111). These results 
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indicate that Xm1p is required for the majority of 5' to 3' digestion of these transcripts. 

In the absence of 5' to 3' digestion by Xm1p, MFA2 and PGK1 mRNAs accumulate 

with time as decapped species. As judged by primer extension, decapped MF A2 

transcripts are full-length and decapped PGK1 mRNAs are shortened by two nucleotides 

from their 5' ends relative to the capped PGK1 mRNAs (110, 111). It should be noted 

that whether the PGK1 transcript is in fact initially decapped in the cap linkage followed 

by an Xm 1 P independent removal of two bases, or is cleaved initially at the +2 position is 

not yet clear. Thus, following deadenylation, these two transcripts are decapped by 

cleavage at or very near their 5' ends. In both cases, the enzyme responsible for the 

decapping reaction appears to be encoded by the Depl gene (14, see below). 

Following decapping the MFA2 and PGK1 mRNAs are degraded primarily by the 

product of the XRN 1 gene (88, 110, 111). However, two observations suggest that there 

is a second 5' to 3' exonuclease capable of performing 5' to 3' digestion of at least some 

decapped transcripts. First, low levels of PGK1 5' to 3' decay product are observed in 

cells lacking Xmlp (110, 111). Second, PGK1 mRNA is stabilized to a greater extent 

following an inhibition of decapping by ~ycloheximide, than by inhibition of 5' to 3' 

degradation by the xrn 1.1 mutation, suggesting the presence of a second 5' to 3' 

exonuclease that is blocked by a 5' cap (12, 111). One candidate for this second 5' to 3' 

exonuclease is the product of the RAT1IHKE1 gene (84, 3). Localization studies suggest 

that Ratlp is primarily nuclear (84). This observation coupled with the facts that RAT1 

mutant strains have defects in both nuclear-cytoplasmic RNA transport and in 5.8s rRNA 

processing strongly suggest that this exonuclease functions primarily in the nucleus (3, 

70). However, the similar activities of Xmlp and Ratlp (84), and the fact that they 

functionally overlap in the processing of 5.8s rRNA (70), suggests that Ratlp may also 

degrade decapped mRNAs. 
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c. Deadenylation-dependent decapping is a common pathway of mRNA 

decay 

Only the PGKI and MFA2 transcripts have been rigorously demonstrated to 

degrade through the deadenylation-dependent decapping pathway. However, for several 

reasons this pathway is likely to be common to most yeast mRNAs. First, deadenylation 

precedes the decay of the STE3 and MATa,1 mRNAs (48, 34). Most other yeast 

transcripts are also deadenylated since bulk poly(A) tails are initially long and undergo 

progressive shortening with time (61, 126). Moreover, deadenylation of bulk poly(A) is 

probably performed by the same factors that shorten the poly(A) tails of mRNAs that are 

degraded through this pathway. This possibility is suggested by the observation that 

mutations in the poly(A) binding protein that slow deadenylation of the PGKI and MFA2 

mRNAs, also result in an increase in the average length of total cellular poly(A) (139, 33, 

see below). 

Evidence that decapping and 5' to 3' digestion are common to many yeast 

transcripts also comes from the examination of mRNA decay in strains lacking either the 

Dcplp decapping enzyme, or the Xmlp exoribonuclease. In dcpl.1 strains several yeast 

mRNAs including the unstable MATa,I, MFA2, HIS3 and GALlO mRNAs as well as the 

stable ACTl, PGKI and CYH2 transcripts are stabilized (14). Similarly, in cells lacking 

Xmlp full-length deadenylated forms of the Rp51A, CYCl, ACTl, MFa,1 and MATa,1 

transcripts accumulate (76, 34). The deadenylated forms of several of these mRNAs 

(ACTl, RP51A and CYCl) are degradable by purified Xmlp suggesting that they lack a 

5' cap (76). Lastly, Xmlp is very abundant and primarily cytoplasmic (74). It is 

therefore possible that this protein degrades the majority of yeast transcripts. 

The deadenylation-dependent decapping pathway of mRNA decay may also occur 

in more complex eukaryotes. The mammalian c-myc and c-fos mRNAs are deadenylated 

prior to their decay (167, 29, 159,87, 147). In addition, activities that could catalyze 
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both the decapping reaction and 5' to 3' mRNA digestion have been identified in extracts 

from mammalian cells (41) and potential Xrn 1 P homologues have been identified in both 

Drosophila and Xenopus (74). It will be of great interest in future experiments to 

determine the mechanisms by which transcripts are degraded in more complex eukaryotes. 

D. Control of mRNA half-lives through the deadenylation-dependent 

decapping pathway 

The decay rates of individual transcripts degraded by deadenylation-dependent 

decapping are determined by differences in the rates of deadenylation and decapping. By 

combining a variety of different rates of deadenylation and decapping a wide spectrum of 

mRNA decay rates are possible. For instance, the MFA2 transcript is degraded rapidly 

due to fast deadenylation and fast decapping, whereas the stable PGK1 transcript exhibits 

slow rates of deadenylation and decapping. In the following sections we will discuss the 

available information about the processes of deadenylation and decapping, and how 

different rates of these key steps may be specified. 

1. Control of mRNA deadenylation. 

Since the rate at which an mRNA is deadenylated contributes to its overall stability 

it is critical to determine how differential rates of deadenylation are specified. It is clear 

that some cis-acting sequences that stimulate mRNA turnover, such as the MFA2 3' UTR, 

do so in part by accelerating mRNA deadenylation (112, 48). An important issue 

concerns how these sequences exert control over mRNA deadenylation, and what 

nucleases are the targets of this regulation. 
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a. Poly(A)-binding protein influences deadenylation 

One protein that influences deadenylation in yeast is the poly(A)-binding protein, 

Pab 1 p, encoded by the essential P AB 1 gene (138). In pab 1 mutants there is an increase 

in the length of bulk cellular poly(A) (139). In addition, the PGKI and MFA2 mRNAs 

are deadenylated 3-and 6-fold slower, respectively, in pabL1 mutants than in PAB 1 

strains (33). 

Two general types of models can explain the reduced rates of deadenylation 

observed in pabl~ yeast. In one view, proteins bound to the poly(A) tail in the absence 

of Pablp could inhibit poly(A) shortening. Alternatively, Pablp could itself influence 

deadenylation (139). Although neither model can be ruled out, some support for the latter 

hypothesis comes from the partial purification of a Pab 1 p-dependent poly(A) nuclease 

(PAN, see below). 

b. A poly(A) binding protein-dependent nuclease activity from 

yeast 

A largely Pablp-dependent poly(A) nuclease activity, termed PAN, has been 

identified in yeast extracts. This nuclease exhibits little or no activity in the absence of 

Pablp in crude extracts or following further purification (97, 136). This nuclease is a 

good candidate for performing deadenylation in vivo since versions of the Pab 1 p that fail 

to activate in vitro also cause defects in deadenylation in vivo (139, 136). However, since 

the cloned PANl gene (136) does not encode a required catalytic subunit of the PAN 

activity (A. Sachs personal Comm.), a direct test of the role of this enzyme in mRNA 

decay awaits cloning and mutational analysis of the actual gene or genes that encode the 

PAN enzyme. 



38 

c. Other proteins possibly involved in deadenylation 

Several lines of evidence indicate that there are either poly(A) nucleases in addition 

to PAN or that PAN retains some activity in the absence of Pablp. First, in pabl.1. yeast 

the MFA2 and PGKI mRNAs are deadenylated slowly, and shortened poly(A) species 

are present in the total cellular poly(A) population (33, 136). Second, partially purified 

PAN preparations contain two Pablp-independent nuclease activities in addition to the 

Pablp-dependent activity. The first activity slowly degrades poly(A) tracts of fewer than 

25 nucleotides and the second degrades longer poly(A) tracts in a spermidine-dependent 

manner. These two activities have been ascribed to PAN, however, the possibility that 

they are due to additional poly(A) nucleases cannot be ruled out (97). 

Two other proteins, the products of the RNA14 and RNA 15 genes, have been 

proposed to negatively regulate mRNA deadenylation. This proposal is based on the 

observation that there is a decrease in bulk poly(A) tail lengths following inactivation of 

these two gene products in vivo (107, 99). However, several results indicate that the 

RNA 14 and RNA 15 gene products are involved in adenylation rather than deadenylation. 

Transcriptional pulse-chase analysis of the PGKI mRNA in temperature-sensitive ma14 

or ma15 mutants indicates that inactivation of these two gene products does not affect the 

rate at which this mRNA is deadenylated (100). Furthermore, in vitro, Rna14p and 

Rna15p have been demonstrated to be components of the polyadenylation machinery, 

specifically the CFI complex (106), which is involved in both cleavage and 

polyadenylation (39). Consistent with this observation, inactivation of these two proteins 

in vivo leads to defects in polyadenylation cleavage-site selection of the ACT 1 mRNA 

(100). Thus the RNA14 and RNA15 gene products, and probably their homologues in 

Drosophila (108) and mammals (160), do not appear to be involved in the control of 

deadenylation. 
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d. Models of poly(A) shortening 

An important issue concerns how message-specific rates of deadenylation are 

achieved. One model is that modulation of PAN activity is responsible for differential 

rates of deadenylation. Support for this model comes from the observation that in pabl!l. 

mutants the difference in the rate of deadenlyation between the MFA2 and PGKI mRNAs 

is mostly lost (33). This result suggests that PAN is largely responsible for differential 

rates of deadenylation in vivo, although the possibility that this loss is due to other 

factors, such as different proteins bound to poly(A) tails in the absence of Pab I p cannot 

be ruled out. 

How might sequence elements that affect deadenylation modulate PAN activity? 

One possibility is that they stimulate PAN either directly or through Pab I p without the 

involvement of additional proteins(97, Fig. 1.3A). Evidence in favor of this model comes 

from the observation that in purified PAN preparations, deadenylation of the MFA2 

3'UTR is slightly faster than deadenylation of the HIS3, ACTI, CYH2 and RP29 

3'UTRs (97). Since MFA2 mRNA is also deadenylated rapidly in vivo, this result raises 

the possibility that message-specific stimulation of PAN may account for differences in 

deadenylation measured in vivo. However, the rate at which the other mRNAs examined 

are deadenylated in vivo is not known, making the significance of this result difficult to 

establish. Furthermore, since these preparations of PAN activity contain additional 

proteins, these differential rates of deadenylation can not be attributed only to PAN and 

Pab I p. A likely alternative possibility as to how specific-sequences influence 

deadenylation is that they are recognition sites for additional factors that modulate PAN 

activity (Fig. 1.3B). There is no direct evidence for such factors in yeast, however, a 

protein, termed AUBF, which binds to a U-rich sequence containing the AUUUA motif 

in the c-myc mRNA, and stimulates decay of this mRNA in vitro has been identified (28). 
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Figure 1.3. Two models for the control of mRNA deadenylation. (A) PAN and Pablp 

are sufficient for differences in rates of deadenylation. In this model Pablp-dependent 

PAN activity is primarily responsible for deadenylation in vivo. Specific sequence

elements within mRNAs that influence rates of deadenylation (shown as a black box on 

the mRNA) do so by either directly stimulating PAN, or by providing binding sites for 

Pab 1 p which in tum modulates PAN activity. (B) Additional factors alter rates of poly(A) 

shortening performed by PAN. In this model the bulk of deadenylation is again 

performed by the Pablp-dependent PAN activity. Specific-sequences within mRNAs are 

binding sites for additional factors. These factors serve to influence PAN activity either 

directly, through Pab 1 p, or by affecting mRNP structure in general. 
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This mRNA is deadenylated prior to decay (29, 159,87) and one speculation is that this 

factor may stimulate deadenylation. 

There are several interesting possibilities that can explain how rates of 

deadenylation might be modulated by specific sequences within mRNAs. In one model 

sequences within mRNAs which stimulate deadenylation may do so by recruiting poly(A) 

nucleases in addition to PAN. Alternatively, it may be that the poly(A) tail is available for 

deadenylation only during a certain phase of the translation cycle. For instance, the 

poly(A) tail may be able to be shortened during 40s scanning, but not after 60s joining at 

the initiation codon. In this view, sequences that promote deadenylation might do so by 

altering the relative rates of the steps in translation initiation. 

A simpler model for how sequences may influence rates of deadenylation is that 

they do so by affecting the activity of PAN through alterations in the kcat or kd of this 

enzyme. Support for this model comes from the observation that in vivo the poly(A) tails 

of initially homogeneous populations of the rapidly deadenylated MFA2 and STE3 

mRNAs are shortened non-uniformly whereas initially homogeneous populations of the 

slowly deadenylated PGKI mRNA are shortened uniformly (48). One interpretation of 
/ 

these results is that deadenylation of the MFA2 and STE3 mRNAs is more processive 

than deadenylation of PGKI mRNA. A change in the processivity of PAN has been 

explicitly proposed based on in vitro experiments. The key observation is that the MFA2 

poly(A) tail is deadenylated less unifonnly than other substrate mRNAs and not all MFA2 

precursor substrate is utilized prior to the completion of deadenylation of other molecules 

in the total population (97). However, for several reasons this model remains speculative. 

First, it is unclear whether the in vitro reactions were performed in substrate excess, thus 

making evaluation of the processivity of PAN activity difficult to assess. Second, a 

determination of the enzymatic mode of activity was further complicated by the fact that in 

most reactions a great deal of substrate mRNA was never hydrolyzed (97). Moreover, the 
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differences in deadenylation between the MFA2 and STE3 and the PGKI transcripts 

observed in vivo can be accounted for in several alternative models. The future analysis 

of mutations in PAN, and the refinement of an in vitro deadenylation system that 

recapitulates in vivo differences in deadenylation rates, should provide insight into how 

deadenylation rates are controlled. 

f. Terminal deadenylation is not a rate determining step for 5' to 3' 

decay 

mRNAs degrade at different rates following shortening of their poly(A) tail to an 

oligo(A) length. The basis for these differences is not yet clear (see below), but one 

proposal is that differential rates of oligo(A) tail removal, termed terminal deadenylation, 

may determine the stability of oligo-adenylated transcripts (112, 97). However, several 

observations indicate that terminal deadenylation does not contribute to the rate at which 

an mRNA is degraded following deadenylation. First, 5' to 3' decay products from both 

the PGKI and MFA2 mRNAs have oligo(A) length poly(A) tails indicating that these 

transcripts are decapped independently of complete removal of the poly(A) tail (165, 48, 

111, 33). In addition, increasing the rate of terminal deadenylation of the PGKI mRNA 

does not decrease the stability of the oligo(A) form of this mRNA (48). Based on these 

observations it can be concluded that terminal deadenylation does not contribute in a 

significant way to subsequent events in the decapping and 5' to 3' pathway of mRNA 

decay. However, it should be noted that the PGKI mRNA is also degraded in a 3' to 5' 

manner (113, 111). It is possible that complete removal of the poly(A) tail may be 

required for degradation of an mRNA through this 3' to 5' pathway (see below). 
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2. Control of mRNA decapping 

The rates at which an mRNA is both deadenylated and decapped contributes to its 

stability. However, unlike deadenylation, mRNA decapping effectively terminates the 

cytoplasmic functionality of an mRNA since degradation of the body of a mRNA is 

extremely rapid following decapping. For this reason decapping is likely to be the key 

control point in the regulation of mRNA decay. Support for this hypothesis comes from 

the fact that decapping is the site of numerous controls. First, in most instances, the 

poly(A) tail is an inhibitor of mRNA decapping (see below). Second, decapping of oligo

adenylated mRNAs occurs at different rates due to specific sequences within mRNAs 

(112, 111). Lastly, rapid mRNA decay triggered by premature translation termination 

codons occurs by deadenylation-independent decapping (see below). 

a. The Pablp/poly(A) tail complex inhibits mRNA decapping 

That decapping does not normally occur until the poly(A) tail is shortened to an 

oligo(A) length strongly suggests that the poly(A) tail inhibits this process. Poly(A) tail 

mediated inhibition of decapping is dependent on the poly(A)-binding protein since in 

pab 1 mutants mRNAs are decapped with long poly(A) tails (33). Thus mRNA 

decapping is controlled in part by the poly(A) taillPab 1 p complex. 

In vitro Pab 1 p is capable of high affinity binding to poly(A) tracts containing as 

few as 12 residues, but binds poorly to shorter substrates (140). This observation may 

explain why mRNA decapping only requires shortening of the poly(A) tail to an oligo(A) 

length rather than complete deadenylation. In this view mRNAs would be decapped 

following dissociation of the last bound Pab 1 p molecule which would occur once an 

mRNA had a short, rather than no, poly(A) tail. Importantly, by inhibiting decapping 

until shortening of the poly(A) tail Pab 1 p enables the rate of deadenylation to contribute to 

the overall decay rate. 
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Inhibition of decapping by the Pablp/poly(A) complex suggests that Pablp may 

be involved in either the establishment or maintenance of an interaction between the 5' 

and 3' ends of an mRNA. This possibility is also suggested the observations that Pablp, 

in conjunction with a poly(A) tail, can also enhance translation initiation in vitro (115, 

62). Similarly, depletion of Pab 1 p in vivo causes a reduction in overall translation, and 

the lethality of a pab 1 deletion can be suppressed by mutations that affect levels of the 60s 

ribosomal subunit (139). This putative 5' to 3' interaction is likely to be important for the 

control of mUltiple cytoplasmic events in mRNA metabolism including mRNA translation 

(for reviews see 77, 45) and decay. 

b. Control of decapping after deadenylation 

mRNAs are decapped at different rates following deadenylation. These 

differences are due, at least in part, to specific-sequences within mRNAs that can 

influence rates of mRNA decapping (112, 111,34). How might these sequences affect 

the rate of mRNA decapping? Since the Pablp/poly(A) tail complex inhibits mRNA 

decapping, binding of Pablp to other sites within an mRNA might also be expected to 

influence mRNA decapping following deadenylation. In this light, these sequences may 

be internal binding sites for Pab 1 p, or alternatively, antagonize binding of Pab 1 p to other 

sites within an mRNA. However, Pablp probably does not affect rates of decapping 

following loss of the poly(A) tail. The key observation is that decapping of mRNAs in 

pab 1 mutant strains occurs at similar rates to decapping following poly(A) removal in 

P AB 1 strains, although decapping in a pab 1 mutant strain occurs independently from 

deadenylation. (33). Thus, control of decapping by specific sequences is likely to be due 

to factors other than Pab 1 p. 
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c. Decapping activities from yeast 

The factors that perform the decapping reaction are likely to be the targets of 

regulation of this process. Identification, and characterization of the decapping activities 

are therefore of great interest. Recent experiments suggest that most, if not all of mRNA 

decapping, is carried out by a single decapping enzyme encoded by the Depl gene (14). 

This gene was originally identified as a high-copy suppressor of the temperature-sem;itive 

phenotype of a mutant inhibited in mRNA decapping termed mrt2 (66). Three 

observations indicate that this gene encodes a decapping enzyme. First, the predicted 

amino acid sequence of the Depl gene matches the N-terminal sequence of a highly 

purified decapping activity. This decapping activity was initially detected in high salt 

washes of yeast ribosomal fractions as an activity that cleaves capped RNA substrates 

between the second and third phosphate bonds, generating m7GDP and a RNA chain with 

a mono-phosphate end (153, 154, 84). Second, null mutations in the dcpl gene yield 

cell-free extracts that contain no detectable levels of this decapping activity. Finally, 

decapping activity is increased roughly fivefold in strains overexpressing the Depl gene 

from a 2 micron plasmid (14). 

Importantly, by several criteria Dcplp is responsible for decapping in vivo. First, 

in dcp lA strain (which are viable but growth impaired), several transcripts including both 

stable and unstable mRNAs are stabilized (14). Second, for at least one ofthese mRNAs, 

the MFA2 transcript, stabilization occurs following deadenylation but prior to decapping. 

Moreover, transcripts that undergo deadenylation-independent decapping are also 

stabilized in dcplA strains. Thus, Dcplp is responsible for both deadenylation-dependent 

and independent decapping of unstable and stable mRNAs. Determining how Dcp 1 P is 

controlled in a message-specific manner is therefore central to the understanding of how 

mRNA half-lives are specified. 



47 

Two general models may explain how Dcp 1 p activity is controlled in a message

specific manner. In one model control of Dcp1p could occur indirectly through the 

regulation of cap accessibility. Cap accessibility would in turn be determined by how 

often translation initiation factors were bound to the cap. In this view cis-acting elements 

and trans-acting factors that influence rates of mRNA decapping would do so by either 

increasing or decreasing the efficiency of cap recognition by translation factors. 

Alternatively, Dcp 1 p may be directly controlled, serving as a target of regulatory input. In 

this view, cis and trans-acting factors that effect message-specific rates of decapping 

would do so by directly altering Dcp1p activity in some way 

A second protein capable of decapping transcripts is the product of the gag gene 

from the double stranded L-A virus, which is found in some yeast strains. In vitro this 

protein cleaves mRNAs between the first and second phosphate bonds generating 

m7GMP and a RNA chain with a diphosphate end (23,24). This protein is also capable 

of performing this reaction in vivo (102). However, the GAG protein does not detectably 

contribute to mRNA decay in vivo since 5' to 3' decay products from the MFA2 mRNA 

are generated with similar kinetics in isogenic yeast strains that either lack or contain the 

L-A virus (D. Muhlrad and R. Parker, unpublished observation.). 

d. Translation and mRNA decapping 

A possible link between translation and decapping of an mRNA is suggested by 

the observation that various manipulations of the PGK1 mRNA that alter its translation, 

also change its rate of decapping. For example, insertion of a stable secondary structure 

that blocks translation into the 5' end of this mRNA increases its rate of decapping (Ill). 

In addition, the presence of an early termination codon in the PGK1 mRNA causes rapid 

deadenylation-independent decapping of this mRNA (see below, ItO). One speculation is 
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that the rate of decapping of some mRNAs may be influenced by the efficiency of either 

their translation initiation or elongation. 

Reductions in the rate of total cellular translation elongation may also affect mRNA 

decapping. Treatment of yeast with the translation elongation inhibitor cycloheximide 

stabilizes many yeast mRNAs (72). For the PGKI and MFA2 transcripts, this 

stabilization is due to an inhibition of mRNA decapping (12, Ill). Furthermore, 

cycloheximide stabilizes both translated and untranslated MF A2 transcripts indicating that 

stabilization is independent of inhibition of translation elongation of this mRNA in cis 

(12). Thus, stabilization of the MFA2 mRNA, and probably additional transcripts, by 

cycloheximide is the result of a general inhibition of mRNA decapping. 

A second observation suggesting that reductions in the rate of total cellular 

translation elongation may affect mRNA decapping comes from studies of a temperature 

sensitive allele of the gene encoding the tRNA nucleotidyl transferase enzyme (2). 

Shifting these mutant yeast to the restrictive temperature results in many phenotypes 

similar to those observed following cycloheximide addition, including a rapid cessation of 

protein synthesis, a general increase in the number of ribosomes per mRNA, and 

stabilization of several mRNAs (123). Why mRNAs are stabilized in this mutant is not 

known. However, given the similarities of its effects to those of cycloheximide, this 

stabilization could arise from a general inhibition of mRNA decapping. 

Based on the previous results an interesting possibility is that mRNA decapping is 

regulated in response to reduced or abolished protein production. This model is appealing 

since increases in mRNA stability would be expected to compensate for decreases in 

translation. Such coordinated regulation might be part of a general system of controls that 

maintain proper levels of gene expression. 

Additional pathways of mRNA decay 
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There are mechanisms ofmRNA decay in addition to the deadenylation-dependent 

decapping and 5' to 3' digestion pathway. These pathways include 3' to 5' digestion, 

deadenylation-independent decapping, and endonucleolytic cleavage of mRNAs (165, 

111, 96). These mechanisms of mRNA decay potentially provide additional means 

through which transcript half-lives are controlled. 

A. 3' to 5' mRNA decay 

The PGKI transcript can be degraded in a 3' to 5' direction, although this 

pathway normally appears to be slower than 5' to 3' decay for this transcript. Thus, 

decapping and 5' to 3' digestion is not the only mechanism of decay for this mRNA . 

Evidence for this 3' to 5' pathway of mRNA turnover comes from the observation that 

when 5' to 3' decay is inhibited, mRNA species with truncated 3' ends arise from the 

PGKI transcript (113, 111). These species are also detected at low levels in the absence 

of a block to 5' to 3' decay indicating that 3' to 5' mRNA degradation is not simply 

activated by a block to 5' to 3' decay (111). 

MFA2 transcripts that completely lack a poly(A) tail are stable in the presence of a 

strong block to 5' to 3' decay, and 3' to 5' decay products are detected at only very low 

levels (C. Beelman and R. Parker, unpublished observation). Thus, unlike the PGKI 

mRNA, degradation of the MFA2 transcript through the 3' to 5' pathway either does not 

normally occur, or is very slow. The observation that 3' to 5' mRNA degradation may be 

somewhat limited to a subset of total yeast mRNAs suggests that 3' to 5' exonucleases are 

not simply scavenger nucleases that degrade any deadenylated transcripts that fail to decay 

through other specific pathways of mRNA turnover. Furthermore, this observation raises 

the interesting possibility that 3' to 5' degradation may be the primary mode of decay for 

particular yeast mRNAs. 
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The factors that catalyze this 3' to 5' reaction are not known. However, it has 

recently been demonstrated that mutations in the SKI2 and SKI3 genes are lethal in 

combination with a temperature-sensitive xm 1 allele (78). One intriguing possibility is 

that the SKI2 and SKI3 gene products are involved in 3' to 5' mRNA decay. In this 

view, synthetic lethality in ski2 or ski31 xrn 1 double mutants would result from the 

simultaneous loss of both 5' to 3' and 3' to 5' mRNA decay. This model is analogous to 

the synthetic lethality exhibited by E. coli that harbor mutations in both the RNB and PNP 

genes which encode two major 3' to 5' exonucleases (51). 

