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The RNA14 and RNA15 gene products have been implicated in a variety of cellular processes. Mutations in
these genes lead to faster decay of some mRNAs and yield extracts that are deficient in cleavage and
polyadenylation in vitro. These results suggest that the RNA14 and RNA15 gene products may be involved in
both adenylation and deadenylation in vivo. To explore the roles of these gene products in vivo, we examined
the site of adenylation and the rate of deadenylation for individual mRNAs in rna14 and rna15 mutant strains.
We observed that the rates of deadenylation are not affected by lesions in either the RNA14 or the RNA15 gene.
This result suggests that the proteins encoded by these genes are not involved in regulation of the deade-
nylation rate. In contrast, we observed that the site of adenylation for the ACT1 transcript can be altered in
these mutants. Interestingly, we also observed that mutation of the poly(A) polymerase gene altered the site of
ACT1 polyadenylation. These observations suggest that the RNA14, RNA15, and PAP1 proteins are involved in
poly(A) site choice. This alteration in poly(A) site choice in the rna14 mutant can be corrected by the ssm4
suppressor, indicating that this suppression acts at the level of polyadenylation and not by slowing mRNA
degradation.

Most eukaryotic mRNAs have a polyadenylate sequence at
the 39 end which is added in a posttranscriptional process. This
poly(A) tail is important for the proper stability of transcripts
(for a review, see reference 9), for efficient initiation of trans-
lation (11, 17, 32), and for efficient nuclear-cytoplasmic trans-
port (25, 34). In addition, the site at which the poly(A) tail is
added can be regulated, thereby leading to the production of
alternative gene products from a single transcriptional unit.
Examination of the process of polyadenylation in mamma-

lian cell extracts has led to substantial progress in understand-
ing the mechanism by which the poly(A) tail is added (for
reviews, see references 18, 38, and 40). Addition of a poly(A)
tail is initiated by assembly of a complex of proteins on the
sequences that specify a polyadenylation site. This complex
cleaves the pre-mRNA and then adds a short poly(A) tail. The
addition of a nuclear poly(A) binding protein, PABII, then
alters the adenylation reaction to allow rapid elongation of the
short poly(A) tail to its full length (3). In Saccharomyces cer-
evisiae, the use of an in vitro system has also shown that mRNA
39 end maturation is similar in that the precursor mRNA is also
cleaved at a specific site to which the poly(A) tail is added (5).
However, there are clearly differences in the sequences that
specify a polyadenylation site in S. cerevisiae and mammals (for
reviews, see references 18, 38, and 40).
To understand the process of 39 end formation, the proteins

involved in cleavage and polyadenylation need to be identified
and their functions need to be determined. In mammalian
cells, fractionation of extracts has identified several factors
required for adenylation, in addition to the poly(A) poly-
merase and PABII. These include a factor that specifies the
site of cleavage, termed CPSF (cleavage and polyadenylation
specificity factor), and a factor that stimulates cleavage, termed
CstF (cleavage stimulation factor).

A number of groups have begun to utilize genetic ap-
proaches to identify the gene products required for cleavage
and polyadenylation in S. cerevisiae. Such approaches have led
to the identification of the yeast REF2 gene, which encodes a
protein that stimulates the cleavage reaction (37), and the
yeast FIP1 gene, which encodes a protein that directly interacts
with the poly(A) polymerase (35). Three other yeast gene
products known to be involved in adenylation are encoded by
the RNA14, RNA15, and PAP1 genes. The PAP1 gene encodes
the poly(A) polymerase (21, 22). Mutations in the RNA14 and
RNA15 genes yield cell extracts that are deficient in the poly-
adenylation of pre-mRNAs in vitro, suggesting that the prod-
ucts of these genes are required for addition of the poly(A) tail
in the nucleus (26). Interestingly, the products of the RNA14
and RNA15 genes have also been hypothesized to affect dead-
enylation of mRNAs in the cytoplasm for two reasons. First,
rna14 and rna15 mutants show a loss of total cellular poly(A)
and an increase in the rate of decay of the stable ACT1 mRNA
(27), which could be explained by an increased rate of cyto-
plasmic deadenylation due to the rna14 and rna15 mutations.
Second, the RNA14 gene product is found to be localized to
both the nucleus and the cytoplasm (4), suggesting that it has
a cytoplasmic function. To determine the functions of these
proteins, we examined the sites of adenylation and the rate of
deadenylation for individual mRNAs in rna14, rna15, and pap1
mutant strains. Our results suggest that the RNA14 and
RNA15 proteins are not involved in deadenylation rate regu-
lation but are required, along with the poly(A) polymerase, for
proper recognition of poly(A) sites.

