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Different Sequence Elements Are Required for Function of
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Saccharomyces cerevisiae Compared with in Plants
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We show that the polyadenylation site derived from the plant cauliflower mosaic virus (CaMV) is specifically
functional in the yeast Saccharomyces cerevisiae. The mRNA 3' endpoints were mapped at the same position in
yeast cells as in plants, and the CaMV polyadenylation site was recognized in an orientation-dependent
manner. Mutational analysis of the CaMV3'-end-formation signal revealed that multiple elements are essential
for proper activity in yeast cells, including two upstream elements that are situated more than 100 and 43 to
51 nucleotides upstream of the poly(A) addition site and the sequences at or near the poly(A) addition site. A
comparison of the sequence elements that are essential for proper function of the CaMV signal in yeast cells and
plants showed that both organisms require a distal and a proximal upstream element but that these sequence
elements are not identical in yeast cells and plants. The key element for functioning of the CaMV signal in yeast
cells is the sequence TAGTATGTA, which is similar to a sequence previously proposed to act in yeast cells as
a bipartite signal, namely, TAG...TATGTA. Deletion of this sequence in the CaMY polyadenylation signal
abolished 3'-end formation in yeast cells, and a single point mutation in this motif reduced the activity of the
CaMV signal to below 15%. These results indicate that the bipartite sequence element acts as a signal for 3'-end
formation in yeast cells but only together with other cis-acting elements.

The generation of mRNA 3' ends is an important step in
gene expression. In eukaryotes, this process generally in-
volves an endonucleolytic cleavage and the addition of a
poly(A) tail. The identification of the sequences responsible
for mRNA 3'-end formation in various eukaryotic organisms
has revealed that mammals contain apparently simpler
poly(A) signals than plants, retroviruses, and yeasts (for a
review, see reference 33). Mammalian poly(A) signals are
characterized by two cis-acting elements: the conserved
sequence AATAAA, which is present 10 to 30 nucleotides
upstream of the cleavage site (34), and a more-variant T-rich
or GT-rich element immediately downstream of the cleavage
site (8, 16, 26). Both elements are essential for proper
cleavage and polyadenylation in vitro and in vivo (13, 44, 45,
49). Intensive biochemical studies have revealed a variety of
trans-acting factors involved in the cleavage and polyade-
nylation reactions, including specificity factors, cleavage
factors, and a poly(A) polymerase (7, 17, 20, 40, 42, 50).

Signals for mRNA 3'-end formation in plants and yeast
cells appear to be different from those in mammals. Some
mammalian polyadenylation sites have been shown to be
nonfunctional in plants (21). In both plant and yeast cells, the
essential sequences are situated distinctly further upstream
of the cleavage site than in mammals. These findings indicate
that these organisms might share mechanistic similarities in
3'-end formation that are possibly related to rho-dependent
termination in bacteria (32).
Only a few plant polyadenylation sites have been charac-

terized. Deletion analyses of the signals of the pea ribulose-
1,5-biphosphate carboxylase small-subunit gene (rbcS) and
of the cauliflower mosaic virus (CaMV) have revealed that
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t Present address: Agriculture Canada Research Station, Vancou-

ver, British Columbia V6T 1X2 Canada.

sequences 30 to 150 nucleotides upstream of the cleavage
site are essential for 3'-end formation (28, 38). The universal
mammalian signal sequence AATAAA is present in only
40% of plant genes (25), but a deletion of this sequence in the
case of CaMV abolishes 3'-end formation. However, the
observation that point mutations that inactivate mammalian
polyadenylation signals (44) result in only partial inactivation
in plants suggests that a putative factor recognizing this
sequence would not possess such sequence specificity as in
mammals (28, 38).