B. Endonucleolytic cleavage of mRNAs 

Based on the fact that endonucleolytic cleavage of vertebrate mRNAs has been 

observed (156, 117, 30, 31, 224) it is likely that the decay of some yeast transcripts are 

initiated by site-specific endonucleolytic cleavage. The best example of endonucleolytic 

cleavage of a yeast mRNA comes from studies of the L2A mRNA. This mRNA is subject 

to post-transcriptional-feedback control when levels ofL2Ap are elevated (129). Several 

observations suggest that this control is due to endonucleolytic cleavage within a 360 

nucleotide region within the L2A coding region. First, there is a greater abundance of 5' 

than 3' ends of this mRNA under conditions when L2Ap is elevated (129). Second, 

insertion of a poly(G) tract 3' of the potential cleavage site leads to the accumulation of a 

poly(A)+ decay product trimmed to the 5' side of the poly(G) insertion, and lower levels 

of a 5' decay intermediate (130). Interestingly, this cleavage is likely to occur in the 

nucleus since this 360 nucleotide sequence confers feedback control upon an mRNA 

when present within an intron (130) 

A second possible example of endonucleolytic cleavage of yeast mRNAs comes 

from studies of the PGKI mRNA. It has been suggested that this mRNA can be cleaved 

within its coding region (165). Subsequent analysis of this mRNA has indicated that it is 
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primarily degraded via 5' tQ 3' and 3' tQ 5' pathways .of mRNA decay (111). HQwever, it 

shQuld be nQted that the endQnucleQlytic cleavage prQducts were detected in strains 

wherein the PGK1 transcript was greatly .overproduced. Perhaps the endQnucleQlytic 

cleavage .of this mRNA dQes .occur, but is slQW relative tQ .other mQdes .of degradatiQn, 

and can therefQre .only be detected when there is a very large PQQI .of substrate mRNA. In 

vertebrate systems examples .of endQnucleQlytic cleavage .often invQlve transcripts with 

regulated half-lives (31, 22). It is prQbable therefQre that, analQgQus tQ the L2A mRNA, 

.other yeast mRNAs with regulated half-lives will cQntain specific endQnuclease cleavage 

sites (see beIQw). 

c. mRNA surveillance: rapid deadenylation-independent decapping 

AnQther pathway .of mRNA decay in yeast is deadenylatiQn-independent mRNA 

decapping (see beIQw). This pathway .of mRNA decay has been determined fQr the decay 

.of a mRNA that cQntains a premature translatiQn terminatiQn cQdQn (113). In all 

eukaryQtes mRNAs cQntaining premature translatiQn terminatiQn cQdQns (UAA, UAG and 

UGA) are highly unstable (10, 46, 56, 64, 96, 93, 101, 122, 131). In yeast this 

phenQmenQn is termed nQnsense-mediated decay (125). In mutant yeast strains which are 

unable tQ activate rapid decay .of transcripts cQntaining early nQnsense cQdQns, mRNA 

mQlecules which are incQrrectly prQcessed are stabilized and are alsQ assQciated with 

ribQsQmes (68). TherefQre, .one hYPQthesis is that nQnsense-mediated decay serves as a 

mRNA surveillance system which rapidly remQves aberrant mRNAs in .order tQ prevent 

the fQrmatiQn .of truncated, and PQtentially detrimental, PQlypeptides (131). SQme SUPPQrt 

fQr this theQry CQmes from the QbservatiQn that in mutant strains .of C. elegans which are 

unable tQ activate rapid decay .of aberrant mRNAs SQme recessive alleles .of the myQsin 

heavy chain gene are cQnverted tQ dQminant negative alleles (131). HQwever, it shQuld be 

nQted that in bQth C. elegans and yeast this "mRNA surveillance system" is dispensable 
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for growth indicating that stabilization of mRNAs that are abberantly produced due to the 

inherent rate of error in the various RNA processing events is not sufficient to kill cells 

(90,43,67,89, 131 ). Lastly, recent experiments suggest that some "normal" (no early 

nonsense codons) transcripts are also degraded by this mechanism of decay. This 

conclusion rests on the observation that the transcripts from the PPRI and CTF13 genes 

are stabilized in strains lacking Upflp, a protein that is required for this type of mRNA 

degradation (Leeds et al 1991, M. Culbertson Personal comm.). Thus, the process of 

deadenylation-independent decay may be exploited to control the turnover rates of a subset 

of cellular mRNAs 

1. Early nonsense codons trigger mRNA decapping 

The stable PGKI mRNA is destabilized up to 12-fold by the presence of an early 

nonsense codon (122). Several lines of evidence suggest that this destabilization is due to 

rapid deadenylation-independent decapping and subsequent 5' to 3' mRNA decay (Fig. 

1.4). In transcriptional pulse-chase experiments PGKI transcripts that contain premature 

stop codons are degraded immediately following their synthesis, and with long poly(A) 

tails. In addition,S' to 3' decay intermediates that arise from this mRNA have long 

poly(A) tails. Finally, full-length PGKI transcripts containing nonsense codons are 

stabilized in xrnld yeast (113). 
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Figure 1.4. A pathway of decay for mRNAs containing premature translation 

termination codons. Shown is a schematic representation of the common deadenylation

dependent pathway of mRNA decay, and the deadenylation-independent pathway through 

which early nonsense containing transcripts are degraded. In this latter pathway mRNAs 

are decapped by the DePl gene product while they still contain long poly(A) tails, and are 

subsequently degraded in a 5' to 3' direction, primarily by the product of the XRNl gene. 
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Two models can explain how deadenylation-independent decapping is triggered by 

an early nonsense codon. In one view, a premature stop codon may activate degradation 

machinery unique to the nonsense-mediated pathway. Alternatively, decapping triggered 

by an early nonsense codon could result from a stimulation of the decay machinery that 

normally decaps mRNAs. Support for the latter hypothesis comes from several 

observations. First, decapping of both early nonsense-codon containing PGKI mRNA 

and wild type PGKI mRNA is performed by the Depl gene product (14). Second, both 

nonsense containing PGKI mRNA and wild type PGKI mRNA are also primarily 

degraded by Xrnlp following decapping (113, 111). Thus, it is likely that rapid 

nonsense-mediated mRNA decay results from a variation of the basic deadenylation

dependent decapping pathway. 

2. Recognition of early nonsense codons 

There are two issues central to understanding nonsense-mediated decay. The first 

issue concerns how early nonsense codons are recognized as premature. The second 

issue concerns how premature stop codons trigger mRNA decapping following their 

recognition (See Fig. 5). One observation that pertains to how recognition of an early 

stop codon may occur is that premature termination codons do not destabilize mRNAs as 

efficiently, or at all, with increasing distance from the 5' end of an mRNA (96, 122,64). 

This distance effect is due to the fact that specific sequences, both upstream and 

downstream of early nonsense codons, influence their ability to trigger rapid decay. 

a. Specific sequences are required 3' of early nonsense codons. 

One reason for the effect of distance on nonsense-mediated decay is a requirement 

for specific sequences 3' of the early stop codon. Evidence for such sequences has come 

from the examination of a PGKI mRNA, termed mini-PGKl, which contains an early 
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stop codon but lacks between 5% and 92% of the PGKI coding region downstream of the 

stop codon. This deletion abolishes nonsense-mediated decay of this transcript. Insertion 

of specific portions of the PGKI coding region downstream of the early stop codon in the 

mini-PGKI transcript restores rapid nonsense-mediated decay. Thus specific sequences, 

termed downstream elements, are required 3' of a termination codon in order for it to 

trigger rapid mRNA decay (122). 

The specific sequence that is recognized within these downstream elements has not 

yet been completely defined. However, deletion analysis of two downstream elements 

suggests that a repeated motif, TGYYGATGYYYYY (where Y = C or U), is a necessary 

feature of this element (122, 175). Further support for this motif being an important 

component of downstream elements comes from the following observations. Portions of 

the ADE3 and HIS4 transcripts each of which contain two copies this motif, and a 

sequence that contains four copies of this motif, also destabilize the mini-PGKI transcript 

(175). In addition, this sequence is found in many transcripts as shown by a computer 

search which indicates that 75% of the total yeast sequences contain at least one imperfect 

copy (two mismatches) of this motif (175). This finding is important since every yeast 

transcript so far examined is subject to destabilization by an early nonsense codon (96, 

120,90,91, 122), It should be noted, however, that the percentage of these motifs that 

reside within the coding regions of their respective mRNAs is not clear (175). 

There are likely to be components of the downstream element in addition to this 

motif. Deletion analysis indicates that this motif is not sufficient for nonsense-mediated 

decay (122, 175). Furthermore, in at least one instance, partial mRNA destabilization by 

an early stop codon occurred in the absence of this motif (122). These results suggest 

that either this motif can be very degenerate, or that sequences other than this motif may 

also contribute to nonsense-mediated decay. Thus the precise nature of the downstream 

element is not yet understood. 
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What is the role of the downstream element in nonsense-mediated decay? The 

TGYYGATGYYYYY motif is potentially capable of base pairing to nucleotides 879- 887 

of the 18s rRNA, although these nucleotides are predicted to fall within a region of 

intramolecular secondary structure (125, 175,47). One model that has been proposed is 

that this sequence may mediate an important interaction between a scanning ribosome or 

40s ribosomal subunit; a consequence of which would be rapid mRNA decapping (122, 

175, Fig. 5). Although intriguing, this model awaits rigorous experimental investigation. 

b. Specific upstream elements partially block nonsense-mediated 

decay 

Nonsense-mediated decay not only requires specific downstream elements but is 

also influenced by stabilizing sequences that reside upstream of a nonsense codon. For 

example, a 3' region of the PGKI transcript partially stabilizes an mRNA when inserted 

upstream of an early nonsense codon, whereas an equivalently sized 5' portion of the 

PGKI transcript does not. This stabilizing portion of PGKI spans a region of this 

mRNA after which nonsense codons no longer trigger rapid decay suggesting that specific 

sequences within this region render mRNAs insensitive to this pathway. The requirement 

for a downstream element combined with the presence of stabilizing sequences provides 

an explanation for why the destabilizing effects of early nonsense codons diminish with 

increasing distance from the 5' end of the mRNA. 

How might these sequences serve to partially reduce the effects of early nonsense 

codons on mRNA decay? At least one of the proteins required for nonsense-mediated 

decay, the product of the UPFI gene (see below, 90, 91), is ribosome associated (7). 

One possibility is that stabilizing sequences may inhibit nonsense mediated decay by 

promoting the dissociation of the nonsense decay machinery from the ribosome, perhaps 

by inducing changes in ribosomal conformation (151, 63, 145). 
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3. Trans-acting factors in nonsense-mediated mRNA decay. 

Three factors involved specifically in nonsense mediated decay have been 

identified. These factors are the products of the UPF 1, UPF2INMD2 and UPF3 genes 

(44,90,91,43,67 Lee et aI1995). These gene products are dispensable for growth and 

have been found to affect only the decay of transcripts that contain premature termination 

codons (90, 91, 43, 67). Whether these proteins function during the recognition of an 

early stop codon, or in the subsequent stimulation of mRNA decapping is not known (See 

below and Fig. 1.5). 

The UPF 1, UPF2 and UPF3 genes have been cloned. How these proteins 

function in nonsense-mediated decay is not understood, however, several observations 

suggest that at least Upflp and Upf2p are part of a ribosome associated complex. Upflp 

may be an RNA binding protein since it contains possible Zn ++ finger and RNA helicase 

domains (91). In addition this protein is both cytoplasmic and polysome associated (7, 

124). The localization ofUpf2p is not known, but as judged by the two-hybrid technique 

(54), Upflp and Upf2p interact in vivo via the carboxy terminus ofUpf2p. Thus, Upf2p 

is likely to be polysome associated, along with Upflp. Interestingly, when the carboxy 

terminus of Upf2p is both overexpressed and cytoplasmically localized it causes a 

dominant-negative phenotype, with respect to nonsense mediated decay (67). The 

interaction between these two proteins is therefore likely to be of functional significance to 

nonsense-mediated decay. Lastly, yeast harboring mutations in either UPF 1 or UPF2 

also display a slight cycloheximide sensitivity phenotype (91,43). These proteins may 

therefore play some role in translation in addition to functioning in nonsense-mediated 

decay. Conversely, the UPF3 gene product may not be ribosome associated since it 

sediments during low-speed centrifugation experiments under conditions in which both 

monososmes and polyribosomes remain soluble (89). Future work on the UPF1, UPF2 

and UPF3 gene products should lead to an understanding whether these proteins function 
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Figure 1.5. Models for both the recognition of early nonsense codons, and the 

mechanisms through which they may trigger rapid mRNA decapping. (A) Recognition of 

early nonsense codons. In this model recognition occurs cotranslationally and is therefore 

likely to involve the ribosome. or possibly a scanning 40s ribosomal subunit (shaded 

regions). This recognition could take place at either the termination codon itself, or at a 

downstream destabilizing element (shown as a black box on the mRNA). The UPFI, 

UPF2 and UPF3 gene products could act during any, or all, of these steps. (B) Rapid 

mRNA decapping. Once an early nonsense codon is recognized mRNAs are rapidly 

decapped. This decapping must overcome the normal controls imposed on this process, 

shown here as an inhibition of decapping by Pablp (PAB). Recognition could activate the 

decapping nuclease either directly, by activating Dcp 1 p, or indirectly, by antagonizing the 

normal inhibitions to mRNA decapping. Again the UPF 1, UPF2 and UPF3 gene 

products are likely to function in this process. 



A. Recognition 

f\ I UPFl, 2, 3 

\.j'J L~? ~ 
AUG 

m70ppp 

~ 
B. Decapping 

? ~ ? ..... UPFl, 2, 3 • UPFl, 2, 3 • 

AUG _ I 
U<1<1 -

JO~~ 
0\ 
o 



61 

in the recognition of an early stop codon, in a signal transduction pathway that triggers 

mRNA decapping, or a combination of the two (Fig. 1.5). 

4. Where in the cell does recognition of an early nonsense codon occur? 

A question, with implications as to how early nonsense codons trigger rapid 

decapping, concerns where recognition of a premature termination codon occurs. Two 

observations suggest that in yeast recognition of early stop codons occurs in the 

cytoplasm. Upflp is cytoplasmic and since Upflp and Upf2p interact, Upf2p may also 

be cytoplasmic (7, 67). In addition, tRNA suppressors partially prevent nonsense

mediated decay (96). However, in mammalian systems nonsense codons may be 

recognized while a transcript is either nuclear, or in transit between the nucleus and the 

cytoplasm since transcripts containing early nonsense codons are unstable while fully 

spliced but nuclear (11, 17). 

These results may be indicative of fundamentally different mechanisms of 

nonsense-mediated decay in yeast and more complex eukaryotes. Alternatively, early 

nonsense codon recognition may occur during the initial round of translation of an 

mRNA, perhaps coincident with nuclear export. Such a model is attractive since it may 

explain how normal controls of mRNA decapping are overcome by the presence of an 

early nonsense codon. In this view, recognition of an early nonsense codon would occur 

during, or prior to, the establishment of a normal cytoplasmic mRNP structure. This 

model may also explain why early nonsense codons that are either downstream of a 

stabilizer sequence or upstream of a poor destabilizing sequence only partially destabilize 

mRNAs (122). In this hypothesis, a certain percentage of mRNAs containing these 

inefficiently recognized early nonsense co dons would escape detection during the initial 

round of translation, and therefore be degraded through that particular mRNA's normal 

decay pathway. The mixture of rapidly decapped and normally degraded transcripts 
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would together give rise to an overall intermediate half-life. In light of this model, 

determining where early nonsense co dons are recognized may aid in understanding how 

nonsense-mediated decay is coordinated with additional pathways of mRNA decay. 

Regulated mRNA turnover in yeast 

There are a few instances in which the half-lives of yeast mRNAs are altered in 

response to environmental cues. The most dramatic of these is the SDH Ip mRNA which 

is destabilized up to 12-fold following a shift from glycerol to glucose-containing medium 

(94,35). In another example, the SPOIl and SPOl3 transcripts are two-fold less stable 

when grown in glycerol as opposed to acetate-containing medium (157) and these 

differences in mRNA half-lives are dependent on the products of the UME2 and UME5 

genes (158). Other less well defined examples include the L25 and SlO mRNAs which 

may be destabilized in response to heat shock (73), the PCKI and FBPI mRNAs which 

are slightly destabilized in response to carbon source and/or heat shock (105) and the L2A 

transcript whose levels are autoregulated at a post-transcriptional level (129). 

The pathways through which these regulated yeast transcripts decay under both 
/ 

destabilizing and stabilizing conditions have not been completely defined. However, 

changes in the rate of deadeny lation do not account for the decreased stability of the 

SPO 13 transcript (158). In addition, autoregulation of levels of the L2A mRNA is due to 

endonucleolytic cleavage within this transcript (129, 130, see above). One likely 

possibility is that the multiple pathways of mRNA decay in yeast will all be exploited to 

regulate the half-lives of individual transcripts. 

Summary. 

There is now a large body of knowledge concerning how mRNA degradation 

occurs in yeast. Many cis-acting detenninants of mRNA stability have been identified and 
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the various underlying mechanisms of mRNA degradation are being defined. From these 

studies a more complete picture of how cellular mRNA levels are controlled has started to 

emerge. 

The major challenge currently before this field is the identification of both the 

general and specific trans-acting factors that function in mRNA decay. Modulation of the 

activities of the general factors involved in common pathways of mRNA decay is likely to 

be the major mechanism through which message-specific rates of mRNA decay are 

determined. Identification of these general factors is therefore of great importance. In 

addition, since modulation of the activities of general factors is likely to be accomplished 

through the actions of mRNA-specific trans-acting factors, identification of these specific 

factors is also of great significance. 

A second challenge is to understand how events that occur prior to, and 

simultaneous with, mRNA degradation influence this process. Such events include 

mRNA transport, localization and translation. Strong evidence for links between mRNA 

translation and decay already exist (57, 122, 32, 111). Additional events, such as the 

subcellular localization and possibly the "history" of an mRNA (Le. the specific factors 

that associate with an mRNA prior to or during mRNA transport) are also likely to impact 

mRNA degradation. Determining the relationships between these different processes will 

lead to a fully integrated picture of how the various events in mRNA biogenesis converge 

in the regulation of gene expression. 
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CHAPTER 2. A SMALL SEGMENT OF THE MATal TRANSCRIPT 
PROMOTES MRNA DECAY IN YEAST: A STIMULATORY ROLE FOR 
RARE CODONS' 

Summary 

Differences in decay rates of eukaryotic transcripts can be determined by discrete 

sequence elements within mRNAs. Through the analysis of chimeric transcripts and 

internal deletions, we have identified a 65 nucleotide segment of the MATal mRNA 

coding region, termed the MIE (MATal instability element), that is sufficient to confer 

instability to a stable PGKI reporter transcript and that accelerates turnover of the unstable 

MATal mRNA. This 65 nucleotide element is composed oftwo parts, one located within 

the 5' 33 nucleotides, and the second in the 3' 32 nucleotides. The first part, which can 

be functionally replaced by sequences containing rare codons, is unable to promote rapid 

decay by itself, but can enhance the action of the 3' 32 nucleotides (positions 234-266 in 

the MATal mRNA) in accelerating turnover. A second portion of the MATal mRNA 

(nucleotides 265-290) is also sufficient to destabilize the PGKI reporter transcript when 

positioned 3' of rare co dons suggesting that the 3' half of the MIE is functionally 

reiterated within the MATal mRNA. The observation that rare codons are part of the 65 

nucleotide MATal instability element suggests possible mechanisms through which 

translation and mRNA decay may be linked. 

Introduction 

The regulation of eukaryotic gene expression can be significantly affected by 

differences in mRNA decay rates. Critical to the understanding mRNA turnover is a 

detailed knowledge of the mRNA features that specify differences in decay rates. Recent 

experiments, examining the decay rates of chimeric andlor mutant transcripts, suggest 

that, at least in some cases, there are discrete sequence elements that affect mRNA 

turnover rates (for reviews, see 19 and 28). These "instability elements" have been 
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described in the protein coding and/or 3' untranslated regions of a small number of 

mRNAs. 

Determinants of mRNA stability have been identified in the protein coding region 

of mammalian (32, 41, 14) and yeast transcripts (27, 36, 16, 17). These observations 

suggest that the coding region will be a common location for sequences that affect mRNA 

half-lives. However, the critical features of such coding region stability determinants, and 

how these elements function in the presence of translocating ribosomes, is largely 

unknown. Recent results suggest that recognition of information in the coding region 

specifying mRNA decay rates may occur by two distinctly different mechanisms. In the 

case of the mammalian p-tubulin mRNA, recognition occurs at the level of the nascent 

peptide, demonstrating how translation and decay can be linked 172. Alternatively, 

coding region determinants in c-fos and c-myc mRNAs may be recognized by proteins 

that bind directly to the RNA (10, 6) although the relationship between protein binding, 

mRNA decay, and translocating ribosomes is unclear. 

The genetic approaches possible in the yeast Saccharomyces cerevisiae make this 

organism a useful system for the analysis of eukaryotic mRNA decay. Previously, we 

reported that a 363 nucleotide region from the unstable MAT(xl mRNA (tll2=5') was 

capable of destabilizing the otherwise stable ACTI and PGKI (t1l2=30 and 45 min. 

respectively) mRNAs (119). Furthermore, the rapid turnover mediated by MATal 

appeared to require ribosomal translocation through MATa 1 coding sequences as the 

placement of a stop codon immediately upstream of the MATa 1 portion of a 

PGKllMATal hybrid mRNA abolished the accelerated turnover 119. 

In this work we have undertaken a detailed analysis of the MATa 1 instability 

element in order to determine the limits of the element and the mechanistic requirement for 

translation in stimulating mRNA decay. We have found that a minimal 65 nucleotide 

segment of the coding region, the MATa 1 instability element (MIE), is sufficient to 
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destabilize a stable reporter mRNA. Additional analysis has revealed that the 65 

nucleotide element is bipartite. The first part of the element (comprised of the first 33 of 

65 nucleotides) contains several rare codons. The role of these rare codons appears to be 

to increase the effectiveness of sequences located in the 3' 32 nucleotides of the element in 

promoting rapid mRNA decay. Additionally, sequences within the latter half of the MIE 

that are necessary to accelerate decay appear to be functionally reiterated within the 

following 25 nucleotides of MATc:xl. However, the presence of only one of these two 

similar regions is required downstream of rare codons in order to increase turnover of the 

PGKI mRNA. The observation that rare codons are a part of the 65 nucleotide MIE 

suggests a means through which coding region determinants of mRNA stability and 

translocating ribosomes may interact to stimulate decay. 

Results 

65 nucleotides of the MATa 1 mRNA are sufficient to destabilize a stable 

transcript. 

We wished to determine the minimal portion of MATc:xl that was sufficient to 

destabilize a stable mRNA. In order to accomplish this goal, derivatives of the unstable 

PGKI/MATc:xl hybrid mRNA Pa1.201-725 (tIl2=9') were generated that had 

successively larger deletions from the 3' end of the MATc:xl portion of the transcript and 

the half-lives of these mRNAs were detennined. Pc:x1.201-725 is composed of MATc:xl 

nucleotides 201-725 fused in frame 3' of the PGKI 5' untranslated region (5'UTR) and 

first 1157 nucleotides of the coding region (see schematic to Fig. 2.1). Nucleotide 201 of 

MATc:xl has previously been shown be the 5' border of sequences within MATc:xl 

required to destabilize this PGKI mRNA 119. Deletion of 3' MATal sequences from 
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the Pa1.201-725 mRNA should therefore reveal the minimal portion ofMATal required 

to destabilize the PGKI mRNA. Because deletion of the 3' end of MATal sequences 

required that the 3' UTR and translational stop codon be removed, each member of the 

deletion series was fused to a linker containing a stop codon, and to the PGKI 3'UTR. 

All deletions examined terminate translation at the stop codon within the linker and are 

termed PaP.201-x where x is the 3' most nucleotide of MATal remaining in the 

construct (see materials and methods and Fig. 2.1). 

Measurement of the decay rates of transcripts from the PaP.201-x constructs 

demonstrates that the first 65, 150, 246 and 321 nucleotides of the MATal mRNA, 

beyond nucleotide 201, are sufficient to destabilize the PGK1 transcript (see Fig.2.1A, B, 

C and D). Shortening of the MATal sequences to 33 nucleotides (FIG. 2.1E) resulted in 

an approximately fivefold increase in the half-life of the mRNA from 11 to 55 minutes, a 

half-life similar to that of the PaP.O mRNA (47 ± 10.4 min, panel F) which contains no 

MATal sequences. It should be noted that in all these constructs a translational stop 

codon is located immediately 3' of the sequences that promote decay. In order to be sure 

that the presence of this stop codon was not affecting the ability of the MA Tal sequences 

to affect mRNA decay rate we also examined the decay rates of a series of transcripts in 

which the translational stop codon and the PGKI 3' UTR were replaced with the entire 

coding region (183 nucleotides) and 3'UTR of the CUP1 mRNA such that translation 

would continue beyond MATal sequences through the CUPI transcript. In these 

constructs the presence of 65 nucleotides of the MATa 1 transcript was again sufficient to 

destabilize the chimeric mRNA (tI/2 = 10.7' ± 1.2' as compared to 23.6' ± 4.2' ). 

