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To determine pathways of mRNA turnover in yeast, we have followed the poly(A) tail removal and 
degradation of a pulse of newly synthesized transcripts from four different genes. Before decay of both stable 
and unstable mRNAs initiated, there was a temporal lag during which the poly(A) tail was deadenylated to an 
oligo(A) length. Altering the deadenylation rate of an mRNA led to a corresponding change in the length of 
this lag. The rate of deadenylation and the stability of the oligo(A) species varied between mRNAs,  explaining 
the differences in mRNA half-lives. To examine how the transcript body was degraded following 
deadenylation, we used the strategy of inserting strong RNA secondary structures, which can slow 
exonucleolytic digestion and thereby trap decay intermediates, into the 3' UTR of mRNAs. Fragments lacking 
the 5' portion of two different mRNAs accumulated after deadenylation as full-length mRNA levels decreased. 
Therefore, these results define an mRNA decay pathway in which deadenylation leads to either internal 
cleavage or decapping followed by 5' ~ 3' exonucleolytic degradation of the mRNA. 
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Differences between the decay rate of mRNAs, as well as 

changes in the rate of decay of individual messages, can 

significantly affect the level of gene expression in eu- 

karyotes. Although some differences in mRNA decay 
rates can be attributed to specific sequences within in- 

dividual mRNAs, the role of such sequences and the mech- 

anisms by which mRNAs are degraded are poorly defined 

(for review, see Cleveland and Yen 1989; Peltz et al. 1991). 

The role of the poly(A) tail in mRNA decay also re- 

mains unresolved. Poly(A) tails are added to the 3' end of 
mRNAs in the nucleus (for review, see Wickens 1990) 

and have been proposed to stabilize transcripts in the 

cytoplasm (Bernstein and Ross 1989). Because poly(A) 

tails generally undergo progressive deadenylation in the 

cytoplasm (Sheiness and Darnell 1973), it has been sug- 

gested that this removal of the poly(A) tail might lead to 

the degradation of mRNA. There is good evidence that 

rapid deadenylation is the first step in the decay of the 

unstable mammalian c-myc and c-fos mRNAs (Brewer 

and Ross 1988; Wilson and Triesman 1988; Swartwout 

and Kinniburgh 1989; Laird-Offringa et al. 1990; Shyu et 

al. 1991). Whether deadenylation plays a general role in 

the degradation of mRNAs, however, is debatable be- 

cause species of mRNAs with short or no poly(A) tail can 

be quite stable (Krowczynska et al. 1985; Herrick 1990; 

Shyu et al. 1991). Moreover, there are examples of un- 

stable mRNAs being degraded by internal endonuclease 

cleavage independent of deadenylation (Binder et al. 

1989; Stoeckle and Hanafusa 1989). Thus, it is unclear 

whether degradation stimulated by deadenylation is a 

minor decay pathway, unique to a subset of unstable 

mRNAs, or whether it is a commonly used mechanism 

of mRNA decay. 
Our recent analysis of mutations within the unstable 

yeast MFA2 mRNA suggested that, like in mammals, 

deadenylation is required for the decay of at least one 

yeast mRNA (Muhlrad and Parker 1992). We therefore 

wished to determine whether poly(A) tail removal is a 
general requirement for mRNA decay in yeast. To this 

end we developed a procedure that can be used to exam- 

ine the degradation pathway of virtually any mRNA. 

This strategy utilizes an inducible promoter to produce a 

population of transcripts within a short period of time. 

Because these newly synthesized transcripts have 

poly(A) tails of discrete length, their size can be moni- 

tored with time to determine the relationship between 

poly(A) tail removal and degradation of the body of the 

transcript. In addition, this procedure allows us to deter- 

mine unambiguously whether any mRNA fragments 

show a precursor-product relationship with the intact 

mRNA and are therefore products of transcript degrada- 

tion. Our results using this procedure both define an 

mRNA decay pathway common to several mRNAs, in 

which deadenylation is the first step, and have important 

implications for understanding the basis of differential 

decay. 
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R e s u l t s  

Strategy 

The approach that we used to examine mRNA degrada- 

tion pathways was to place the gene encoding the tran- 

script of interest under the regulation of the GALl up- 

stream activating sequence (UAS). This gene was then 

introduced into yeast cells carrying a temperature-sensi- 

tive mutation in RNA polymerase II, rpbl-1 (Nonet et al. 

1987). The cells were pregrown at 24~ on raffinose, 

which maintains the GALl  UAS in an inactive state 

(Johnston 1987), and transcription was induced rapidly 

by the addition of galactose. After a brief period of time 

(10-15 min), transcription was rapidly repressed by shift- 

ing the strain to 36~ inactivating the thermolabile 

polymerase, and adding glucose, a catabolite repressor of 

the GALl  UAS. Both means of transcriptional repression 

were used because this resulted in tighter and faster in- 

hibition than the use of either means alone (data not 

shown). In addition, similar results were obtained when 

either means of repression was used alone, indicating 

that the temperature shift or the change in carbon source 

did not significantly affect deadenylation or mRNA de- 

cay rates (see Materials and methods). At least 85% of 

the mRNA present when transcription was repressed 

was produced during the pulse, with the majority of the 

transcripts being produced in the last few minutes (data 

not shown). Aliquots were then harvested at various 

times, and the rate of transcript deadenylation and the 

decay rate of the transcript body were examined. Dead- 

enylation rates were calculated by running total RNA 

from each time course on acrylamide Northern gels and 

measuring the length of the shortest poly(A) tails at each 

time point by comparison with a sample where the 

poly(A) tail had been removed by treatment with oli- 

go(dT) and RNase H. For longer mRNAs, this analysis 

required that the body of the transcript be shortened by 

cleavage with an oligonucleotide complementary to se- 

quences near its 3' end and RNase H. Decay of the 

mRNA body was measured by comparing the amount of 

mRNA remaining at each time point relative to the 

amount present at the time of transcriptional repression 

normalized to an internal control (see Materials and 

methods). 

We used this approach to examine the decay of four 

yeast mRNAs of varying stability. Two transcripts ex- 

amined, those arising from the MFA2 (t~/2 = 3.5 min) and 

STE3 (t~/2 = 3.8 rain) genes are highly unstable, whereas 

the PGK1 (tl/2 = 45 min) and GALIO (tl/2 = 25 min) 

transcripts are relatively stable (Herrick et al. 1990 and 

data not shown). For each of these mRNAs we observed 

the same general metabolism of the poly(A) tail (see be- 

low). The transcripts produced during the transcriptional 

burst had long poly(A) tails of relatively discrete length 

(see Table 1), although some length variation was ob- 

served because the population of transcripts will contain 

mRNAs of slightly different ages [suggested by the ob- 

servation that at very early times of induction the 

poly(A) tail size was more homogeneous (data not 

shown)]. These long poly(A) tails shortened with time to 

produce transcripts with an average of 7-16 adenylate 

residues remaining. We refer to these mRNAs as having 

an oligo(A) tail. 