In Saccharomyces cerevisiae, it has been shown that
many mRNA 3' ends are formed by endonucleolytic cleav-
age and subsequent polyadenylation analogous to that in
higher eukaryotes (4, 5), although most genes lack the
canonical AATAAA motif. In the ADH2 gene, this motif
does not act as a signal sequence (22). No unique sequence
element has been identified near yeast poly(A) addition sites.
A comparison of various polyadenylation sites suggests that
in yeast cells, at least two different classes of polyadenyl-
ation sites exist (23). Whereas one class contains no signif-
icant sequence similarities, a second class contains the
tripartite sequence TAG...TA(T)GT..TTl, which was first
suggested to be a yeast 3'-end-formation signal by Zaret and
Sherman (47) a decade ago. Mutagenesis of this sequence
located 80 to 120 bp upstream of theAR04 poly(A) addition
site dramatically reduced the activity of this site (23). Other
recent reports have supported the involvement of this or a
similar sequence in 3'-end formation. Single point mutations
that inactivated theADH2 polyadenylation site have all been
localized 70 to 90 bp upstream of the cleavage site within a
sequence with high homology to the tripartite consensus
sequence (22). Several intragenic revertants of a cycl-512
mutant defective in 3'-end formation were isolated and were
shown to restore correct 3'-end formation because they had
acquired either the bipartite motif TAG...TATGTA, a se-
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quence with high similarity to the previously proposed
tripartite sequence, or an alternating A+T stretch (36, 48).
Both sequences were proposed to act as 3'-end-formation
signals in yeast cells. The involvement of an A+T alternating
stretch was supported by the analysis of the signals for
3'-end formation in the GAL7 gene. A 26-bp region encom-
passing the sequence (AT)g was shown to direct cleavage
and polyadenylation 4 to 5 bp downstream of this gene (1).

In this report, we aimed to investigate putative similarities
of 3'-end formation in plants and yeast cells. We demon-
strate that S. cerevisiae specifically recognizes the polyade-
nylation signal of CaMV, a plant pararetrovirus (9, 14). The
mRNA 3' endpoints, where the poly(A) tail is added, are at
the same position as in plants, and the functioning of this site
in yeast cells is orientation dependent. We show that multi-
ple cis-acting sequence elements, including two upstream
sequences, the AATAAA motif, and the sequences at or
near the poly(A) addition site, are required for proper CaMV
3'-end formation in yeast cells. As the key element for
function of the CaMV polyadenylation site in yeast cells, we
have identified the sequence TAGTATGTA, a motif resem-
bling previously proposed consensus sequences (36, 47).
Point mutations in this sequence reduced the activity of this
site to 10 to 20% of the original activity.

MATERIALS AND METHODS

Plasmid constructions. The plasmid pME729 that was used
for inserting and analyzing the CaMV polyadenylation site
and its various mutants was constructed as follows. The
0.45-kb HindIII-BamHI fragment of pAAH5 (2) containing
the 3'-end region of the ADH1 gene was inserted into the
polylinker of the Escherichia coli-S. cerevisiae shuttle vec-
tor YEp352 (19), a 2,um-derived plasmid containing the
URA3 gene for selection in S. cerevisiae, to create plasmid
YEp352-ADH1. A 0.73-kb BssHII-XhoI DNA fragment from
plasmid pYactI (29) that contained the 5' region of the actin
gene was blunt ended at the XhoI site and ligated into the
NarI-HindIII-digested vector YEp352-ADH1, which was
filled in at the HindIII site, to create plasmid pME729. This
plasmid therefore contains a fusion of the 5' part of the actin
gene (promoter, 5' untranslated region, exon 1, and part of
the intron) to theADHI 3'-end region. The single XhoI site
in between was used for inserting additional fragments.
From the actin part, 0.22 kb are transcribed, and from the
ADHI part, 0.22 kb are transcribed. The CaMV 3' end was
received as a 0.250-kb SmaI-HindIII fragment from plasmid
pDH51 (31) and was placed blunt ended into the filled-in
XhoI site of pME729 to create pME729-CaP and pME729-
CaN, with positive or negative orientation of the CaMV
fragment to the direction of transcription, respectively.
Large deletions were made by incubation of plasmid pDH51,
which was linearized with PstI (for 5' deletions) or HindIII
(for 3' deletions), with nuclease Bal 31 for various periods.
Linkers were ligated, and the shortened CaMV sequences
were cloned at the site of the full-length CaMV fragment into
pME729-CaP. Small deletions and point mutations were
created with oligonucleotides containing the desired muta-
tions by the polymerase chain reaction according to the
method of Giebel and Spritz (15). These products were
inserted at the place of the normal CaMV sequence into
pME729-CaP. All deletions and mutations were confirmed
by DNA sequencing.
RNA analysis. Total RNA from yeast cells was isolated

