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The sequences directing formation of mRNA 3' ends in Saccharomyces cerevisiae are not well defined. This
is in contrast to the situation in higher eukaryotes in which the sequence AAUAAA is known to be crucial to
proper 3'-end formation. The AAUAAA hexanucleotide is found upstream of the poly(A) site in some but not
all yeast genes. One of these is the gene coding for alcohol dehydrogenase, ADH2. Deletion or a double point
mutation of the AAUAAA has only a small effect on the efficiency of the reaction, and in contrast to the
mammalian system, it is most likely not operating as a major processing signal in the yeast cell. However, we

isolated point mutations which reveal that a region located approximately 80 nucleotides upstream of the
poly(A) site plays a critical role in either transcription termination, polyadenylation, or both. These mutations
represent the first point mutations in yeasts which significantly reduce the efficiency of 3'-end formation.

The formation of the 3' ends of eukaryotic mRNAs
involves several steps, including termination of transcrip-
tion, cleavage of precursor RNA, and addition of poly(A). In
higher eukaryotes, it is known that termination of transcrip-
tion by RNA polymerase II occurs downstream from the end
of the mature mRNA. The actual end of the mRNA is
produced by cleavage of the primary transcript and the
subsequent addition of about 200 adenylate residues (for
reviews, see references 30 and 36). The relationship between
termination of transcription and RNA processing is not well
understood, although it appears that termination requires
valid RNA-processing sites (13, 17, 48). Polyadenylation has
been studied both in vivo and in vitro in mammalian cells.
From these studies, it is clear that sequences on the precur-
sor RNA as well as several factors, including specificity
factors, cleavage factors, and a poly(A) polymerase, are
required for proper 3'-end formation (10, 11, 18, 31, 44). The
cis-acting sequence which is most highly conserved in meta-
zoans is the hexanucleotide AATAAA, usually found within
30 nucleotides (nt) 5' of the polyadenylation site. This
sequence is clearly required for assembly of the processing
complex and for cleavage and polyadenylation of the mRNA
precursor (30, 36). In contrast, the lack of conservation of
this sequence is apparent in a survey of gene sequences from
the yeast Saccharomyces cerevisiae as well as higher plant
species (26). In yeasts, this sequence appears at the 3' end of
mRNA in approximately 50% of yeast genes (24a). Several
other consensus sequences have been proposed for yeast
3'-end formation (23, 51), but none are as conserved as the
AATAAA signal found in metazoans. Therefore, although
all yeast mRNAs are polyadenylated and a variety of pre-
cursors are accurately cleaved in yeast extracts (1, 7, 8), the
signals directing these events are not clear.
The relationship between transcription termination and

RNA processing in yeasts is also undefined. Recent work
from several groups has suggested that transcription termi-
nation occurs close to the end of the mature transcript.
These data are based on measuring plasmid destabilization
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which results from transcription through a centromere (40)
or an autonomously replicating sequence (42). For example,
when a sequence from the 3' end of the yeast CYCI gene is
placed between a promoter and the centromere, the plasmid
is stabilized, suggesting that transcription termination is
signalled by this CYCI sequence (40). Nuclear run-on exper-
iments support this hypothesis (33). However, these exper-
iments do not address the relationship between the process-
ing of the transcripts and transcription termination, and this
issue remains elusive.

In this report, we describe an in vivo assay which uses
3-galactosidase production to quantitate the efficiency of

3'-end formation. We show that the AAUAAA sequence
important for 3'-end formation of mammalian mRNAs is not
required for the processing of a yeast transcript which
naturally contains this sequence. We found instead that
sequences further upstream of the poly(A) site are crucial for
transcription termination and/or RNA processing. In addi-
tion, we describe the first point mutations which significantly
reduce the efficiency of 3'-end formation in yeasts.

MATERIALS AND METHODS

Reagents. All restriction enzymes, modifying enzymes,
DNA size standards, and linkers were purchased from New
England BioLabs and were used according to the manufac-
turer's instructions. RNA polymerases were purchased from
Promega and Stratagene. Nonradioactive nucleotides and
the pT7T3 vector were from Pharmacia, Inc. Radiolabeled
nucleotides were from Dupont, NEN Research Products. T2
RNase was from Bethesda Research Laboratories. Seque-
nase was purchased from U.S. Biochemical Corp.