MATERIALS AND METHODS

Yeast strains and medium. The S. cerevisiae strains used for analysis were the
wild-type strain W303-1B (MATa ura3-1 trp1-1 ade2-1 leu2-3,112 his3-11,15) (R.
Rothstein, Columbia University, New York, N.Y.) and the isogenic rna15-2
mutant strain. The rna14-3, rna14-3 ssm4D, and ssm4D mutant strains were
derived from strain W303 (24). The pap1-1mutant strain (MATa ura3-52 lys2-201
ade2 ade1 pap1-1) was a kind gift of S. Butler (36). The yeast strains were
transformed by the modified lithium acetate technique (13), and plasmids were
maintained by growth in selective medium.
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For experiments examining the endogenous ACT1mRNA, cells were grown at
248C to the mid-log phase in 2% glucose and shifted to 358C in the same medium,
and aliquots were removed at different times. For transcriptional pulse-chase
experiments, cells were grown at 248C to the mid-log phase in medium containing
2% raffinose and 2% sucrose, shifted to 358C for 20 min, harvested, and resus-
pended in medium containing 2% galactose to induce transcription. After 8 or 10
min (depending on the experiment), the cells were harvested and resuspended in
medium containing 2% glucose (thereby repressing transcription) and cell ali-
quots were removed at various times.
mRNA analysis. Total RNA was extracted as described previously (6). RNase

H and polyacrylamide Northern (RNA) blot assays were done with 10 to 20 mg
of total RNA as previously described (31). Northern blots were analyzed on a
Betascope (Betagen, Waltham, Mass.) or a PhosphorImager 445SI (Molecular
Dynamics). Poly(A) tail length and approximate location were calculated by the
marker size program. The amounts of the different transcripts were calculated
with the manual quantification program and were standardized between lanes by
using the transcript scR1 (10) as a control (6).
The oligonucleotide used with RNase H to cleave the PGK1 mRNA was

oRP70 (59-CGGATAAGAAAGCAACACCTGG-39), which is complementary
to nucleotides 9 to 30 59 of the PGK1 stop codon. Oligonucleotide oRP121
(59-AATTCCCCCCCCCCCCCCCCCCA-39), which is complementary to a 42-
nucleotide sequence inserted 39 of the PGK1 stop codon (8), was used as a probe
for this transcript. Oligonucleotide oRP30 (59-GAAGATGGAGCCAAAGC-
39), which is complementary to nucleotides 160 to 180 59 of the ACT1 stop codon,
was used to direct RNase H cleavage of the ACT1 mRNA, while oRP166
(59-CATACGCGCACAAAAGCAGAG-39), which is complementary to nucle-
otides 1 to 21 39 of the ACT1 stop codon, was used as a probe to detect the ACT1
or PGK1-ACT1 mRNA. Oligonucleotide oRP179 (59-GTGACACCGTACT
TCTTAGCG-39), which is complementary to nucleotides 6 to 26 59 of the BglII
site of the PGK1 gene, was also used with RNase H to cleave the PGK1-ACT1
chimeric mRNA.
Plasmids. The plasmid expressing the PGK1 gene under control of the GAL1

promoter has been previously described (pRP469 [8]). The plasmid expressing
the hybrid PGK1-ACT1 gene was constructed by replacing the 374-nucleotide
HindIII-BglII fragment corresponding to the 39 end of the PGK1 gene from
pRP469 with the 525-nucleotide BglII-PvuII fragment of pRP253 (14), which
contains the 39 portion of the ACT1 coding region and the transcriptional
terminator. Partial deletion of the ACT1 gene in pRP253 created a BglII site in
place of the XhoII site in the ACT1 coding sequence (14). In this PGK1-ACT1
fusion, the reading frame was maintained at the junction.

RESULTS

Analysis of the PGK1 mRNA deadenylation rate in rna14
and rna15 mutant strains. On the basis of loss of the total
poly(A)1 RNA and faster ACT1 mRNA decay in mutant cells,
it has been proposed that the RNA14 and RNA15 gene prod-
ucts might play a role in mRNA deadenylation (27). To exam-
ine this possibility, we measured the deadenylation rate of the
PGK1 mRNA in rna14 and rna15 temperature-sensitive mu-
tants at the restrictive temperature. To limit our analysis to
transcripts synthesized at the restrictive temperature, we uti-
lized a PGK1 gene under control of the GAL1 upstream acti-
vation sequence to induce new transcription by addition of
galactose following a shift to the restrictive temperature. Sub-
sequently, transcription was inhibited by addition of glucose,
thereby allowing measurement of deadenylation rates. Such an
approach, termed a transcriptional pulse-chase, has been used
to measure the rates of deadenylation of yeast transcripts (1, 8,
29, 30).
To perform this experiment, the wild-type strain and ther-

mosensitive rna14-3 and rna15-2 mutant strains were trans-
formed with plasmid pRP469, which contains the PGK1 gene
under control of the inducible GAL1 promoter (8). The cells
were first grown at 248C in medium containing raffinose and
then shifted to the restrictive temperature in the same medium
and incubated for 20 min. Transcription of the PGK1 gene was
induced with galactose for 8 min, and then glucose was added
to repress transcription (see Materials and Methods). Aliquots
of cells were harvested at different times, and the poly(A) tail
lengths on the transcripts were analyzed on acrylamide North-
ern gels. To avoid detection of the endogenous PGK1 tran-
script, which would contain a mixture of transcripts made be-
fore and after the shift to the restrictive temperature, the blot

was probed with an oligonucleotide specific to the PGK1 tran-
script underGAL1 control (see Fig. 1 and Materials and Meth-
ods).
The key result in this experiment is that the deadenylation