according to the method of Zitomer and Hall (51) by using
glass beads to disrupt the yeast cells. For Northern (RNA)

hybridization, 10 ,ug of total RNA was separated on dena-
turing formaldehyde gels, transferred to nylon membranes,
cross-linked by UV light, and hybridized with DNA frag-
ments labeled according to the oligolabeling method de-
scribed by Feinberg and Vogelstein (12). Band intensities
on autoradiograms were quantitated with a densitometer
(Macintosh). Nuclease S1 protection experiments were per-
formed as previously described (23), and RNase protection
analysis was performed according to the method of Goodall
and Filipowicz (18).
Yeast strains and yeast methods. The S. cerevisiae strain

used for this study was RH1376 (A 4Ta Aura3), a derivative
of the laboratory strains X2180-1A (MA Ta gal2 SUC2 mal
CUPJ) and X2180-1B (MATagal2 SUC2 mal CUPI). Yeast
cells were grown on YEPD (yeast extract-peptone-dextrose)
complete medium or on MV minimal medium (27). S.
cerevisiae transformation (24) and total DNA isolation (3)
were previously described. Plasmid-carrying yeast strains
were identified by Southern hybridization (41).

Reagents. Restriction enzymes, nucleases Bal 31 and S1,
DNA and RNA polymerases, and other enzymes were
purchased from Boehringer (Mannheim, Germany), Pharma-
cia (Uppsala, Sweden), or New England BioLabs (Schwal-
bach, Germany). Oligonucleotides were synthesized by Mi-
crosynth (Windisch, Switzerland).

RESULTS

Plant CaMV polyadenylation site is functional in yeast cells.
We have constructed a simple test system for the analysis of
3'-end-formation signals in S. cerevisiae. This system is
based on a 2,um-derived plasmid, pME729, which contains
the 5' region of the actin gene, including its efficient pro-
moter, exon 1, 80 bp of the intron, and, adjacent to it, the
polyadenylation site of theADHI gene. With this system, we
have tested the polyadenylation site of a plant pararetrovi-
rus, CaMV, which was inserted as a 250-bp fragment in both
orientations into the single XhoI restriction site between the
actin and ADHI sequences (Fig. IA). The sequence of the
CaMV 3'-end region is shown in Fig. 1B. The 250-bp CaMV
fragment contains the region 180 bp upstream and 15 bp
downstream of the poly(A) addition site in plants as well as
polylinker sequences on both sides. Readthrough transcrip-
tion from the actin promoter through the CaMV insert
resulted in a transcript of 750 bp which was polyadenylated
at the efficient ADH1 polyadenylation site (23). 3'-End
formation within the CaMV sequence produced a truncated
RNA of about 500 bp (Fig. 1A). By using this test system, it
was possible to quantitate the efficiency of 3'-end formation
by determining the ratio of truncated versus readthrough
transcripts.

Total RNA of the yeast strains containing these constructs
was analyzed by Northern hybridization employing a DNA
fragment from the actin region as probe. The results show
that the CaMV polyadenylation site is recognized in an
orientation-dependent manner (Fig. 2). When the CaMV
sequence was inserted in a forward orientation into the test
system, approximately 60% of all transcripts initiating from
the actin promoter were truncated, whereas with reverse
insertion, the amount of truncated transcript was negligible.
Similar results were obtained with poly(A)+ RNA enriched
on oligo(dT) columns, indicating that all transcripts were
properly polyadenylated (data not shown).
mRNA 3' ends produced by the CaMV polyadenylation site

are identical in plants and yeast cells. The precise mRNA 3'
ends of the truncated transcripts were determined by RNase