Plasmid constructions. The plasmids pLlOl and PL102
were constructed as follows. A 327-bp fragment from the 3'
end of the ADH2 gene was subcloned from the plasmid
pYEPADH2(E/B) (38) into the HincII-SphI site of pT7T3 18.
The ADH2 sequence was inserted into the yeast expression
vector pHZ18A2 Sma (Fig. 1). This plasmid contains the
yeast 2,um origin of replication and the URA3 gene for
selection, in addition to the pBR322 origin and the ampicil-
lin-selectable marker for propagation in bacteria. pHZ18A2
Sma was created by converting the unique Sall site present
in pHZ18A2 (34, 45) to an SmaI site by ligation of SmaI
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FIG. 1. Map of fusion genes used to define sequences important for 3'-end formation and their corresponding ,B-galactosidase activities.
pHZ18A2 is a yeast 2i±m vector containing URA3 as a selectable marker and an rp5l-lacZ fusion gene which expresses relatively high levels
of 3-galactosidase. The plasmids pLlOl to pL1O8 contain sequences from the 3' end of the ADH2 gene (open boxes), pL201 contains 82 nt
from the 3' end of CYCI (striped box), pL301 and pL302 contain 310 nt from the 3' end of the ACP2 gene (stippled boxes), and pL401 to pL404
contain mutations in the ADH2 sequence which affect 3'-end formation. The shaded triangle depicts the site and orientation of the AATAAA
sequence. Arrows point to 3' end of fusion genes, and * depicts sites of point mutations. The P-galactosidase activities are expressed relative
to that of pHZ18A2. The activity measurements are based on the plate color assay, where + + + is very dark blue and - is white.

linkers into the filled-in Sall site (3). All subsequent cloning
into pHZ18A2 Sma was performed by filling in of 5' over-
hangs generated by restriction digests and blunt-end ligation
into the SmaI site. pL103 was generated by cleavage of
pT7T3 ADH2 with BamHI and SspI, filling in the 5' over-
hangs with the large fragment of DNA polymerase I, gel
purifying the fragment away from the vector, and ligation to
SmaI-cut pHZ18A2 Sma (3). pL104, pL105, and pLl06 were
constructed in a similar manner except that the starting
plasmid was digested with NheI and BamHI for pL104, with
BstBI and HindlIl for pL105, and with BamHI and RsaI for
pL106. The plasmid pL201 contains the 82-nt fragment from

the 3' end of the CYCI gene and approximately 30 nt derived
from the polylinker of pGEM. The plasmid pSB7 (described
in reference 37) was digested with XhoI and Sail and
religated. The resulting plasmid containing the CYCI se-
quence was digested with HindIII and the ends were filled in,
and then it was digested with SmaI and ligated into pHZ18A2
Sma. The plasmids pL301 and pL302 were derived from
digestion of pWH7, a plasmid containing the ACP2 gene (a
gift from D. Kolodrubetz). pWH7 was digested with BamHI
and EcoRI to generate a 310-nt fragment which contained the
3' end of the ACP2 gene (20). This was subcloned into pT7T3
to create pT7T3 ACP2. This plasmid was digested with
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EcoRI and HindIlI and, after the ends were filled in, cloned
into the SmaI site of pHZ18A2 Sma. The plasmids pL1O7 and
pL108 were constructed by oligonucleotide-directed site-
specific mutagenesis on double-stranded DNA by the
method of Inouye and Inouye (25). The mutagenesis was
done on the pT7T3 ADH2 plasmid and the mutated ADH2
DNA was then subcloned into pHZ18A2 Sma by using the
same strategy as for pLlOl. Mutations were verified by DNA
sequencing.
RNA analysis. Total RNA was prepared as described by

Ausubel et al. (3). RNase protection analysis was done as
described by Hart et al. (22). Radiolabeled size standards
were made by filling in 5' overhangs from MspII-cut pBR322
DNA. Northern (RNA) analysis was performed after elec-
trophoresis on 1.5% agarose-formaldehyde gels (3). Radio-
labeled ADH2 probes for hybridization were made by digest-
ing pT7T3 ADH2 with EcoRI and using this DNA as a
template for T3 RNA polymerase. The URA3 probe was
made by digestion of pNSU114 (a gift from Neil Sugawara)
with EcoRI, and this was used as a template for SP6 RNA
polymerase. Densitometry was performed with the Scanjet
densitometry software for the MacIntosh computer and also
with an LKB ultroScan XL densitometer. Several different
exposures of Northern blots were analyzed. The RNA fold
programs are from the Genetics Computer Group (15) and
are based on the methods of Zucker and Stiegler (52).