profile of the PGK1 transcripts in the rna15-2 or rna14-3 mu-

FIG. 1. Deadenylation of the PGK1 mRNA in rna14 and rna15 mutant
strains. Shown is a polyacrylamide Northern blot of a pool of PGK1 transcripts
produced at the restrictive temperature during 8 min of induction with galactose
20 min after a shift to 358C. Samples were taken at various times after transcrip-
tional repression by glucose, as indicated. Total RNA from each sample was
treated with RNase H in the presence of oligonucleotide oRP70. Lanes 0dT and
60dT correspond to RNAs treated with RNase H in the presence of oligonucle-
otide oRP70 and oligo(dT) to remove the poly(A) tail. The probe was end-
labeled oligonucleotide oRP121, which is complementary to a 42-nucleotide
sequence inserted 39 of the stop codon. This insertion has no effect on PGK1
mRNA stability (8). At the left are the approximate numbers of adenylate
residues based on comparison to size markers and a sample treated with RNase
H and oligo(dT). (A) The W303 control strain. (B) The rna15-2 mutant strain.
(C) The rna14-3mutant strain. For each strain, the smear that can be seen at late
time points probably corresponds to transcripts having long poly(A) tails, since
the same RNAs treated with oligo(dT) and RNase H do not have this smear but
present a more intense signal corresponding to transcripts without a poly(A) tail.
This suggests that some low-level transcription can take place late, even though
the strains are in glucose.
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tant strain (Fig. 1B and C) was very similar to that in the W303
control strain (Fig. 1A). In all strains at the time of transcrip-
tion repression (0 min), the new transcripts had a distribution
of poly(A) tails that ranged from a few nucleotides to ;65
adenylate residues. In these experiments, poly(A) tail lengths
were based on comparison to a sample in which the poly(A)
tails had been removed by treatment with oligo(dT) and
RNase H (0dT lanes) and to molecular weight markers (not
shown). The poly(A) tails were more heterogeneous than those
observed in similar transcriptional induction experiments done
at 248C (8), presumably because of the more heterogeneous
behavior of a population of transcripts synthesized at 358C. By
measuring the longest poly(A) tail lengths at each time point,
we estimated that in the wild-type and the rna15-2 and rna14-3
mutant strains, the maximum deadenylation rate of the PGK1
transcript was approximately three adenylate residues per min.
This rate is similar to what has previously been described in
other wild-type strains (8).
Two important conclusions were drawn from these experi-

ments. First, the rna14-3 and rna15-2 mutations do not affect
the deadenylation rate of the PGK1 mRNA (see Discussion).
Second, we observed no difference between the wild-type and
mutants strains in the poly(A) tail length of the PGK1 tran-
script. In vitro, the RNA14 and RNA15 proteins are required
for 39 end processing (26). However, our results indicated that
in vivo, the temperature-sensitive mutations still allow adeny-
lation of the PGK1 mRNA, although we cannot determine if
there are minor changes in the efficiency of cleavage at this
adenylation site. To determine if the RNA14 and RNA15 gene
products do affect the adenylation of specific mRNAs in vivo,
we analyzed the adenylation of a second mRNA.
The rna14 and rna15 mutations alter the relative levels of

different 3* ends of the ACT1 mRNA.We chose to examine the
adenylation of ACT1 transcript in the rna14 and rna15mutants
for two reasons. First, it has been reported that ACT1 mRNA
stability is modified in the rna14-3 and rna15-2 mutant strains
(24, 27), suggesting that the metabolism of this transcript is
somehow altered in these mutants. In addition, on the basis of
in vitro experiments, this gene has a set of relatively poor
polyadenylation sites and therefore might be more sensitive to
a decrease in the efficiency of cleavage and polyadenylation
than is the PGK1 mRNA (15).
To determine the effects of the rna14 and rna15 mutations

on the ACT1 mRNA, we examined the distribution of 39 ends
of the endogenous ACT1 transcript at various times after a
shift to the restrictive temperature. To resolve the multiple 39
ends of the ACT1 transcript, the mRNA was analyzed on an
acrylamide Northern gel after cleavage with RNase H and an
oligonucleotide near the 39 end (see Materials and Methods
and Fig. 2A). In the wild-type strain (Fig. 2B), the ACT1
mRNA has five 39 ends, labeled 1 to 5 for discussion purposes
(Fig. 2A and B). There was a reasonable correlation between
the 39 ends determined in our experiment and the multiple 39
ends previously described for the ACT1 mRNA (15). These
multiple ACT1 39 ends are most easily observed in the lane in
which the heterogeneous poly(A) tails have been removed with
RNase H and oligo(dT). In wild-type cells, the 59-most poly-
adenylation site (site 1) was clearly the major 39 end through-
out the time course of the experiment and corresponds to
approximately 60% of the total ACT1 39 ends present (Table
1). Furthermore, it is important to note that the levels of the
minor transcripts (corresponding to 6, 11, and 25% of the total
ACT1 transcripts) did not significantly change with time and
therefore were not greatly affected by the temperature shift
(Table 1; compare lanes 0dT and 70dT in Fig. 2).
In an rna15-2 mutant strain (Fig. 2C), examination of the 39