The decay of several yeast m R N A s  requires a 

time-dependen t even t 

Beginning with the stable PGK1 mRNA we compared 

the time when decay initiated to the time it took for 

deadenylation to occur. If deadenylation is a prerequisite 

for the decay of an mRNA, degradation of the transcript 

body should not begin until after deadenylation. Decay 

of the pool of transcripts, however, would be expected to 

initiate immediately if deadenylation is not required. 

Decay of the PGK1 mRNA did not begin until  - 3 0  

min after transcription was repressed (Fig. 1). During the 

time interval between 0 and 30 min, the poly(A) tails of 

the PGK1 transcripts shortened from an initial length of 

Table 1. Poly(A) tail length and deadenylation rates for stable and unstable rnRNAs 

Length of poly(A) tail (range in no. of A residues) 

mRNA initiaP oligo(A) b 

Rate of deadenylation (A residues per min) 

initial deadenylation c poly(A) shortening a 

PGK1 55+ 14 to 72-+ 17 5---2to 13+_ 1 
GALIO 45+__5 to 58 +6  3+- l to13-+ 1 
MFA2 55 +- 10 to 88 +- 12 l l  --- 3 N.D. e 
STE3 3 9 + 3  to 62+- 10 10+2to21___6 

1+0.5 4 + 2  
1.5 + 0.5 8 - 1 

2 + 0.5 13 + 2 
4---2 20---6 

aRange in number of adenylate residues present on the induced pool of transcripts at the time when transcription was first repressed, 

determined as described in Results. Each figure is the mean of multiple experiments with the standard error as shown. 

bRange in number of adenylate residues present on the shortest observed poly(A) tail species. 

CChange in the length of the shortest polyIA) tail species with time expressed as the number of adenylate residues per minute. Rate 

of deadenylation observed in the time points just after transcriptional repression. The rates measured for the STE3 and MFA2 mRNAs 

are likely to be overestimates due to the population of transcripts containing mRNAs that may have already entered the rapid poly(A) 
shortening phase when transcription was repressed. 

dRate of deadenylation observed after initial deadenylation. 

CAn upper range of the oligo(A) species of MFA2 mRNA could not be measured because oligoadenylated species did not accumulate 

to a great enough extent above its heterogeneous distribution of polyIA) tail lengths (see Fig. 3A). 
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m i n  after t ranscr ip t ional  repression. Un l ike  the  PGK1 

transcripts,  the MFA2 t ranscripts  were no t  u n i f o r m l y  

deadenylated;  however,  by 4 m i n  a s ignif icant  f rac t ion  of 

the pool had an oligo(A) tail  (Fig. 2}. The  rate of poly(A) 

shor tening  of MFA2 transcripts,  - 1 3  adenyla te  residues 

per minu te ,  was s ignif icant ly  faster than  tha t  seen on 

PGK1 transcripts.  There  was a s imi lar  lag, a l though  

quite  brief, before STE3 m R N A  achieved its m a x i m u m  

rate of decay (Fig. 3B). Again this  in te rva l  corresponded 

to the t ime  it  took  for a large f ract ion of the  STE3 tran- 

scripts to be deadenyla ted to an oligo(A) form (Fig. 3). 

The  fact tha t  the STE3 t ranscr ipts  decayed to some ex- 

Figure 1. PGK1 mRNA decay and deadenylation. (A) Poly- 

acrylamide Northern blot of a pool of PGK1 transcripts pro- 

duced during a 15-rain induction with galactose. Samples were 

taken at various times after transcriptional repression as indi- 

cated. Total RNA from each sample was treated with RNase H 

in the presence of the oligonucleotide RP70, CGGATAA- 

GAAAGCAACACCTGG, which is complementary to the se- 

quence 9-30 nucleotides 5' of the PGK1 stop codon. The first 

lane is RNA treated with RNase H, the PGKl-specific oligonu- 

cleotide, and oligo(dT) to remove the poly(A} tail. The distribu- 

tion in size of the mRNA fragments in each sample is attribut- 

able to poly(A) tail length differences because these size differ- 

ences are no longer seen when the samples are treated with 

oligo(dT) and RNase H (first lane in each figure; data not 
shown). The probe was an end-labeled oligonucleotide comple- 

mentary to a 42-nucleotide sequence inserted 3' of the stop 

codon. This insertion has no effect on PGK1 mRNA stability 

(Heaton et al. 1992; Parker et al. 1992). The numbers at left 

represent the approximate migration of the fragment with the 

indicated number of adenylate residues. (B) The decay and dead- 

enylation rates of the pool of PGK1 transcripts. The length of 

the shortest poly(A) tail at the various time points and the decay 

rate were calculated as described in Results. The points repre- 

sent the mean of three experiments, two in yRP583 and one in 

yRP582. The increase in RNA levels seen during the early time 

points is most likely attributable to incomplete repression of 

transcription. 

- 5 5 - 7 0  adenyla te  residues to an oligo(A) tail  of - 5 - 1 3  

residues, w i t h  a m a x i m u m  rate of - 4  adenyla te  residues 

per minu te .  Thus,  the  a m o u n t  of PGK1 m R N A  did no t  

begin to decrease un t i l  the  t ranscr ipts  were deadenyla ted 

to an oligo(A) form, suggest ing tha t  the decay of PGK1 

m R N A  required prior  shor ten ing  of its poly(A) tail (see 

Fig. 1B). 

There  was also a delay in the  decay of the two uns table  

m R N A s  examined,  MFA2  and STE3 (Fig. 2 and 3). Decay 

of MFA2 m R N A  did no t  in i t i a te  un t i l  be tween 4 and 6 

Figure 2. MFA2 mRNA decay and deadenylation. (A) Poly- 

acrylamide Northern blot of a pool of MFA2 transcripts pro- 

duced during a 10-rain induction with galactose. Samples were 

taken at various times after transcriptional repression as indi- 

cated. The first lane is RNA treated with RNase H and oligo(dT) 

to remove the poly(A) tail. The two bands seen in this lane 

represent species with different 3' ends (Muhlrad and Parker 

1992). The probe was a random prime-labeled SphI-NdeI frag- 

ment containing the MFA2 gene. The numbers at left represent 

the approximate migration of the mRNA with the indicated 

number of adenylate residues. (B) The decay and deadenylation 

rates of the pool of MFA2 transcripts. The length of the shortest 

poly(A) tail at the various time points and the decay rate were 

calculated as described in Results. The points represent the 

mean of four experiments, three in yRP583 and one in yRP673. 