Chemical mutagenesis. Chemical mutagenesis was done
with hydroxlyamine hydrochloride (Sigma), using two dif-
ferent protocols. The first utilized 10 p,g of CsCl-purified
pLlOl DNA, treated with a freshly made solution of 0.5 M
hydroxylamine hydrochloride (pH 7.0) and incubated at 37°C
for 20 h. The reaction was terminated by the addition of 0.1
M NaCl and 0.1-mg/ml bovine serum albumin and two
ethanol precipitations prior to transformation. The second
protocol (12) started with 30 jxg of CsCl-purified pLlOl in
75% ethylene glycol. The hydroxylamine solution (final
concentrations of 0.05 M hydroxlyamine and 0.02 M
NaP207) was added to the DNA and incubated at 70°C for 45
min. The reaction was terminated by the addition of acetone
to 14% and NaCl to 0.14 M. The DNA was ethanol precip-
itated two times prior to transformation.

Analysis of mutants and DNA sequencing. Yeast colonies
which appeared blue on indicator plates after hydroxylamine
mutagenesis were chosen for further analysis. Colonies were
grown on appropriate plates, and total DNA was prepared
from cells taken directly from the plate (41). This DNA was
transformed into Escherichia coli (MC1061), and the trans-
formation mixture was reintroduced into competent yeast
cells to confirm the original phenotype. DNA from all
colonies which were blue after the second transformation
was prepared and transformed into E. coli as described by
Sherman et al. (41) except that the cells were taken directly
from the plate and an extra chloroform-isoamyl alcohol
extraction and ethanol precipitation were included prior to
transformation. DNA from these bacterial transformants
was prepared with a Qiagen midi DNA preparation kit and
sequenced by the double-stranded dideoxy sequencing tech-
nique with Sequenase (U.S. Biochemical Corp.). In all
cases, both strands were sequenced. It is noteworthy that
the sequence we obtained for the wild-type ADH2 sequence
differs from the published sequence (38) at four sites (posi-
tions 25, 31, 34, and 49) and that in all cases there is a T-to-C
transition.

Yeast strains and yeast methods. The yeast strain used
throughout this work is DB745 (a ade leu ura). All yeast
methods are described by Sherman et al. (41). Yeast trans-

formation was done by the LiCl method. ,-Galactosidase
activities were measured by the cell permeabilizing assay
described by Ausubel et al. (3).

RESULTS

To determine whether the AATAAA sequence found in
some yeast genes is important in 3'-end formation and to ask
what additional sequences may be required for this reaction,
we constructed a plasmid which allows us to use P-galac-
tosidase activity as a measure of 3'-end formation in vivo.
This plasmid, pHZ18A2, is shown schematically in Fig. 1.
The key component of this plasmid is a fusion gene which
consists of part of the ribosomal protein (rp) 51 gene (5'
exon, intron, and part of 3' exon) fused in frame to the lacZ
gene (34, 45). The fusion gene is controlled by the GAL
upstream activating sequence. Under inducing conditions, it
was transcribed, the pre-mRNA was spliced, and 3-galac-
tosidase was produced (Fig. 1 and 2B).
We reasoned that insertion of a sequence which directs

transcription termination or polyadenylation (or both) into
the intron would prevent the completion of full-length tran-
scripts and reduce or abolish ,B-galactosidase activity. To
test this, we inserted the 3' end of the ADH2 gene into the
intron of the rpSl gene to create pLlOl. The 3' end of the
ADH2 mRNA has been mapped by S1 nuclease protection
(38), and an AAUAAA motif is found 17 nt upstream of this
site, in a position consistent with it possibly functioning as a
polyadenylation signal. If the sequence from the ADH2 gene
directs either transcription termination or 3'-end processing
(or both), no 3-galactosidase will be produced. If the ADH2
site does not direct 3'-end formation, transcription will
proceed through the lacZ gene, the rp5l intron will be
spliced, and the fusion transcript will direct synthesis of
functional ,3-galactosidase. The levels of 3-galactosidase can
be determined by both a plate assay (blue versus white
colonies on indicator plates) and/or a soluble assay. In all
cases, cells were grown in media containing galactose as a
carbon source (to activate the promoter) and lacking uracil
(to maintain the plasmid). Transcription from the original
plasmid, pHZ18A2, directed the synthesis of ,B-galactosidase
(Fig. 1 and 2B). Unlike pHZ18A2, plasmid pLlOl, containing
327 nt derived from the 3' untranslated region of ADH2, did
not produce high levels of ,3-galactosidase. The ADH2
fragment inserted in the opposite orientation (pL102) re-
sulted in high levels of ,B-galactosidase expression, demon-
strating that the signal directing 3'-end formation of this
mRNA is orientation dependent. In addition, this result
indicates that additional sequence present in the intron of
these fusion plasmids does not interfere with splicing.
The absence of 3-galactosidase from the strain containing