ends of the ACT1 mRNA after a shift to the restrictive tem-
perature revealed several differences. At the permissive tem-
perature (lane 0dT), the same five polyadenylated transcripts
seen in wild-type cells were present in the rna15 mutant strain
at roughly the same ratios (Table 1). However, following a shift
to 358C, the poly(A) tails shortened and the transcript levels
decreased for 39 ends 1, 2, and 3. This change is consistent with
inhibition of polyadenylation at these sites and decay of the
pre-existing cytoplasmic mRNA. Surprisingly, the most distal
39 end (transcript 5) increased in both relative and absolute
levels throughout the time course of the experiment to reach
50% of the total ACT1 39 ends present after 70 min at 358C.
This alteration is easily seen by comparing the 0- and 70-min
time point samples treated with RNase H and oligo(dT) and is
quantified in Table 1.
Similar results were also seen with the rna14-3 mutant strain

(Fig. 2D and Table 1). The relative levels and polyadenylation
status of the different ends are similar to those of wild-type
cells at the permissive temperature. However, following a shift
to the restrictive temperature, the poly(A) tail length of the
four shorter transcripts decreased while the longest transcript
(from site 5) remained at significant levels with a distribution
of poly(A) tail lengths. Moreover, while its amount was con-
stant during the time course, its relative level increased from 10
to 50% (Table 1). These results suggest that the rna14-3 and
rna15-2 mutations lead to an alteration in the specificity of the
site of polyadenylation (see below).
The rna14 and rna15 lesions lead to preferential use of the

most distal ACT1 polyadenylation site. The above results in-
dicated that at the restrictive temperature, the rna14 and rna15
mutations led to the production of different levels of the mul-
tiple 39 ends of ACT1 mRNA. There are two possible expla-
nations for this phenotype. First, in the mutant strains, the
shorter transcripts might be degraded faster than in the wild-
type strain, thereby leading to a change in the relative levels of
each 39 end. Alternatively, the rna14 and rna15 lesions might
lead to a change in the actual efficiencies with which different
polyadenylation sites are recognized. To distinguish between
these possibilities, we utilized the GAL1 promoter to induce
the transcription of mRNAs with the ACT1 39 end at the
restrictive temperature and then examined the ratio of the
newly made 39 ends. If the rna14 and rna15 lesions alter the
relative decay rates, then we would expect first to see the same
relative levels of each 39 end in the wild-type and mutant
strains after a brief pulse of transcription, followed by different
rates of mRNA decay for the shorter transcripts. Alternatively,
if the rna14 and rna15 lesions alter the choice of polyadenyl-
ation site, then we would expect to see a different distribution
of 39 ends immediately after the pulse of transcription.
Since overexpression of ACT1 is toxic for the cell (12), we

constructed a chimeric gene in which we replaced the PGK1 39
end with sequences from the ACT1 39 end sufficient to allow
production of all five ACT1 39 ends (see Materials and Meth-
ods). By cleaving the RNA prior to gel electrophoresis with
RNase H and an oligonucleotide directed against the PGK1
sequences and then probing the blot with an oligonucleotide
specific for the ACT1 sequences, we were able to detect spe-
cifically mRNAs arising from the hybrid gene without detect-
ing the endogenous PGK1 or ACT1 mRNA. A centromeric
plasmid bearing this chimeric gene was introduced into the
wild-type and rna14-3 and rna15-2 mutant strains, and the
ACT1 transcripts produced after 20 min at the restrictive tem-
perature were determined in a transcriptional pulse-chase ex-
periment (see Materials and Methods).
The analysis of the PGK1-ACT1 chimeric mRNA in wild-

type cells is shown in Fig. 3A. At the 0-min time point, when
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transcription was repressed, transcripts mapping to all five 39
ends were present. The major 39 end of the chimeric mRNA
(57% of the total 39 ends) produced in the pulse of transcrip-
tion corresponds to the major 39 end of the ACT1 transcript
seen under steady-state conditions (site 1) and is the site most
proximal to the stop codon (compare with Fig. 2B). In contrast,
the longest transcript (site 5) is barely detectable (;9% of the
total 39 ends) in the sample in which the poly(A) tail has been
removed (lane 0dT). By comparison, in the rna15-2 mutant
strain (Fig. 3B) and in the rna14-3 mutant strain (Fig. 3C),
transcripts with all of the different 39 ends are also present but
the most 39 site (site 5) is the most abundant (;40% in both
strains), even immediately after the brief pulse of transcription
(Fig. 3, lanes 0dT, and Table 2). This result was also seen in an
experiment (Fig. 4) in which we ran the RNA from an early
time point in each transcriptional pulse-chase on the same gel
after cleavage with RNase H and oligo(dT). This observation
indicated that most of the newly synthesized transcripts in the
rna14 and rna15 mutant strains were produced by utilizing a
poly(A) site different from that used in wild-type cells.
The above-described experiment also demonstrated that the

rna14 and rna15 lesions do not alter the deadenylation rate or
decay rate of any of the transcripts. All of the transcripts were
synthesized with a poly(A) tail, which was shortened at similar
rates on all of the transcripts to an oligo(A) tail (at approxi-
mately 40 min for all of the different 39 ends), at which point
the levels of the transcript body began to decrease. These
results are consistent with a general pathway of mRNA decay
in S. cerevisiae in which deadenylation of the transcript leads to