VOL. 12, 1992
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FIG. 1. (A) Test system for the CaMV polyadenylation signal in
yeast cells. The CaMV fragment was inserted in both orientations
into plasmid pME729 between the 5' region of the actin gene
(promoter, 5' untranslated region, exon 1, and part of the intron) and
the 3' region of theADHl gene, including its polyadenylation signal.
Some essential sequences for splicing in the actin intron were
missing. The readthrough RNA (RT-RNA) from the actin promoter
through the CaMV sequence to the ADHI polyadenylation site and
the truncated RNA (T-RNA) with 3' ends in the CaMV sequences
are illustrated with arrows. (B) Partial CaMV DNA sequence (14)
encoding the polyadenylation signal. Underlined with a thick line
are the CaMV major mRNA 3' endpoints mapped in plants and yeast
cells, and underlined with a thin line is an additional minor 3' end
found in yeast cells. The sequence motifs AATAAA at positions
-12 to -17 with respect to the major poly(A) addition site and
TAGTATGTA at positions -43 to -51 are boxed and are discussed
in the text. Vertical arrows indicate the endpoints of various 5' and
3' deletions which were tested. The numbers represent the distances
from deletion endpoints to the major poly(A) addition site. Horizon-
tal arrows show the directions of the deletions that were performed
from restriction sites upstream or downstream of the poly(A)
addition site.

protection assays and nuclease Si mappings and were com-
pared with the mRNA 3' ends mapped in transiently trans-
fected plant protoplasts ofNicotianaplumbaginifolia (9, 38).
By using the RNase protection assay and a CaMV-spe-

cific, radiolabeled antisense probe, it was possible to directly
compare mRNA isolated from plants and yeast cells. The
results show that the major signals were located at the same
positions in both organisms. Some minor signals are at
different locations and might be due to nuclease artifacts
(Fig- 3A).

In addition, nuclease S1 mapping experiments were per-
formed with RNAs from yeast strains containing the forward
and reverse inserted CaMV polyadenylation sites (Fig. 3B).
The results obtained with this method confirmed the RNase

RNA
CONTROL

FIG. 2. Effect of the CaMV polyadenylation signal on mRNA
3-end formation in yeast cells. Total RNA (10 ,ug) from yeast strains
carrying the test plasmid with the CaMV polyadenylation signal
inserted in forward or reverse orientation was separated on a
formaldehyde-containing 2% agarose gel, transferred to nylon fil-
ters, and hybridized with a radiolabeled 450-bp MluI-XhoI ACT
DNA fragment spanning the 5' untranslated region, exon 1, and
intron sequences (29). The readthrough transcript of about 750 bp
(RT-RNA) and the truncated transcript of approximately 500 bp
(T-RNA) are indicated. As a standard for the amount of RNA
loaded, the same filter was washed and hybridized with a 1.1-kb
HindIll-HindIll URA3 DNA fragment (RNA control).

protection results. In the case of forward insertion, the major
signal of the 3' end of the truncated RNA was exactly at the
same position as in plants. An additional minor signal was
located 8 bp downstream of the major site (indicated in Fig.
1B). Additional protected bands that correspond to the
readthrough RNA were found at theADHI poly(A) addition
site. The ratio of the truncated versus the readthrough RNA
is significantly lower than in the Northern and RNase
protection experiments. This observation is probably due to
the higher affinity of the hybridization probe for the read-
through RNA.
At least four sequence elements are required for efficient

function of the CaMV polyadenylation site in yeast cells. The
specific recognition of the CaMV polyadenylation site in
yeast cells and the identities of the mRNA 3' endpoints
prompted us to ask whether yeast cells require the same
cis-acting elements as plants. In addition to the AATAAA
motif, upstream elements have previously been shown to be
important for proper function of the CaMV polyadenylation
site in plants (28, 38).