the ADH2 sequence in the sense orientation does not estab-
lish that the fusion transcript contains a 3' end corresponding
to the wild-type ADH2 transcript. To address this question,
we prepared RNA from cells harboring pLlOl or pL102 or
pYEPADH2(E/B), a plasmid containing the entire wild-type
ADH2 gene (38). The ends of RNAs containing the ADH2
sequence were determined by RNase protection analysis.
RNA derived from cells containing pLlOl (Fig. 3A, lane 3)
yielded two protected fragments, a major one of 144 nt and
a minor one of 124 nt. The major poly(A) site mapped to a
stretch of Ts at positions 133 to 137 (see Fig. SA), and the
minor site mapped to position 118. This is identical to the 3'
ends of the endogenous ADH2 mRNA (Fig. 3A, lane 2). The
difference in sizes of the protected fragments is due to
non-ADH2 sequences which are in the fusion transcript and
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transformed into E. coli, and the DNA sequence was determined by conventional procedures. (A) Minimal sequence required for 3'-end
formation. In addition, the sequence changes detected in the mutations pL401 to pL404 are shown. The major and minor polyadenylation sites
are underlined. (B) P-Galactosidase activity of the mutants relative to that of the wild-type plasmid. ,-Galactosidase activity was determined
by analysis of solubilized cell extracts with o-nitrophenyl-P-D-galactopyranoside as the enzyme substrate. The data were compiled by
averaging the results of approximately 10 independent experiments for each strain. (C) Northern blot analysis of the mutants compared with
the wild-type strain. The blot was hybridized to a URA3 probe and an ADH2 probe. (D) Part of the predicted secondary structure of the ADH2
sequence required for proper 3'-end formation. The arrows point to the positions of the point mutations.
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FIG. 3. RNase protection analysis to map the 3' end of ADH2
RNAs. Total RNA was prepared from strains containing pLlOl
(lane 3), pL102 (lane 4), and pYEPADH2(E/B) (lane 2). Poly(A)-
containing RNA from pLlOl was isolated by oligo(dT) chromatog-
raphy (lane 5). Each RNA [10 p.g for total RNAs, 1 ,ug for poly(A)+
RNAs] was hybridized to an ADH2 antisense probe. The hybridiza-
tion mixture was digested with RNase T2, and the products were
analyzed on an 8.3 M urea-8% polyacrylamide gel. The sizes of the
protected fragments (shown schematically in panel B) correspond to
the 3' end of ADH2-containing RNAs. The labeled size standards
(nucleotides) (lane 1) are from MspII-digested pBR322 DNA.

in the probe but are not found in the endogenous RNA (Fig.
3B) and does not reflect a difference in the cleavage sites.
The high-molecular-weight band running at about position
350 most likely represents incomplete digestion of the probe,
since this species is observed in pL102 (lane 4), which does
not contain any RNA complementary to the probe. The
endogenous ADH2 RNA was transcribed only when the cells
were grown in the presence of ethanol and was not detect-
able in cells grown with galactose as the sole carbon source
(Fig. 3A, lane 4). Analysis of RNA selected on oligo(dT)-

cellulose indicated that the fusion transcript contains a
poly(A) tail (Fig. 3A, lane 5). These results establish that the
ADH2 sequence can direct correct 3'-end formation when
inserted into an intron. However, these results do not allow
us to distinguish between termination of transcription and/or
cleavage and polyadenylation.
To further localize the signal contained within this 327-nt