Approximately 30% of the MFA2 mRNA does not decay over 

the time course and maintains a heterogeneous poly(A) tail size 

distribution. We do not know the reason for this phenomenon, 

although it is unlikely to be attributable to MFA2 mRNA decay 

requiring a labile factor because this result was also seen when 

the temperature shift was omitted; however, it might be attrib- 

utable to incomplete inhibition of transcription. 
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minutes after inhibition of transcription 

Figure 3. STE3 mRNA decay and deadenylation. (A) Polyacryl- 
amide Northern blot of a pool of STE3 transcripts produced 
during a 10-min induction with galactose. Samples were taken 
at various times after transcriptional repression as indicated. 
Total RNA from each sample was treated with RNase H in the 
presence of the oligonucleotide RP15, AATGCGACACTCT- 
TGTGTTA, which is complementary to the translational stop 
codon and 17 nucleotides downstream of the stop codon. The 
first lane is RNA treated with RNase H, the STE3-specific 
oligonucleotide, and oligo(dT) to remove the poly(A) tail. 
The probe was an in vitro-synthesized antisense transcript of a 
HindIII fragment containing the 3' end of STE3 mRNA and that 
extends 5' of the site of RP15. The somewhat diffuse pattern of 
STE3 3' fragments at the early time points is likely to be attrib- 
utable to the extremely rapid deadenylation of this transcript in 
relationship to the time of the transcriptional pulse. The bands 
seen just above and below the diffuse signal representing the 
STE3 3' fragment result from additional RNase H cleavages as a 
result of RP15 hybridizing to additional sites in the STE3 
mRNA because they are not seen when another STE3-specific 
oligonuceotide is used in the RNase H reactions (data not 
shown). The numbers at left represent the approximate migra- 
tion of the fragment with the indicated number of adenylate 
residues. (B) The decay and deadenylation rates of the pool of 
STE3 transcripts. The length of the shortest poly(A) tail on the 
bulk of the new transcripts at the various time points and the 
decay rate were calculated as described in the results. The 
points represent the mean of four experiments, three in yRP673 
and one in yRP582. 

tent immediately following repression of transcription is 

likely to be attributable to the extremely rapid deadeny- 

lation of this transcript ( -20  adenylate residues per 

minute) in relationship to the time of the transcriptional 

pulse. Therefore, the time-dependent event required for 

the decay of MFA2 and STE3 mRNAs correlated with 

deadenylation to an oligo (A) form. 

GALl 0 transcripts also showed a delay in the onset of 

decay, but, unlike the other mRNAs, the length of this 

lag was longer than the time it took for a fraction of the 

GALIO mRNA to be deadenylated (Fig. 4). Formally, 

these results could be explained by GALl 0 mRNA being 

degraded by a mechanism that required a time-depen- 

dent event other than poly(A) shortening. Alternatively, 

deadenylation may be the only time-dependent event re- 

quired for GALl 0 mRNA decay, but the exact time when 

decay initiated was obscured because the population of 

transcripts was not deadenylated uniformly. For in- 

stance, at 10 min, only - 5 %  of the population was oli- 

goadenylated (see legend to Fig. 4). Slow degradation of 

this small amount of RNA would not be detectable. In 

contrast, at 20 min, - 1 5 %  of the transcripts had oligo(A) 

tails, a percentage large enough to observe a decrease in 

mRNA levels between 20 and 40 min. The observed de- 

cay rate would then be expected to accelerate because at 

40 min at least 30% of the RNA was oligoadenylated. 

Deadenylation is a prerequisite for the decay 

of some yeast mRNAs 

The above experiments demonstrated that there was a 

delay of variable time for each of these mRNAs follow- 

ing inhibition of transcription before the initiation of 

degradation of the transcript. The length of this delay for 

at least three of the transcripts closely corresponded 

with the time it took for that transcript to deadenylate, 

suggesting that deadenylation is required for the decay of 

these mRNAs. These results, however, could also be ex- 

plained by a different time-dependent event, indepen- 

dent of deadenylation, being required for decay that for- 

tuitously corresponded to the deadenylation time for 

each mRNA. If deadenylation is required, then changing 

the rate at which the poly(A) tail of an mRNA is short- 

ened should lead to a change in the length of the delay in 

the onset of decay. We therefore examined the decay of 

an mRNA whose deadenylation rate was altered. 

We constructed a chimeric mRNA in which we re- 

placed the 3'-untranslated region (UTR) of the stable 

PGK1 mRNA with the 3' UTR of the unstable MFA2 

transcript (see Fig. 5A), which contains sequences that 

stimulate deadenylation (Muhlrad and Parker 1992). As 

shown in Figure 5B, this chimeric transcript deadeny- 

lated rapidly, reaching an oligo(A) form by 10 rain rather 

than 30 min as seen for PGK1 mRNA (Fig. 1A). The 

chimeric transcript also began to decay at an earlier time 

than the parental PGK1 transcript (Fig. 5C). Because the 

chimeric PGK1-MFA2 transcript had an altered deade- 

nylation rate, and a corresponding shift in the time at 

which decay initiated, we conclude that deadenylation is 

a prerequisite for the degradation of the body of PGK1 

mRNA. 

For PGK1 and MFA2 transcripts deadenylation does 

not lead to 3' exonucleolytic degradation of 

the mRNA body 

Once deadenylated, how is the transcript body degraded? 

One possibility is suggested by the work of Vreken and 
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al. 1991). They observed that  int roduct ion of secondary 

structures into the 3' UTR of the yeast PGK1 mRNA 

leads to the accumulat ion of a fragment missing the 5' 

end but not  the 3' end of the mRNA. This 3' fragment is 

seen when either poly(G), which  forms an extremely 

strong secondary structure (Zimmerman et al. 1975; 

Will iamson et al. 1989), or a s tem-loop made up of G and 

C residues is inserted. The accumulat ion of this 3' frag- 

ment  suggested that  the degradation of the body of the 

PGK1 transcript proceeds in a 5'---~ 3' direction, al- 

though a precursor-product relationship between the 

minutes after inhibition of transcription 

Figure 4. GALIO mRNA decay and deadenylation. (A) Poly- 

acrylamide Northern blot of a pool of GALIO transcripts pro- 

duced during a 15-rain induction with galactose. Samples were 

taken at various times after transcriptional repression as indi- 

cated. Because the sequence of the entire GALIO gene has not 

been determined in Saccharomyces cerevisiae, an oligonucle- 

otide complementary to the sequence of GALIO in the closely 

related yeast Saccharomyces carlsbergensis was used to cleave 

GALIO mRNA. Total RNA from each sample was treated with 

RNase H in the presence of the oligonucleotide RP97, whose 

sequence is GTATCTACAAGGCTCGATTG and is comple- 

mentary to 90-110 nucleotides 5' of the stop codon (Citron et al. 