Similarly, the presence of 33 nucleotides of the MATal transcript had no effect on the 

half-life of the PGK1ICUP1 fusion mRNA (t1l2 = 26.5' ± 2.1', data not shown). Thus 

the proximity of the 3'UTR and the stop codon to MATal sequences in the mRNAs 
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Figure 2.1. 65 nucleotides of the MATal mRNA are sufficient to destabilize the PGKI 

mRNA. Shown are northern blot analyses of PGKIIMATal fusion mRNAs containing 

3' deletions of MATal sequences. To the right of each blot is shown the half-life of the 

mRNA, determined from the average of multiple experiments (~3 for each mRNA). A 

schematic representation of each mRNA is shown to the left of each northern blot. In the 

schematics, hatched areas represent PGKI sequences and MATal portions of the fusions 

are filled. Nucleotides of MATal that remain in each of the constructs are shown in the 

names. In these, and all subsequent figures, nucleotide numbers were determined with 

the A residue of the start codon of MATal being considered number 1. The probe used in 

this, and all subsequent figures, except PaP.O, is a random-primed DNA fragment 

containing the entire MATal coding region and 3' UTR. The probe used to detect the 

PaP.O mRNA was a 3' end-labeled oligonucleotide that spanned the junction between the 

PGKI coding and untranslated regions (5'-TCTATCGATCTACTCGAGGATCT-3'). 

Transcription shut off was achieved through thermal repression. 
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depicted in figure 2.1 did not appear to influence their decay rates. 

The deletion experiments, in conjunction with the previously reported 5' deletion 

analysis 119, have therefore defined a 65 nucleotide segment, nucleotides 201-266 of the 

MA Tal coding region, which we term the MIE, that is sufficient to stimulate the 

degradation of this stable reporter mRNA. It is not yet clear whether or not these 

sequences are sufficient to destabilize any stable mRNA in yeast. Since the MIE does not 

completely destabilize the PGK1 transcript to the same extent as the parental MATa1 

transcript there may be additional features of these mRNAs that influence their decay rates 

(see discussion). 

Deletion of the instability element from the MATal mRNA results in a 2-3 

fold increase in the half-life of the transcript 

To test whether the same 65 bases of MATa1 that can accelerate turnover of the 

stable PGKI reporter transcript also accelerate turnover of the MATa1 mRNA, two in 

frame internal deletions of the MATa1 gene were created (see Materials and methods and 

Fig. 2.2A, B, & C). The first, termed MATa1.~ 182-265 (Fig. 2.1B), deletes 

nucleotides 182 - 265 from the coding region of MAT a!. These 83 nUcleotides include 

the first 64 out of 65 nucleotides of the MIE and an additional 19 nucleotides 5' of the 

MIE. The 19 additional nucleotides removed 5' of the instability element are from a 

region of the mRNA shown by chimeric transcript analysis to be dispensable for rapid 

decay 119. For reasons discussed below, a larger deletion, termed MATal.~182-339 

(Fig. 2.2C), was constructed that eliminates an additional 74 bases 3' of the element to 

nucleotide 339 of MATal. The two deletions, as well as the full-length MATa1 

transcript, were placed under the transcriptional regulation of the GALl UAS, and the 

half-lives of the respective mRNAs were determined. In these, and all subsequent 

experiments, differences in mRNA levels due to loading and/or sample handling for each 
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time point were normalized by quantitating levels of the 7S transcript (see Materials and 

methods). The levels of this transcript are not affected by either glucose or thermal 

repression (data not shown). The MATal mRNA decays rapidly with a 11/2 of 3.5' (Fig. 

2.2A) a value slightly faster than previously described (5 min. , [18, 27]). This small 

difference presumably reflects the more complete transcriptional shut off achieved through 

simulataneously thermal and glucose repression as opposed to simply the thermal 

repression used previously. Deletion of the instability element resulted in an 

approximately twofold increase in the half-life of the mRNA to 7' ± .5' (Fig. 2.2B). 

Interestingly, removal of additional sequences 3' of the 65 nucleotide element further 

stabilized the transcript (t1l2 ofMATal.~182-339 = II' ± I' Fig. 2.2C). 

We conclude that the 65 nucleotide MIE accounts, in part, for the rapid turnover 

of the MATal mRNA. Moreover, the observation that deletion of sequences 3' of the 65 

nucleotide instability element resulted in a further stabilization of the transcript to II' 

suggests that there may be additional sequences, residing between nucleotides 265 and 

339, that can function in promoting decay ofMATal (see below). It should also be noted 

that the most stable deletion construct of MATal had a half-life of only II', a decay rate 

lower than those observed for stable or even moderately stable mRNAs (t1l2 20-50', 

[18]). This result suggests that, in addition to the MIE, there could be additional 

instability elements within the MATal mRNA that contribute to its rapid decay. 

Alternatively, the intermediate decay rate of the MATal.~182-339 transcript could be due 

to the absence of sequences that act to stabilize an mRNA present within stable transcripts 

(16, see discussion). 
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Figure 2.2 The 65 nucleotide MIE stimulates decay of the MA Ta 1 transcript. Decay 

rates of the wild type MATal transcript and MATal mRNAs containing internal deletions 

are shown to the right of each northern blot. A schematic of the MATal mRNA is shown 

to the left of the northern blot in panel A. Filled regions represent MATal sequences and 

the lightly shaded region indicates the position of the MIE. Regions deleted from MATal 

are shown as open boxes below the schematic in panel A and names of the mRNAs are 

shown to the left of the schematics. Nucleotides deleted from the constructs depicted in B 

and C are shown in superscript next to the ~ symbol in the names. Both deletions were 

in frame, resulting in translation to the normal MATal termination site (see materials and 

methods). Differences in RNA loading were corrected for here, and in all other 

experiments, by monitoring levels of the 7S RNA on the blot (see materials and methods). 

Transcription shut off was achieved by simultaneous glucose and thermal repression. 
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Rare codons are the important feature of the first 33 nucleotides of the 

MA Tal instability element. 

In order to understand how the MIE promotes decay it will be important to 

determine the functional feature(s) of the MIE and the requirement for translation in the 

turnover of the mRNA. It had been noted that there are several rare codons (codons 

appearing 13 or fewer times per 1000 codons, [1]) within the MIE, including six of the 

first eleven [27], Fig. 2.3A). Furthermore, deletion of these 11 codons from the 

Pa1.201-725 mRNA resulted in an approximately 2 fold stabilization of the transcript 

(Fig. 2.3B, compare panels 1 & 2) indicating that this region plays a role in promoting 

turnover. These observations led to the hypothesis that rare codons are a component of 

the MATal instability element 119. Alternatively, this region of the MIE might contain 

information specifying mRNA turnover rate either at the level of the mRNA (primary 

sequence or secondary structure) or the nascent peptide. In order to distinguish between 

these mechanistic hypotheses two experiments were carried out. 

In one experiment the first six rare codons were altered by site-directed 

mutagenesis such that they encoded the same peptide with abundant codons (Pal.201-

725A, Fig. 2.3A). These changes resulted in an approximately 2 fold increase in the half

life of the mRNA from 9' to 16.5' (Fig. 2.3B, compare panels 1 & 3). The 16.5' half-life 

obtained for the Pal.201-725A mRNA is virtually identical to the half-life observed for 

an mRNA with a complete deletion of this region of the mRNA (Pa1.234-725, Fig. 

2.3B, panel 2). 

In the second experiment the first 33 nucleotides of the MIE were replaced with 

four different sequences, two containing and two lacking, rare codons. Replacement of 

this region of the mRNA with sequences containing either a run of four rare arginine 

codons (AGG) or four rare serine codons (UCG) yielded unstable mRNAs ( Fig. 2.4A 

and C). In contrast, replacement of this region with nucleotide sequences that contained 
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Figure 2.3. (A) The nucleotide sequence of the 65 nucleotide MIE. Nucleotide 201 of 

MAT(d is the 5' boundary of the MIE and the first nucleotide ofMATcd in the Pa1.201-

725 fusion mRNA. Nucleotide 234 is the first nucleotide of MATal present in the 

Pa 1.234-725 mRNA. Small arrows followed by a nucleotide represent the mutations 

made in this region of the mRNA that change the rare codons (which are underlined) to 

abundant ones and give rise to the Pa1.201-725A mRNA. The potential 19 nucleotide 

instability sequence located in 3' portion of the MIE is boxed (see discussion). (B) 

Deletion of the first 33 nucleotides of the MIE, or alteration of its rare codons to abundant 

ones, stabilizes PGKIIMATal fusion mRNAs. Hatched portions of the schematics 

represent PGKI sequences, lightly shaded regions represent the 65 (or 32 in the case of 

Pa1.234-725) nucleotides of the MATaljnstability element, and filled regions represent 

the rest of MATal. The open box containing the .1 symbol in the schematic in panel 2 

represents the deleted portion of the MIE (nucleotides 201-233) and the open region in the 

schematic in panel 3 represents the region containing abundant codons. The nucleotides 

given in the name of each construct represent the nucleotides of MATa 1 present in the 

fusion mRNAs. Schematics are not drawn to scale. Transcription shut off was achieved 

by simultaneous glucose and thermal repression. 
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Figure 2.4. mRNA sequences containing rare codons can functionally replace 

the first 33 nuc1eotides of the MIE. As in figures 2.1-3 half lives are shown to the right of 

each blot and schematics of the mRNAs are shown to the left. Shading schemes are the 

same as those in figures 2.1-3 except that the lightly shaded regions represent only the last 

32 nuc1eotides of the MIE and open regions represent the sequences used to replace the 

first 33 nuc1eotides of the MIE (nuc1eotides 201-234 of MATed, see fig 2.3A). The 

sequences are as follows: Pal.AGG4 234-725 (A): (AGG AGG AGG AGG AAG 

ATC); Pal.AGM 234-725 (B): (AGA AGA AGA AGA AAG ATC); Pa1.UCG4 234-

725 (C): (AAT TCG TCG TeG TCG AAT AAA GAA GAC AAG ATC); Pa I.NRC 

234-725 (D): (TTG TCT TCT TTT TTC GAC GAC GAC GAA TTG ATC). 

Transcription shut off was achieved by simultaneous glucose and thennal repression. 
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either a run of four abundant arginine codons (AGA), or a sequence devoid of rare codons 

(NRC), resulted in a transcript with a half-life similar to that of the Pa1.234-725, mRNA 

(compare Fig. 2.4B & D to Fig. 2.3B, panel 1). These results, in combination with the 

results from the previous experiment, argue that neither the peptide sequence encoded by 

this portion of the mRNA, nor the actual mRNA sequence itself, is critical for turnover 

and suggest that rare codons are the important feature of the first 33 nucleotides of the 

MIE (see discussion). 

Specific sequences 3' of the rare codons are also required for rapid decay. 

Analysis of the 3' deletion series suggested that rare codons do not function to 

stimulate mRNA decay on their own (Fig. 2.1E). Furthermore, deletion of the rare 

codons, or their replacement with abundant codons, only partially stabilized the transcripts 

from which they were removed (Fig. 2.3B, Fig. 2.4). These observations suggested that 

rare codons, while unable to accelerate turnover themselves, serve to stimulate the ability 

of sequences, located 3' of them, to mediate rapid mRNA decay. 

In order to examine this hypothesis, a series of deletions were made 3' of the rare 

codons starting with the Pa1.UCG4 234-725 and Pal.AGG4 234-725 constructs. 

These deletions removed 31, 57, 108 and 168 nucleotides, starting with nucleotide 234 

and are termed Pal.UCG4 or AGG4 x-725 where x is the 5' most nucleotide ofMATal 

present in the construct and UCG4 or AGG4 denotes the type of rare codons used to 

replace nucleotides 201-233. 

Deletion of 57, 108 and 168 nucleotides from the MATal coding region 3' of 

both the rare serine and arginine codons results in a three-to-fourfold increase in the half

lives of these transcripts (Fig. 2.5A and B, panels 3-5). These results indicate that 

specific sequences, located between nucleotides 234 -291, rather than simply non-specific 

translated sequence, are required 3' of the rare codons for rapid decay. Furthermore, 
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these results reinforce the conclusion that rare co dons alone are incapable of accelerating 

mRNA turnover. 

Nucleotides 234-266 were previously shown to be sufficient to promote decay 

when combined with the region of rare codons (Fig. 2.1D). However these nucleotides 

can be deleted from constructs with little effect on mRNA decay rate provided that 265-

291 are then positioned 3' of the rare codons (Fig. 5A and B, compare panels 1 and 2). 

These results suggest that nuc1eotides 265-291, which are not required for rapid decay 

(Fig. 2.1, compare panels C and D), can functionally replace nuc1eotides 234-265. 

Taken together the results presented in figure 2.5 and figure 2.1 indicate that 

specific sequences, located between nucleotides 234 and 291 are required in order to 

accelerate rapid mRNA decay. Furthermore, there appear to be two regions within these 

57 bases, one located between nucleotides 234 and 265 and the second between 

nuc1eotides 265 and 291, either of which can promote turnover when positioned 3' of rare 

codons. It remains to be determined exactly what features of these two regions stimulate 

mRNA decay, however, it is interesting to note that these two regions contain similar 

nucleotide sequences (see discussion). 
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Figure 2.5. (A) Deletion of sequences 3' of the rare arginine codons stabilizes the 

mRNA. Shading schemes are the same as in figure 4. The open boxes shown below the 

main schematic in panell represent the sequences deleted from the Pa.l.AGG4 234-725 

that gave rise to the various deletion mRNAs. (8) Deletion of sequences 3' of the rare 

serine codons stabilizes the mRNA. Representations are the same as in (A). 

Transcription shut off was achieved by simultaneous glucose and thermal repression. 
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Discussion 

We have defined a 65 nucleotide segment from the coding region of the MATed 

mRNA that contains sequences that can promote mRNA decay in yeast. The critical 

observations are that insertion of the MIE into an otherwise stable mRNA was sufficient to 

accelerate decay of that transcript (Fig. 1 panel D), and that deletions which removed the 

MIE from the MAT(d mRNA stabilized the transcript (Fig. 2, panel B & C). Analysis of 

the MIE presented in this paper argues that it is bipartite. The first part of the element, 

located in the initial 33 nucleotides, is a cluster of rare codons. Although rare codons are 

not sufficient to promote decay they appear to stimulate decay mediated by the second part 

of the element which is located in the latter 32 nucleotides. 

Two observations strongly suggest that rare codons are the important feature of the 

first 33 nucleotides of this element. First, the initial 33 nucleotides can be functionally 

replaced by other sequences that contain rare codons (Fig. 4 panels A & C). In addition, 

substituting abundant for rare co dons in this region has the same affect on the half-life of 

the mRNA as deleting of these 33 nucleotides (Fig. 3B panels 1 & 3). Alternate 

possibilities, such as the key feature within these 33 nucleotides being a specific RNA 

sequence or secondary structure, or that the nascent peptide sequence is important, are 

inconsistent with these observations. 

Several lines of evidence indicate that specific sequences are required 3' of the rare 

codons for rapid decay. First, insertion of the region of the MIE containing the rare 

codons into the stable PGKI reporter mRNA was not sufficient to accelerate turnover of 

the transcript (Fig. 1 panel E) whereas insertion of the rare codons and the following 32 

nucleotides was sufficient (Fig. 1 panel D). In addition, transcripts with runs of rare 

codons are stable (ttll2 ~28') unless specific portions of the MATal mRNA are 

positioned 3' of them (Figure 5A & B panels 1 & 2). Our data is in contrast to a previous 

report which concluded that the replacement to the first 164 codons of the PGKI mRNA 
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with all rare codons was sufficient to destabilize this transcript 75. However, since these 

codon changes made numerous alterations in the primary sequence of the PGKI coding 

sequence within a region that has been implicated in transcriptional activation 104 and/or 

mRNA stability 69, and no measurements of mRNA decay rate or transcription rate were 

performed, this prior conclusion must be treated with extreme caution. 

Two observations raise the possibility that sequences required 3' of the rare 

codons are present twice within the MATal mRNA. First, although deletion of the MIE 

from the MATa,l transcript stabilized the tra'lscript by twofold, a larger deletion stabilized 

it to a greater extent (Fig. 2 panels A-C). Second, placement of rare codons upstream of 

the nucleotides 265-291 yielded a transcript that decayed with a half-life similar to a 

transcript with the latter 32 nucleotides of the MIE (nucleotides 234 - 265) positioned 

downstream of the rare codons (Fig. 5A & B panels 1 & 2). Strikingly, the two regions 

that stimulate mRNA turnover when positioned 3' of rare codons (nucleotides 234-265 

and 265-291) both contain 19 nucleotide sequences that are identical to one another at 14 

positions (see below and the boxed region in Fig. 3A). 

~6 2M 
AAGACAUCUAUAAAAUCUU 
I I I I I I I II I I II I 
AAGAAAUAUUUAAACUCAU 

267 285 

One speculation is that this 19 nucleotide sequence serves as a recognition site for some 

factor involved in the turnover pathway. Moreover, the close proximity of these two 

regions in the MATal mRNA suggests that the functional element within the MATal 

mRNA may be comprised of the 65 nucleotide MIE and the next 3' 25 nucleotides. This 

model is supported by the observation that while insertion of the 65 nucleotide MIE into a 

PGKlCUPI hybrid transcript destabilizes these transcripts approximately 2-2.5 fold 

(23.6'+/- 4.2' vs. 10.7'+/- 1.2'), insertion of a larger portion of MATal, including the 
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next 3' 25 nuc1eotides, leads to a modest but reproducible increase in the decay rate (t 112 

= 8.2'+/- .76', data not shown). Thus, although 65 nuc1eotides of the MAT(d transcript 

is sufficient to destabilize at least one stable mRNA, in some cases a slightly larger portion 

of the MA Tal transcript may be a more effective destabilizing element. 

Translation and decay of MATal 

Prior observations suggested that decay of the MATa 1 mRN A is dependent upon 

translation. For example, the presence of a stop codon between PGKI and MATal 

sequences in PGK1IMATai hybrid mRNAs abolishes rapid decay of these fusion 

transcripts 119. Second, treatment of cells with cyc10hexamide greatly stabilizes the 

MA Ta 1 mRNA 72. The observation that rare codons are a component of the MIE 

suggests a means through which translation and decay of the MATal mRNA may be 

coupled. It has been shown that in some cases rare codons can slow elongation rates 

along an mRNA and cause ribosomal pausing 164, 169, 150, 16, 8). Moreover, non

uniform translation rates along individual mRNAs have been implicated as being important 

in a number of cellular processes, including protein secretion, frameshifting, 

transcriptional attenuation and protein folding (39, 2, 43, 4, 11). Indeed, it has been 

postulated that ribosomal pausing may be involved in the decay of other mRNAs (6, 13). 

Although we have no direct evidence that a ribosomal pause is involved in the 

decay of the MATa 1 mRNA, the simplest interpretation of the requirement for rare 

codons for accelerated decay mediated by the MIE is that they cause ribosomes to stall at a 

particular site on the mRNA. There are numerous possible mechanisms by which a 

putative ribosomal pause could stimulate mRNA turnover mediated by the MIE. For 

instance, a ribosome stalled at a particular site might affect RNA folding 171, and promote 

formation of a structure that is recognized as a signal for decay. Alternatively, a pause in 

translational elongation might permit sequences 3' of the pause to be relatively ribosome 
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free. This could allow sufficient time for the interaction of soluble, or ribosome bound, 

mRNA turnover factors (3, 6, 10, 34, 35) with specific sequences 3' of the stall. 

Similarly, the pausing of ribosomes may create a particular polysome structure, such as a 

ribosome "hole" 133 which triggers mRNA decay. 

The link between translation and decay for the MIE appears to be different from 

other paradigms of decay and translation such as for the ~-tubulin mRNA and early 

nonsense codon containing mRNAs (44, 23). This suggests that, while decay of many 

mRNAs appears to be in some way coupled to translation (7, 15, 22, 36,40), how the 

two processes are linked may differ greatly between mRNAs. 

What determines the decay rates of different mRNAs? 

Our results defining the MIE are consistent with the general view that specific 

sequences within mRNAs control their half-lives 27. However, several of our results 

reported here and elsewhere (25,16) suggest that the observed decay rates of different 

mRNAs may depend on the combined effects of multiple elements within each mRNA. 

For example, although the MIE can increase the rate of decay of the PGK1 transcript by 

five-fold, this chimeric transcript is still approximately 2-3 fold more stable than the 

parental MATal mRNA. Similarly, deletion of the MIE from the MATal transcript 

maximally increases the half-life by 3-4 fold to II', still less stable than the most stable 

mRNAs in yeast. 

There are two general types of models to explain these observations. In one view, 

each mRNA contains a number of sequences that influence the rate at which mRNA 

turnover factors for different pathways of decay act on the mRNA. The observed half-life 

of the transcript would result from the summation of the individual rates conferred by the 

various elements. Thus the addition or deletion of anyone decay element would not 

completely alter the observed decay rate to the extremes of stability except in rare cases 
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where the differences between the contributions of individual elements was large (e.g. 

[31]). An alternative explanation is suggested by recent experiments that indicate that 

several yeast mRNAs are degraded in a deadenylation dependent manner with at least two 

distinct steps that can be rate limiting in the decay of different mRNAs (Decker and 

Parker, submitted). In this case, an mRNAs half-life is a function of the rates of 

individual steps in the decay pathway. Elements that affect mRNA decay do so by altering 

the rate of a specific step, e.g. deadenylation, in the decay pathway. In such a pathway, 

the half-life of the mRNA will be predominated by the rate of the slowest step in the 

pathway. Thus, although addition (or deletion) of sequences that stimulate the rate of an 

individual step in the reaction will change the decay rate, the change in decay rate will not 

be complete since not every step in the pathway has been effected. In order to distinguish 

these possibilities, and to clearly understand differences in mRNA decay rates, it will be 

critical to determine both what different mRNA decay pathways exist and through which 

pathway(s) different mRNAs are degraded. 

Materials and Methods. 

Strains and Media. The yeast strains used were RY262 (MATa, rpbl-l, ura3-52, 

his4-519) 119 and RPY673 (MATa, rpbl-l, ura3-52, leu2). Synthetic media lacking 

uracil was used to select and maintain plasrnids introduced by transformation. 

Plasmid construction. The DNA sequence at all junction points within the coding 

regions of constructed plasmids were sequenced by the dideoxy method 141. 

3' Deletions within PGKllMATal hybrids. The plasmid pRIPIH.PalD52 was 

erroneously reported in 119 to lack only the 5'UTR and first 192 nucleotides of the coding 

region ofMATal. The transcript produced from this chimeric gene actually lacks the first 

200 nucleotides of the coding region and for simplicity has been renamed Pal.20 1-725. 
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To make 3' deletions, Pa1.201-725 was cleaved with HindlII, treated with BAL31 

nuclease; single stranded overhangs were filled and ligated to linkers that contain a stop 

codon as well as Xhol and Clal restriction sites (CTCGAGT A GAT C G 

ATCTACTCGAG). The DNA was digested with ClaI and BamHI, and DNA fragments 

containing the PGKI and MATal region were ligated into ClaIlBamHl cut pRIP4 119. 

Plasmids containing these deletions are referred to as PaP.201-x where x is the 3' most 

nucleotide of MATal remaining in the fusion. In these, and all subsequently described 

constructs, nucleotide numbers are based on the A residue in the start codon of MATal 

116. Only deletions that terminate translation at the UAG stop codon in the linker were 

considered for analysis. The reading frame of Pa1.201-266 was restored such that it 

would terminate at the UAG by digesting with Xhol and filling the overhanging ends. 

MATal internal deletions. pSL599 19 was cleaved with Dral, BglII linkers (New 

England Biolabs (neb) # 1051) added, followed by digestion with BglIl and EcoRI and a 

965 nucleotide fragment carrying the entire GALl UAS and 5' MATal sequences was 

isolated. This 965 nucleotide fragment/was then ligated to EcoRIIBglIl fragments 

containing the vector and MATal sequences from plasmids pRIP.PalL\188 and 

pRIP.PalL\35 (a member of the 5' deletion series described in [27] that deletes MATal 

sequences to nucleotide 265) creating pGAL-MATa 1.L\ 182-339 and pGAL

MATal.L\182-265, respectively. The reading frame of MATal.L\182-265 was restored 

by cleaving with BglII, filling the overhanging ends, adding BglIl linkers (neb #1051) 

and religating. In order to create pGAL.MATal the entire GALl UAS and MATal 

sequences from pRP46 were isolated on an EcoRIIHinDIII fragment and ligated into 

pRIP1H 119 digested with EcoRI and Hindill. 
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Oligonucleotide insertions. The parent vector for all of these constructs is one of the 

5' BAL31 deletions, termed Pa1.234-725 119. Pa1.234-725 is identical to Pa1.201-

725 except that an additional 33 nucleotides have been deleted from MATed (see fig 3A). 