fragment, we constructed derivatives of pLlOl which re-
sulted in truncated inserts and evaluated these for ,-galac-
tosidase expression (Fig. 1). If the insert was truncated at the
SspI site, 5 nt upstream of the poly(A) addition site (pL103),
the level of P-galactosidase expression was high, demon-
strating the importance of some sequence downstream of
AATAAA. A strain containing the plasmid which includes
17 nt downstream of the poly(A) site (pL104) also produced
high levels of ,B-galactosidase, indicating the requirement for
sequences downstream from the end of the mature mRNA.
However a construct containing 54 nt downstream of the
poly(A) addition site (pL106) resulted in very low levels of
P-galactosidase, demonstrating that this region is sufficient
to direct cleavage and polyadenylation. Quantitative ,-ga-
lactosidase assays from this strain indicate that there is
slightly more readthrough from these sequences than from
pLlOl (data not shown). Thus, the minimal sequence needed
to direct proper 3'-end formation includes sequences be-
tween 17 and 54 nt downstream of the mature end of the
ADH2 mRNA. Sequences further upstream than the BstBI
site are required since plasmid pL1O5 also resulted in high
levels of I-galactosidase. In summary, these results show
that in addition to sequences upstream of the poly(A) site,
there are sequences downstream of the poly(A) site which
are required for ADH2 3'-end formation. In addition, we
showed that a 191-nt fragment from the 3' untranslated
region of the ADH2 gene can direct cleavage and polyade-
nylation and/or transcription termination in vivo.
The sequence discussed above contains the AATAAA

sequence. To determine whether the AATAAA is required
for 3'-end formation, we used site-directed mutagenesis to
construct two additional plasmids. In pL107, the AATAAA
sequence was changed to AATTCA, and in pL108, the
AATAAA was deleted. In pL107, the 2-nt change in the
sequence should be sufficient to inactivate the polyadenyla-
tion signal if the mechanism of 3'-end formation in yeasts is
comparable to the reaction in mammalian cells. In support of
this assumption, Wickens and Stephenson (49) have shown
that both single mutations, AATACA and AATTAA, dras-
tically reduce cleavage and polyadenylation of precursor
RNA microinjected into Xenopus oocytes to 1.6 and 0.5% of
normal levels, respectively. The data shown in Fig. 2B
demonstrate that the double mutation and the deletion
mutation did not abolish 3'-end formation activity, since
only low levels of,-galactosidase activity were detected
with both pL1O7 and pL108. This suggests that the
AATAAA sequence is not absolutely required for 3'-end
formation in S. cerevisiae.
To determine whether the position of the 3' end was

affected by these mutations, RNA was prepared from strains
harboring plasmids with the mutations in AATAAA and
compared with strains containing wild-type plasmids. The
results from RNase protection analysis are shown in Fig. 4A.
In this experiment, total RNA was isolated from the strains
harboring pLlOl, p_102, p,107, or pL108. In pLlOl, p_102,
and p_107, the RNA was hybridized to the antisense probe
depicted in Fig. 3B, while in p_108, the RNA was hybridized
to a probe derived from a similar antisense RNA which
contained a deletion for AATAAA. The results demon-
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FIG. 4. Effect of AATAAA mutations on ADH2 3'-end forma-
tion. (A) Total RNA was prepared from strains harboring pLlOl
(lane 1), pL1O2 (lane 2), pL107, the plasmid containing AATTCA
(lane 3), p_108, the plasmid containing a deletion of AATAAA (lane
4), pL401, the plasmid containing a point mutation which affects
3'-end formation (lane 5), and pHZ18A2, the parental plasmid
lacking any ADH2 sequence (lane 6). Each RNA was hybridized to
an antisense ADH2 probe and treated with RNase T2 before analysis
on denaturing gels. Arrows point to major cleavage sites. (B) RNA
was run on a 1.5% agarose-formaldehyde gel, and Northern blots
were hybridized to either a URA3 probe or an ADH2 probe.
Autoradiography was for 16 h (A) or 6 h (B).

strated that the site of cleavage is unaltered by the muta-
tions. However, the amount of RNA detected from the
AATAAA deletion plasmid pL108 was reduced compared
with that detected from the wild-type plasmid pLlOl (Fig.
4A, lanes 1 and 4).
To establish the relative amounts ofRNA derived from the

various fusion gene plasmids, we analyzed RNA by North-
ern blots which were hybridized to either an ADH2 probe or
a probe complementary to the mRNA from the URA3 gene,
which serves as an internal control for the amount of RNA
loaded onto the gel (Fig. 4B). In this and other experiments,
we detected a slight reduction in the amount ofRNA derived
from the strain containing pL108 compared with the wild-
type strain. More sensitive densitometry scanning of the gels
demonstrated that this approximately twofold reduction in
mRNA levels is consistent with the increase in the level of
P-galactosidase observed for pL108 (Fig. 2B). Since the
effect on 3'-end formation is rather subtle, it is most likely
that the AATAAA sequence is not serving as a signal for
cleavage and polyadenylation in yeasts as it is in metazoans.
We also compared the termination-polyadenylation activ-

ity of other 3'-end sequences inserted into the same site in
the rp5l intron. The well-characterized CYCI 3' end (7, 40,
51) also directed 3'-end formation in this fusion gene, but
much less efficiently than ADH2 (Fig. 5). In this case, there
was 35% readthrough of transcription, resulting in interme-
diate levels of ,B-galactosidase activity. This is the same
relative amount of activity measured by Ruohola et al. (37).
In their study, the CYCJ 3'-end sequence was inserted into
the actin gene intron, which was fused in frame to the HIS4