1984). The first lane is RNA treated with RNase H, the GALIO- 

specific oligonucleotide, and oligo(dT) to remove the poly(A) 

tail. The probe was an end-labeled oligonucleotide complemen- 

tary to 18-38 nucleotides 5' of the stop codon of S. carlsbergen- 

sis GALIO mRNA. The numbers at left represent the approxi- 

mate migration of the fragment with the indicated number of 

adenylate residues. (B) The decay and deadenylation rates of the 

pool of GALIO transcripts. The length of the shortest poly(A) 

tail at the various time points and the decay rate were calcu- 

lated as described in Results. The points represent the mean of 

three separate experiments, all in yRP583. The graph does not 

include the 30-rain time point seen in A because this time point 

was taken only in that particular experiment. The increase in 

RNA levels seen during the early time points is most likely 

attributable to incomplete repression of transcription. The per- 

centage of mRNA that was oligoadenylated at any given time 

was determined by quantitating, using a Betascope, the amount 

of hybridization in the lower portion of the distribution and 

comparing that with the amount of hybridization in the entire 

distribution. 

Rau6 (1992), who used the general strategy of trapping 

extremely unstable decay intermediates by the introduc- 

t ion of strong RNA secondary structures, which can 

slow or block exonucleolyt ic  digestion (e.g., McLaren et 

Figure 5. Deadenylation and decay of chimeric PGK1-MFA2 

transcripts. (A) Replacement of PGK1 3' UTR with that of 

MFA2 mRNA (see Materials and methods). The cartoon repre- 

sents the resulting chimeric mRNA. The open box depicts the 

PGK1 sequence; the hatched box indicates the MFA2 sequence. 

(B) Polyacrylamide Northern blot of a pool of PGKI-MFA2 chi- 

meric transcripts produced during a 15-min induction. Samples 

were taken at various times after transcriptional repression as 

indicated. Total RNA from each sample was treated with RNase 

H in the presence of the PGKl-specific oligonucleotide as de- 

scribed in Fig. 1. The probe used was the same as that in Fig. 2. 

The numbers at left represent the approximate migration of the 

fragment with the indicated number of adenylate residues. (C) 

Graph comparing the decay profile of PGK1-MFA2 chimeric 

mRNA to that of PGK1 mRNA. The points represent the mean 

of three separate experiments, two in yRP582 and one in 

yRP583. 
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full-length mRNA and the fragment was not established. 

More importantly, because the analysis of this 3' frag- 

ment was limited to steady-state conditions, it was not 

possible to determine whether deadenylation of the 

PGK1 mRNA was a requirement for the production of 

this 3' fragment. Because our results indicated that dead- 

enylation was a prerequisite for decay, these observa- 

tions raised the possibility that deadenylation of the 

PGK1 mRNA leads to 5 ' -0  3' degradation of the tran- 

script body. Alternatively, removal of the poly(A) tail has 

been proposed to stimulate degradation by exposing the 

3' end of mRNAs to 3 ' -0  5' exonuclease digestion 

(Brawerman 1987; Higgins 1991; Peltz et al. 1991; Shyu 

et al. 1991). 

To determine the directionality of decay following 

deadenylation we inserted poly(G) into the 3' UTR of the 

PGK1 mRNA (see Materials and methods and Fig. 6A) 

and looked for the accumulation of any mRNA frag- 

ments that appeared after deadenylation. If deadenyla- 

tion stimulates 3'---~ 5' degradation of mRNAs, intro- 

duction of a strong secondary structure into the 3' UTR 

of an mRNA might cause the accumulation of fragments 

that are missing the 3' end of the mRNA. Alternatively, 

if deadenylation leads to 5 ' -0  3' degradation of an 

mRNA, we would expect a fragment corresponding to 

the 3' portion of the transcript to appear after deadeny- 

lation. 

By several criteria, including the overall decay profile, 

the deadenylation rate, and the half-life of the oligo(A) 

species, the insertion of the poly(G) did not affect the 

decay of the PGK1 transcript (Fig. 6B,C). Thus, this 

slightly altered mRNA was degraded by the same mech- 

anism as the parental PGK1 mRNA. An mRNA frag- 

ment of -170 nucleotides was observed, which showed a 

precursor-product relationship with the full-length 

PGK1 transcripts and only began to appear after deade- 

nylation (Fig. 6). This fragment extends from the poly(G) 

insertion to the 3' end of the PGK1 transcript based on 

the size of the fragment, its ability to hybridize to a 

poly(C) probe, and the fact that it was oligoadenylated (as 

described below). By comparing the amounts of the frag- 

ment and the full-length mRNA present at various 

times, we calculate that at least 40% of the PGK1 

mRNA molecules must be degraded by a pathway that 

leads to the production of this fragment. Because this 

estimate does not take into account any decay of the 

fragment, these data are consistent with the majority, if 

not all, of PGK1 mRNA being degraded in this manner. 

Because the fragment only appeared after the poly(A) tail 

had been shortened, we conclude that the role of deade- 

nylation of the PGK1 transcript is to lead to the 5' -0 3' 

degradation of the mRNA, initiated either by endonucle- 

olytic cleavage or removal of the 5' cap structure. 

It remains possible that unstable mRNAs, unlike 

PGK1 mRNA, may be degraded in a 3' ---> 5' direction. 

This hypothesis is consistent with the observation that 

in mammals one unstable mRNA, c-myc, is degraded in 

vitro 3 ' -0  5' following deadenylation (Brewer and Ross 

1988). To examine this possibility, we inserted a poly(G) 

tract into the 3' UTR of the unstable MFA2 mRNA (Fig. 