Pa1.AGG4 234-725, AGA4 234-725, UCG4 234-725 and NRC 234-725 were all 

created by cleaving Pal.234-725 with BglII and ligating the following double stranded 

oligonucleotides into the BglII site: Po. 1 . A G G 4 234-725 (5'

GATCAGGAGGAGGAGGAA-3', 5'-GATCTTCCTCCTCCTCCT-3'), Pal.AGA4 (5'

GATCAGAAGAAGAAGAAA-3', 5'-GAT CTTTCTTCTTCTTCT-3'), Pa1.UCG4 234-

725 (5'-GATCAATTCGTCGTCGTCGAATAAAGAAGACAA-3', 5'-GATCTTGTCT 

TCTTTATTCGACGACGACGAATT-3'), Pal.NRC 234-725 234-725 (5'

GATCTTGTCTTCTTT ATTCGACGACGACGAATT -3', 5'-GATCAATTCGTCGTCGT 

CGAATAAAGAAGACAA-3'). In order to create the Pal.UCG4 and AGG4 291-725, 

339-725 and 396-725 vectors Pa,1.UCG4 or AGG4 234-725 was digested with BglII and 

HindIII, the fragment containing vector and PGKI sequences purified and then ligated to 

BglIIIHindIII fragments from pRIP.Pal~140, pRIP.Pal~188 and pRIP.Pal~247 119 

that contain MATal sequences, creating Pa1.UCG4 (AGG4) 291-725, Pal.UCG4 

(AGG4) 339-725 and Pal.UCG4 (AGG4) 396-725 respectively. Pal.UCG4265-725 

was created by ligating a 1391 nucleotide BglII/HindIII fragment from pGAL

MATal.~182-265 with a BgllIlHindIII fragment from Pal.UCG4 234-725 that contains 

PGKI and vector sequences. The reading frame ofPal.UCG4 265-725 was restored by 

cutting with BglII, filling the overhangs with klenow and religating the plasmid. 

Pal.AGG4 265-725 was created by ligating a BglIIlHindIII fragment containing MATal 

sequences from pRIP.Pal~35 with a BglIIl HindIll fragment from Pa1.AGG4 234-725 

that contains PGKI and vector sequences. The reading frame was restored by inserting a 

double stranded oligonucleotide with Bglll overhanging ends (5'-GATCTGTCGAC-3', 

5'-GATCGTCGACA-3') into the Bglll site. 
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Site-Directed Mutagenesis. Site-specific oligonucleotide-directed mutagenesis was 

carried out on Pa 1.20 1-725 by a modified version of the standard method 85 using an 

oligonucleotide complementary to the region of Pa 1.20 1-725 spanning from nucleotide 

1153 in PGKI to nucleotide 239 in MATa1, except for the positions specified in figure 

3A. 

GAL Constructions. pRP22 was created by inserting a 144 nucleotide EcoRI 

fragment containing a portion of the GALl UAS from nucleotide 365 to nucleotide 509 (a 

kind gift from Mark Johnston) into EcoRI cut pRPlO 69. The plasmid pRIPIH.Pal 119 

was linearized by digestion with PvuI and overhanging ends were filled. The plasmid 

was then digested with HindIII, the fragment containing PGKI and MATal sequences 

purified, and then ligated into pRP22 which had previously been digested with BamHI, 

filled with klenow, and then cleaved with HindIII, creating pGAL.Pal. pGAL.Pal was 

digested with XbaI and HindIII and the fragment containing PGKI and vector sequences 

was purified. All plasmids used in this paper that are described above with the exception 

of those described in the MATa 1 internal deletion section were cut with XbaI and 

HindIlI and the fragments containing 3' PGKI and MATal sequences were purified. 

These fragments were ligated to the large XbaIlHindIII fragment from pGAL.Pa 1 , 

thereby placing all the aforementioned constructs under the transcriptional control of the 

GALl UAS. 

mRNA decay measurements, RNA isolation and RNA analysis. In all cases 

thermal repression of transcription was accomplished by first growing cells until early to 

mid log phase at 24 degrees, pelleting the cells, and then resuspending them in medium 

pre-warmed to 36 degrees. Simultaneous glucose repression was carried out by growing 

cells in either medium containing 2% galactose, 2% sucrose (all experiments except the 

MATal internal deletion experiments) or in medium containing only 2% galactose as a 

carbon source (MATal internal deletion experiments) at 24 degrees until early to mid log 
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phase. Cells were then pelleted and resuspended in 2% glucose containing media pre

warmed to 36 degrees. RNA was isolated as follows: Cells were resuspended in 150 III 

LET (25mM Tris pH 8, 100mM LiCI and 20 mM EDTA) and 150 III phenol equilibrated 

with LET in 2 milliliter eppendorf tubes. Tubes were then vortexed for 5' minutes with 

acid washed glass beads, followed by the addition of 250111 of phenol/ChCl3 equilibrated 

with LET and 250111 Depc treated water. After vortexing the aqueous phase was extracted 

with, phenollChCl3 , ChCl3 extracted and then ethanol precipitated. RNA pellets were 

washed with 70% ethanol, dried and resuspended in Depc treated water. For each 

northern gel 8 mg of total RNA was loaded into each lane. mRNA levels were 

determined by northern blot analysis 161 using [32]p labeled random primed DNA probes 

53 and directly counting ~-decays occurring in each band with a Betascope 72. 

Differences in RNA loading for each time point were adjusted for by stripping and 

reprobing blots with an oligonucleotide complementary to the 7S small cytoplasmic 

mRNA, a poIlU transcript not subject to glucose or the temperature-sensitive polU 

repression. 
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CHAPTER 3. MRNA TURNOVER IN YEAST PROMOTED BY THE 
MATal INSTABILITY ELEMENT 

Summary 

The decay rates of eukaryotic transcripts can be determined by sequence elements 

within an mRNA. One example of this phenomena is the rapid degradation of the yeast 

MATal mRNA which is promoted by a 65 nucleotide segment of its coding region 

termed the MATal instability element (MIE). The MIE is also capable of destabilizing the 

stable PGKI transcript. To determine how the MIE accelerates mRNA turnover we 

examined the mechanism of degradation of the MATal transcript. These experiments 

indicated that the MATal mRNA was degraded by a deadenylation-dependent decapping 

reaction which exposed the transcript to 5' to 3' exonucleolytic digestion. Deletion of the 

MIE from the MATal mRNA decreased the rate of decapping. In contrast, insertion of 

the MIE into the PGKI transcript caused an increase in the rate of deadenylation of the 

resulting chimeric mRNA without affecting the decapping rate. These observations 

suggest that the MIE can promote rapid mRNA decay by increasing the rates of either 

deadenylation or decapping with its primary effect on mRNA turnover depending on 

additional features of a given transcript. These results also strengthen the hypothesis that 

deadenylation-dependent decapping is a common pathway of mRNA decay in yeast and 

indicate that an instability element within the coding region of an mRNA can effect 

nucleolytic events that occur at both the 5' and 3' ends of an mRNA. 

Introduction 

The rate at which an mRNA decays influences both its steady-state level, and the 

time required for a maximal change in its level following a change in its rate of synthesis 

(for discussion see 65). Given this influence, knowledge of how the decay rates of 
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individual mRNAs are specified is critical to understanding the control of gene expression. 

A basis for differences in mRN A decay rates has come from a set of observations which 

indicate that mRNA half-lives are influenced by discrete sequences within mRNAs that 

serve to either destabilize or stabilize transcripts. Such sequences have been identified in 

the 5' untranslated regions (UTRs), coding regions, and 3' UTRs of various eukaryotic 

mRNAs (for reviews see 15, 13, 134). In a few cases experimental evidence has 

suggested possible mechanisms by which some of these "instability" elements may 

function to promote mRNA decay. For example, portions of the mammalian c-fos mRNA 

3'UTR and coding region and the 3' UTR of the yeast MFA2 transcript appear to promote 

mRNA turnover by stimulating the rates at which mRNAs are deadenylated (167, 147, 

112,48, 36, 86, 177). Alternatively, sequence elements within several other transcripts 

from higher eukaryotes promote mRNA turnover by providing specific endonuclease 

cleavage sites (30, 31, 21, 117, 22). However, further study of many of these instability 

elements has been limited in the absence of either a useful genetic approach or a 

knowledge of the complete mRNA turnover pathway. 

The simple eukaryote Saccharomyces cerevisiae provides an excellent system in 

which to determine how sequence elements influence mRNA degradation. Several 

different mechanisms of mRNA decay have been extensively characterized in yeast 

including deadenylation-dependent decapping, deadenylation-independent decapping, and 

3' to 5' pathways of mRNA decay (48, 110, 113, 111). Knowledge of these different 

mechanisms of degradation allows a detailed study of whether instability elements 

promote mRNA degradation through these established pathways, or through other 

pathways of decay. In addition, the powerful genetic tools available in yeast should 

facilitate the identification and subsequent analysis of trans-acting factors that mediate the 

effects of sequence elements influencing mRNA decay. 
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One well defined instability element from yeast is a 65 nucleotide segment of the 

MATa,l mRNA coding region, termed the MATa,l instability element (MIE). The MIE is 

both necessary for rapid turnover of the MATa,l transcript (t1l2= 3.5') and sufficient to 

accelerate decay of the stable PGKI transcript (32). Several observations suggest that the 

ability of this element to stimulate mRNA degradation is dependent on translation. The 

MIE is located in the coding region of the MA Ta,l mRNA and translation up to or through 

this element is required for it to promote rapid mRNA decay (119 and A. Jacobson pers. 

comm.). Furthermore, this element consists of a run of several rare codons in the 5' 33 

nucleotides which, while unable to promote decay themselves, stimulate decay mediated 

by the 3' 32 nucleotides (32). Thus, translation and rapid mRNA degradation mediated 

by this element may be linked through ribosomal pausing at a specific region on the 

mRNA (32). Given these observations, determining how the MIE functions as an 

instability element is therefore likely to provide insight into how mRNA translation and 

decay are coupled. 

In this work we have analyzed how the MIE stimulates decay of both the MATa,l 

and PGKI mRNAs. These studies indicated that the MIE influences decay of the MATa,l 

mRNA by increasing the rate at which this mRNA is decapped, and stimulates turnover of 

the PGKI transcript by increasing its rate of deadenylation. Thus an instability element 

located in the coding region of an mRNA can influence nucleolytic events that occur at 

both the 5' and 3' ends of mRNAs. Knowledge of how the MIE affects mRNA turnover 

will allow future studies of the specific trans-acting factors that mediate the effects of this 

instability element. 

Results. 

Deadenylation Precedes Decay of the MA Ta,l Transcript. 
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In order to understand how the MIE accelerates decay of the MATal transcript it 

was necessary to first define the pathway through which the MATal mRNA is degraded. 

Deadenylation is the first step in the decay of several yeast and mammalian transcripts (48, 

147,38,86, 177). To determine if deadenylation was the first step in the decay of the 

MATal mRNA we examined the turnover of this transcript in a transcriptional pulse

chase experiment (48). In a transcriptional pulse-chase, transcription from a GAL 1 

regulated gene is induced by shifting cells growing in raffinose, to media containing 

galactose. Following a brief induction (8 minutes) transcription is rapidly shut off by 

simultaneous glucose repression and thermal inactivation of a temperature-sensitive allele 

of RNA polymerase II. The short period of mRNA synthesis creates a synchronously 

produced pool of transcripts which can then be monitored for both deadenylation and 

decay following transcription repression. This technique has proven useful for the study 

of mRNAs which are degraded by both deadenylation-dependent and deadenylation

independent mechanisms (48, 113, 110, 111). If deadenylation precedes decay of the 

MATa 1 transcript then there should be a temporal lag prior to decay of the body of this 

mRNA corresponding to the time required to shorten its poly(A) tail, whereas no such lag 

should be observed if this mRNA degrades through a deadenylation-independent pathway 

ofmRNA decay. 

A transcriptional pulse-chase experiment examining the decay of the MATal 

mRNA is shown in Fig. 3.1A. The key observation is that there was a lag of 4 minutes 

prior to decay of this mRNA following transcription repression during which time the 

poly(A) tail was shortened to an oligo(A) length of 17 ± 4 nucleotides (Fig. 3.1C and 

Table 3.1). It should be noted that because the MATal transcript was predominantly 

polyadenylated at two closely spaced 3' ends precise measurements of poly(A) tail lengths 

were difficult to obtain (lengths of the shortest poly(A) tails were determined from the 
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shorter of the two ends). However, the fact that the MATal transcript did not become a 

substrate for decay until the poly(A) tails of some the total transcripts had shortened to an 

oligo(A) length suggests that deadenylation precedes degradation of the body of the 

MATal mRNA. 

To further investigate whether deadenylation is a prerequisite to decay of the 

MATal mRNA a poly(G) tract was introduced into the MATal mRNA. This was 

accomplished by replacing the 3' UTR of the MATal mRNA with the 3'UTR of the 

PGKI mRNA that also contains a poly(G) tract, creating a chimeric mRNA termed 

MMPpG (t1l2 = 2.5 ± 0.5 minutes, Table 3.1). Insertion of a poly(G) tract, which forms 

a stable secondary structure capable of blocking exonuc1eases in vitro (176, 166, 155), 

into the yeast MFA2 and PGKI mRNAs results in the accumulation of decay 

intermediates that arise from 5' to 3 digestion of these transcripts (165, 48, 110, 111). In 

transcriptional pulse-chase experiments these 5' to 3' decay products are produced only 

following deadenylation of the full-length transcripts, and have oligo(A) length poly(A) 

tails indicating that deadenylation precedes decay of these two mRNAs (48). Thus, the 

timing of production, and length of poly(A) tails on, 5' to 3' decay intermediates can be 

used to determine whether deadenylation precedes the decay of an mRNA. 

A transcriptional pulse-chase experiment examining the MMPpG mRNA is shown 

in Fig. 3.1B. Several observations strongly suggest that deadenylation precedes the decay 

of the MMPpG mRNA. First, decay of the MMPpG mRNA commenced 3 ± 1 minutes 

following transcription repression during which time the poly(A) tail was shortened to an 

oligo(A) length of 6 ± 2 nuc1eotides (Fig. 3.1C and Table 3.1). Second, concomitant 

with decay of the full-length rnRNA a mRNA fragment corresponding in size to a 

MMPpG decay intermediate trimmed to the 5' side of the poly(G) insertion began to 
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Figure 3.1. Deadenylation precedes degradation of the MATal mRNA. Shown are 

transcriptional pulse-chase experiments examining the decay of the (A) MATal and (B) 

MMPpG mRNAs. Minutes following transcription repression are shown above, and 

poly(A) tail-lengths are shown to the left of each panel. In these, and all subsequent 

figures, poly(A) tail lengths were determined by comparison to the oligo(dT) treated 

samples and size standards (data not shown). Schematic representations of each RNA 

species are shown to the right of each panel. Shaded regions represent MA Ta 1 

sequences, and open regions represent PGKI sequences. Hash-marked areas marked 

with a pG show the location of a poly(G) insertion. (C) Graph depicting the 

deadenylation and degradation of the MATal and MMPpG mRNAs in transcriptional 

pulse-chase experiments. The upper two curves represent the decay of thee 0) MATa 1 

and (Cl) MMPpG mRNAs. The lower two curves represent the lengths of the shortest 

poly(A) tails on the (.) MATal and (_) MMPpG mRNAs. Each data point is the 

average of multiple experiments. In these, and all subsequent experiment, differences in 

RNA levels due to unequal handling were controlled for by stripping blots and probing 

with the ScRl transcript as described in (48). 
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Table 3.1. Rates of deadenylation and degradation of mRNAs examined 

mRNA Strain(a) Steady state Length of Deadenylation Approximate half-life 
half-life(b) oligo(A) taiHc) rate (d) following deadenylation(e) 

MATa1 Wild Type 3.S±0.S 17±4 9±3 4±1 

MATa1 xrn1Ll 9.S±0.S 

MATa1 dcp1Ll 21 ±3 

MAT a1.Ll182-339 Wild Type 11 ± 1 13±6 8.S±3 9±1 

MMPpG Wild Type 2.S±0.S 6±2 13± 2 2.S±0.S 

MMPpG.Ll182-339 Wild Type 6±1 10±2 10±2 S±1 

PaP.201-266 Wild Type 10 ± O.S 13 ± 1 6±0.S 32±7 

PaP.201-3S1 Wild Type 10 ± O.S 11 ± 1 7±1 26±4 

PaP.O Wild Type 29± 1 10± 1 3±0.S 32±S 

a Strain designations are as follows; yRPS82 (Wild type), yRP689 (xrn1Ll), yRP1106 (dcp1Ll) 
b Steady-state half-lives in minutes as determined previously (see text and Materials and Methods) 
c Length of the shortest poly(A) tails in nucleotides at the time when decay of the body of the transcript started 
d Change in the length of the shortest poly(A) tails with time until oligo(A) length poly(A) tails were attained, 

expressed in nucleotides per minute 
e mRNA decay rates following the initial temporal lag in transcriptional pulse-chase experiments, expressed in 

\0 
minutes \0 
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accumulate (Fig. 3.1B). This decay intermediate showed precursor-product 

relationshipwith the full-length mRNA appearing at 4 minutes, and reaching maximum 

levels 6 - 10 minutes following transcription repression. In addition, these decay products 

had only short poly(A) tails as determined by treatment with RNAaseH and oligo(dT) 

(data not shown), indicating that they were produced from deadenylated full-length 

transcripts. We interpret these observations to indicate that decay of the MMPpG mRNA 

occurs only after the poly(A) tail of the mRNA has been shortened to an oligo(A) length. 

The MATal mRNA is decapped and degraded in a 5' to 3' direction 

The previous observation that 5' to 3' decay intermediates are generated from the 

MMPpG mRNA indicated that this mRNA is degraded via 5' to 3' exonucleolytic 

digestion. However, it can not be determined whether 5' to 3' digestion of this mRNA is 

initiated following endonucleolytic cleavage within the body of the mRNA, or following 

decapping of the mRNA by cleavage near its 5' as has been observed for the MF A2 and 

PGKI mRNAs (110, 111). 5' to 3' digestion of several mRNAs including PGKI and 

MFA2 is performed by the product of the XRNl gene, which encodes a major 5' to 3' 

exonuclease (152, 88). Recently the DePl gene which encodes a protein responsible for 

mRNA decapping in vivo was identified (14). To determine whether the MATal 

transcript is degraded by decapping and subsequent 5' to 3' exonucleolytic digestion the 

half-life of this mRNA was examined in xrnlL\ and dcplL\ yeast. 

The MATal transcript was stabilized roughly three and sevenfold in xrnlL\ and 

dcplL\ cells respectively as compared to decay in a wild type strain (Fig. 3.2 and Table 

3.1). The observation that this mRNA is stabilized in yeast mutants inhibited in their 

ability to either decap or degrade mRNAs in a 5' to 3' direction argues that the MATal 

mRNA is degraded by decapping and subsequent 5' to 3' exonucleolytic digestion. 
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Figure 3.2. Degradation of the MATal mRNA in cells lacking either the XRNI or 

DePl gene products. (A) Decay of the MATal mRNA from steady-state in wild type, 

xmlL\ and dcplL\ cells (see Materials and methods). Relevant genotypes of the strains are 

shown to the left, minutes following transcription repression shown above, and half-lives 

shown to the right of each panel. 
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The MIE increases the rate at which the MATa 1 transcript degrades 

following deadenylation 

Given the mechanism of MATal mRNA degradation it was likely that the MIE 

stimulates decay of the MATa 1 transcript by increasing either the rate at which this 

mRNA was deadenylated or decapped. To investigate these possibilities we compared the 

rates of both deadenylation and decapping of mRNAs containing and lacking the MIE 

using the transcriptional pulse-chase technique. The first of two mRNA pairs examined 

was the MATal transcript and a similar transcript termed MATal..1182-339 which 

contains an in-frame deletion of the MIE and an additional 74 nucleotides 3' of the MIE 

(t1/2 = 11',32, Table 3.1). The additional 74 nucleotides were included in this deletion 

because this region of the mRNA contains sequences that are functionally redundant to the 

MIE and can therefore partially compensate for its loss (32). The second pair examined 

was the MMPpG mRNA (Fig. 3.1B) and a similar transcript termed MMPpG . .1182-339 

(t1l2 = 6 minutes, Table 3.1) which contains a deletion identical to that described for the 

MATal..1182-339 mRNA. 

Transcriptional pulse-chase experiments examining the MATal..1182-339 and 

MMPpG . .1D182-339 mRNAs are shown in Fig. 3.3A and B. In both cases deletion of 

the MIE decreased the degradation rate of the oligo(A) form of the mRNA relative to 

mRNAs containing the MIE, but did not greatly affect rates of deadenylation. First, the 

MATal..1182-339 transcript was deadenylated at a rate of 8.5 ± 3 nucleotides per minute, 

very similar to the rate determined for the MATal transcript (9 ± 3 nucleotides per 

minute, Fig. 3.1C and Table 3.1). However, the approximate half-life of the 

MATal..1182-339 mRNA following deadenylation was 9 ± 1 minute as opposed to 4 ± 1 

minutes for the MATal mRNA (Table 3.1, compare figures 3.1C and 3.3C). Second, 

while the deadenylation rates of the MMPpG . .1182-339 and MMPpG mRNAs were 
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Figure 3.3 Deletion of the MIE slows mRNA degradation following deadenylation. 

Shown are transcriptional pulse-chase experiments examining the decay of the (A) 

MATal.D189-339 and (B) MMPpG.~189-339 mRNAs. Poly(A) tail lengths and 

schematics of each mRNA are shown to the left of the panels. As before, shaded regions 

represent MATal sequences, open regions represent PGKI sequences and the hash

marked region marked with a pG shows the location of the poly(G) insertion. (C) Graph 

depicting the deadenylation and degradation of the MATa1.~189-339 and 

MMPpG.~189-339 mRNAs in transcriptional pulse-chase experiments. The upper two 

curves represent the decay of the (0) MATal.~189-339 and (0) MMPpG.~189-339 

mRNAs. The lower two curves represent the lengths of the shortest poly(A) tails on the 

(e) MATa1.~189-339 and (_) MMPpG.~189-339 mRNAs. Each data point is the 

average of multiple experiments. 
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similar (10 ± 2 vs. 13 ± 1 nucleotides per minute respectively, Table 3.1), the 

MMPpG.ilI82-339 mRNA degraded twofold more slowly following deadenylation than 

did the MMPpG transcript (Table 3.1). These results indicated that the MIE primarily 

effects degradation of the MATa,1 mRNA by accelerating the rate at which this mRNA 

was degraded following deadenylation. Given that 5' to 3' digestion of mRNAs is very 

rapid we interpret these results to indicate that the MIE increases the rate at which the 

MATa,1 mRNA is decapped. Furthermore, consistent with this interpretation, the 

MATa,l.ilI82-339 mRNA is more stable than the MATa,1 transcript in xrnlil cells (9.5 

minutes vs. 16 minutes, Fig. 3.2 and data not shown) indicating that the MIE does not 

serve to accelerate the rate of 5' to 3' exonucleolytic digestion performed by Xrnlp. 

The MIE increases the rate of deadenylation of the PGKI transcript. 

In addition to being necessary for rapid decay of the MATa,1 transcript the MIE 

has also been shown to be sufficient to accelerate turnover of the otherwise stable PGKI 

transcript (119, 32). To determine how the MIE serves to decrease the half-life of the 

PGKI mRNA transcriptional pulse-chase experiments examining the rates of 

deadenylation and degradation following deadenylation of various PGKIIMATa,1 

chimeric mRNAs were performed. mRNAs examined were Pa,P.201-265, Pa,P.201-

351, and Pa,P.O which are composed of 65 (the MIE), 150 (the MIE and the following 3' 

85 nucleotides) and 0 nucleotides of MATa,1 respectively, inserted in frame within the 

PGKI coding region (32). In good agreement with previous measurements, these 

transcripts degrade with half-lives of 10, 10 and 29.5 minutes respectively in the yeast 

strains used in this study (Table 3.1 and 32). 

Transcriptional pulse-chase experiment examining decay of the Pa,P.201-265, 

Pa,P.201-351 and Pa,P.O mRNAs indicated that the MIE increased the rate at which the 

PGKI mRNA was deadenylated (Fig. 3.4). The Pa,P.201-265 and Pa,P.201-351 
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mRNAs deadenylated with rates of 6 ± 0.5 and 7 ± 1 nucleotides per minute (Table 3.1). 

In contrast, the PaP.O mRNA deadenylated at a rate of 3 ± 0.5 nucleotides per minute, 

greater than twofold more slowly than the PaP.201-265 and PaP.201-351 mRNAs 

(Table 3.1). Following deadenylation no significant differences in the rates of decay of 

these mRNAs were observed. However, whether the MIE influenced the rate at which the 

PGKI mRNA was decapped could not be ascertained from these experiments since the 

decay rates measured for the oligo(A) forms of the PaP.201-265 and PaP.201-351 

mRNAs (32 and 26 minutes respectively, Table 3.1) were greater than the overall decay 

rates measured for these mRNAs at steady-state. These differences are likely to reflect 

differences in the rates at which these mRNAs are decapped under the experimental 

conditions employed in steady-state versus transcriptional pulse-chase experiments. 