FIG. 5. Comparison of the efficiency of 3'-end sites by quantita-
tive analysis of ,B-galactosidase activity. The relative amount of
P-galactosidase activity was determined by analysis of solubilized
cell extracts with o-nitrophenyl-p-D-galactopyranoside as the en-
zyme substrate. The data were compiled by averaging the results of
approximately 10 independent experiments for each strain. +,

Normal orientation; -, reverse orientation.

gene, and readthrough of transcription was measured by
quantitation of the resulting RNAs. We also tested se-
quences from the ACP2 gene (20). Like the ADH2 sequence,
this sequence also functioned in an orientation-specific man-
ner in that there was at least 10-fold-more ,-galactosidase
activity in the opposite orientation. However, there may be
a weak signal in the negative orientation for this gene, since

,B-galactosidase levels were reduced compared with those
generated by pHZ18A2 or pL102. The presence of overlap-
ping polyadenylation signals may be a common feature of
convergently transcribed yeast genes (29, 42, 46, 47, 51). It is
also clear from these results that there is a wide variation in
the efficiency at which specific sequences direct 3'-end
formation.
The results described in the preceding paragraphs demon-

strated that the AATAAA sequence is not required for
3'-end formation at the yeast ADH2 site. To determine
which other sequences in the ADH2 3' end are important for
termination-polyadenylation, we mutagenized the plasmid
pLlOl in vitro, using hydroxylamine hydrochloride. After
mutagenesis, the DNA was transformed into yeast cells and
grown on indicator plates containing 5-bromo-4-chloro-3-
indolyl-,-galactoside (X-gal). If a mutation results in inacti-
vation of 3'-end formation, the resulting colony will appear
blue on these plates. Mutations which detrimentally affect
splicing, transcription, or translation of the fusion transcript
will result in white colonies on indicator plates and will
therefore be undetected in this screen. The sequencing of
mutagenized DNA which inactivated the ADH2 3'-end sig-
nal(s) revealed a region 80 nt upstream from the cleavage site
that is important for proper 3'-end formation. As depicted in
Fig. 1 and 2A, pL401 contains a single change of T to G at
position 60 (relative to the beginning of the ADH2 insert).
This mutation greatly increased the production of P-galac-
tosidase (Fig. 2B) and caused a corresponding decrease in
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the amount of RNA terminating at the ADH2 site (Fig. 2C,
lane 3). When the ADH2 region from pL401 was excised
from the plasmid and reinserted into pHZ18A2 Sma, the
same results were obtained. Thus, the inactivation of the
3'-end-formation signal was due to this single change and
was not due to another change elsewhere on the plasmid. We
isolated three additional mutations, which are outlined in
Fig. 1. The mutations in these plasmids all caused increased
,-galactosidase activity when compared with the wild-type
sequence (Fig. 2B). RNA analysis of these mutations dem-
onstrated that there is a reduction ofADH2 signal consistent
with the increase in ,B-galactosidase activity (Fig. 2C). It is
important to note that the mutations are clustered within 20
nt of each other. Interestingly, although they were induced
by hydroxylamine, the observed changes include transver-
sions, transitions, and deletions. Figure 2A shows the min-
imal ADH2 sequence required to direct 3'-end formation and
the mutations which affect this process. The pL402 mutation
is a double mutation, resulting in the deletion of the T at
position 60 and a C at position 65. The pL403 mutation is an
G-to-A transition at position 45, and the pL404 mutation is a
transversion at position 65 from C to G. Not all the muta-
tions restored full 3-galactosidase levels. For example,
pL403, which contains the mutation furthest away from the
others, resulted in the least severe phenotype. In this strain,
3-galactosidase levels were reduced relative to those result-

ing from the other mutations, and the ADH2 RNA levels
were increased (Fig. 2C, lane 5). It is formally possible that
these mutations increase the efficiency of splicing rather than
increase the level of readthrough transcription. This possi-
bility seems unlikely since the mutations are not located in
regions known to be required for splicing. Nevertheless, we
are in the process of testing this possibility by examining the
levels of readthrough transcription directed by these cis
mutations in a nonintron context.