Figure 6. Degradation of PGK1 mRNA does not proceed 
3' ~ 5'. (A) Insertion of a strong secondary structure to block 
exonuclease digestion into the 3' UTR of PGK1 mRNA. Eigh- 
teen guanylate residues were inserted into the ClaI site of PGK1 

just downstream of the translational stop codon as described in 
Materials and methods. The cartoon represents the resulting 
mRNA. The open box depicts the PGK1 sequence; the stippled 
box indicates the poly(G) insertion. (B) Polyacrylamide North- 
ern blot of a pool of PGKlpG transcripts produced within a 
15-min induction. Samples were taken at various times after 
transcriptional repression as indicated. Total RNA from each 
sample was treated with RNase H in the presence of the PGK1- 

specific oligonucleotide as described in Fig. 1. The probe used 
was an end-labeled oligonucleotide complementary to the 
poly(G) insertion. The numbers at left represent the approxi- 
mate migration of the fragment with the indicated number of 
adenylate residues. (C) Comparison of the decay rate of PGK1 

mRNA with and without the poly(G) insertion. (A) The percent- 
age of the initial PGKlpG mRNA that is represented by the 3' 
fragment. The PGKlpG mRNA points represent the mean of 
three separate experiments, all in yRP582. 

7A). The poly(G) insertion had no significant effect on 

the decay of the MFA2 transcript (Fig. 7C}. A fragment of 

-190 nucleotides began to accumulate substantially by 

6 min after transcriptional inhibition (Fig. 7B, C), coin- 

ciding with the time that a large fraction of the pool of 

RNA was deadenylated to an oligo(A) form and the 
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Figure 7. Degradation of MFA2 mRNA does not proceed 

3'---> 5'. (A) Insertion of a strong secondary structure to block 

exonuclease digestion into the 3' UTR of MFA2 mRNA. Eigh- 
teen guanylate residues were inserted into a previously con- 
structed BglII site (B178; Muhlrad and Parker 1992)just down- 
stream of the MFA2 translational stop codon as described in 
Materials and methods. The cartoon represents the resulting 
mRNA. The open box indicates MFA2 sequence; the stippled 

box represents the poly(G) insertion. (B) Polyacrylamide North- 
ern blot of a pool of MFA2pG transcripts produced within a 

10-min induction. Samples were taken at various times after 

transcriptional repression as indicated. The probe used was the 

same as that used in Fig. 6. The numbers at left represent the 

approximate migration of the mRNA with the indicated num- 

ber of adenylate residues. (C) Comparison of the decay rate of 

MFA2 mRNA with and without the poly(G) insertion. (A) The 

percentage of the initial MFA2pG mRNA that is represented by 

the 3' fragment. The MFA2pG mRNA points represent the 

mean of three separate experiments, all in yRP582. 

m R N A  began to be degraded. The levels of the fragment 

require that  at least 50%, if not all, of the MFA2 m R N A  

was degraded through a pa thway that  generated this frag- 

ment.  On the basis of its hybridization with  different 

probes and RNase protection assays, this fragment cor- 

responded to the 3' end of the m R N A  extending from the 

5' end of the poly(G) tract to the 3' end of the transcript 

(data not shown). Thus, like PGK1 mRNA,  deadenyla- 

tion of MFA2 m R N A  led to the 5' -->3' degradation of the 

mRNA.  

In principle, the substrate for the degradation of the 

body of the PGK1 and MFA2 mRNAs  could be molecules 

that  have oligo(A) tails, or degradation could require that  

the transcript be completely deadenylated. To distin- 

guish between these two possibilities, we examined 

whether  the 3' fragments had oligo(A) tails at the t ime 

they were first produced. To do this, we compared the 

size of the 3' fragments at early t ime points in their 

accumulat ion with or wi thout  prior t rea tment  wi th  oli- 

go(dT) and RNase H to remove any residual oligo(A) tail. 

As shown in Figure 8, the 3' fragments from both the 

PGK1 and MFA2 transcripts had oligo(A) tails. Thus, it is 

not necessary for the m R N A  to undergo complete re- 

moval of the poly(A) tail to be a substrate for the next  

step in degradation. 

Discussion 

Many yeast mRNAs require deadenylation before 

decay initiates 

To determine the pathways of m R N A  decay in yeast, we 

examined the turnover of a synchronous pool of tran- 

Figure 8. Degradation of PGK1 and MFA2 mRNAs does not 

require complete removal of the poly(A) tail. Comparison of the 

size of the 3' degradation intermediates of PGK1 and MFA2 

mRNA with ( + J and without ( - ) treatment with RNase H and 

oligo(dT). Polyacrylamide Northern blots of PGKlpG and 

MFA2pG mRNA samples were harvested at the time indicated 

after transcription was repressed. These time points represent 

early time points in the accumulation of the 3' fragments. At 

later time points, the oligo(A) tails were shorter than those ob- 
served at these early time points (data not shown). The probe 

used was the same as that in Fig. 6. The PGKlpG samples were 

treated with RNase H and the PGKl-specific oligonucleotide as 

described in Fig. 2. The upper band in each sample represents 

the full-length mRNA. The lower band represents the 3' frag- 

ment. The numbers at the side represent the approximate mi- 

gration of the mRNA and 3' fragment with the indicated num- 

ber of adenylate residues. 
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scripts of both stable and unstable mRNAs. In these ex- 

periments there was a delay after transcriptional repres- 

sion before mRNA decay commenced. Several observa- 

tions suggest that this temporal delay represents a 

requirement for prior deadenylation of the mRNAs. 

First, for at least three of the mRNAs examined, the 

onset of decay closely correlated with the length of time 

it took for deadenylation to occur. Second, increasing the 

deadenylation rate of PGK1 mRNA led to a decrease in 

the length of the delay in its decay. Third, point muta- 

tions that increased the stability of MFA2 mRNA and 

slow deadenylation increased the length of the lag in the 

decay of MFA2 mRNA (Muhlrad and Parker 1992 and C. 

Beelman and R. Parker, unpubl.). Finally, decay interme- 

diates began to appear only after a substantial fraction of 

the mRNA had been deadenylated. Moreover, these in- 

termediates had oligo(A) tails, even at times when the 

mRNA population consisted of transcripts with both 

long and short poly(A) tails (Fig. 7), arguing that only 

oligoadenylated transcripts are substrates for the next 

step in decay. Our data therefore indicate that both sta- 

ble and unstable mRNAs in yeast are degraded by a sim- 

ilar mechanism that requires prior deadenylation of the 

mRNA. It cannot be formally ruled out, however, that 

other time-dependent events may also be required for 

decay. In addition, it is likely that decay mechanisms 

that do not depend on prior deadenylation also exist be- 

cause decay of PGK1 mRNA containing an early non- 

sense codon does not require deadenylation (D. Muhlrad 

and R. Parker, unpubl.) and there are examples, in other 

eukaryotes, of messages being cleaved endonucleolyti- 

cally independent of deadenylation (Binder et al. 1989; 

Stoeckle and Hanafusa 1989). 