Ultimately, based on the clear differences in the rates of poly(A) shortening between these 

mRNAs, we conclude that the MIE increases the rate of decay of the PGKI transcript, at 

least in part, by increasing the rate at which it is deadenylated. Thus an instability element 

located in the coding region of an mRNA can effect nucleolytic events that occur at both 

the 5' and 3' ends of an mRNA (see below). 
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Figure 3.4. The MIE increases the rate of deadenylation of the PGKI mRNA. Shown 

are transcriptional pulse-chase experiments examining the decay of the (A) PaP.201-266, 

(B) PaP.201-351 and (C) PaP.O mRNAs. These mRNAs contain 65 (the MIE), 150 

(the MIE and an additional 85 3' nucleotides) and 0 nucleotides of the MATal mRNA 

fused in frame to the PGKI transcript (see 32). Minutes following transcription 

repression are shown above, and poly(A) tail lengths as well as schematics of the mRNAs 

to the left of each panel. Shaded areas represent MATal sequences and open regions 

represent PGKI sequences; Schematics are not drawn to scale. 
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Discussion 

The MATa 1 mRNA is degraded by deadenylation-dependent mRNA 

decapping 

Two observations strongly suggest that deadenylation precedes degradation of the 

MATal transcript. First, in transcriptional pulse-chase experiments decay of this mRNA 

occurred following a roughly 4 minute lag during which time the poly(A) tails of some of 

the mRNA was shortened to an oligo(A)-length (Figs. 3.IA and C). Second, decay 

products arising from the MMPpG mRNA appeared only once the poly(A) tails of some 

of the full-length mRNA had been shortened to an oligo(A)-length. Furthermore, these 

decay products had short poly(A) tails indicating that they were generated from only oligo

adenylated full-length mRNA (Fig. 3.IB and C). 

Direct examination of decay of the MATal mRNA in yeast mutants lacking either 

the major decapping or 5' to 3' exonuclease activities indicated that this mRNA is 

degraded by decapping and 5' to 3' exonucleolytic digestion since the MATal transcript 

was stabilized roughly seven-and-threefold respectively in dcl' I ~ and xrn I ~ mutants 

(Fig. 3.2). These data, coupled with the previously mentioned evidence for deadenylation 

preceding the decay of the MATal mRNA, strongly support a model in which the 

MATal mRNA is largely degraded by a deadenylation-dependent decapping mechanism. 

Since the yeast MFA2 and PGKI transcripts are also degraded through this pathway of 

mRNA decay (48, 110, III) and many additional transcripts are stabilized in either dcl'l~ 

or xrn l~ strains (88, 76, 88, 14), it is very likely that this is a common pathway of 

mRNA decay in yeast. 
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The MIE stimulates mRNA degradation by affecting multiple steps in 

decay. 

Our evidence suggests that the MIE can accelerate transcript degradation by 

stimulating the rates of either deadenylation or decapping. However, the primary affect of 

the MIE on mRNA turnover is dependent on the mRNA in which it is contained. For 

instance, the MIE caused a twofold increase in the rate at which the MATal and MMppG 

mRNAs are decapped (Compare Figs. 3.1C and 3.3C). That the MIE affects decapping 

and not degradation of these mRNAs following decapping comes from the observation 

that the MATal.~182-339 mRNA, which lacks the MIE, is more stable than is the 

MATal transcript in the absence ofXrnlp (data not shown). If the MIE stimulated 5' to 

3' mRNA decay loss of Xrnlp would be expected to remove the effect of the MIE on 

mRNA degradation. Thus, the MIE most likely accelerates decay of the MATal and 

MMPpG mRNAs by increasing the rate at which they are decapped. In contrast, the MIE 

accelerated degradation of the PGKI transcript by increasing the rate at which it is 

deadenylated roughly twofold (Fig. 3.4). 

Why is the primary effect of the MIE on mRNA decay dependent on the mRNA in 

which it is located? One possibility is that additional sequences within an mRNA may 

either antagonize, or alternatively, be redundant to, certain functions of the MIE. For 

instance, given that the MATal mRNA becomes only moderately stable (t1l2 = 11 

minutes) following a deletion of the MIE it is possible that the MATal transcript contains 

multiple instability elements. These additional elements may stimulate deadenylation to the 

same extent as the MIE. Thus, removal of the MIE from the mRNA would expose only 

its function that most contributed to degradation of the MATal transcript, namely the 

stimulation of decapping. In contrast, the MIE may not affect decapping of the PGKI 

mRNA due to additional features of the PGKI mRNA that specifically slow decapping. 

Support for this hypothesis comes from the observation that the 3' end of the MFA2 
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mRNA, which is capable of stimulating both deadenylation and decapping of the MFA2 

mRNA (112), affects only deadenylation of the PGKI mRNA (48). 

How are translation and mRNA deadenylation and decapping linked? 

Several observations strongly indicate that stimulation of mRNA deadenylation 

and decapping by the MIE is coupled to its translation. The MIE is located in the coding 

region of the MAT(d mRNA. This location is critical to its function as an instability 

element since translation up to, or through, this element is required for it to promote decay 

of both the PGKI (119) and MAT(d transcripts (A. Jacobson pers. comm.). Lastly, the 

important feature of the 5' 33 nucleotides of the MIE are a run of rare codons which 

stimulate decay mediated by the downstream 32 nucleotides (32). These observations, 

coupled with work presented in this manuscript, suggest a model as to how the MIE 

functions as an instability element in which ribosomes are required to pause at a run of 

rare co dons positioned just upstream of specific sequences that in tum serve to stimulate 

mRNA degradation by increasing the rates of either mRNA deadenylation or decapping. 

How translation and mRNA deadenylation and decapping can be coupled is unclear (see 

below), however there are several additional examples of translation affecting mRNA 

deadenylation. Deadenylation, but not degradation following deadenylation, of the 

unstable mammalian c-myc mRNA is slowed when cells are treated with translation 

inhibitors (87). Similarly, insertion of a hairpin that blocks translation in cis into the 5' 

UTR of an mRNA destabilized by the presence of the c-fos coding region determinant of 

instability (CRDI) negates the rapid deadenylation promoted by this element (144). Thus 

the coupling of translation and mRNA deadenylation may be common to many eukaryotic 

transcripts. Determining how this coupling is achieved will therefore greatly increase our 

understanding of mRNA turnover in general. 
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How do sequence elements influence deadenylation and decapping? 

There are now several examples of RNA sequences and structures that affect decay 

through the deadenylation-dependent decapping pathway. These include the MIE (this 

chapter), the 3' UTR of the unstable MFA2 mRNA (112) and strong secondary structures 

such as a poly(G) tract and a stem-loop structure, which when inserted into the PGK1 5' 

UTR can accelerate deadenylation and decapping (111). Similarly, instability elements 

have been identified in both the coding region and 3' UTR of the unstable mammalian c

fos mRNA which increase both the rate at which mRNAs are deadenylated and degraded 

following deadenylation (147), although the mode of degradation following deadenylation 

is not known. One interesting question is why instability elements that consistently 

influence only one step in degradation (i.e. deadenylation or oligoadenylated mRNA 

degradation, singularly) have not been identified. 

Two general models may explain why sequence elements so far identified are 

capable of affecting both deadenylation and mRNA degradation following deadenylation. 

In one view sequence elements may often contain overlapping, but separate, elements that 

influence different steps in mRNA degradation. Support for this model comes from the . 
observation that specific point mutations in the AUUUA motif and/or accompanying u-
rich region from the unstable c-fos mRNA affect the ability of this instability element to 

influence either deadenylation, or mRNA degradation following deadenylation (147,36). 

Similarly, specific mutations in the 3' UTR of the yeast MFA2 mRNA can primarily affect 

the ability of this portion of the mRNA to stimulate either deadenylation or decapping 

(112). 

A second model is based on observations that suggest an interaction between the 

5' and 3' termini of an mRNA may be central to the control of mRNA decay. These 

observations include the fact that the poly(A) taiIlPablp complex serves as an inhibitor of 

mRNA decapping (33) and that sequences in the 3' UTR of the MFA2 mRNA can 
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influence mRNA decay following deadenylation (112). In this model a mRNP structure 

involving the 5' and 3' ends of an mRNA would control rates of both de adenyl at ion and 

decapping. This mRNP structure would in tum be influenced by signals received from 

specific elements within an mRNA, such as the MIE, and respond by changing rates of 

deadenylation, decapping or both. In this view the mRNP structure would serve to 

integrate the specific inputs received from different elements within an mRNA. In 

addition, because the mRNP structure affects both deadenylation and decapping, the 

specific elements that influence it would be capable of influencing both of these processes. 

This model is attractive because it provides an explanation for how sequences located in 

the coding region of an mRNA are able to influence nuc1eolytic events at both the 5' and 

3' ends of an mRNA since the element need only affect a central mRNP structure rather 

than the actual nuc1eolytic events themselves. Ultimately, the identification of the specific 

trans-acting factors that mediate the effects of instability elements, and the determination of 

whether these factors directly or indirectly impact the deadenylation and decapping 

machinery will facilitate an understanding of how the decay of individual mRNA half-lives 

is controlled. 

Materials and methods 

Strains and Media. The yeast strain used in the experiments described in Figs. 3.1, 

3.3 and 3.4 was yRP582 (MATa, rpbl-1, ura3-52, leu2-2. 112, [48]). The plasmids 

contained in this strain in the various experiments were as follows: Fig. 3.1, either 

pRP631 (pGAL-MATa.l [32]) or pRP702 (MMPpG see below). Fig. 3.3, either 

pRP633 (pGAL-MATa.1.LlI82-339 [32]) or pRP703 (MMPpG.LlI82-339, see below). 

Fig. 3.4, either pRP139 (pGAI-PaP.O), pRP141 (pGAI-Pa.P.201-351) or pRP142 

(pGAI-Pa.P.201-266). Yeast strains examined in Fig. 3.2 in addition to yRP582 were 
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yRP689 (MATa, rpb1-1, ura3-52, leu2-2,J.n, xrn1::URA3, [110]) and yRPl106 

(MATa, rpb1-1, ura3-52, leu2-2,-.lU." dcp1::URA3). Strains yRP582 and yRP689 

contained plasmids pRP63 1 and pRP704 (see below) respectively both of which contain 

the MATal gene under the control of the GALl UAS, and decay of the MATal mRNA 

was determined following a simultaneous shift from 240C to 360C and glucose repression 

as described elsewhere (32). The half-life of the endogenous MATal transcript was 

determined in yRPl106 following a shift from 240C to 36oC. Measurement of the half

life of the endogenous MATal transcript in an isogenic rpb1-1 strain indicated that the 

decay rate of this mRNA does not vary under the different experimental conditions used in 

the various strains (data not shown). Appropriate selections were used to maintain 

plasmids introduced by transfonnation. 

Plasmid Constructions. pRP702 (pGAL-MMPpG) construction. pRPl29 which 

contains the entire PGK1 gene was digested with ClaI, filled with klenow enzyme and 

BglII linkers (New England biolabs #1001) were ligated to the blunt ends. The construct 

was then digested with BglII and ligated to oRP126 and 127 (5'

GATCTAGGAATTTGGGGGGGGGGGGGGGGGGAATT CCT-3' and 5'-GATCAG 

GAATTCCCCCCCCCCCCCCCCCCAAATTCCTA-3' respectively, [48]). A construct 

containing a single oRP1261127 insertion was then cut with BgIII, filled with klenow 

enzyme and cut with BamHl. A resulting fragment containing the 3'UTR of PGKI and 

vector sequences was ligated to an -1 kb. BamHIIScaI fragment from pRP631 which 

contained the MATal 5'UTR, coding region and first 35 nucleotides of the 3'UTR. The 

resulting construct was digested with BamHI and EcoRI and ligated to an -750 nucleotide 

BamHIlEcoRI fragment from pRP631 that contained the GALl UAS creating pRP702. 

pRP703 (pGAL-MMPpG.~182-339) was constructed in an identical manner to pRP702 

except that the BamHl/Scal fragment was isolated from pRP633 instead of pRP63 1. 
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To allow selection of a plasmid carrying the pGAI-MATal gene in yRP689, 

pRP704 was constructed. The LEU2 gene was first isolated on a Narl (filled)lHindIII 

fragment and ligated to pRP633 which had been digested with Narl, filled with klenow 

enzyme and digested with HindIII. The resulting plasmid was digested with BamHI and 

HindIII and the large fragment containing vector and GALl UAS sequences was ligated to 

a BamHlIHindIII fragment from pRP631 that contained MATa 1 sequences creating 

pRP704. 

RNA Methodology. Transcription repression and RNA isolation, quantification and 

standardization were performed as described previously (32) with the following 

exception. RNA levels in northern blots performed in strain yRPl106, were quantified 

using a Phosphorimager (Molecular Dynamics) instead of a Betascope (Betagen). 

Transcriptional pulse-chase experiments were performed as described previously (48). 
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CHAPTER 4. MULTIPLE FUNCTIONS FOR THE POL Y(A)-BINDING 
PROTEIN IN MRNA DECAPPING AND DEADENYLATION IN YEAST 

Summary 

The first step in the decay of many eucaryotic mRNAs is shortening of the poly(A) 

tail. In yeast, deadenylation leads to mRNA decapping and subsequent 5' to 3' 

exonucleolytic degradation of the transcript body. We have determined that the major 

poly(A)-binding protein, Pab 1 p, plays at least two critical roles in this pathway. First, 

mRNAs in pablL\ strains were decapped prior to deadenylation. This observation defines 

a new function for Pablp as an inhibitor ofmRNA decapping. Moreover, mutations that 

inhibit mRNA turnover suppress the inviability of a pablL\ mutation, suggesting that 

premature mRNA decapping in pablL\ strains contributes to cell death. Second, we find 

that Pab 1 p is not required for deadenylation, although in its absence poly(A) tail 

shortening rates are significantly reduced. In addition, in the absence of Pablp, newly 

synthesized mRNAs had poly(A) tails longer than those in wild-type strains, and showed 

an unexpected temporal delay prior to the initiation of deadenylation and degradation. 

These results define new and critical functions for Pablp in the regulation of mRNA 

decapping and deadenylation, two important control points in the specification of mRNA 

half-lives. Moreover, these results suggest that Pablp functions in additional phases of 

mRNA metabolism such as mRNP maturation. 

Introduction 

mRNA decay is an important control point in post-transcriptional gene regulation. 

Half-lives of different mRNAs can vary over a wide range, and there are a large number 

of examples in which decay rates of specific transcripts are altered in response to 

environmental cues (for review see 15). One major pathway of mRNA decay in 

eucaryotes is initiated by shortening of the poly(A) tail, which is followed by degradation 
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of the transcript body (for reviews see 20, 137,49). In yeast, following deadenylation, 

degradation of the body of the transcript can occur by removal of the 5' mono-methyl cap 

(decapping) and subsequent 5' to 3' exonuc1eolytic digestion of the mRNA (76,48, 110, 

111). To date there is no direct evidence for such a pathway in more complex eucaryotes, 

however, mRNAs lacking the cap structure are rapidly degraded in many eucaryotic cells 

(e.g. 52) and enzymatic activities 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. 41). Thus, deadenylation-dependent de capping followed by 5' to 3' exonucleolytic 

decay may be a conserved eucaryotic mRNA decay mechanism. 

Individual yeast mRNAs that degrade through the deadenylation-dependent 

decapping pathway can have very different half-lives as a consequence of mRNA-specific 

rates of deadenylation and decapping. For example, the relatively stable PGKI transcript 

(tl/2=35') has a slow rate of deadenylation (4 adenyl ate residues per minute) and is also 

decapped slowly. In contrast, the unstable MFA2 transcript (t1l2=4.5') has a faster rate 

of deadenylation (13 adenylate residues per minute) and is decapped rapidly (48, 110, 

111). Given these differences, to understand how mRNA decay rates are specified it is 

critical to determine the mechanisms that control deadenylation and decapping. 

In both yeast and more complex eucaryotes, transcripts deadenylate at different 

rates due, in part, to specific sequence elements within mRNAs. One example of such a 

sequence is the UUAUUUAUU sequence motif found in many labile mammalian 

transcripts (167, 147,38,86, 177). Factors that recognize some of these elements have 

been identified, however, it is not yet known how, or if, these factors act during 

deadenylation (98, 25, 28, 162, 173,83). In fact, the only protein that has been found to 

influence deadenylation in vivo is the yeast poly(A)-binding protein, Pab 1 p. This 

conclusion is based on the observation that depletion of Pab 1 p results in an increase in the 

length of poly(A) tails in the total RNA population (139). This result has been interpreted 
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to indicate that Pablp is required for deadenylation, presumably in order for a Pablp

dependent poly(A) nuclease to function (97, 136). 

Similar to deadenylation, rates of decapping vary significantly between transcripts 

and are influenced by specific features of an mRNA. For instance, sequences within a 

transcript can significantly affect rates of mRNA decapping following deadenylation (112, 

48, 111). In addition, since decapping normally occurs after deadenylation, the poly(A) 

tail itself is somehow involved in inhibiting the decapping reaction (48, 110, 111). The 

mechanism by which the poly(A) tail inhibits decapping is unknown, but this inhibition 

suggests that a functional interaction exists between the 5' and 3' ends of an mRNA. The 

existence of such an interaction is also suggested by the observations that the poly(A) tail 

and specific sequences within 3' untranslated regions (3' UTRs) of mRNAs affect 

translation initiation (for review see 77, 45). Determining the nature of this interaction is 

likely to be critical for an understanding of both translation and mRNA turnover. 

The poly(A)-binding protein may be a key factor involved in mediating the effects 

of a 5' - 3' interaction, such as the inhibition of mRNA decapping by the poly(A) tail. It 

is the major cytoplasmic poly(A)-binding protein and is highly conserved among 

eucaryotic organisms (138, 59, 174, 18). Additionally, several lines of evidence argue 

that Pablp plays a role in stimulating translation initiation (Grossi de Sa et al., 1988, 

139), which suggests that this protein can influence events at the 5' end of an mRNA 

while bound to the 3' poly(A) tail. 

We have investigated the role(s) of poly(A)-binding protein in mRNA turnover 

and found three defects that result from the loss ofPablp. First, mRNAs in pabll\ strains 

were decapped prior to deadenylation indicating that Pablp is required for the normal 

coupling of poly(A) tail removal and decapping. Moreover, a pab Il\ mutation was 

suppressed by mutations in genes involved in mRNA decay including the XRN 1 gene, 

which encodes a major 5' to 3' exonuclease (88). This result suggests that aberrant 
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mRNA decapping may contribute to lethality resulting from loss of Pablp. Second, 

poly(A) shortening did not require Pablp. although in its absence rates of deadenylation 

were significantly reduced. Third, in the absence of Pab 1 p, newly synthesized mRNAs 

had poly(A) tails which were longer than their counterparts in wild type strains, and 

exhibited a temporal lag prior to deadenylation and decay. These data indicate that Pablp 

functions in two important steps in a general pathway of mRNA decay in yeast. 

Furthermore, these data suggest that Pablp may playa role, or roles, in additional phases 

of mRNA biogenesis. 

Results 

pablA strains aberrantIy decap mRNAs prior to deadenylation. 

We first examined the role ofPablp in mediating inhibition ofmRNA decapping 

by the poly(A) tail. To do so, a poly(G) tract, which forms a strong secondary structure 

(176, 166), was inserted into the 3'UTRs of the unstable MFA2 and stable PGKI 

mRNAs (termed MFA2pG and PGKlpG r~spectively). The presence of this structure in 

these mRNAs results in the trapping of decay products that arise following decapping of 

these transcripts (165, 48). These decay products are trimmed to the 5' side of the 

poly(G) insertion and normally have oligo(A)-length (0-15 nuc1eotides) poly(A) tails 

because mRNA decapping and 5' to 3' digestion occur subsequent to poly(A) shortening 

(48, 110). If Pab 1 p is required for the poly(A) tail to inhibit decapping, then these decay 

products would be expected to have long poly(A) tails in the absence of Pablp (shown 

schematically in Fig. 4.1A). 

Since P AB 1 is an essential gene, these experiments were first performed in a 

pab IA strain that harbored a suppressor of the pab 1 deletion. The suppressor used was a 

disruption of the SPB2 gene, which encodes the large ribosomal subunit protein RPL46 
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(92, 139). We examined decay products arising from the MFA2pG and PGKlpG 

transcripts in both wild type (yRP840, Table 4.1) and spb2L\ (yRP843) strains (Fig. 4.1B 

and 4.IC for MFA2pG and PGKlpG respectively, see Materials and methods). In both 

strains these decay products had oligo(A)-length poly(A) tails as determined by 

comparison to identical samples lacking poly(A) tails due to treatment with RNaseH and 

oligo(dT) (Fig. IB and IC, RNaseH + oligo(dT) lanes). This result was consistent with 

earlier observations (48, 110) and indicates that the spb2 lesion by itself does not alter the 

dependence of decapping on deadenylation. In contrast, in the pab 1 L\ spb2L\ strain 

(yRP881), decay products for both mRNAs had poly(A) tails up to 75 nucleotides in 

length, as determined by comparison to identical poly(A)-minus mRNA samples (Fig. 

4.IB and 4.IC). The observation that these decay intermediates are generated with long 

poly(A) tails in pablL\ mutants strongly suggests that the requirement for poly(A) tail 

removal prior to decapping has been bypassed in the absence of the P AB 1 gene product. 
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Figure 4.1. Decay products from the MFA2pG and PGKlpG transcripts have long 

poly(A) tails in pabl~ yeast. (A) Pathways ofmRNA decay. The branch of the diagram 

showing deadenylation-dependent decapping depicts an established pathway of mRNA 

decay in yeast. The poly(A) tail of an mRNA is first shortened to an oligo(A)-length, 

followed by mRNA decapping. Subsequent 5' to 3' digestion of the transcript results in 

the production of a decay product trimmed to the 5' side of the poly(G) insertion which 

has an oligo(A)-length poly(A) tail. The branch of the pathway showing deadenylation

independent decapping depicts the production of decay products with long poly(A) tails 

that would result from decapping prior to poly(A) tail removal. (B & C) Steady state 

mRNA samples from spb2~, wild type and pab 1.1 spb2~ yeast strains were resolved on 

6% acrylamide/SM urea northern gels either following, or without (as indicated), removal 

of poly(A) tails with RNaseH and oligo(dT). (B) Poly(A) tail lengths on the MFA2pG 

transcript and decay product. The upper and lower bands in the RNaseH and oligo(dT) 

lanes correspond to poly(A)-minus full-length MFA2pG mRNA, and MFA2pG decay 

products respectively. The size heterogeneity of these same bands in the untreated 

samples is due to varying poly(A) tail lengths on these mRNAs. A schematic of the full

length mRNA and decay product, as well as poly(A) tail lengths on these mRNA species 

are shown to the right of the panel. Here, and in all subsequent figures, poly(A) tail 

lengths were determined by comparison of bands to size standards and the poly(A)-minus 

mRNA species generated by cleavage with RNaseH and oligo(dT) (data not shown) (C) 

Poly(A) tail lengths on the PGKlpG decay product. The prominent band in the RNaseH 

and oligo(dT) treated samples corresponds to the poly(A)-minus PGKlpG decay product 

and size heterogeneity of these bands in the untreated samples is due to poly(A) tails of 

varying lengths on the decay products. A schematic of the decay product and poly(A) tails 

lengths are shown to the right of the panel. Lower level s of MFA2pG and PGKlpG 

mRNA in the wild type lanes relative to the spb2~ lanes in (B & C) is due to unequal 
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loading as judged by standardization to the scRI transcript as previously described in 

(48). The identitiy of the additional bands in (C) dT treated samples are unknown but 

may arise from minor PGKlpG mRNA species with longer 3' ends. 
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Table 4.1. Strains used in this study 

Strain 

yRP840 

yRP841 

yRP843 

yRP850 

yRP881 

yRP884 

yRP903 

yRP918 

yRP919 

yRP920 

yRP922 

yRP923 

yRP927 

Genotype 

MATa, trp1-111, ura3-52, leu2-3,112, his4-539, cup1 ::LEU2pm 

MAT a, trp1-111, ura3-52, leu2-3,112, lys2-201, cup1 ::LEU2pm 

MATa, trp1-111, ura3-52, leu2-3,112, his4-539, cup1::LEU2pm, spb2::URA3 

MATa, trp1-111, ura3-52, leu2-3,112, cup1::LEU2pm, pab1::URA3. [pAS137] 

MATa, trp1-111, ura3-52, leu2-3,112, his4-539, cup1::LEU2pm, spb2::URA3, pab1::URA3. 

MATa, trp1-111, ura3-52, leu2-3,112, lys2-201, cup1::LEU2pm, xm1::URA3 

MATa, trp1-111, ura3-52, leu2-3,112, lys2-201, cup1::LEU2pm, pab1::URA3, xrn1::URA3 

MATa, trp1-111, ura3-52, leu2-3,112, lys2-201, xrn1::URA3 

MATa, trp1-111, ura3-52, leu2-3,112, lys2-201, ade2-101, his311-200, pab1::HIS3, [pRP862] 

MATa, trp1-111, ura3-52, leu2-3,112, lys2-201, his311-200, xrn1::LEU2 

MATa, trp1-111, ura3-52, leu2-3,112, lys2-201, pab1::tdpab1 

MATa, trp1-111, ura3-52, leu2-3,112, lys2-201, his4-539, pab1::URA3, spb2::URA3, [pRP611] 

MAT a, trp1-111, ura3-52, leu2-3,112, lys2-201, his4-539, spb2::URA3, [pRP611] 

-N 
Ul 
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Yeast transcripts are decapped without deadenylation in a conditional pa b 1 

mutant. 