In order to locate the essential sequences in yeast cells, a
deletion set was created by using nuclease Bal 31. In eight
Bal 31 deletions, the sequences from the PstI restriction site
at the 5' end of the polyadenylation signal toward the
poly(A) addition site were progressively removed (5' dele-
tions). The endpoints of these deletions are at positions
-131, -115, -107, -98, -82, -70, -44, and -32 with re-
spect to the poly(A) addition site (indicated in Fig. 1B). In
three additional deletions, the sequences from the HindIlI
restriction site situated at the 3' end of the CaMV sequence
toward the polyadenylation signal were deleted (3' dele-
tions). The endpoints of these deletions are at positions + 10,
-8, and -29 relative to the poly(A) addition site. The
various mutant CaMV polyadenylation sites were cloned

A

B
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FIG. 3. (A) RNase protection assays. Total RNA from the yeast
strain carrying the test plasmid with the forward inserted CaMV
polyadenylation site and total RNA from transiently transfected
plant protoplasts (N. plumbaginifolia) were hybridized with the
same CaMV antisense RNA probe (39). The hybrids were digested
with RNase A and Ti. The undigested RNA probe, the readthrough
RNA (RT-RNA), the truncated RNA (T-RNA), and the sizes of
Hinfl-digested pBR322 size markers are illustrated. (B) Nuclease Si
protection. Total RNA (20 pg) of the yeast strains containing the test
plasmid with the forward or reverse inserted CaMV fragment were

hybridized with a complementary 3'-end-labeled DNA fragment
ranging from the AvaII site situated in the actin intron 15 bp
upstream of the CaMV insert to the SmaI site in the polylinker
downstream of the ADHI fragment. The asterisk represents the
mRNA 3' end that corresponds to the mRNA 3' end mapped in
plants. The positions of the 3' ends of the truncated RNA (T-RNA)
in the CaMV fragment are shown in Fig. 1B. The readthrough
transcripts (RT-RNA) end at the ADH1 polyadenylation site. The
sizes of the signals were determined by using the HpaII-digested
plasmid pBR322 (lane M) and G+A sequencing ladders (not shown).

into the test plasmid, and 3'-end-formation efficiency was
determined by Northern analysis (Fig. 4A). The results
demonstrate that several elements are important for 3'-end
formation in yeast cells. Deletions of sequences more than
131 and 115 bp upstream of the mapped mRNA 3' endpoints
reduced the activity to about 60 and 30%, respectively,
compared with that of the undeleted fragment. Several
deletions to positions -107, -98, -82, and -70 did not
further decrease the activity significantly. Additional dele-
tions, however, removing the sequences to positions -44
and -32 upstream of the poly(A) addition site, abolished
3'-end formation. When the RNA was analyzed in nuclease
Si protection assays, we found that the deletions did not
alter the accuracy of the mRNA 3' endpoints (data not
shown).
Removal of sequences more than 10 bp downstream of the

poly(A) addition site (Del + 10 in Fig. 4A) did not reduce the

efficiency of 3'-end formation, but the deletion of the normal
poly(A) addition site (Del -8) caused a loss of activity to
30%, and an additional deletion of the region encompassing
the sequence motif AATAAA (Del -29) reduced the effi-
ciency to below 10%. Nuclease Si protection assays showed
that deletion of the normal poly(A) addition site resulted in
the production of several heterogeneous 3' ends downstream
of the normal site, and the additional deletion of the region
encompassing the sequence AATAAA reinforced this effect
(Fig. 4B).

In summary, this deletion analysis suggests that for proper
function of the CaMV polyadenylation signal, at least four
sequence elements are required, namely, a distal (>115 bp)
and a proximal (-44 to -70) upstream element, the region
containing the AATAAA sequence, and the region encom-
passing the poly(A) addition site.