FIG. 2. Examination of the ACT1 mRNA 39 ends after a shift to 358C in the
wild-type strain and rna14 and rna15 mutant strains. (A) The schematic shows
the 39 end structure of the ACT1 gene. The oligonucleotides utilized for RNase
H cleavage (oRP30) and for probing (oRP166) are also shown. The solid arrow
indicates the major polyadenylation site, and the dashed arrows show the other
minor sites observed in this study. The 39 ends of transcripts were determined (as
described in Materials and Methods) from two experiments, and the average
lengths are indicated by the arrows on the sequence: the limitations of our gel

TABLE 1. Quantification of the different 39 ends of the ACT1
mRNA after a shift to 358Ca

Time point
(min) Site(s)

% of total ACT1 mRNA 39 ends in:

Wild type rna15-2
mutant

rna14-3
mutant

rna14-3 ssm4D
mutant

0 1 57.6 62.0 57.0 66.6
2, 3 24.9 20 19 13.1
4 6.2 7.5 11.9 8.6
5 11.2 9.5 12 11.6

70 1 61.4 26.3 24.8 38.3
2, 3 26.1 9.8 14.7 12.3
4 7.9 14.2 9.6 16.0
5 4.5 49.5 50.8 33.2

a The quantification and site numbers of actin 39 ends correspond to the
experiment described in Fig. 3. The number of counts was obtained with a
Betascope. Similar results were obtained in other experiments.

analysis are represented by the dashed lines. The determination of the most
distal 39 end is less precise than that of the others because of the lower resolution
of high-molecular-weight species in the gel. On the sequence, the localization of
the cleavage sites is compared with that of the 39 end described in the literature:
the open circles indicate the cleavage sites mentioned in reference 12, and the
overlined sequences represent the range of 39 ends described in reference 15.
The number of each kind of transcript (1 to 5) corresponds to the poly(A) site
utilized. (B) Polyacrylamide Northern blot of ACT1 transcripts produced at the
restrictive temperature in the wild-type strain at steady state. Samples were
harvested at the different times indicated after a shift to 358C. Total RNA from
each sample was treated with RNase H in the presence of oligonucleotide
oRP30. The samples taken at 0 and 70 min after the shift were also treated in the
presence of oligo(dT) to remove the poly(A) tail (lanes 0dT and 70dT). The
probe used was end-labeled oligonucleotide oRP166. The numbers 1 to 5 cor-
respond to the transcript numbers in Fig. 3A, and the other numbers are mo-
lecular sizes (m) in nucleotides. Polyacrylamide Northern blots of ACT1 tran-
scripts produced in the rna15-2 mutant strain (C) and in the rna14-3 mutant
strain (D) are also shown.
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degradation of the transcript body (2, 8, 9). We interpret this
set of results to indicate that the difference in the 39 end
distribution of the ACT1 transcripts between the wild-type
strain and the rna14 and rna15 mutant strains is due to a
change in the choice of poly(A) site and not to a difference in
mRNA stability (see Discussion).
The ssm4 suppressor corrects the polyadenylation site alter-

ation seen in the rna14-3 mutant strain. The SSM4 gene is a
nonessential gene that was isolated as an extragenic suppressor
of rna14 thermosensitive mutations. Mutations or deletions in
the SSM4 gene suppress the thermosensitivity of the rna14-3
allele but do not suppress either deletion of the RNA14 gene or
mutations in the RNA15 gene (24). To determine how the ssm4
suppressor might function, we asked if, in the presence of the
ssm4 suppressor, the alteration in the poly(A) site choice for
the ACT1 mRNA seen in the rna14-3 strain was corrected.
We first analyzed the distribution of 39 ends on the endog-

enous ACT1 mRNA at various times after a shift to 358C in an
ssm4D mutant strain and an rna14-3 ssm4D mutant strain. In
the ssm4D strain, the distribution of ACT1 39 ends is identical
to the wild-type profile (compare Fig. 5A with Fig. 2B). This is
not surprising, since the ssm4D mutation has no effect on
viability at any temperature (24). This observation indicated
that, by itself, the deletion of SSM4 did not alter poly(A) site
choice on the ACT1 mRNA. In the rna14-3 ssm4D mutant

strain, as in the rna14mutant strain (Fig. 2B), we first observed
a change in poly(A) site choice and a decrease in poly(A) tail
length for the shorter transcripts following a shift to the re-
strictive temperature. However, unlike the rna14 mutant
strain, following ;30 min at 358C, we observed a smear for
each 39 end which corresponds to newly synthesized adeny-
lated mRNAs. Comparison of the transcripts present after 70
min at the restrictive temperature (lane 70dT) with the tran-
scripts present at the permissive temperature (lane 0dT) dem-
onstrated that the ssm4 suppressor partially corrects the alter-
ation of the ACT1 39 ends seen in the rna14 mutant (Table 1).
In principle, this could be because the ssm4 suppressor acts by
enhancing the recognition of the major poly(A) site or by
altering the relative stability of the different 39 ends.
To distinguish between these alternatives, we utilized the