The preceding result suggested that mRNAs are decapped prior to deadenylation in 

the absence of Pab 1 p. However, since the experiment was done in a strain also carrying 

the spb28 mutation, it was necessary to verify that deadenylation-independent decapping 

was due solely to the loss of Pab 1 p function. To accomplish this goal we constructed a 

conditional PAB 1 strain by replacing the chromosomal PAB 1 gene in a wild type strain 

with a temperature-sensitive degron-PAB 1 fusion construct under the control of the 

copper-inducible CUPI promoter, termed tdpabl (see Materials and methods, 50). In this 

construct the PAB 1 coding sequences are fused to a ubiquitin-DHFR fusion protein that 

promotes rapid protein degradation at 360 C (50). Haploid tdpab 1 strains grow well at 

240 C in the presence of copper, but exhibit extremely slow growth at 360 C in the absence 

of copper (see Materials and methods). This growth defect is complemented by the 

presence of a wild-type P AB 1 gene (data not shown), indicating that the growth defect at 

high temperature is due to conditional pab 1 expression. 

Examination of the decay products arising from the MFA2pG mRNA from tdpabl 

yeast (yRP922) grown under either permissive conditions (240 C and 0.05mM CuS04), 

or following a two hour shift to restrictive conditions (360 C without CuS04), is shown in 

Figure 4.2. In tdpab 1 strains grown under permissive conditions most decay products 

from the MFA2pG mRNA had short poly(A) tails similar to those in wild type strains, but 

some decay products with slightly longer poly(A) tails were also observed. Thus, the 

tdpabl allele does not fully complement the pab18 mutation under even optimal growth 

conditions. Following a shift to 360 C, the MF A2pG decay product from the tdpab 1 strain 

had a heterogeneous distribution of poly(A) tails ranging up to approximately 75 adenylate 

residues, similar to decay products in pab18 spb28 yeast (compare Figs. 4.1B and 4.2). 

In contrast, decay products from wild type cells shifted to 360 C had oligo(A)-length 



127 

Figure 4.2. Poly(A) tail lengths on the MF A2pG transcript and decay product from a 

conditional pabl strain. Shown are MFA2pG full-length mRNA and MFA2pG decay 

product from a strain harboring the conditional tdpabl allele (see Materials and methods) 

grown under permissive (240 C + O.05mM CuS04) or restrictive (360 C) conditions. Also 

shown are mRNA samples from a wild type strain grown at either 240 C or 36oC. Yeast 

strains and growth conditions for each sample are shown above the panel, and poly(A) tail 

lengths, and a schematic of the full-length mRNA and decay product are shown to the left 

of the panel. 
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poly(A) tails. This observation indicates that the deadenylation-independent degradation 

observed in pab ld cells is due entirely to the pab 1 lesion, and is not a consequence of the 

spb2d mutation. 

Deletion of the X R N 1 gene suppresses a p a bId and allows for the 

accumulation of full-length polyadenylated decapped transcripts. 

The observation that decay products arising from the stable PGKlpG and unstable 

MFA2pG mRNAs had long poly(A) tails in pabld spb2d and tdpabl strains, strongly 

suggested that in yeast lacking Pab 1 p many transcripts may be decapped precociously (i.e. 

without prior deadenylation). This aberrant deadenylation-independent decapping could 

result in premature degradation of mRNAs, which might contribute to the inviability of 

pab 1 d strains. A prediction of this hypothesis is that stabilization of mRNAs after 

deadenylation by blocking decapping or 5' to 3' exonucleolytic degradation would 

suppress the lethal phenotype of a P AB 1 deletion. In order to test this possibility a 

deletion of the XRNlgene, which encodes a major 5' to 3' RNA exonuclease and whose 

loss results in the stabilization of decapped mRNAs (76, 110), was introduced into a 

diploid strain heterozygous for pabld (see Materials and methods). Spores that carried 

both xrn 1 d and pab 1 d were viable and grew with a doubling time of approximately 6 

hours, as compared to 2.5 and 10 hours for xrnld and pabld spb2d strains respectively. 

This result indicates that a deletion of the XRNI gene can suppress the lethality caused by 

the loss of Pab 1 p. 

The viability of the pab ld xrn ld strain allowed us to examine the nature of the 

deadenylation-independent degradation that occurs in a pabld strain. For example, the 

presence of long poly(A) tails on MFA2pG and PGKlpG decay intermediates in pabld 

spb2d and tdpab 1 strains argued that mRNAs were decapped independently from 

deadenylation. However, a formal alternative is that a new endonucleolytic decay 
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pathway, that cleaved within the body of these mRNAs, had been activated in the absence 

of Pablp. In order to distinguish between these two possibilities we tested directly 

whether full-Iength-decapped mRNAs, with long poly(A) tails were produced in pab18 

xrn 18 yeast. This was accomplished by separating capped from decapped transcripts by 

immunoprecipitation of mRNAs using an antibody directed against the 5' mono-methyl 

cap structure (114, 110). In this case we examined mRNAs from a transcriptional pulse

chase (48), in which transcription from the GALl promoter was rapidly induced and then 

inhibited. This rapid "pulse" of mRNA synthesis created a synchronous pool of mRNA 

whose decay was monitored in the ensuing "chase" (see Materials and methods). mRNA 

from a pab 18 xrn 18 strain was isolated at 0 and 20 minutes following transcription 

repression, then separated into capped (pellet) and decapped (supernatant) species. 

In xrn 18 cells (yRP884), the MFA2pG transcripts were initially 

immunoprecipatable and with time accumulated as deadenylated species that were no 

longer immunoprecipitible (Fig. 4.3A). Consistent with a requirement for deadenylation 

before decapping, only the deadenylated species failed to immunoprecipitate in xrn18 cells 

(see also 110). In contrast, in pab18 xrn18 cells (yRP903), full-length transcripts with 

long poly(A) tails were found in the supernatant even at the zero minute time point (Fig. 

4.3B). Moreover, the proportion of decapped mRNA species increased at the later time 

point indicating that the decapped species were the products of pre-existing capped 

species. The presence of full-length decapped mRNA species with poly(A) tails up to 74 

nucleotides in length in pab18 xrn18 cells indicates that deadenylation to an oligo(A)-

form is not a prerequisite for decapping in the absence of Pab 1 p. In addition, the fact that 

a substantial amount (60%) of the total MFA2pG mRNA at 20 minutes had been decapped 

indicates that most if not all, of the MF A2pG mRNA is degraded by a decapping 

mechanism in pab18 xrn18 cells, as opposed to being degraded by a new endonucleolytic 

pathway of mRNA decay. 
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Figure 4.3. Poly(A) tail distribution on capped and uncapped MFA2pG mRNA in 

pab1.1 xrnl~ and xrnl~ yeast. Total mRNA was separated into capped and uncapped 

fractions by immunoprecipitation with polyc1onal anti-bodies directed against the 5' cap 

structure (114, 110, see Materials and methods) and the different fractions were resolved 

on acrylamide northern gels. Shown are total (T), pellet (P) and supernatant (S) fractions 

from each time point and poly(A) tail lengths are depicted to the left of each panel. (A) 

mRNA from a transcriptional pulse-chase experiment performed in an xrn 1~ strain (see 

Materials and methods) and (B) from the 0 and 20 minute time points of a transcriptional 

pulse-chase experiment carried out in a pabl~ xrnl~ strain. The decapped mRNA 

species present at 0 minutes in 4.3B are probably derived from low levels of mRNA made 

prior to the transcription induction (data not shown). 
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An implication of xrn II! suppression of pab II! lethality is that decapped 

transcripts are translated to some extent. To test this prediction, we examined the 

distribution of capped and decapped transcripts across polysome gradients from both 

xrnII! and pabII! xrnII! yeast, and found that decapped transcripts were present within 

the gradient in positions consistent with these transcripts being loaded on ribosomes (data 

not shown). This result suggests that one mechanism for suppressing the lethality of 

pabII! is to inhibit mRNA turnover (see discussion). 

Pablp affects the rate of, but is not required for, deadenylation. 

Poly(A) shortening is the first step in the decay of many yeast and mammalian 

transcripts (e.g. 167, 147,48,38). Since yeast depleted of Pablp exhibit a shift to long 

poly(A) tails in total cellular poly(A), it has been concluded that Pablp is required for 

deadenylation (139). However, the degradation of mRNAs prior to deadenylation in 

pab II! yeast would also be expected to shift total cellular poly(A) profiles in the same 

manner, even if dcadenylation occurs. Moreover, both MFA2pG and PGKIpG mRNAs 

with short and intermediate-length poly(A) tails were present in pab II! spb21! yeast 

(Figs. 4.1B, 4.7A and B) suggesting that deadenylation occurs in pabII! yeast. 

To determine the role of Pabip in deadenylation we directly measured 

deadenylation rates of the MFA2pG and PGKlpG transcripts in both spb21! and pabll! 

spb21! cells via transcriptional pulse-chase experiments. In spb21! cells the PGKlpG 

mRNA at 0 minutes had poly(A) tails ranging in size from 44 ± 8 to 64 ± 6 nucleotides. 

Deadenylation of these transcripts occurred at a rate of approximately 3.3 ± 0.5 

nucleotides per minute to an oligo(A)-form after which the mRNA was slowly degraded 

(Fig.4.4A). In contrast, in pabll! spb21! strains, the PGKlpG mRNA at 0 minutes had 

poly(A) tails 78 ± 9 to 93 ± 7 nucleotides in length. Following a temporal lag of between 
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Figure 4.4. Shortening of the poly(A) tail of the PGKlpG transcript in spb2.1 and 

pabl.1 spb2.1 yeast. Shown are acrylamide northern gels of transcriptional pulse-chase 

experiments examining the decay of the PGKlpG mRNA in (A) spb2.1 and (B) pabl.1 

spb2.1 yeast. Time points following transcription repression are shown above, and 

poly(A) tail lengths to the left, of each panel. In order to allow for size resolution of the 

poly(A) tail the 3' 319 nucleotides of the 1.4kb. PGKlpG mRNA were removed via 

cleavage with RNaseH and oRP179 (5'-GTGACACCGTACTTCTTAGCG-3') prior to 

loading on the gel. 
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10-20 minutes (Fig. 4.4B, see below) the PGKlpG mRNA was deadenylated at a rate of 

approximately 1.2 ± 0.5 nucleotides per minute (as determined by measurement of 

poly(A) tail lengths during 5 minute intervals between 20 and 60 minutes following 

transcription repression, (data not shown), and was simultaneously slowly degraded (Fig. 

4.4B). Thus, in the absence ofPablp, the PGKlpG transcript appears to be deadenylated 

but at a slower rate than in a P AB 1 strain. 

Experiments were also performed to determine whether deadenylation of the 

unstable MFA2pG mRNA was affected by the loss of Pablp. In wild type cells this 

mRNA is decapped quickly following deadenylation (110; see also 48), thus we 

anticipated that in the absence of Pab 1 p it would be decapped and degraded rapidly, 

concomitant with deadenylation. This rapid decay occurring simultaneously with 

deadenylation, could make measurement of poly(A) shortening rates difficult. To 

overcome this obstacle, two strategies to stabilize the full-length MFA2pG transcript were 

employed, with the idea that this stabilization would allow for a measurement of 

deadenylation without competing 5' to 3' degradation. First, transcriptional pulse-chase 

experiments were carried out in pab 18 spb28 yeast in the presence of cycloheximide 

which inhibits decapping, but does not alter the rate of poly(A) shortening, of the 

MFA2pG mRNA (12). Second, transcriptional pulse-chase experiments were performed 

in pab18 xm18 yeast, in which full-length decapped MFA2pG transcripts are stabilized. 

Transcriptional pulse-chase profiles of the MFA2pG mRNA in a spb28 strain in 

the absence, or presence, of cycloheximide are shown in Figs. 4.5A and B respectively 

(see Materials and methods). The MFA2pG mRNA was produced with poly(A) tails of 

44 ± 2 to 80 ± 0 nucleotides in length which were shortened at a rate of 10 nucleotides per 

minute. This rate of deadenylation was similar to rates measured in a wild type strain 

under the same conditions (data not shown), but slightly slower than previously reported 

for this mRNA at 360 C (112, 48). After deadenylation to an oligo(A)-fonn this mRNA 
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was degraded either rapidly (Fig. 4.SA) or slowly (Fig. 4.SB), depending on whether 

decapping had been inhibited by treatment with cycloheximide. In contrast, in a pab 1 Ll 

spb2Ll strain, the MFA2pG mRNA was produced with poly(A) tails ranging in size from 

65 ± 3 to 100 ± 4 residues. Similar to the PGKlpG mRNA, little decay and 

deadenylation was observed for 10-20 minutes following transcriptional repression (see 

below). Following this lag the mRNA was simultaneously deadenylated and either 

rapidly (Fig. 4.5C), or slowly (Fig. 4.5D), degraded, depending on whether decapping 

had been inhibited by cycloheximide addition. Once deadenylation of the MFA2pG 

mRNA in pablLl ~Ll yeast commenced, the rate was measured at 1.7 ± 0.4 adenylate 

residues per minute. Thus, deadenylation of the MFA2pG mRNA occurs in pablLl cells 

although at a rate roughly sixfold slower than in spb2Ll yeast. 

In order to avoid any complicating effects of cycloheximide addition, 

deadenylation of the MFA2pG mRNA was measured in transcriptional pulse-chase 

experiments performed in pablLl xrnlLl yeast. In a xrnlLl strain the MFA2pG mRNA 

was deadenylated at a rate of 7 ± 2 nucleotides per minute such that some of the mRNA 

had reached an oligo-adenylated form by 6 minutes following transcription 

repression(Fig. 4.6A), a rate slightly slower than in wild type and spb2Ll strains. In 

contrast, in a pab 1 Ll xrn 1 Ll strain, following an initial 10 minute lag (see below), the 

MFA2pG mRNA was deadenylated at a rate of2 ± 1 nucleotides per minute reaching an 

oligo-adenylated form 30 minutes following transcription repression (Fig. 4.6B). Thus, 

deadenylation ofthe MFA2pG mRNA was roughly 3.5 fold slower in pablLl xrnlLl yeast 

than in a xrnlLl strain, and similar to rates of deadenylation measured for this mRNA in 

pablLl spb2Ll yeast (Fig. 4.5D). This result further indicates that Pablp is not required 

for the deadenylation of an unstable mRNA, although in its absence, rates of poly(A) 

shortening are substantially reduced. 
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Figure 4.5. Poly(A) tail shortening of the MFA2pG mRNA in spb2.1 and pab 1.1 

spb2.1 yeast. Acrylamide northern gels of transcriptional pulse-chase experiments 

examining the decay ofthe MFA2pG mRNA carried out in spb2.1 (A & B) and in pabl.1 

spb2.1 (C & D) yeast. Transciptional pulse-chase experiments shown in B & D were 

carried out in the presence of cycloheximide, (CHX, see Materials and methods). Minutes 

following transcriptional repression for each experiment are shown directly above the 

corresponding panel. Poly(A) tail lengths of the mRNA are shown to the right (A & C) 

and left (B & D) of each panel. 
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Figure 4.6. Poly(A) tail shortening of the MFA2pG mRNA in xrnl~ and pabl~ xrnl~ 

yeast. Acrylamide northern gels of transcriptional pulse-chase experiments examining the 

decay of the MFA2pG mRNA in (A) xrnl~ and (B) pabl~ xrnl~ yeast are shown. 

Minutes following transcription repression are given directly above, and poly(A) tail 

lengths on the full-length mRNAs are shown to the left, of each panel. 
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In pabl~ strains both the MFA2pG and PGKlpG transcripts were decapped 

without a requirement for deadenylation to an oligo(A)-form (Figs. 4.1-3). However, 

following the initial lag, these mRNAs were degraded at different rates, with the MFA2pG 

decaying more rapidly than the PGKlpG mRNA (compare Fig. 4B with Fig. 5C). The 

rapid decay of the MFA2pG, and slow decay of the PGKlpG, transcripts with long 

poly(A) tails in a pab 1 ~ strain therefore reflected the relative decay rates of the oligo(A)

forms of these mRNAs in cells containing Pablp (Figs. 4.4A and 4.5A; 48). This 

observation suggests that Pab 1 p does not play a role in turnover events that occur 

following poly(A) tail removal (see discussion). 

Additional alterations to mRNA metabolism in pabl~ strains. 

Two additional phenotypes were observed in pab 1 ~ strains. First, the longest 

poly(A) tails on both the MFA2pG and PGKlpG mRNAs were longer in pabl~ than in 

wild type or spb2~ strains. This phenomena was most easily observed under conditions 

that fully resolved poly(A) tail lengths (Fig. 4.7A and B, see Materials and methods). 

Measurement ofpoly(A) tail lengths for the MFA2pG transcript revealed that in a pabl~ 

spb2~ strain the MFA2pG mRNA had poly(A) tails of up to 104 ± 5 nuc1eotides as 

compared to lengths of 84 ± 2 nucleotides in wild type and spb2~ strains (Fig. 4.7A). 

Similarly, in pabl~ ~~ yeast the PGKlpG mRNA had tails as long as 88 ± 5 

adenyl ate residues, whereas the PGKlpG mRNA in wild type and spb2~ yeast had 

poly(A) tails of up to 59 ± 4 nuc1eotides (Fig. 4.7B). The presence of these abnormally 

long poly(A) tails may be indicative of a loss of poly(A) tail length-control during 

synthesis. Alternatively, mRNAs with long poly(A) tails might result from the detection 

of a normally produced, but rapidly processed, intermediate in mRNA biogenesis. 
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Figure 4.7. Poly(A) tail lengths on the MFA2pG and PGKlpG mRNAs in spb2~ and 

pabl~ spb2~ yeast. Poly(A) tail lengths on the (A) MFA2pG and (B) PGKlpG 

transcripts from spb2~, wild type and pabl~ spb2~ yeast were determined following 

separation on acrylamide northern gels (see Materials and methods). Poly(A) tail lengths 

are shown to the right of each panel. 
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The second additional phenotype observed in pab 1.1 spb2.1 and pab 1.1 xrn 1.1 

strains was a temporal lag prior to the deadenylation and decay of both the PGKI pG and 

MFA2pG transcripts (Figs. 4.4-6). The length of this lag was similar for both mRNAs 

(10-20 minutes) and did not correspond to the time required to shorten the poly(A) tail to 

an oligo(A)-form. This observation suggested that in cells lacking Pablp some phase of 

mRNA metabolism might be delayed. 

In order to obtain more convincing evidence of a delay before mRNA decay in 

pabl mutant strains we examined the degradation of a PGKI transcript that contained an 

early nonsense codon, termed PGKN103pG. We utilized this transcript because in wild 

type cells premature termination codons trigger extremely rapid mRNA decay by 

promoting deadenylation-independent decapping (113). Since there is no measurable 

delay before decay of newly synthesized PGKN103pG transcripts in wild type strains, a 

lag before decay of this transcript in pab 1.1 strains should be easily distinguished. 

Transcriptional pulse-chase experiments performed in spb2.1 yeast (yRP927) 

showed that the PGKN 103pG mRNA was immediately degraded via deadenylation

independent decapping, as it is in wild type cells (Fig. 4.8A and 113). In contrast, in 

pabl.1 spb2.1 cells (yRP923) the PGKN103pG mRNA persisted for 15 minutes without 

deadenylation before it was rapidly degraded (Fig. 4.8B). Thus, a PGKI mRNA 

containing an early nonsense codon showed a temporal lag prior to decay similar to the 

lags observed for the PGKlpG and MFA2pG transcripts. 

It should be noted that following the lag, the PGKN 103pG mRNA was degraded 

rapidly. This result is in contrast to the slow decay of the PGKlpG mRNA following this 

lag (Fig. 4.4B) and indicates that the recognition of the premature termination codon 

occurred after the lag. We interpret these observations to suggest that Pablp functions in 

additional phases of mRNA biogenesis such as cytoplasmic mRNP maturation. Since 
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pab 1 mutant strains do not accumulate poly(A)+ mRNA in the nucleus, it is unlikely that 

Pablp is required for nuclear-cytoplasmic transport (82). One simple model is that Pablp 

might be required for the remodeling of mRNP structure that occurs shortly after nuclear

cytoplasmic transport and involves the exchange of hnRNP proteins for cytoplasmic 

mRNA binding proteins such as Pablp (128, 4, 103,55). 
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Figure 4.8. The PGKIN103pG mRNA exhibits a temporal lag prior to decay in pablLl 

spb2Ll yeast. Acrylamide northern gels of transcriptional pulse-chase experiments 

examining the decay of the PGKl n103pG mRNA in (A) spb2Ll and (B) pablLl spb2Ll 

yeast are shown. Minutes following transcription repression are given directly above, and 

poly(A) tail lengths on the full-length mRNAs are shown to the left, of each panel. 
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Discussion 

Pablp normally functions as an inhibitor of mRNA decapping. 

Two lines of evidence demonstrated that mRNAs can be decapped prior to poly(A) 

tail shortening in pabl~ yeast. First, decay products of the MFA2pG and PGKlpG 

mRNAs, which arise from decapping and subsequent 5' to 3' exonucleolytic digestion 

(48, 110, 111), had long poly(A) tails in pabl~ spb2~ strains (Fig. 4.1B and C). 

MFA2pG decay products with long poly(A) tails were also observed in a conditional pabl 

strain grown under restrictive conditions demonstrating that deadenylation-independent 

decapping was due specifically to the pab I mutation (Fig. 4.2). Second, full-Iength

decapped MFA2pG transcripts with long poly(A) tails accumulated in pabl~ xml~ yeast 

(Fig.4.3B). We interpret these observations to indicate that Pablp, in complex with the 

poly(A) tail, normally functions as an inhibitor of decapping for both stable and unstable 

mRNAs in yeast. In the simplest model, the Pablp/poly(A) complex would inhibit 

decapping in cis by as yet unidentified interactions, possibly involving additional proteins. 

This view is consistent with the observation that shortening of the poly(A) tail to a length 

of approximately 12 residues, which would be expected to promote dissociation of the last 

bound Pablp molecule (140), relieves the inhibition to decapping imposed by the poly(A) 

tail (48, 110, III). 

How might Pablp inhibit decapping? One possibility is that efficient translation is 

required to prevent decapping. In this model the reduction in translation due to loss of 

Pablp, rather than the loss of Pablp itself, results in deadenylation-independent 

decapping. However, this possibility is unlikely since in wild type cells, mRNAs that are 

not translated due to the presence of strong secondary structures in their 5' UTRs, still 

require deadenylation before decapping (12, Ill). A more likely scenario is that Pablp 
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influences the state of a 5' to 3' interaction, which affects translation initiation and 

decapping rates (see ~elow). 

Control of Decapping Rates 

The rate of decapping is regulated in at least two distinct ways. First, the 

Pab 1 p/poly(A) complex serves to block mRNA decapping (Figs. 4.1-3, 110). Second, 

following shortening of the poly(A) tail of an mRNA to an oligo(A)-length, decapping 

occurs at different rates in a mRNA-specific fashion (112, 48, 110, 111). The trans

acting factors that control rates of decapping following poly(A) tail removal are not 

known, however, our data suggest that Pab 1 p does not influence this rate. The critical 

observation is that the rates of deadenylation-independent decapping observed in pabl~ 

strains for the MFA2pG and PGKlpG transcripts reflect the relative rates of decapping of 

the oligo-adenylated forms of these mRNAs in wild type cells (fast for MFA2pG and slow 

for PGKlpG, compare decay of these mRNAs following the initial lag in Figs. 4.4B and 

4.5C). This observation suggests that gene products other than Pab 1 p determine 

transcript-specific rates of decapping following decapping. 

Loss of Pablp results in reduced rates of poly(A) shortening 

Our data indicate that while Pab 1 p may affect the rate of deadenylation, it is not 

absolutely required for this process. The key observations were that (1) at steady state, in 

pabl~ spb2~ strains, some MFA2pG and PGKlpG mRNA species had significantly 

shortened poly(A) tails (Figs. 4.1B, 4.7A and B) and (2) the MFA2pG and PGKlpG 

mRNAs deadenylated at rates 3.5 to 6 and 3 times slower respectively, in pabl~ strains 

than in control strains (Figs. 4.4-6). 

This finding extends a previous conclusion that Pab 1 p is required for 

deadenylation. This prior conclusion was based on the observation that there is an 
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increase in the average length of poly(A) tails in total cellular poly(A) following a 

depletion of Pablp (139). Our data suggest that four distinct alterations in mRNA 

metabolism in pab 1 mutants contribute to this change in poly(A) distributions. First, 

newly synthesized mRNAs had longer than normal poly(A) tails (Fig. 4.7). Second, 

these mRNAs with long poly(A) tails were fairly stable due to a temporal lag prior to the 

onset of their deadenylation and decay (Figs. 4.4B, 4.5C and 4.8B). Third, the rates of 

deadenylation were reduced relative to wild type cells (Figs. 4.4-6). Fourth, mRNAs were 

subject to decapping and 5' to 3' digestion prior to deadenylation (Figs. 4.1-3). Thus, the 

change in poly(A) tail distribution in pab 1 mutant strains is not solely due to an effect on 

the rates of deadenylation but is due to several alterations in mRNA metabolism. 