Deadenylation and degradation proceeds in 

distinct phases 

Our data suggest that there are distinct phases in the 

process of decay with regard to the poly(A) tail. First, 

immediately after transcriptional repression, we ob- 

served that for each mRNA there was a brief period be- 

fore the maximum rate of deadenylation was achieved. 

This phenomenon is most easily seen with the MFA2 

and GALl0 mRNAs (Figs. 2 and 4). During this period, 

the poly(A) tails shortened relatively slowly compared 

with later times (see Table 1). We interpret these data to 

suggest that the initial shortening of the poly(A) tail, 

which we term initial deadenylation, may be distinctly 

different from subsequent events (see Fig. 9). Our data 

are most consistent with the transition to the second 

phase of deadenylation occurring at a specific time, as a 

result of some undefined event, rather than this transi- 

tion requiring that the poly(A) tails be shortened to a 

discrete length. This event may be nuclear-cytoplasmic 

transport, exchange of nuclear mRNP proteins for cyto- 

plasmic mRNP proteins, completion of the first round of 

translation, or an undefined cytoplasmic localization 

event. 

During the second phase, which we refer to as poly(A) 

shortening (see Fig. 9), the poly(A) tail was shortened to 

an oligo(A) form of on average 7-16 nucleotides, with 

some variation between different mRNAs (see Table 1). 

This phase of poly(A} shortening was quite different for 

the individual mRNAs, both in terms of the rate of the 

reaction, which varied approximately fivefold, and in the 

uniformity of the behavior of the population. For in- 

stance, PGK1 mRNA was uniformly deadenylated dur- 
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UAA ]AAAAA 
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INTERNAL CLEAVAGE / 
/ 
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f 
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Figure 9. Model of a general, deadenyla- 
tion-dependent mRNA decay pathway in 
yeast. Deadenylation occurs in distinct 
phases. During the first phase, initial dead- 
enylation, the initial poly(A) tails are dead- 
enylated slowly. During the second phase, 
poly(A) shortening, the poly(A) tails are 
shortened more rapidly to an oligo(A) 
length. Terminal deadenylation, referring 
to further shortening of the oligo(A) tail, is 
depicted in parentheses because our stud- 
ies suggest that this phase in deadenyla- 
tion is not obligatory for later steps in the 
pathway (see Discussion). The mRNA is 
subject to degradation after reaching the 
oligo(A) form. Deadenylation to an oil- 
go(A} tail could stimulate degradation by 
affecting the efficiency of translational ini- 
tiation, the mRNP structure, or the local- 
ization of the mRNA. These changes 
could promote internal endonucleolytic 
cleavage or the removal of the 5' cap 
allowing the subsequent degradation of 
the mRNA by 5' exonucleases. Different 
rates of the steps in this pathway between 
mRNAs results in the differential stability 
of mRNAs. 
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ing this phase, whereas the other mRNAs had a more 

heterogeneous distribution of poly(A) tail lengths. The 

basis for this heterogeneous behavior is not known but 

could be attributable to either different enzymatic activ- 

ities functioning on particular mRNAs or to substrate- 

specific differences in the functioning of a single poly(A) 

nuclease (Lowell et al. 1992). It should be noted that the 

observed rate of poly(A) shortening for a given mRNA 

may reflect a balance between deadenylation and cyto- 

plasmic readenylation. 

The deadenylation rate appeared to slow down once an 

oligo(A) tail was reached, representing a second transi- 

tion in the deadenylation process. Any further deadeny- 

lation is referred to as terminal deadenylation (Fig. 9; 

Muhlrad and Parker 1992). Oligo(A) tails may be poor 

substrates for further deadenylation because they would 

be unable to bind efficiently to PAB, the poly(A} binding 

protein, which prefers a binding site of 12 adenylate res- 

idues (Sachs et al. 1987) and has been proposed to acti- 

vate a poly(A) nuclease (PAN1) (Lowell et al. 1992; Sachs 

and Deardorff 1992). 

The final step in this pathway was the degradation of 

the oligo(A) species of the mRNA. Because individual 

mRNAs show differences in the rate of this step, it will 

be important to identify the rate determining event in 

the decay of the oligo(A) species. One possibility is that 

terminal deadenylation reduces the poly(A) tail to below 

a critical length, followed extremely rapidly by subse- 

quent events. Two observations are inconsistent with 

this model. First, the decay fragments that we observed 

for both PGK1 and MFA2 mRNAs had oligo(A) tails of 

approximately the same length as the oligo(A) tails on 

the full-length transcripts at the same time point (Fig. 8), 

clearly indicating that subsequent decay events do not 

require the complete removal of the poly(A) tail. In ad- 

dition, although the chimeric PGK1-MFA2 mRNA un- 
dergoes rapid poly(A) shortening and terminal deadeny- 

lation to a transcript with no, or very few, adenylate 

residues (Fig. 5), this deadenylated species still decayed 

at a rate similar to the oligo(A) form of PGK1 mRNA. 
These observations suggest that events other than ter- 

minal deadenylation are rate determining for the degra- 

dation of the oligo(A) species. Therefore, the differences 

in the rate of decay of the oligo(A) species between 

mRNAs would be the result of transcripts having inher- 

ently different rates for this next, as yet undefined, step. 

Role of deadenylation in stimulating decay 

What is the role of deadenylation in stimulating decay? 

It has been proposed that deadenylation exposes the 3' 

end of transcripts to nonspecific exonucleases (Brawer- 

man 1987; Higgins 1991; Peltz et al. 1991; Shyu et al. 

1991). The detecton of degradation intermediates that 

accumulate after deadenylation and contain only the 3' 

portion of PGK1 and MFA2 mRNAs, however, is incon- 

sistent with such a model. These data indicate instead 

that following deadenylation, the body of the transcript 

is degraded, at least partially, in a 5' --~ 3' direction. For- 

mally, the fragments that we detect could also be ex- 

plained by the presence of a poly(G)-specific endonu- 

clease. Several observations suggest that this possibility 

is highly unlikely. First, the decay rate of the mRNAs 

was not altered by insertion of the poly(G). Second, con- 

sistent with the decay of the wild-type transcripts, the 

fragments appear only after deadenylation has occurred. 