PGK1-ACT1 chimera under GAL1 control to examine the 39
ends of newly synthesized transcripts in the ssm4 suppressor
strains. If the correction by ssm4D does not affect poly(A) site
choice, we expect most of the newly synthesized transcripts in
the rna14-3 ssm4D strain to end at the most 39 poly(A) site, as
in the rna14-3 mutant strain. Alternatively, if the loss of SSM4
function allows recovery of the choice of poly(A) sites, we
expect that many of the new transcripts will be synthesized by
using the most proximal poly(A) site, as in the wild-type strain.
The analysis of the chimeric PGK1-ACT1 mRNA produced

at 358C in the ssm4Dmutant strain showed the same pattern as
in the wild-type strain (data not shown and Fig. 4), confirming
that ssm4D by itself does not affect the poly(A) site choice of
ACT1 mRNA. In the rna14-3 ssm4D double mutant (Fig. 3D
and 4), the major 39 end (47.7% of the total ACT1 39 ends;
Table 2) produced during a brief pulse of transcription corre-
sponds to the major site seen in wild-type cells (Fig. 3A and 4)

FIG. 3. Analysis of newly synthesized hybrid PGK1-ACT1 mRNAs. Poly-
acrylamide Northern blot of a pool of hybrid PGK1-ACT1 transcripts produced
at the restrictive temperature during 10 min of induction with galactose after a
shift for 20 min to 358C. Samples were taken at the times indicated after tran-
scriptional repression with glucose. The RNase H reaction was performed in the
presence of PGK1 oligonucleotide oRP179 and also with oligo(dT) for the time
points 0 and 60 min (lanes 0dT and 60dT). The probe used was end-labeled
oligonucleotide oRP166 or a labeled ACT1 39 end DNA fragment. The numbers
at the left correspond to the transcript numbers in Fig. 3, and those at the right
are molecular sizes (m) in nucleotides. (A) Wild-type strain W303. (B) rna15-2
mutant strain. (C) rna14-3 mutant strain. The total RNA in lane 0dT was
partially degraded, which explains the additional bands. (D) rna14-3 ssm4D
mutant strain. Note that the time points in the transcriptional pulse experiments
do not correspond to those at steady state: the 0-min lane (which is the time of
repression of transcription) in the transcriptional pulse experiment corresponds
to 30 min after the shift to the restrictive temperature (20 min prior to tran-
scriptional induction plus 10 min of transcription). This time point corresponds
to the 30-min lane in the experiments wherein the cultures were shifted to the
restrictive temperature and the transcripts were analyzed from the time of the
temperature shift (Fig. 2 and 5).

FIG. 4. Comparison of the ACT1 poly(A) sites utilized in the different
strains. Polyacrylamide Northern blot of the pool of hybrid PGK1-ACT1 tran-
scripts produced in the experiment described in Fig. 3. Samples taken in the
different strains at 4 min after transcriptional repression were treated with
RNase H in the presence of PGK1 oligonucleotide oRP179 and oligo(dT) to
remove the poly(A) tail. The numbers at the right correspond to the transcript
numbers represented in Fig. 3, and the numbers at the left are size markers (in
nucleotides).
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and not to the predominant site utilized in rna14-3 mutant
strains (Fig. 3C and 4). This observation indicated that ssm4D
suppressor restored the recognition of the major poly(A) site.
Although the pattern of 39 ends observed is almost identical to

that obtained in the wild-type W303 strain (Fig. 3A), the larg-
est transcript is still more abundant in the double mutant strain
(15.7% versus 8.9% in the wild-type strain). This indicated that
the suppression of 39 end alteration by ssm4D is not complete
(Table 2 and Fig. 4).
Mutations in the poly(A) polymerase gene also alter poly(A)

site recognition. In mammalian cells, the poly(A) polymerase
has been reported to be part of the multicomponent assembly
that specifies the cleavage and polyadenylation sites. In addi-
tion, loss of poly(A) polymerase decreases the efficiency with
which poly(A) sites are recognized, suggesting that the poly(A)
polymerase contributes to the choice of the cleavage site (3,
19). In S. cerevisiae, it has been suggested, on the basis of in
vitro experiments, that the yeast poly(A) polymerase is not
required for assembly of the cleavage complex and thereby
does not influence the choice of the polyadenylation site (7).
However, since it has been reported that RNA14p, RNA15p,
and PAP1p belong to the same complex (20, 26), we examined
if mutations in the PAP1 gene also alter poly(A) site recogni-
tion.
To do this experiment, we transformed a temperature-sen-

sitive poly(A) polymerase mutant (pap1-1) with a plasmid
bearing the PGK1-ACT1 chimeric construction. We then ex-
amined the distribution of the ACT1 39 ends produced from
the chimeric mRNA in a 10-min pulse of transcription after a
shift for 20 min to the restrictive temperature. As shown in Fig.
6, all of the 39 ends are utilized in the pap1-1 mutant. Consis-
tent with the notion that the poly(A) polymerase is required
for addition of the poly(A) tail, the transcripts produced are
not adenylated [compare 0-min results with and without oli-
go(dT) and RNase H treatment]. Surprisingly, the most abun-
dant 39 end (54.9% of total ACT1 39 ends) corresponded to the
most 39-distal poly(A) site, which was also preferentially used
in the rna14 and rna15 mutants. This result suggests that de-
fects in the poly(A) polymerase can affect the specificity of
polyadenylation. Interestingly, all of the transcripts produced
at the restrictive temperature in the pap1-1 mutant are slightly
shorter than those produced in the other strains (Fig. 4). This
observation implies that lesions in the poly(A) polymerase may
alter the precise site of cleavage or polyadenylation, after a
general area for adenylation has been specified.
One surprising result is that unadenylated PGK1-ACT1 tran-

scripts produced in a pap1-1mutant are more stable than in the
wild-type and rna14 and rna15 mutant strains (compare Fig.