What is the role of Pablp in mRNA deadenylation? In the simplest model, the 

bulk of poly(A) shortening may be carried out by the Pab 1 p-dependent poly(A) nuclease 

that has been identified biochemically (97, 136). In this model the reduced rates of 

poly(A) shortening observed in cells lacking Pab 1 p could result from either a decrease in 

the activity of this Pablp-dependent nuclease, or the complete loss of Pablp-dependent 

nuclease activity coupled with the continued activity of a second, Pab 1 p-independent 

nuclease. Interestingly, similar rates of deadenylation were measured in pab18 strains for 

the normally slowly deadenylated PGKlpG and rapidly deadenylated MFA2pG 

transcripts (Figs. 4.4-6). This result argues that the Pablp activated poly(A) nuclease is 

responsible for mRNA-specific differences in deadenylation rate. However, it should also 

be noted that it is possible that the slow rates of deadenylation observed in the absence of 

Pablp could be due to proteins bound to an mRNA's poly(A) tail that are normally 

displaced by Pab 1 p. Such inappropriately bound proteins might serve as a barrier to the 

exonucleases that normally degrade an mRNA's poly(A) tail, resulting in a reduced rate of 

deadenylation. 
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The requirement of Pablp for viability. 

It is now clear that Pab 1 p has multiple functions including the stimulation of 

translation (for review see 135, 77), the inhibition of decapping (Figs. 4.1-3), and 

influencing the rate of deadenylation (Figs. 4.4-6, and 139). Gjven these multiple 

functions, an important question is why the P AB 1 gene is essential. One possibility is 

that, in the absence of Pablp, translation rates are insufficient to allow viability. This 

hypothesis has been suggested based on the observations that pab 1 mutants show 

decreases in polysome content, and that mutations that decrease 60S subunit 

concentrations suppress the lethality of the pab 1 A mutation (Sachs and Davis, 1989). 

Since this class of pab 1 A mutation suppressors include the spb2A mutation, which does 

not affect mRNA decay by itself (Figs. 4.4 and 4.5, data not shown), it is probable that 

these suppressors act by altering translation in some manner to compensate for the loss of 

Pablp. 

However, our results suggest that the ability of Pab 1 p to inhibit mRNA decapping 

contributes to cell viability. The key result is that the pablA can be suppressed by a 

deletion of the XRN 1 gene, which encodes the major 5' to 3' exonuclease known to 

function downstream of decapping during mRNA turnover. It should be noted that xrnlA 

mutants have a normal concentration of 60S subunits (data not shown) and thus are 

distinct from the suppressors discussed above. In addition, we have found that several 

other mutations that inhibit mRNA decay after deadenylation are also capable of 

suppressing a pablA (66). Thus, there is a second class of pablA suppressors that all 

stabilize mRNAs following deadenylation. 

We propose that the pablA mutation is lethal due to the combination of both a 

decrease in translation initiation and an increase in premature deadenylation-independent 

mRNA degradation. Both of these defects would decrease the amount of protein 

synthesis per transcript with the combination reducing protein production below what is 
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required for viability. This view of Pab1p function would be analogous to a case of 

synthetic lethality except the two distinct functions would reside within a single 

multifunctional protein instead of within two different gene products. Consistent with this 

hypothesis, no single part of Pab1p is essential for viability at 30°C (140). This model 

would also explain the two distinct classes ofpab1~ mutation suppressors. One class that 

suppresses by partially compensating for inefficient translation initiation and the other that 

suppresses by stabilizing transcripts that would otherwise be prematurely degraded. Such 

a model also predicts that there should be viable alleles of P AB I which separate the 

functions of translation initiation and inhibition of mRNA decapping. 

Materials and methods 

Yeast Strains. All strains used are listed in Table 1 and were grown in standard media. 

Appropriate selections were used for plasmid maintenance and integration selection where 

required. All strains except yRP919, yRP920, yRP923 and yRP927 have GALl VAS 

regulated PGK1pG and MFA2pG genes-(48) as well as the LEV2 gene (5), collectively 

termed LEU2pm, integrated at the CUP I locus ( Hatfield et al., manuscript in 

preparation). Strain yRP843 was generated by using a 3.6 kb. fragment from pAS 195 

(kindly provided by Dr. A. Sachs) that contained the SPB2 gene (92) with nucleotides 

786-1359 replaced with the URA3 gene (132), to disrupt one copy of this gene in a 

yRP840/841 diploid. Sporulation of the diploid gave rise to strain yRP843. Strain 

yRP850 was generated by disrupting one copy of the PAB I gene in the yRP840/841 

diploid with a 3 kb. fragment from pAS72 (kindly provided by Dr. A. Sachs) carrying the 

PABI gene (140) with nucleotides 885-2439 replaced with the URA3 gene. A diploid 

carrying the pabl::URA3 integration was transformed with pAS137 which contains the 

PAB I gene under control of the GALl VAS (139) and then sporulated on media 

containing 2% galactose creating strain yRP850. Both integrations were verified by 
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southern blot analysis (data not shown). Strain yRP881 arose from a cross between 

strains yRP850 and yRP843. 

Suppression of pabl~. Two independent tests of suppression of pabl~ by xrnl~ 

were performed. First, strains yRP881 and yRP918 were crossed and the XRN1, PABl 

and SPB2 genotypes of spores from 8 complete tetrads were determined via a polymerase 

chain reaction based assay (see below) and southern blot analysis. All resulting viable 

pabl~ spores contained either the spb2~ or xrnl~ mutations, strongly suggesting that the 

pab 1 ~ mutation was suppressed by disruptions of either of these two loci. Second, 

strains yRP919 and yRP920 were crossed, and diploids were cured of pRP862, which 

harbors a wild type copy of the P AB 1 gene, via selection against the URA3 gene carried 

on the plasmid, through growth on media containing 5-fluoroorotic acid. These diploids 

were sporulated, and PAB 1 and XRN 1 genotypes of the resulting spores were determined 

by monitoring growth on media lacking either leucine or histidine. In all cases (48 tetrads) 

viable HIS+ spores were also LEU+ confirming the suppression ofpabl~ by xrnl~. 

Construction and Growth of tdpabl strains. Strain yRP922, was created by 

disrupting one of the copies of PAB 1 in the yRP840/841 diploid with Sall/HinDIII 

linearized pRP861 (see below). Following verification by southern analysis (data not 

shown) the diploid was sporulated on YEPD plates containing 0.05mM copper sulfate 

creating strain yRP922. tdpabl haploids exhibit slow growth on both YEPD plates and in 

rich medium (20 hours doubling time) at 360 C. Growth of these spores is improved 

under the same conditions at 240 C, although still slower than that of wild type strains. 

Growth rates at both 24 and 360 C were similar to wild type rates when media was 

supplemented with 0.05mM CuS04. 

peR assay of spore genotypes. The' PAB 1, XRNl and SPB2 genotypes of spores 

from 8 tetrads derived from the yRP8811884 diploid were determined by subjecting 50 ng. 

of genomic DNA from each spore to PCR using the following primers: oRP159 (5'-



155 

TGAGGGTGTAATGGGTGA-3', nucleotides 6040-6022 from the XRNI gene (bottom 

strand)), oRP160 (5'-ATATACTTTCTACAATTTTTG-3', nucleotides 547-569 of the 

SPB2 gene), oRPI61 (5'-ACAAAGCAGATAGATCAATC-3', nucleotides 445-465 from 

the PABI gene) and oRP162 (5'-GATGCGGCCAGCAAAAC-3', nucleotides 1010-1027 

of the URA3 gene). Primer pairs 159/162, 160/162 and 1611162 give rise to products 

800, 400 and 600 nucleotides long, respectively, specifically from cells harboring 

disruptions of the gene corresponding to primers 159, 160 and 161 (data not shown). 

Plasmid construction. pPW66R (50) was digested with HindIlI and filled with 

Klenowenzyme. Ligation of CiaI linkers (Promega #G2151) to the blunt ends followed 

by digestion with ClaI and religation, generated yRP858. An - 2.6 kb fragment spanning 

nucleotides 862-3430 of the P AB 1 gene with 5' ClaI and 3' SaIl restriction sites, 

generated via PCR with primers oRP164 and 165 (5'

CGGAA ITCATCGATATGGCTGATA IT ACTG-3' and 5'-CGGAA ITCGTCGACITC 

TGCATCTTCAC-3', respectively), was digested with ClaI and SaIl and ligated to 

ClaIlSaIl cut yRP858, resulting in yRP859. A .77 kb SalIlKpnI fragment containing the 

5' end of the P AB 1 gene was ligated to KpnIlSalI digested pRS404 (149) followed by 

digestion with SaIl and SaclI and subsequent ligation to a SalIlSaclI fragment from 

pRP859, that contained the tdpabl consruct, generating pRP861. Additional plasmids 

shown in Table 4.1 and not previously described include pRP611 which contains the 

GALl regulated PGKN103pG gene and is similar to pRP552 (113), except that the 

URA3 gene is also present on the plasmid. 

Growth conditions and RNA procedures. Steady state and transcriptional pulse

chase experiments were carried out as previously described (112; 48) except that cultures 

were grown at 300 C (except where noted at 24 or 360 C) in rich media containing 2 % 

sucrose in addition to either 2% galactose (steady-state experiments) or 2% raffinose 

(transcriptional pulse-chase experiments). In all cases transcriptional shut off was 
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accomplished through glucose repression via re-suspension of cultures in rich medium 

containing 2% glucose. Where mentioned, cycloheximide was added to cultures (final 

concentration of lOug/ml) simultaneously with transcription repression. Where described 

media was supplemented with copper sulfate to a final concentration of O.OSmM. RNA 

isolation was performed as previously described (32). In all cases RNAs were separated 

on 6% polyacrylamide, 8M urea gels for 8 hours at 300 volts except for the gel shown in 

Figure 4.7 which was run at 300 volts for IS hours. RNaseH reactions, transfer to Zeta

Probe membrane (Bio-Rad Laboratories), and quantification and standardization of RNA 

levels was accomplished as detailed previously (48) except that oligonucleotide probes 

specific for the MFA2pG and PGKlpG mRNAs (oRP140, S'-ATATTGATTAGATCAG 

GAATTCC-3' and oRP141, S'-AATTGATCTATCGAGGAATTCC-3', respectively) 

were used to probe northern blots where described. Immuno-precipitations were carried 

out as previously described (110), except that Sng instead of lOng of total RNA was 

incubated with the anti-cap antibody. 



157 

REFERENCES 

1. Adams, C. C. and D. S. Gross. 1991. The yeast heat shock response is induced 
by conversion of cells to spheroplasts and by potent transcriptional inhibitors. Journal of 
Bacteriology. 173: 7429-7435. 

2. Aebi, M., G. Kirschner, J.-Y. Chen, U. Vijayraghavan, A. Jacobson, 
N. C. Martin and J. Abelson. 1990. Isolation of a temperature sensitive mutant with 
altered tRNA nucleotidyl transferase activities and cloning of the gene encoding tRNA 
nucleotidyl transferase in the yeast Saccharomyces cerevisiae. Journal of Biological 
Chemistry. 265: 16216-16220. 

3. Amberg, D. C., A. L. Goldstein and C. N. Cole. 1992. Isolation and 
characterization of RAT 1: An essential gene of Saccharomyces cerevisiae required for the 
efficient nucleocytoplasmic trafficking of mRNA. Genes and Development. 6: 1173-
1189. 

4. Anderson, J. T., M. R. Paddy and M. S. Swanson. 1993. PUBI Is a Major 
Nuclear and Cytoplasmic Polyadenylated RNA-Binding Protein in Saccharomyces 
cerevisiae. Molecular and Cellular Biology. 13: 6102-6113. 

5. Andreadis, A., Y. P. Hsu, G. B. Kohlhaw and P. Schimmel. 1982. 
Nucleotide Sequence of Yeast LEU2 Shows 5'-Noncoding Region Has Sequences 
cognate to Leucine. Cell. 31: 319-325. 

6. Aota, S., T. Gojobori, F. Ishibashi, T. Maruyama and T. Ikemura. 
1988. Codon usage tabulated from the GenBank genetic sequence data. Nucleic Acids 
Research Sequences Supplement. 16: r315-r402. 

7. Atkin, A. L., N. AItamura, P. Leeds and M. R. Culbertson. 1995. The 
Majority of the Yeast UPFI Co-localizes with Polyribosomes in the Cytoplasm. Molecular 
Biology of the Cell. 6: 611-625. 

8. Atkins, J. F., R. B. Weiss and R. F. Gesteland. 1990. Ribosome 
Gymnastics-Degree of Difficulty 9.5, Style 10.0. Cell. 62: 413-423. 

9. Bach, M. L., F. Lacroute and D. Botstein. 1979. Evidence for transcriptional 
regulation of orotidine-5'-phosphate decarboxylase in yeast by hybridization of mRNA to 
the yeast structural gene cloned in Escherichia coli. Proceedings of the National Academy 
of Sciences. 76: 386-390. 

10. Barker, G. F. and K. Beemon. 1991. Nonsense codons within the Rous 
sarcoma virus gag gene decrease the stability of unspliced viral RNA. Molecular and 
Cellular Biology. 11: 2760-2768. 

11. Baserga, S. J. and E. J. B. Jr. 1992. ~-Globin nonsense mutation: deficient 
accumulation of mRNA occurs despite normal cytoplasmic stability. Proceedings of the 
National Academy of Sciences. 89: 2935-2939. 



158 

12. Beelman, C. A. and R. Parker. 1994. Differential Effects of Translational 
Inhibition in cis and in trans on the Decay of the Unstable Yeast MFA2 mRNA. Journal of 
Biological Chemistry. 269: 9687-9692. 

13. Beelman, C. A. and R. Parker. 1995. Degradation of mRNA in Eukaryotes. 
Cell. 81: 179-183. 

14. Beelman, C. A., A. Stevens, G. Caponigro, L. K. Hatfield and R. 
Parker. 1996. Isolation of the yeast DCPl gene which encodes a protein required for 
mRNA decapping and degradation. submitted. 

15. Belasco, J. and G. Brawerman. 1993. Control of Messenger RNA Stability. 

16. Belcourt, M. F. and P. J. Farabaugh. 1990. Ribosomal Frameshifting in the 
Yeast Retrotransposon Ty: tRNAs induce Slippage on a 7 Nucleotide Minimal Site. Cell. 
62: 339-352. 

17. Belgrader, P., J. Cheng, X. Zhou, S. Stephenson and L. E. Maquat. 
1994. Mammalian nonsense codons can be cis effectors of nuclear mRNA half-life. 
Molecular and Cellular Biology. 14: 8219-8228. 

18. Belostotsky, D. A. and R. B. Meagher. 1993. Differential organ-specific 
expression of three poly(A)-binding protein genes from Arabadopsis thaliana. 
Proceedings of the National Academy of Sciences. 90: 6686-6690. 

19. Bender, A. and G. F. Sprague. 1987. MATal Protein, a Yeast Transcription 
Activator, Binds Synergistically with a Second Protein to a Set of Cell-Type-Specific 
Genes. Cell. 590: 681-691. 

20. Bernstein, P. and J. Ross. 1989. Poly(A), poly(A)-binding protein and the 
regulation of mRNA stability. Trends in Biochemical Sciences. 14: 373-377. 

21. Bernstein, P. L., D. J. Herrick, R. D. Prokipcak and J. Ross. 1992. 
Control of c-myc mRNA half-life in vitro by a protein capable of binding to a coding 
region stability determinant. Genes and Development. 6: 642-654. 

22. Binder, R., J. A. Horowitz, J. P. Basilion, D. M. Koeller, R. D. 
Klausner and J. B. Harford. 1994. Evidence that the pathway of transferrin receptor 
mRNA degradation involves an ,endonucleolytic cleavage within the 3' UTR and does not 
involve poly(A) tail shortening. EMBO Journal. 13: 1969-1980. 

23. Blanc, A., C. Goyer and N. Sonenberg. 1992. The Coat Protein of the Yeast 
Double-Stranded RNA Virus L-A Attaches Covalently to the CAP Structure of Eukaryotic 
mRNA. Molecular and Cellular Biology. 12: 3390-3398. 

24. Blanc, A., J. C. Ribas, R. B. Wickner and N. Sonenberg. 1994. His-154 
Is Involved in the Linkage of the Saccharomyces cerevisiae L-A Double-Stranded RNA 
Virus Gag Protein to the Cap Structure of mRNAs and Is Essential for M1 Satellite Virus 
Expression. Molecular and Cellular Biology. 14: 2664-2674. 



159 

25. Bohjanen, P. R., B. Petryniak, C. H. June, C. B. Thompson and T. 
Lindsten. 1991. An inducible cytoplasmic factor (AU-B) binds selectively to AUUUA 
multimers in the 3' untranslated region of lymphokine mRNA. Molecular and Cellular 
Biology. 11: 3288-3295. 

26. Bonekamp, F., H. Dalhoge, T. Christensen and K. F. Jensen. 1989. 
Translation rates of individual codons are not correlated with tRNA abundances or with 
frequencies of utilization in Esherichia coli. Journal of Bacteriology. 171: 5812-5816. 

27. Brawerman, G. 1987. Determinants of messenger RNA stability. Cell. 48: 5-6. 

28. Brewer, G. 1991. An A+U-rich element RNA-binding factor regulates c-myc 
mRNA stability in vitro. Molecular and Cellular Biology. 11: 2460-2466. 

29. Brewer, G. and J. Ross. 1988. Poly(A) shortening and degradation of the 3' 
A+U-rich sequences of human c-myc mRNA in a cell free system. Molecular and Cellular 
Biology. 8: 1697-1708. 

30. Brown, B. and R. Harland. 1990. Endonucleolytic cleavage of a maternal 
homeo box mRNA in Xenopus oocytes. Genes and Development. 4: 1925-1935. 

31. Brown, B. D., I. D. Zipkin and R. M. Harland. 1993. Sequence-specific 
endonucleolytic cleavage and protection of mRNA in Xenopus and Drosophila. Genes and 
Development. 7: 1620-1631. 

32. Caponigro, G., D. Muhlrad and R. Parker. 1993. A Small Segment of the 
MAT(d Transcript Promotes mRNA Decay in Saccharomyces cerevisiae: a Stimulatory 
Role for Rare Codons. Molecular and Cellular BiQlogy. 13: 5141-5148. 

33. Caponigro, G. and R. Parker. 1995. Multiple Functions for the poly(A)
binding protein in mRNA decapping and deadenylation in yeast. Genes and Development. 
9: 2421-2432. 

34. Caponigro, G. and R. Parker. 1996. mRNA Turnover in Yeast Promoted by 
the MATa.l Instability Element. Submitted. 

35. Cereghino, G. P., D. P. Atencio, M. Saghihini, J. Beiner and I. E. 
Scheffler. 1995. Glucose-dependent Turnover of the mRNAs Encoding Succinate 
Dehydrogenase Peptides in Saccharomyces cerevisiae: Sequence Elements in the 5' 
Untranslated Region of the IP mRNA Playa Dominant Role. Molecular Biology of the 
Cell. 6: 1125-1143. 

36. Chen, C.-Y. A., T.-M. Chen and A.-B. Shyu. 1994. Interplay of Two 
Functionally and Structurally Distinct Domains of the c-fos AU-Rich Element Specifies Its 
mRNA-Destabilizing Function. Molecular and Cellular Biology. 14: 416-426. 

37. Chen, C.-Y. A., Y. You and A.-B. Shyu. 1992. Two cellular proteins bind 
specifically to a purine-rich sequence necessary for the destabilization function of a c-fos 
protein-coding region determinant of mRNA instability. Molecular and Cellular Biology. 
12: 5748-5757. 



160 

38. Chen, C. Y. A. and A. B. Shyu. 1994. Selective Degradation of Early
Response-Gene mRNAs: Functional Analysis of Sequence Features of the AU-Rich 
Elements. Molecular and Cellular Biology. 14: 8471-8482. 

39. Chen, J. and C. Moore. 1992. Separation of factors required for cleavage and 
polyadenylation of yeast pre-mRNA. Mol. Cell. BioI. 12: 3470-3481. 

40. Cherest, H., N. N. Thao and Y. Surdin-Kerjan. 1985. Transcriptional 
regulation of the MET3 gene of Saccharomyces cerevisiae. Gene. 34: 269-281. 

41. Coutts, M. and G. Brawerman. 1993. A 5' exoribonuc1ease from cytoplasmic 
extracts of mouse sarcoma 180 ascites cells. Biochim. Biophys. Acta. 1173: 57-62. 

42. Crombie, T., J. C. Swaffield and A. J. P. Brown. 1992. Protein folding 
within the cell is influenced by controlled rates of polypeptide elongation. Journal of 
Molecular Biology. 228: 7-12. 

43. Cui, Y., K. W. Hagan, S. Zhang and S. W. Peltz. 1995. Identification and 
characterization of genes that are required for the accelerated degradation of mRNAs 
containing a premature translation termination codon. Genes and Development. 9: 423-
436. 

44. Culbertson, M. R., K. M. Underbrink and G. R. Fink. 1980. Frameshift 
supression in Saccharomyces cerevisiae. Genetic properties of Group II supressors. 
Genetics. 95: 833-853. 

45. Curtis, D., R. Lehmann and P. D. Zamore. 1995. Translational Regulation 
in Development. Cell. 81: 171-178. 

46. Daar, I. O. and E. L. Maquat. 1988. Premature translation termination mediates 
triosephosphate isomerase mRNA degradation. Molecular and Cellular Biology. 8: 802-
813. 

47. Dams, E., L. Hendriks, Y. V. d. Peer, J.-M. Neefs, G. Smits, I. 
Vandenbempt and R. D. Wachter. 1988. Compilation fo small ribosomal subunit 
RNA sequences. Nucleic Acids Research (suppl.). 16: r87-rI73. 

48. Decker, C. J. and R. Parker. 1993. A turnover pathway for both stable and 
unstable mRNAs in yeast: evidence for a requirement for deadenylation. Genes and 
Development. 7: 1632-1643. 

49. Decker, C. J. and R. Parker. 1994. Mechanisms of mRNA degradation in 
eukaryotes. Trends in Biochemical Sciences. 19: 336-340. 

50. Dohmen, R. J., P. Wu and A. Varshavsky. 1994. Heat-Inducible Degron: A 
Method for Constructing Temperature-Sensitive Mutants. Science. 263: 1273-1276. 

51. Donovan, W. P. and S. R. Kushner. 1986. Polynucleotide phosphorylase and 
ribonuclease IT are required for cell viability and mRNA turnover in Eshericia coli K-12. 
Proceedings of the National Academy of Sciences. 83: 120-124. 



161 

52. Drummond, D. R., J. Armstrong and A. Colman. 1985. The effect of 
capping and polyadenylation on the stability, movement and translation of synthetic 
messenger RNAs in Xenopus oocytes. Nucleic Acids Research. 13: 7375-7394. 

53. Feinberg, A. P. and B. Vogelstein. 1983. A technique for radiolabeling DNA 
restriction endonuclease fragments to a high specific activity. Analytical Biochemistry. 
132: 6-13. 

54. Fields, S. and O.-K. Song. 1989. A novel genetic system to detect protein
protein interactions. Nature. 340: 245-246. 

55. Flach, J., M. Bossie, J. Vogel, A. Corbett, T. Jinks, D. A. Willins 
and P. A. Silver. 1994. A Yeast RNA-Binding Protein Shuttles between the Nucleus 
and the Cytoplasm. Molecular and Cellular Biology. 14: 8399-8407. 

56. Gaspar, M.-L., T. Meo, P. Bourgarel, J.-L. Guenet and M. Tosi. 1991. 
A single base deletion in the Tfm androgen receptor gene creates a short-lived messenger 
RNA that directs internal translation initiation. Proceedings of the National Academy of 
Sciences. 88: 8606-8610. 

57. Gay, D. A., S. S. Sisodia and D. W. Cleveland. 1989. Autoregulatory 
control of ~-tubulin mRNA stability is linked to translation elongation. Proceedings of the 
National Academy of Sciences. 86: 5763-5767. 

58. Gay, D. A., T. J. Yen, J. Lau and D. W. Cleveland. 1987. Sequences that 
confer~-tubulin autoregulation through modulated mRNA stability reside within exon 1 

of a ~-tubulin mRNA. Cell. 50: 671-679. 

59. Grange, T., C. Martin de Sa, J. Oddos and R. Pictet. 1987. Human 
mRNA polyadenylate binding protein: evolutionary conservation of a nucleic acid binding 
motif. Nucleic Acids Research. 15: 4771-4787. 

60. Greenberg, J. R. 1972. High stability of messenger RNA in growing cultured 
cells. Nature. 240: 102-104. 

61. Groner, B., N. Hynes and S. Phillips. 1974. Length heterogeneity in the 
Poly(adenylic acid) region of yeast messenger ribonucleic acid. Biochemistry. 13: 5378-
5383. 

62. GrossideSa, M.-F., N. Standart, C. MartinsdeSa, O. Akhayat, M. 
Huesca and K. Scherrer. 1988. The Poly(A)-binding protein facilitates in vitro 
translation ofpoly(A)-rich mRNA. European Journal of Biochemistry. 176: 521-526. 

63. Gudkov, A. T. and M. G. Bubunenko. 1989. Conformational changes in 
ribosomes upon interaction with elongation factors. Biochemie. 71: 779-785. 



162 

64. Hagan, K. W., M. J. Ruiz-Echevarria, Y. Quan and S. W. Peltz. 1995. 
Characterization of cis-Acting Sequences and Decay Intennediates Involved in Nonsense
Mediated mRNA Turnover. Molecular and Cellular Biology. 15: 809-823. 

65. Hargrove, J. L. and F. H. Schmidt. 1989. The role of mRNA and protein 
stability in gene expression. The FASEB journal. 3: 2360 - 2370. 

66. Hatfield, L. K., C. A. Beelman and R. Parker. 1996. Isolation and 
Characterization of Mutations Affecting mRNA Degradation in Yeast. Submitted. 

67. He, F. and A. Jacobson. 1995. Identification of a novel component of the 
nonsense-mediated mRNA decay pathway by use of an interacting protein screen. Genes 
and Development. 9: 437-454. 