DISCUSSION

Defining the sequences required for RNA-processing re-
actions has been a key factor in elucidating the mechanisms
governing these reactions. It is well documented that the
sequence AAUAAA and a U (or GU)-rich element down-
stream of this site are crucial to 3'-end formation of most
eukaryotic mRNAs (30, 36). It is postulated that cleavage
factors, a specificity factor, and the poly(A) polymerase all
depend on these sequences for specific interaction with the
precursor RNA (10, 11, 18, 31, 44). The purification of these
factors, as well as the cloning of the genes coding for these
factors, is an area undergoing intense investigation. We are
expanding our understanding of how 3'-end formation oc-
curs by examining the reaction in the yeast S. cerevisiae, a
system amenable to genetic analysis.
An early step in defining the mechanism of 3'-end forma-

tion in S. cerevisiae is the identification of sequences re-
quired for the reaction. Although consensus sequences for
polyadenylation signals in yeasts have been proposed (23,
51), these sequences are not uniformly present in yeast
genes. For example, the sequence TAG.. .TA(T)GT...
TTT may serve as an important signal for termination of
transcription at some yeast sites (43, 51). This is based
largely on a comparison of a limited number of yeast gene
sequences and has not been directly tested by mutational
analysis. An exact match to this sequence is not found in the
ADH2 3' end. However, there is a permutation of the
sequence present in the region we defined as important for
3'-end formation (TAG [positions 43 to 45] TATG [positions

60 to 64] TTT [positions 85 to 87]). Interestingly, the two
mutations we identified at positions 43 and 60 fall within
elements of this loose consensus. However, the mutation at
position 65 is not included in this putative signal, and this
suggests that the actual signal is more complex. Another
consensus sequence discussed in the literature is TTTTT
TATA (23). It is also only partially represented in the ADH2
3' region as a TTTATA at position 39, and none of the
mutations we characterized fall in this sequence. Finally, it
has long been recognized that the AATAAA sequence,
which is such an important signal in metazoan mRNA
polyadenylation, is also not present in all yeast genes.
Deletion of the AATAAA sequence upstream of the yeast
ADH2 polyadenylation site or mutation of this sequence to
AATTCA did not have a significant effect on the efficiency of
polyadenylation. Similar disruptions in a mammalian gene
would lead to a 10-fold or greater decrease in the level of
polyadenylated RNA (30).
While only one yeast gene has been directly examined, the

data presented in this report nevertheless strongly suggest
that the AATAAA sequence will not contribute to 3'-end
formation in yeasts. However, it is interesting that we
detected a small increase in the amount of readthrough
transcription seen in a gene which is missing this sequence.
This result suggests that the deletion of the AATAAA
sequence from the 3' end of the ADH2 gene does have a
small effect on the efficiency but not the accuracy of 3'-end
formation. Although it is unlikely that the AATAAA se-
quence plays the same role in polyadenylation of yeast
mRNA as it does in metazoans, the data do not rule out the
possibility that AATAAA is an important signal but that
functionally redundant signals exist. Deletion of sequences
critical for one pathway may activate a compensatory mech-
anism(s) for 3'-end formation.

It is somewhat surprising that AATAAA, or another
consensus sequence, is not a central player in yeast 3'-end
formation. Other basic reactions involved in mRNA synthe-
sis, such as transcription (19) and pre-mRNA splicing (50),
share very similar mechanisms between yeasts and higher
eukaryotes. While the mutational analysis of the ADH2 site
revealed striking differences in the polyadenylation signals
utilized by yeast and mammalian cells, it also highlighted
some similarities. In both systems, there appears to be a
requirement for a sequence upstream of the poly(A) addition
site as well as one downstream. In the yeast ADH2 gene, an
upstream signal is located approximately 80 nt away from
the cleavage site, compared with 10 to 30 nt for the mam-
malian signal. A similar situation exists for the yeast Ty-D15
element (47). In light of this, there is recent evidence that
sequences upstream of the AATAAA are important for the
efficient polyadenylation of some virus mRNAs (9, 16, 39) as
well as some plant RNAs (24, 32).
The efficiency and precision of mRNA polyadenylation in