FIG. 5. Analysis of ACT1 mRNA in strains with the ssm4 suppressor. Poly-
acrylamide Northern blot of endogenous ACT1 transcripts produced at 248C and
following a shift to 358C in the ssm4D mutant strain (A) and the rna14-3 ssm4D
mutant strain (B). The numbers on the left are molecular sizes in nucleotides.

FIG. 6. Analysis of PGK1-ACT1 mRNAs produced in the pap1-1 mutant.
Shown is a polyacrylamide Northern blot of a pool of hybrid PGK1-ACT1
transcripts produced at the restrictive temperature under the conditions de-
scribed in the legend to Fig. 3. Numbers 1 to 5 correspond to the transcript
numbers in Fig. 2A. The numbers on the left are molecular sizes in nucleotides.

TABLE 2. Quantification of the different ACT1 39 ends on newly
synthesized transcripts at the restrictive temperaturea

Site(s)

% of total ACT1 39 ends in:

Wild type rna15-2
mutant

rna14-3
mutant

rna14-3 ssm4D
mutant

ssm4D
mutant

pap1-1
mutant

1 57.0 23.2 20.1 47.7 57.2 17.2
2, 3 22.6 21.2 20.7 19.2 20.2 12.2
4 11.3 18.5 18.5 17.2 11.6 15.6
5 8.9 37.0 40.6 15.7 10.5 54.9

a Quantification of the different actin 39 ends at the time of transcriptional
repression (0-min time point) in a transcriptional pulse-chase experiment. Each
datum point corresponds to the mean of two values. The number of counts was
obtained with a PhosphorImager. The site numbers are the same as those in Fig.
3A.
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3A, B, C, and D with Fig. 6). This observation was unexpected
because, for several yeast mRNAs, deadenylation leads to de-
capping following by a rapid 59 to 39 degradation of the body
transcript (9, 29, 30). Thus, it was expected that unadenylated
mRNA would be more rapidly degraded than the correspond-
ing adenylated mRNA. Although we do not understand the
basis for this effect, one possible explanation is that the PAP1
protein is involved in a later step in mRNA biogenesis, such as
mRNA transport or maturation.

DISCUSSION

Mutations in the RNA14 and RNA15 genes do not affect the
deadenylation rate. Two observations indicated that the rates
of mRNA deadenylation were not affected by the rna14-3 or
rna15-2 mutations. First, the deadenylation rate for the PGK1
mRNA was the same in the wild-type and the rna14 and rna15
mutant strains (Fig. 1). In addition, the deadenylation rates of
the ACT1 39 ends, analyzed in the context of a chimeric PGK1-
ACT1 transcript, were also the same in the wild-type and the
rna14 and rna15 mutant strains (Fig. 3A, B, and C). We inter-
pret these results to indicate that the RNA14 and RNA15 gene
products are not involved in deadenylation rate regulation.
This implies that the shortening of the total poly(A) popula-
tion observed at the restrictive temperature in the rna14 and
rna15 mutant strains (24, 27) is due solely to a decrease in the
synthesis of new polyadenylated transcripts.
In our experiments, we observed no alteration in the decay

rates of the PGK1 or ACT1 mRNA in the rna14 and rna15
mutant strains compared with those in the wild-type strain.
This observation was unexpected, since it has previously been
reported that the ACT1 mRNA decays more rapidly in these
mutant strains (27). The difference in these results is likely to
be due to the different methodologies used to measure the
decay rate in each case. In our experiments, we utilized the
glucose repression of the GAL1 upstream activation sequence
to determine the decay of each mRNA under similar condi-
tions. In the previous experiments, the decay rate of the ACT1
mRNA was assessed by determining the ACT1 transcript levels
remaining after a shift to the restrictive temperature. Since the
ACT1 transcript levels decreased more rapidly in the rna14 and
rna15 mutant strains than in a temperature-sensitive RNA
polymerase II (rpb1-1) mutant strain, it was suggested that the
rna14 and rna15 mutations led to increased mRNA decay
rates. However, the rpb1-1 allele can show differences in how
efficiently individual promoters are repressed after a shift to
the restrictive temperature (33, 33a). A simple explanation for
the ACT1 mRNA level differences observed in the rpb1-1 mu-
tant and the rna14 and rna15 mutant strains is that transcrip-
tion of ACT1 mRNA is less repressed in the rpb1-1 mutant
than is ACT1 mRNA polyadenylation in the rna14 and rna15
mutant strains.
The RNA14, RNA15, and PAP1 proteins can affect the