68. He, F., S. W. Peitz, J. L. Donahue, M. Rosbash and A. Jacobson. 
1993. Stabilization and ribosome association of un spliced pre-mRNAs in a yeast upfl
mutant. Proceedings of the National Academy of Sciences. 90: 7034-8. 

69. Heaton, B., C. Decker, D. Muhlrad, J. Donahue, A. Jacobson and R. 
Parker. 1992. Analysis of chimeric mRNAs identifies two regions within the STE3 
mRNA which promote rapid mRNA decay. Nucleic Acids Research. 20: 5365-5373. 

70. Henry, Y., H. Wood, J. P. Morrissey, E. Petfalski, S. Kearsey and 
D. Tollervey. 1994. The 5' end of the yeast 5.8s rRNA is generated by exonucleases 
from an upstream cleavage site. EMBO. 13: 2452 - 2463. 

71. Herrick, D. and A. Jacobson. 1992. A coding region segment is necessary, but 
not sufficient for rapid decay of the HIS3 mRNA in yeast. Gene. 114: 35-41. 

72. Herrick, D., R. Parker and A. Jacobson. 1990. Identification and 
comparison of stable and unstable mRNAs in Saccharomyces cerevisiae. Molecular and 
Cellular Biology. 10: 2269-2284. 

73. Herruer, M. H., W. H. Mager, H. A. Raue, P. Vrenken, E. Wilms and 
R. J. Planta. 1988. Mild temperature shock affects transcription of yeast ribosomal 
protein genes as well as the stability of the mRNAs. Nucleic Acids Research. 16: 7917-
1929. 

74. Heyer, W. D., A. W. Johnson, U. Reinhart and R. D. Kolodner. 1995. 
Regulation and Intracellular Localization of Saccharomyces cerevisiae Strand Exchange 
Protein 1 (SEPIIXRNlIKEM1), a Multifunctional Exonuclease. Molecular and Cellular 
Biology. 15: 2728-2736. 

75. Hoekema, A., R. A. Kastelein, M. Vasser and H. A. deBoer. 1987. 
Codon replacement in the PGKI gene of Saccharomyces cerevisiae: experimental 
approach to study the role of biased codon usage in gene expression. Molecular and 
Cellular Biology. 7: 2914-2924. 

76. Hsu, C. L. and A. Stevens. 1993. Yeast Cells Lacking 5' to 3' Exoribonuclease 
1 Contain mRNA Species that are Poly(A) Deficient and Partially Lack the 5' Cap 
Structure. Molecular and Cellular Biology. 13: 4826-4835. 



163 

77. Jackson, R. J. and N. Standart. 1990. Do the poly(A) tail and 3' untranslated 
region control mRNA translation? Cell. 62: 15-24. 

78. Johnson, A. W. and R. D. Kolodner. 1995. Synthetic Lethality of sepl (xrnl) 
ski2 and sepl (xrnl) ski3 Mutants of Saccharomyces cerevisiae Is Independent of Killer 
Virus and Suggests a General Role for these Genes in Translation Control. Molecular and 
Cellular Biology. 15: 2719-2727. 

79. Johnston, M. 1987. A model fungal gene regulatory mechanism: the GAL genes of 
Saccharomyces cerevisiae. Microbiological Reviews. 51: 458-476. 

80. Jones, T. R. and M. D. Cole. 1987. Rapid cytoplasmic turnover of c-myc 
mRNA: requirement of the 3' untranslated sequences. Molecular and Cellular Biology. 7: 
4513-4521. 

81. Kabnick, K. S. and D. E. Housman. 1988. Determinants that contribute to 
cytoplasmic stability of human c-fos and ~-globin mRNAs are located at several sites in 
each RNA. Molecular and Cellular Biology. 8: 3244-3250. 

82. Kadowaki, T., Y. Zhao and A. M. Tartakoff. 1992. A conditional yeast 
mutant deficient in mRNA transport from nucleus to cytoplasm. Proceedings of the 
National Academy of Sciences. 89: 2312-2316. 

83. Katz, D. A., N. G. Theodorakis, D. W. Cleveland, T. Lindsten and C. 
B. Thompson. 1994. AU-A, an RNA-binding activity distinct from hnRNP AI, is 
selective for AUUUA repeats and shuttles between the nucleus and the cytoplasm. Nucleic 
Acids Research. 22: 238-246. 

84. Kenna, M., A. Stevens, M. McCammon and M. G. Douglas. 1993. An 
essential yeast gene with homology to the exonuclease-encoding XRN lIKEM 1 gene also 
encodes a protein with exoribonuclease activity. Molecular and Cellular Biology. 13: 341-
350. 

85. Kunkel, T. A., J. D. Roberts and R. A. Zalour. 1987. Rapid and efficient 
Site-Specific mutagenesis without phenotypic selection. Methods in Enzymology. 154: 
367-382. 

86. Lagnado, C. A., C. Y. Brown and G. J. Goodall. 1994. AUUUA Is Not 
Sufficient To promote Poly(A) Shortening and Degradation of an mRNA: the Functional 
Sequence within AU-Rich Elements May Be UUAUUUA(U/A)(U/A). Molecular and 
Cellular Biology. 14: 7984-7995. 

87. Laird-Offringa, I. A., C. L. de Wit, P. Elfferich and A. J. van der Eb. 
1990. Poly(A) tail shortening is the translation-dependent step in c-myc mRNA 
degradation. Molecular and Cellular Biology. 10: 6132-6140. 

88. Larimer, F. W. and A. Stevens. 1990. Disruption of the gene XRN 1, coding 
for a 5'-3' exoribonuclease, restrict yeast cell growth. Gene. 95: 85-90. 



164 

89. Lee, B.-S. and M. R. Culbertson. 1995. Identification of a new gene required 
for eukaryotic nonsense mRNA turnover. Proceedings of the National Academy of 
Sciences. 92: 10354-10358. 

90. Leeds, P., S. W. Peltz, A. Jacobson and M. R. Culbertson. 1991. The 
product of the yeast UPFI gene is required for rapid turnover of mRNAs containing a 
premature translational termination codon. Genes and Development. 5: 2303-2314. 

91. Leeds, P., J. M. Wood, B.-S. Lee and M. R. Culbertson. 1992. Gene 
products that promote mRNA turnover in Saccharomyces cerevisiae. Molecular and 
Cellular Biology. 12: 2165-2177. 

92. Leer, J. R., M. C. Raamsdonk-Duin, P. Kraakman, W. H. Mager and 
R. J. Planta. 1985. The genes for ribosomal proteins S24 and L46 are adjacent and 
divergently transcribed. Nucleic Acids Research. 13: 701-709. 

93. Lim, S.-K., C. D. Sigmund, K. W. Gross and L. E. Maquat. 1992. 
Nonsense codons in human J3-globin mRNA result in the production of mRNA 
degradation products. Molecular and Cellular Biology. 12: 1149-1161. 

94. Lombardo, A., G. P. Cereghino and I. E. Scheffler. 1992. Control of 
mRNA Turnover as a Mechanism of Glucose Repression in Saccharomyces cerevisiae. 
Molecular and Cellular Biology. 12: 2941-2948. 

95. Losson, R., R. P. P. Fuchs and F. Lacroute. 1983. In vivo transcription of 
aeucaryotic regulatory gene. EMBO. 2: 2179-2184. 

96. Losson, R. and F. Lacroute. 1979. Interference of nonsense mutations with 
eucaryotic messenger RNA stability. Proceedings of the National Academy of Sciences. 
76: 5134-5137. 

97. Lowell, J., D. Rudner and A. Sachs. 1992. 3'UTR-dependent deadenylation 
by the yeast poly(A) nuclease. Genes and Development. 6: 2088-2099. 

98. Malter, J. S. 1989. Identification of an AUUUA-specific messenger binding 
protein. Science. 246: 664-666. 

99. Mandart, E., M.-E. Dufour and F. Lacroute. 1994. Inactivation of SSM4, a 
new Saccharomyces cerevisiae gene, suppresses mRNA instability due to rna14 
mutations. Mol. Gen. Genet. 245: 323-333. 

100. Mandart, E. and R. Parker. 1995. Effects of mutations in Saccharomyces 
cerevisiae RNA 14 and RNA15 genes on polyadenylation in vivo. Molecular and Cellular 
Biology (In Press). 
101. Maquat, L. E., A. J. Kinniburgh, E. A. Rachmilewitz and J. Ross. 
1981. Unstable J3-globin mRNA in mRNA-deficient 130 thalassemia. Cell. 27: 543-553. 

102. Masison, D. C., A. Blanc, J. C. Ribas, K. Carroll, N. Sonenberg 
and R. B. Wickner. 1995. Decoying the CAP- mRNA Degradation System by a 



165 

Double-Stranded RNA virus and Poly(A)- mRNA Surveillance by a Yeast Antiviral 
System. Molecular and Cellular Biology. 15: 2763-2771. 

103. Matunis, M. J., E. L. Matunis and G. Dreyfuss. 1993. PUB1: a Major 
Yeast Poly(A)+ RNA-Binding Protein. Molecular and Cellular Biology. 13: 6114-6123. 

104. Mellor, J., M. J. Dobson, A. J. Kingsman and S. M. Kingsman. 
1987. A transcriptional activator is located in the coding region of the yeast PGK gene. 
Nucleic Acids Research. 15: 6243 - 6259. 

105. Mercado, J. J., R. Smith, F. A. Sagliocco, A. J. P. Brown and J. M. 
Gancedo. 1994. The levels of yeast gluconeogenic mRNAs respond to environmental 
factors. European Journal of Biochemistry. 224: 473-481. 

106. Minvielle-Sebastia, L., P. J. Preker and W. Keller. 1994. RNA14 and 
RNA15 proteins as components of a yeast pre-mRNA 3'-end processing factor. Science. 
266: 1702-1705. 

107. Minvielle-Sebastia, L., B. Winsor, N. Bonneaud and F. Lacroute. 
1991. Mutations in the yeast RNA14 and RNA15 genes result in an abnormal mRNA 
decay rate; sequence analysis reveals an RNA-binding domain in the RNA15 protein. 
Molecular and Cellular Biology. 11: 3075-3087. 

108. Mitchelson, A., M. Simonelig, C. Williams and K. O'Hare. 1993. 
Homology with Saccharomyces cerevisiae RNA14 suggests that phenotypic suppression 
in Drosophila melanogaster by suppressor offorked occurs at the level of RNA stability. 
Genes Dev. 7: 241-249. 

109. Moore, P. A., F. A. Sagliocco, R. M. c~ Wood and A. P. Brown. 
1991. Yeast glycolytic mRNAs are differentially regulated. Molecular and Cellular 
Biology. 11: 5330-5337. 

110. Muhlrad, D., C. J. Decker and R. Parker. 1994. Deadenylation of the 
Unstable mRNA Encoded by the Yeast MFA2 gene Leads to Decapping Followed by 5' to 
3' Digestion of the Transcript. Genes and Development. 8: 855-866. 

111. Muhlrad, D., C. J. Decker and R. Parker. 1995. Turnover mechanisms of 
the stable yeast PGKI mRNA. Molecular and Cellular Biology. 15: 2145-2156. 

112. Muhlrad, D. and R. Parker. 1992. Mutations affecting stability and 
deadenylation of the yeast MFA2 transcript. Genes and Development. 6: 2100-2111. 

113. Muhlrad, D. and R. Parker. 1994. Premature Translational Termination 
Triggers mRNA Decapping. Nature. 370: 578-581. 

114. Munns, T. W., M. K. Liszewski, J. T. Tellam, H. F. Sims and R. E. 
Rhoads. 1982. Antibody-nucleic acid complexes. Immunospecific retention of globin 
messenger ribonucleic acid with antibodies specific for 7-methyl guanosine. 
Biochemistry. 21: 2922-2928. 



166 

115. Munroe, D. and A. Jacobson. 1990. mRNA poly(a) tail, a 3' enhancer of 
translational initiation. Molecular and Cellular Biology. 10: 3441-3455. 

116. Nasmyth, K. A., K. TatcheIl, B. D. Hall, C. Astell and A. Smith. 
1981. Physical Analysis of the mating-type locus in yeast. Cell. 27: 25-35. 

117. Nielsen, F. C. and J. Christiansen. 1992. Endonucleolysis in the turnover of 
insulin-like growth factor II mRNA. Journal of Biological Chemistry. 267: 19404-
19411. 

118. Nonet, M., C. Scafe, J. Sexton and R. Young. 1987. Eucaryotic RNA 
polymerase conditional mutant that rapidly ceases mRNA synthesis. Molecular and 
Cellular Biology. 7: 1602-1611. 

119. Parker, R. and A. Jacobson. 1990. Translation and a forty-two nucleotide 
segment within the coding region ofthe mRNA encoded by the MAT(d gene are involved 
in promoting mRNA decay in yeast. Proceedings of the National Academy of Sciences. 
87: 2780-2784. 

120. Pelsy, F. and F. Lacroute. 1984. Effect of ochre nonsense mutations on yeast 
URAl stability. Current Genetics. 8: 277-282. 

121. Peltz, S. W., G. Brewer, P. Bernstein, P. Hart and J. Ross. 1991. 
Regulation of mRNA turnover in eukaryotic cells. Critical Reviews in Eukaryotic Gene 
Expression. 1: 99-126. 

122. Peltz, S. W., A. H. Brown and A. Jacobson. 1993. mRNA destabilization 
triggered by premature translational termination depends on three mRNA sequence 
elements and at least one trans-acting factor. Genes and Development. 7: 1737-1754. 

123. Peltz, S. W., J. L. Donahue and A. Jacobson. 1992. A mutation in tRNA 
nucleotidyltransferase stabilizes mRNAs in Saccharomyces cerevisiae. Molecular and 
Cellular Biology. 12: 5778-5784. 

124. Peltz, S. W., F. He, E. Welch and A. Jacobson. 1993. Nonsense
mediated mRNA Decay in Yeast. Progress in Nucleic Acid Research and Molecular 
Biology. 17: 271-298. 

125. Peltz, S. W. and A. Jacobson. 1993. mRNA Turnover in Saccharomyces 
Cerevisiae. Control of Messenger RNA Stability. 291-328. 

126. Phillips, S. L., C. Tse, I. Serventi and N. Hynes. 1979. Structure of 
polyadenylic acid in the ribonucleic acid of Saccharomyces cerevisiae. Journal of 
Bacteriology. 138: 542-551. 

127. Pierrat, B., F. Lacroute and R. Losson. 1993. The 5' untranslated region of 
the PPRI regulatory gene dictates rapid mRNA decay in yeast. Gene. 131: 43-51. 

128. Piiiol-Roma, S. and G. Dreyfuss. 1992. Shuttling of pre-mRNA binding 
proteins between nucleus and cytoplasm. Nature. 355: 730-732. 



167 

129. Presutti, C., S.-A. Clafre and I. Bozzoni. 1991. The ribosomal protein L2 
in S. cerevisiae controls the level of accumulation of its own mRNA. EMBO. 10: 2215-
2221. 

130. Presutti, C., T. Villa, D. Hall, C. Pertica and I. Bozzoni. 1995. 
Identification of the cis-elements mediating the autogenous control of ribosomal protein L2 
mRNA stability in yeast. EMBO. 14: 4022-4030. 

131. Pulak, R. and P. Anderson. 1993. mRNA surveillance by the Caenorhabditis 
elegans smg genes. Genes and Development. 7: 1885-1897. 

132. Rose, M. and D. Botstein. 1983. Structure and function of the yeast URA3 
gene. Differentially regulated expression of hybrid ~-galactosidase from overlapping 
coding sequences in yeast. Journal of Molecular Biology. 170: 883-904. 

133. Ross, J. 1988. Messenger RNA turnover in eukaryotic cells. Mol. BioI. Med. 5: 
1-14. 

134. Ross, J. 1995. mRNA Stability in Mammalian Cells. Microbiological Review. 
59: 423-450. 

135. Sachs, A. 1990. The role of poly(A) in the translation and stability of mRNA. 
Current Opinions in Cell Biology. 2: 1092-1098. 

136. Sachs, A. and J. Deardorff. 1992. Translation initiation requires the PAB
dependent poly(A) ribonuclease in yeast. Cell. 70: 961-973. 

137. Sachs, A. B. 1993. Messenger RNA Degradation in Eukaryotes. Cell. 74: 413-
421. 

138. Sachs, A. B., M. W. Bond and R. D. Kornberg. 1986. A single gene 
from yeast for both nuclear and cytoplasmic polyadenylate-binding proteins: domain 
structure and expression. Cell. 45: 827-835. 

139. Sachs, A. B. and R. W. Davis. 1989. The poly(A) binding protein is required 
for poly(A) shortening and 60S ribosomal subunit-dependent translation initiation. Cell. 
58: 857-867. 

140. Sachs, A. B., R. W. Davis and R. D. Kornberg. 1987. A single domain 
of yeast poly(A)-binding protein is necessary and sufficient for RNA binding and cell 
viability. Molecular and Cellular Biology. 7: 3268-3276. 

141. Sanger, F., S. Nicklen and A. R. Coulson. 1977. DNA sequencing with 
chain-terminating inhibitors. Proceedings of the National Academy of Sciences. 74: 
5463-5467. 

142. Santiago, T. C., A. J. E. Bettany, I. J. Purvis and A. J. P. Brown. 
1987. Messenger RNA stability in Saccharomyces cerevisiae: the influence of translation 
and poly(A) tail length. Nucleic Acids Research. 15: 2417-2429. 



168 

143. Santiago, T. C., I. J. Purvis and A. J. E. B. A. J. P. Brown. 1986. 
The relationship between mRNA stability and length in Saccharomyces cerevisiae. Nucleic 
Acids Research. 14: 8347-8360. 

144. Schiavi, S. C., C. L. Wellington, A.-B. Shyu, A.-Y. A. Chen, M. E. 
Greenberg and J. G. Belasco. 1994. Multiple Elements in the c-fos Protein-coding 
Region Facilitate mRNA deadenylation and Decay by a Mechanism Coupled to 
Translation. Journal of Biological Chemistry. 269: 3441-3448. 

145. Serdyuk, I., V. Baranov, T. Tsalkova, D. Gulamova, M. Pavlov, A. 
Spirin and R. May. 1992. Structural dynamics of translating ribosomes. Biochemie. 
74: 299-306. 

146. Shaw, G. and R. Kamen. 1986. A conserved AU sequence from the 3' 
untranslated region of GM-CSF mRNA mediates selective mRNA degradation. Cell. 46: 
659-667. 

147. Shyu, A. B., J. G. Belasco and M. E. Greenberg. 1991. Two distinct 
destabilizing elements in the c-fos message trigger deadenylation as a first step in rapid 
mRNA decay. Genes and Development. 5: 221-234. 

148. Shyu, A. B., M. E. Greenberg and J. G. Belasco. 1989. The c-fos 
transcript is targeted for rapid decay by two distinct mRNA degradation pathways. Genes 
and Development. 3: 60-72. 

149. Sikorski, R. S. and P. Hieter. 1989. A system of shuttle vectors and yeast 
host strains designed for efficient manipulation of DNA in Saccharomyces cerevisiae. 
Genetics. 122: 19-27. 

150. Sorensen, M. A., C. G. Kurland and S. Pedersen. 1989. Codon usage 
determines translation rate in Escherichia coli. Journal of Molecular Biology. 207: 365-
377. 

151. Spirin, A. S., V. I. Baranov, G. S. Polubesov, I. N. Serdyuk and R. 
P. May. 1987. Translocation makes the ribosome less compact. Journal of Molecular 
Biology. 194: 119-128. 

152. Stevens, A. 1978. An exoribonuclease from Saccharomyces cerevisiae: effect of 
modifications of 5' end groups on the hydrolysis of substrates to 5' nucleotides. 
Biochemistry and Biophysics Research Communications. 81: 656-661. 

153. Stevens, A. 1980. An mRNA decapping enzyme from ribosomes of 
Saccharomyces cerevisiae. Biochemistry and Biophysics Research Communications. 96: 
1150-1155. 

154. Stevens, A. 1988. mRNA decapping enzyme from Saccharomyces cerevisiae: 
purification and unique specificity for long RNA chains. Molecular and Cellular Biology. 
8: 2005-2010. 



169 

155. Stevens, A. and T. L. Poole. 1995. 5'-Exonuclease-2 of Saccharomyces 
cerevisiae. Journal of Biological Chemistry. 270: 16063-16069. 

156. Stoekle, M. Y. and H. Hanafusa. 1989. Processing of 9E3 mRNA and 
regulation of its stability in normal and rous sarcoma virus-transformed cells. Molecular 
and Cellular Biology. 9: 4738-4745. 

157. Surosky, R. T. and R. E. Esposito. 1992. Early meiotic transcripts are 
highly unstable in Saccharomyces cerevisiae. Molecular and Cellular Biology. 12: 3948-
3958. 

158. Surosky, R. T., R. Strich and R. E. Esposito. 1994. The Yeast UME5 
Gene Regulates the Stability of Meiotic mRNAs in response to Glucose. Molecular and 
Cellular Biology. 14: 3446-3458. 

159. Swartwout, S. G. and A. J. Kinniburgh. 1989. c-myc mRNA degradation 
in growing and differentiating cells:Possible alternative pathways. Molecular and Cellular 
Biology. 9: 288-295. 

160. Takagaki, Y. and J. L. Manley. 1994. A polyadenylation factor subunit is the 
human homologue of the Drosophila suppressor of forked protein. Nature. 372: 471-
474. 

161. Thomas, P. S. 1980. Hybridization of denatured RNA and small DNA fragments 
transferred to nitrocellulose. Proceedings of the National Academy of Sciences. 77: 5201-
5205. 

162. Vakalopoulou, E., J. Schaack and T. Shenk. 1991. A 32-kilodalton protein 
binds to AU-rich domains in the 3' untranslated regions of rapidly degraded mRNAs. 
Molecular and Cellular Biology. 11: 3355-3364. 

163. Van den Heuvel, J. J., R. J. Planta and H. A. Raue. 1990. Effect of 
leader primary structure on the translational efficiency of phosphoglycerate kinase mRNA 
in yeast. Yeast. 6: 473-482. 

164. Varenne, S., J. Buc, R. Lloubes and C. Lazdunski. 1984. Translation is 
a non-uniform process, effect of tRNA availability on the rate of elongation of nascent 
polypeptide chains. Journal of Molecular Biology. 180: 549-576. 

165. Vreken, P. and H. A. Raue'. 1992. The rate-limiting step in yeast PGKI 
mRNA degradation is an endonucleolytic cleavage in the 3'-terminal part of the coding 
region. Molecular and Cellular Biology. 12: 2986-2996. 

166. Williamson, J. R., M. K. Raghuraman and T. R. Cech. 1989. 
Monovalent cation-induced structure of telomeric DNA; the G-quartet model. Cell. 59: 
871-880. 

167. Wilson, T. and R. Triesman. 1988. Removal of poly(A) and consequent 
degradation of the c-fos mRNA facilitated by 3' AU-rich sequences. Nature. 336: 396-
399. 



170 

168. Wisdom, R. and W. Lee. 1991. The protein-coding region of c-myc mRNA 
contains a sequence that specifies rapid mRNA turnover and induction by protein 
synthesis inhibitors. Genes and Development. 5: 232-243. 

169. Wolin, S. L. and P. Walter. 1988. Ribosome pausing and stacking during 
translation of a eukaryotic mRNA. EMBO. 7: 3559-3569. 

170. Xu, H., L. Johnson and M. Grunstein. 1990. Coding and non-coding 
sequences at the 3' end of yeast histone H2B mRNA confer cell-cycle regulation. 
Molecular and Cellular Biology. 10: 2687-2694. 

171. Yanofsky, C. 1981. Attenuation in the control of expression of bacterial operons. 
Nature. 289: 751-757. 

172. Yen, T. J., P. S. Machlin and D. W. Cleveland. 1988. Autoregulated 
instability of ~-tubulin mRNAs by recognition of the nascent amino terminus of ~-tubulin. 
Nature. 334: 580-585. 

173. You, Y., C. Chen and A. B. Shyu. 1992. U-Rich Sequence Binding Proteins 
(UBRPs) Interacting with a 20-Nucleotide U-Rich Sequence in the 3' Un translated 
Region of c-fos mRNA May be Involved in the First Step of c-fos mRNA Degradation. 
Molecular and Cellular Biology. 12: 2931-2940. 

174. Zelus, B. D., D. H. Giebelhaus, D. W. Eib, K. A. Kenner and R. T. 
Moon. 1989. Expression of the poly(A)-binding protein during development of Xenopus 
laevis. Molecular and Cellular Biology. 9: 2756-2760. 

175. Zhang, S., M. J. Ruiz.Echevarria, Y. Quan and S. W. Peltz. 1995. 
Identification and Characterization of a Sequence Motif Involved in Nonsense-Mediated 
mRNA Decay. Molecular and Cellular Biology. 15: 2231-2244. 

176. Zimmerman, S. B., S. H. Cohen and D. R. Davies. 1975. X-ray fiber 
diffraction and model-building study of polyguanylic acid and poly inosinic acid. Journal 
of Molecular Biology. 92: 181-192. 

177. Zubiaga, A. M., J. G. Belasco and M. E. Greenberg. 1995. The 
Nonamer UUAUUUAUU Is the Key AU-Rich Sequence Motif That Mediates mRNA 
Decay. Molecular and Cellular Biology. 15: 2219-2230. 