Third, insertion of a different sequence, one that forms a 

stem-loop, into the 3' UTR of MFA2 mRNA gave simi- 

lar results to the poly(G) insertion (data not shown) con- 

sistent with the accumulation of these fragments being a 

result of secondary structures blocking exonuclease di- 

gestion. Given these observations, we conclude that the 

poly(G) or the stem-loop act simply to block 5'---~ 3' 

exonuclease digestion of the transcripts allowing the 

detection of normal events in the degradation of these 

mRNAs. As shown in Figure 9, two mechanisms by 

which these degradation intermediates could arise are by 

internal cleavage, which has been suggested to occur on 

the PGK1 mRNA (Vreken and Rau6 1992), or by removal 

of the 5' cap structure by cleavage of the pyrophosphate 

bond between the cap and the mRNA. In each case, these 

events would be followed by 5' --~ 3' exonucleolytic di- 

gestion. 

Why would deadenylation stimulate cleavage events 

elsewhere on the mRNA? There are two general expla- 

nations for this phenomenon. One possibility is that 

cleavage is an indirect result of deadenylation. For in- 

stance, poly(A) tail shortening could alter subcellular lo- 

calization of an mRNA (Lenk et al. 1977; Taneja et al. 

1992) or decrease its rate of translational initiation (Doel 

and Carey 1976; Galili et al. 1988; Sachs and Davis 

1989); these changes could then leave the mRNA sus- 

ceptible to cleavage. Alternatively, deadenylation may 

have a more direct effect by disrupting interactions be- 

tween the 3' end of mRNAs and other sites on the RNA 

molecule that are dependent on the poly(A) tail (e.g., 

Bergmann and Brawerman 1977; Galili et al. 1988). Loss 

of such interactions could lead to alterations in mRNA 

or messenger ribonucleoprotein (mRNP) structure, 

thereby exposing sites within or at the 5' end of the 

mRNA to cleavage. 

Implications for control of differential mRNA 

decay rates 

Our results suggest that at least some stable and unsta- 

ble mRNAs are degraded by a pathway that shares the 

same basic mechanism. Therefore, the differences in the 

rates of the steps in this pathway are the basis for the 

observed half-lives of individual mRNAs. Two steps, 

poly(A) shortening and the decay of the oligo(A) species, 

appear to be the primary basis for the differences in 

mRNA decay rates because the rate of these steps varied 

the most between transcripts. For example, the ex- 

tremely stable PGK1 mRNA has a slow rate for both of 

these steps. In contrast, the unstable MFA2 mRNA com- 

pletes both of these steps extremely rapidly. In this view, 

the intermediate decay rate of the GALl 0 mRNA can be 

explained by this transcript being rapidly deadenylated 

followed by slow degradation of its oligoadenylated spe- 
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cies. Another implication of our results is that the step(s) 

that contribute the most to the observed overall decay 

rate can vary between different mRNAs. 

The observation that both stable and unstable mRNAs 

were degraded by a common mechanism implies that 

mRNAs contain sequences that can affect the rate of 

poly(A) shortening and the decay of the oligo(A) species, 

either by recruiting different nucleases or by modulating 

the activity of a small set of nucleases. Several examples 

of sequences that stimulate poly(A) shortening rate have 

been identified, including the AU-rich element and cod- 

ing region instability element of c-los mRNA (e.g., Shyu 

et al. 1991) and sequences within the 3' UTR of MFA2 

mRNA (Muhlrad and Parker 1992). Moreover, our results 

suggest that individual steps can be controlled by differ- 

ent mRNA features. For example, although the PGK1- 

MFA2 chimeric transcript underwent rapid poly(A) 

shortening, similar to the MFA2 transcript, the stability 

of the oligo(A) species was similar to that of the PGK1 

transcript. Therefore, although the 3' UTR of MFA2 

mRNA was sufficient to promote rapid deadenylation, 

features within the PGK1 sequences appear to dictate 

the rate of decay of the oligo(A) species. 

Gene products involved in deadenylation 

and degradation 

The complexity of the deadenylation and degradation 

process suggests that several factors will be involved. 

Proteins identified in yeast that may play a role in dead- 

enylation include PAB (Sachs and Davis 1989), a PAB- 

dependent poly(A) nuclease (PAN 1 ) (Sachs and Deardorff 

1992), and the products of the RNA14 and RNA15 genes 

(Bloch et al. 1978; Minvielle-Sebastia et al. 1991). Strains 

deficient in PAB accumulate long poly(A) tails. In con- 

trast, mutations in the RNA14 and RNA15 genes lead to 

decreased levels of total poly(A) and an increase in the 

rate of decay of the stable A CT1 mRNA, suggesting that 

these gene products normally function to inhibit the rate 

of deadenylation. Activities that may be involved in the 

events following deadenylation have also been identi- 

fied. Two 5'---~ 3' exonucleases, which account for the 

majority of exonuclease activity in crude yeast extracts, 

have been cloned (Larimer and Stevens 1990; Kenna et 

al. 1993). Interestingly, one of these nucleases biochem- 

ically copurifies with an activity that preferentially de- 

caps long mRNA substrates (Stevens 1988). Future ex- 

periments using the protocol described in this paper 

should illuminate the roles these gene products play in 

deadenylation and decay. 

Deadenylation-dependent decay in other eukaryotes 

Several observations suggest that the pathway of mRNA 

decay we have described in yeast also occurs in other 

eukaryotic cells. At least a small subset of mammalian 

mRNAs require deadenylation before decay (Brewer and 

Ross 1988; Wilson and Triesman 1988; Swartwout and 

Kinniburgh 1989; Laird-Offringa et al. 1990; Shyu et al. 

1991). Moreover, in a number of studies, changes in the 

size distribution of poly(A) tails are correlated with al- 

terations in mRNA decay rates (for review, see Bemstein 

and Ross 1989; Peltz et al. 1991). In addition, for several 

mRNAs, a portion (-25 or more adenylate residues) of 

the poly(A) tail persists after shortening of the majority 

of the poly(A) tail has occurred, indicating that there are 

at least two phases of deadenylation in eukaryotes other 

than yeast (Mercer and Wake 1985; Restifo and Guild 

1986; Kleene 1989; Shyu et al. 1991). Given the funda- 

mental similarity of other physiological processes be- 

tween yeast and more complex eukaryotes (e.g., Lee and 

Nurse 1987; Shuster and Guthrie 1990), we speculate 

that additional steps in this yeast decay pathway may 

occur in an analogous manner in complex eukaryotes. 

Materials  and m e t h o d s  

Yeast strains 

The yeast strains used in this study were derived from crossing 
JRY1606 (MATe~, ade2, lys2, ura3-52; provided by J. Rine, Uni- 
versity of California, Berkeley) with N218 (MATa, rpbl-1, ura3- 

52, his3, leu2; provided by M. Nonet and R. Young, The White- 
head Institute, Cambridge, MA). The strains used for the exper- 
iments were yRP582 (MATa, rpbl-1, ura3-52, leu2), yRP583 
(MATs, rpbl-1, ura3-52, acle2, lys2, leu2), and yRP673, yRP673 
was obtained by converting the mating type of yRP582 with the 
HO endonuclease (Herskowitz and Jensen 1991). Strains were 
transformed with plasmids by use of a modification of the lith- 
ium acetate method as described in Schiestle and Gietz {1989). 
Synthetic media lacking uracil was used to select and maintain 
plasmids. 