choice of poly(A) sites. Several lines of evidence indicated that
the RNA14 and RNA15 proteins can affect the choice of spe-
cific poly(A) sites. First, after a shift to the restrictive temper-
ature the relative levels of the different 39 ends of the ACT1
transcript were altered in the mutant strains (Fig. 2B, C, and
D). In addition, transcriptional pulse-chase experiments with
the PGK1-ACT1 chimeric transcript indicated that this differ-
ence was due to a change in the utilization of the different
polyadenylation sites and not to a difference in mRNA decay
rates (Fig. 3A, B, and C).
We also observed that a mutation in the poly(A) polymerase

gene led to similar alterations in the use of the different ACT1
polyadenylation sites (Fig. 6). These results were unexpected,

since it has been suggested that in S. cerevisiae the poly(A)
polymerase is not required for assembly of the cleavage com-
plex and the actual cleavage reaction (7, 26). The simplest
explanation for this effect is that in S. cerevisiae, as in mam-
mals, the poly(A) polymerase is part of the assembled cleavage
complex and the levels of PAP1p, or its conformation, can
affect the efficiency with which the cleavage complex assem-
bles. This hypothesis is consistent with the observation that
immunodepletion of the poly(A) polymerase from yeast ex-
tracts inhibits cleavage and that yeast subcellular fractions es-
sential for cleavage in vitro do appear to contain some poly(A)
polymerase (26).
An interesting question is why mutations in either RNA14,

RNA15, or PAP1 lead to the same changes in ACT1 39 end
distribution. Since all of the mutations give qualitatively similar
phenotypes, it is unlikely that these lesions create novel spec-
ificities in these gene products that promote the recognition of
the distal polyadenylation site. A simple hypothesis is that any
decrease in the functioning of the cleavage and polyadenyla-
tion machinery would lead to the use of the most distal site.
One possible way this might arise is that the most distal site
actually represents a transcriptional terminator and that in the
absence of cleavage and adenylation, the RNA polymerase
stops and this end is then nonspecifically polyadenylated. How-
ever, the sites of transcription termination that have been
examined to date in S. cerevisiae in vivo are not adenylated
(16). An alternative hypothesis is that a decrease in polyade-
nylation efficiency promotes the use of the most distal poly(A)
site, either because this site is closer to the site of transcrip-
tional termination (and thereby perhaps more efficiently rec-
ognized) or because this site is an efficient site for cleavage and
adenylation but is normally not utilized to high levels because
in the presence of efficient cleavage and adenylation, the 39 end
is generated, on average, before the RNA polymerase tran-
scribes the most distal site.
Implications for the control of polyadenylation site choice in

S. cerevisiae and mammals. Homologs of RNA14p and
RNA15p have been identified in more complex eukaryotes.
RNA14p shows 24.3% identity with a 77-kDa subunit of mam-
malian CstF, which is required for recognition of polyadenyl-
ation signals and for assembly of the polyadenylation complex.
Similarly, the RNA binding domain of RNA15p is 42.5% iden-
tical to the RNA binding domain of the 64-kDa subunit of CstF
(39). Interestingly, and analogous to our in vivo observations,
changes in the levels of CstF activity in mammalian extracts
have been shown to affect the choice of polyadenylation sites
(23, 41). These observations imply that the regulation of
poly(A) site choice occurs, at least in some cases, by modula-
tion of the activity of the RNA14 and RNA15 proteins. In this
light, it is interesting that mutations in aDrosophila homolog of
RNA14p [the Drosophila su(f) protein] suppress the conse-
quences of transposon insertions, perhaps by altering the site
of polyadenylation (28).
Role of these gene products in the separable phases of

cleavage and adenylation. In vitro experiments with yeast ex-
tracts have shown that the RNA14 and RNA15 gene products
are involved in both cleavage and polyadenylation while the
PAP1 protein is required only for polyadenylation (26). Our
results show that, in vivo, all three of these gene products are
implicated in polyadenylation site recognition and subsequent
cleavage. We also observed that any 39 end that is generated in
the rna14 and rna15mutants received a full-length poly(A) tail.
This observation is slightly different from that of in vitro ex-
periments with precleaved CYC1 mRNA (26), in which ex-
tracts deficient in RNA14p and RNA15p did not efficiently
adenylate a precleaved CYC1 precursor. This suggests that
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recognition of the poly(A) site by the RNA14 and RNA15
proteins is a preliminary step necessary for polyadenylation,
even on precleaved substrates. We interpret these observations
to suggest that the rna14 and rna15 mutations affect the as-
sembly of the complex both in vivo and in vitro and that
complex assembly is required both for cleavage and for effi-
cient adenylation.
Role of the SSM4 gene product. Mutations in the ssm4 gene

suppress the temperature sensitivity of the rna14-3 allele but
do not suppress the rna15-2mutation or an rna14 deletion. The
SSM4 gene encodes a large protein with a calculated molecular
mass of ;150 kDa and no homology to any known protein
(24). Our results indicate that the absence of SSM4 function
restores the use of the most proximal poly(A) site choice in the
rna14-3 mutant (Fig. 3D and 4). This result indicated that the
suppression due to ssm4D occurs by the ssm4D mutation either
directly or indirectly altering cleavage and polyadenylation.
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