yeasts resembles that of mammalian cells and logically
implies the involvement of signal sequences on the RNA
precursor. However, given the results presented here and
the observations of others, there may not be a simple
recognition sequence for 3'-end formation. Alternative
hypotheses include highly degenerate cis-acting sequences,
multiple sequence configurations which can lead to polyade-
nylation, or structural signals. A polyadenylation signal
based on secondary structure may explain why it has not
been possible to find a conserved consensus sequence for
yeast polyadenylation. The ADH2 sequence analyzed in this
study can be folded into a stem-loop structure (shown in Fig.
2D). It is interesting that the sequences uncovered by the
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hydroxylamine mutagenesis are clustered in a stem region.
In addition, three of the mutations affect a bulged base in the
stem structure. Site-directed mutagenesis experiments are
currently under way to test the relevance of this stem-loop
structure in the RNA. There is precedence for stem-loop
structures as important signals for 3'-end formation in both
eukaryotes and prokaryotes. In E. coli, the formation of a
stem-loop structure in the RNA directs rho-independent
termination. In this case, the stem-loop sequence is not
conserved, but there is some sequence requirement in that
the stem is usually followed by a stretch of U residues (35).
Histone 3'-end formation in mammalian cells is another
example of a well-defined system in which the RNA second-
ary structure is necessary for 3'-end formation (4). In this
case, the signal specifying RNA processing is not the
AAUAAA sequence but a stem-loop structure found in the
3' untranslated region of the RNA.

It is interesting that one of the mutations revealed by the
hydroxylamine treatment does not result in a completely
nonfunctional poly(A) site. If a factor which normally inter-
acts at this site is weakly operative on the mutated site,
increased expression of this putative factor(s) may allow
suppression of the mutant phenotype. It is also possible that
a compensatory mutation in a trans-acting factor could
restore efficient 3'-end formation. A similar assumption was
made in a study on yeast pre-mRNA splicing, and this
approach was successful in the isolation and cloning of a
trans-acting suppressor of a branchpoint mutation (6, 14).
Thus, a search for suppressors of the mutations affecting
polyadenylation may also lead to isolation of trans-acting
factors required for 3'-end formation.
One of the fundamental conclusions of the data presented

here is that the activity directed by the ADH2 sequence is
dominant over pre-mRNA splicing and that this causes the
decrease in,-galactosidase activity. One possible explana-
tion is that the ADH2 sequence in the rpSl intron interferes
somehow with recognition of splicing signals. Since the
highly conserved yeast splicing signals, the GUAUGU at the
5' splice site and the UACUAAC at the branch site (50), are
not found in the ADH2 sequence, it is unlikely that this
stretch of RNA is providing alternative signals which would
lead to nonfunctional product RNAs. On longer exposures of
Northern blots, such as in Fig. 2C and 4B, we did not
observe longer species containing intron sequence with any
of our constructs, as might be expected if splicing was
inhibited. When yeast mRNA splicing is perturbed by cis- or
trans-acting mutations which affect this processing reaction,
unprocessed precursor and splicing intermediates accumu-
late in vivo and can be detected by such an analysis (14, 50).
Instead, we saw only the short transcript correctly termi-
nated at the ADH2 site. Other studies also indicate that small
insertions upstream of, but not adjacent to, the UACUAAC
site of yeast introns have little effect on splicing (21, 27, 37).

If the ADH2 site is a true processing site, it appears that
the polyadenylation reaction preempts pre-mRNA splicing
in yeasts. This is in direct contrast to the situation in higher
eukaryotes. In this case, a poly(A) site placed within an
intron is not recognized (2, 5, 28). In yeasts, the polyadeny-
lation reaction may occur more rapidly than splicing, or
formation of a 3'-end-processing complex may preclude
assembly of the splicing apparatus. An alternative to this
possibility is that the ADH2 site is causing termination of
transcription. If this is so, it is easy to reconcile the apparent
discrepancies in the two systems, since the yeast fusion
transcript would not include the 3' splice site.
We have not yet isolated any cis-acting mutations that

allow us to separate the two major reactions contributing to
the formation of mRNA 3' ends, termination of transcription
and cleavage and polyadenylation. In this light, it is inter-
esting that the ADH2 and the ACP2 mRNAs used in this
study are very poor substrates for cleavage and polyadeny-
lation in vitro (26a). This is somewhat unexpected given the
efficiency at which these sites direct 3'-end formation in
vivo. In contrast, the CYCJ sequence is an efficient substrate
for the cleavage and polyadenylation reaction in yeast ex-
tracts (7, 8) but is approximately threefold-less effective than
the ADH2 site for 3'-end formation in vivo. It will be
interesting to establish whether the differences between the
in vivo results and the in vitro activity reflect different
mechanisms for 3'-end formation.
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