Deletion of the AATAAA motif or mutagenesis to AAGAAA
reduces activity of the CaMV polyadenylation site in yeast cells
to 50%. The sequence AATAAA is located 12 to 17 bp
upstream of the CaMV poly(A) addition site. Deletion of this
sequence inactivated the polyadenylation site in plants,
while point mutations reduced its function to 50% (28, 38).
Our deletion analysis showed that the region containing

the AATAAA motif is required in yeast cells. We therefore
analyzed the effects of mutant CaMV polyadenylation sites
containing either a complete deletion of the AATAAA motif
or a point mutation to AA.GAAA. Northern hybridizations
(Fig. 5) demonstrated that both mutations had distinct effects
on the efficiency of 3'-end formation in yeast cells. The
amount of truncated RNA was reduced, and more read-
through transcripts were produced. Quantification of the
band intensities revealed that both mutations decreased the
efficiency of the site to about 50% compared with that of the
normal CaMV polyadenylation site. Mapping of the mRNA
3' ends indicated that although the formation of truncated
RNA was lowered, the locations of the mRNA 3' endpoints
were not altered (data not shown).
The sequence TAGTATGTA is the key element for proper

function of the CaMY polyadenylation site in yeast cells.
Deletion analysis had indicated that the deletion of the
element located between -44 and -70 completely abolished
3'-end formation (Fig. 4A). This region contains at positions
-43 to -51 the DNA sequence TAGTATGTA, which is
similar to a bipartite sequence (TAG...TATGTA) that was
previously proposed as a 3'-end-formation signal sequence
(36, 47). Interestingly, the major upstream element in plants,
localized between positions -32 and -44, is situated imme-
diately adjacent to the TAGTATGTA motif, which has,
however, been shown to be dispensable for CaMV 3'-end
formation in plants (38).

In order to characterize the sequence elements between
positions -44 and -70, we constructed two small deletion
mutants in this region. One of them lacked the sequences
from -53 to -70 (A-53-70), therefore leaving the TAG
TATGTA motif intact. In the second deletion, from posi-
tions -46 to -56 (A-46-56), this motif was destroyed.
Analysis of RNAs from the deletion mutants revealed that
mutant A-53-70 even had an increased activity of the
polyadenylation site, whereas mutant A-46-56 had a dra-
matically decreased activity, i.e., below 5% relative to that
of the wild-type CaMV sequence (Fig. 6).
We introduced point mutations into the sequence TAG

TATGTA, namely, 1-, 2-, and 3-bp alterations that changed
the sequence to TAGCATGTA, TCGCATGTA, and TCG
£CATTTA, respectively. The effects of the mutations were
analyzed by Northern hybridization (Fig. 6). The single point
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FIG. 4. Deletion analysis of the CaMV polyadenylation signal in yeast cells. (A) Northern hybridization with total RNA from yeast strains
carrying plasmids with partially deleted CaMV sequences. Northern hybridization experiments were performed as described in the legend to
Fig. 2. 5' Deletions from the PstI restriction site upstream of the polyadenylation signal are shown on the left, and 3' deletions from the
HindlIl restriction site downstream of the polyadenylation signal are shown on the right. Numbers correspond to the deletion endpoints and
represent the distance from the major poly(A) addition site (Fig. 1B). Quantitation of the Northern experiments is depicted below. The
intensities of the truncated-RNA (T-RNA) and readthrough RNA (RT-RNA) bands were evaluated with a densitometer. Each quantitation
result corresponds to an average value from at least six independent Northern blotting experiments. The standard deviation did not exceed
20%. The 3'-end-formation efficiencies for the mutants in relation to that for the wild-type CaMV sequence are indicated. (B) Nuclease Si
protection. Determination of the mRNA 3' ends of the 3' deletions of the CaMV polyadenylation signal is shown. The experiments were

performed as described in the legend to Fig. 3B by using the Hinfl-digested plasmid pBR322 (lane M) as a size standard.

mutation at position -48 reduced 3'-end formation in the
CaMV fragment to 10 to 20% of the original amount; the
multiple mutations caused a reduction to below 10% of that
of the CaMV wild-type sequence. In all cases, increased
readthrough transcription was observed, suggesting that the
mutations more likely affected 3'-end formation rather than
mRNA stability.