Construction of plasmids 

The construction of pRP22, the yeast vector used in these ex- 
periments, and pRP170, which encodes PGK1 marked with an 
oligonucleotide in its 3' UTR and expressed under galactose 
transcriptional regulation, is described in Heaton et al. (1992). 

The plasmid that allows MFA2 mRNA to be expressed under 
galactose regulation was made by BAL 31 digestion from the 
SphI site of pSM29 (Michealis and Herskowitz 1989) which con- 
tains the MFA2 gene and flanking sequences, and subcloning of 
fragments containing the MFA2 gene into the Sinai and HindIII 
sites of pRP22. The resulting plasmids were screened for galac- 
tose induction and glucose repression of MFA2 gene expression. 
The 5' end of MFA2 sequences in the selected plasmid pRP410 
was determined by sequencing to be upstream of the transcrip- 
tional start site, 238 bases 5' of the translational start codon. 

The STE3 gene was fused with the GALl UAS as follows. The 
plasmid CY809 containing a 2.7-kb HindIII fragment encom- 
passing the STE3 gene in YCp50 {Sprague et al. 1983; provided 
by G. Sprague) was cut with StuI, which cleaves 604 bases up- 
stream of the translational start codon, digested with BAL 31, 
filled in with Klenow, cleaved with SphI, and inserted into the 
Sinai and SphI sites of pRP22. The resulting plasmids were 
screened for galactose-regulated STE3 mRNA expression. The 
5' end of STE3 sequences in the selected plasmid pRP465 was 
determined by sequencing to be upstream of the transcriptional 
start site, 262 bases 5' of the translational start codon. 

The chimeric PGK1-MFA2 gene was constructed by replace- 
ment of the ClaI-HindIII fragment of pRP 170 containing the 3' 
UTR of PGK1 with an -670-bp BamHI-HindIII fragment from 
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MFA2 containing sequences just 5' of the translational stop 

codon and extending beyond the 3' UTR yielding pRP430. 

The insertion of poly(G) into PGK1 yielded a plasmid 

(pRP469) identical to pRP170, except the oligonucleotide mark- 

ing PGK1 in the ClaI site in the 3' UTR was replaced with the 

sequence CGAAGGAATTTGGGGGGGGGGGGGGGGGGA- 

ATTCCT. 

The poly(G) insertion into MFA2 yielded a plasmid (pRP485) 

identical to pRP410 except that it had the sequence GATCTA- 

GGAATITGGGGGGGGGGGGGGGGGGAATTCCT inserted 

into a previously constructed BglII site, B178 (Muhlrad and 

Parker 1992). 

Procedure to produce and follow newly synthesized pools 

of specific mRNAs 

Synthetic medium (200 ml) containing 2% raffinose was inoc- 

ulated with cells pregrown on YEP 2% raffinose plates. Cultures 

were grown at 24~ until they reached mid-log phase {OD6o o 

~0.3), harvested by spinning for 2 min at top speed in a tabletop 

centrifuge, resuspended in 10 ml of media containing 2% raffi- 

nose at 24~ and shaken at 24~ for 10 rain. Transcription was 

induced by adding 40% galactose to a final concentration of 2%. 

An aliquot was removed immediately for an uninduced control. 

A second aliquot was removed after 10--15 min. The culture was 

then transferred immediately to a preheated flask at 36~ and an 

equal volume of medium containing 4% glucose at 58~ was 

added (final concentration of glucose was 2% ). Use of media at 

58~ ensures the rapid equilibration of the temperature of the 

culture to 36~ the restrictive temperature for rpbl-1. Aliquots 

were then removed at various times and harvested by centrifu- 

gation for 30 sec in a microcentrifuge, followed by aspiration of 

the supernatant and quick freezing of the cell pellet on dry ice. 

Two sets of observations indicate that the results obtained 

using this procedure are not an artifact of the method. First, 

similar results were seen when transcription was inhibited only 

by glucose addition, thus avoiding any heat shock and the ef- 

fects of a general repression of RNA polymerase II and when 

transcription was repressed only by temperature shift, thus 

avoiding any possible artifacts induced by carbon source 

changes. In addition, the distribution of poly(A) tail lengths in 

steady-state populations of the transcripts examined were con- 

sistent with what would be predicted from the various rates 

measured in our induction experiments. For example, oligoad- 

enylated species were abundant in steady-state populations of 

both PGK1 and GALIO transcripts but not in steady-state pop- 

ulations of either MFA2 or STE3 transcripts. 

Analysis of poly(A) tail length and rnRNA decay rate 

Total yeast RNA was isolated from the cell pellets as described 

in Caponigro et al. (1993). mRNA sizes were estimated using 

5'-end-labeled HpaII pUC18 DNA or HinfI ~X174 DNA as size 

markers. The lengths of poly(A) tails on MFA2 mRNA were 

determined by direct comparison of the size of untreated MFA2 

mRNA with its size after removal of the poly(A) tail by hybrid- 

ization with oligo(dT) and digestion with RNase H. To resolve 

the contribution of the poly(A) tail to the length of PGK1, 

GALIO, and STE3 mRNAs, these mRNAs were first cleaved 

with oligonucleotides specific for the 3' end of the respective 

RNA {as described in the figure legends) and RNase H. Ten 

micrograms of total RNA was hybridized with 200-300 ng of 

mRNA-specific oligonucleotide plus or minus 300 ng of oli- 

go(dT) (Pharmacia) and incubated with 0.025 units/~l of RNase 

H in 20 mM Tris-C1 (pH 7.5), 10 mM MgC1, 0.5 mM EDTA, 50 

mM NaC1, 1 mM DTT, and 30 vg/ml of BSA for 1 hr at 30~ 

RNA was resolved on 6% polyacrylamide/7.7 M urea gels, trans- 

ferred using an electroblotter (Hoeffer) to Zeta-probe membrane 

and hybridized by use of standard methods. Hybridization to 

blots was quantitated using a Betascope (Betagen, Waltham, 

MA). The amount of specific mRNA in each lane was normal- 

ized using the yeast transcript scR1, the homolog to mamma- 

lian 7S RNA that is transcribed by RNA polymerase III (Felici et 

al. 1989). 
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