Since the sequence TAGTATGTA was suggested to act in
yeast cells as a bipartite 3'-end-formation signal, TAG...
TATGTA (36), we tested the influence of a mutation that
introduces spacing into this sequence. The results of this
mutation demonstrate that introduction of 4 bp into the
signal sequence, creating the sequence TAGatatTATGTA,
increased the efficiency of the polyadenylation site to 140%
compared with that of the normal CaMV sequence (Fig. 6).
The amount of truncated transcripts is enhanced and
readthrough transcription is lowered, so that now 85% of the
transcripts initiating from the actin promoter end at the
CaMV 3' end, in comparison with 60% in the wild-type
sequence. This mutation affected only the efficiency of the

signal but not the accuracy of the mRNA 3' ends as

determined by nuclease Si protection (data not shown). The
results of the mutational analysis of the CaMV 3'-end-
formation signal are summarized in Fig. 7, where the se-

quence elements we identified as important in yeast cells are

illustrated and compared with the essential elements identi-
fied in plants (according to reference 38).

DISCUSSION

We have shown in this paper that the polyadenylation
signal of CaMV is specifically recognized in S. cerevisiae.
The CaMV mRNA 3' endpoints and the positions where the
poly(A) tail is added are identical in yeast cells and plants.
The specific function is characterized by the orientation-
dependent function: with forward orientation, approxi-
mately 60% of the transcripts from an efficient yeast pro-
moter were polyadenylated at the CaMV poly(A) site,
whereas reverse insertion of the polyadenylation site into a

test plasmid did not significantly cause 3'-end formation. The
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RT-RNA

T-RNA

RNA CONTROL * 3

100
100,

50 ~~~~50/

O,
FIG. 5. Effects of mutations of the CaMV AATAAA motif in

yeast cells. Either the sequence AATAAA at positions -12 to -17
(compare with Fig. 1B) was deleted (AAATAAA), or a single point
mutation was created (AAGAAA). Total RNAs of yeast strains
carrying the mutated plasmids were analyzed by Northern blotting
as described in the legend to Fig. 2. The ratios of the truncated
(T-RNA) versus the readthrough (RT-RNA) RNAs were quantitated
as explained in the legend to Fig. 4 and are shown in the diagram at
the bottom. The relative efficiencies of 3'-end formation of the
mutated CaMV sequences in comparison with those of the nonmu-
tated sequence are indicated.

efficiency of this site is comparable with that of three yeast
polyadenylation sites (AR04, TRP1, and TRP4) that were
previously shown to be less efficient than other polyadenyl-
ation sites (23).

Defining the cis elements required for recognition of the
CaMV polyadenylation signal in yeast cells allowed us to
compare the sequence requirements in yeast cells and
plants. In plants, point mutations of the AATAAA sequence
cause a partial reduction, but complete deletion of this motif
abolishes 3'-end formation (28, 38). Deletion of far-upstream
sequences, more than 100 bp upstream of the poly(A)
addition site, reduce the activity to 60%, and a more-
important near-upstream element is localized between posi-
tions -32 and -44 (38).
We have shown that in yeast cells, at least two upstream

elements are required for proper function of the CaMV
polyadenylation signal. Mutational analysis of the CaMV
polyadenylation signal in yeast cells revealed that deletion of
far-upstream sequences located more than 115 bp upstream
from the mRNA 3' endpoint reduced the activity of the
CaMV signal to about 30% of the original activity. A
proximal upstream element that was indispensable was
localized between positions -43 and -51, which is immedi-
ately adjacent to the essential sequences in plants. Interest-
ingly, a deletion of 18 bp between the distal and proximal

K4-X,_

_ _

RT-RNA

'r-RNA _

RNA
CONTROL _

FIG. 6. Effects of deletions and point mutations in the region
-44 to -70 upstream of the CaMV poly(A) addition site. The CaMV
sequence was mutagenized by using oligonucleotide-directed muta-
genesis procedures: the sequences from -53 to -70 (A-53-70) and
from -46 to -56 (A-46-56) with respect to the poly(A) addition
site were deleted, and the consensus sequence, TAGTATGTA,
located between nucleotides -43 and -51, wAs altered by 1-bp
(TAGCATGTA), 2-bp (TCGCATGTA), and 3-bp (TCG_CAT-l-A)
mutations and by a 4-bp insertion (TAGatatTAGTATGTA) (lower-
case letters indicate inserted nucleotides). Altered nucleotides are
underlined. Northern hybridization experiments were performed as
described in the legend to Fig. 2 and quantitated as described in the
legend to Fig. 4. The quantitation of the ratios of the truncated
(T-RNA) versus the readthrough (RT-RNA) transcripts is depicted
in the diagram at the bottom. The values correspond to the relative
3'-end-formation efficiency compared with that of the nonmutated
sequence.

upstream elements enhanced the CaMV signal, possibly by
moving the distal upstream sequences closer to the poly(A)
addition site.
The proximal upstream element is the major element for

recognition of the CaMV 3'-end-formation signal in yeast
cells. A 10-bp deletion in this region completely abolishes
3'-end formation. This deletion removes the first 6 bp of the
sequence motif TAGTATGTA, which was previously pro-
posed to act as a bipartite signal sequence (TAG...TATGTA)
in yeast cells (36). We showed by mutational analysis that
this motif is indeed the key element for function of the
CaMV signal in yeast cells, because one single point muta-
tion reduced the activity to below 15%, whereas an inser-
tional mutation that separated the CaMV motif to a bipartite
sequence increased 3'-end formation at the CaMV polyade-
nylation site. Several recent reports provided evidence ei-
ther for or against the importance of the TAG...TATGTA
motif or similar sequences in yeast mRNA 3'-end f6rmation.
It was shown that in a cycl-512 mutant defective in 3'-end
formation, mRNA deficiency was restored in several intra-
genic revertants that formed this sequence by a few base
changes (36). Mutations in this sequence caused q drastic
loss of activity at theAR04 polyadenylation site (23), and in
the ADH2 gene, single point mutations that inactivated the
polyadenylation site were identified as situated in similar
sequences (22). On the other hand, a mutational analysis of
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YEAST poly(A)
dte

AATAAATAGTATGTA

-180 _11S -51 43 -17 -12 0

PLANT poly(A)
site

AATAAA

-180.O -44 -32 -17 -12 0

FIG. 7. Comparison of the sequence elements required for rec-
ognition of the CaMV polyadenylation signal in yeast cells and
plants. The major elements are indicated with black boxes; other
sequences necessary for proper function are hatched. Numbers
represent the distance from the poly(A) addition site (marked with
an arrow).

the CYCI polyadenylation site revealed that mutagenesis of
the bipartite motif did not affect 3'-end formation (30). Our
results clearly show that the sequence TAG...TATGTA is a
signal for mRNA 3'-end formation in yeast cells and that this
signal acts more efficiently when present as a bipartite
sequence. They also show that this element acts efficiently
only in concert with other elements. Similar results have
been obtained with the CYCl polyadenylation site (36).
Obviously, the bipartite sequence is only one of two or more
signal sequences in yeast cells (36) which might be required
for mRNA 3'-end formation in only one class of yeast genes
(23).
Sequences more than 10 bp downstream of the CaMV

poly(A) addition site are apparently not required, but ele-
ments close to the mRNA 3' endpoint are important for
efficient function as well as for the accuracy of the mRNA 3'
ends in yeast cells. These observations are in accordance
with other reports that suggested the involvement of ele-
ments acting at or near the site where the poly(A) tail is
added (1, 36, 46).

Mutagenesis of the AATAAA motif upstream of the
mRNA 3' endpoint has distinct effects in yeast cells. This
result was not expected, since this sequence is absent in
most yeast genes and was shown to be not essential for the
ADH2 polyadenylation signal (22). For the CaMV signal,
deletion of the AATAAA sequence as well as a single point
mutation altering the T to a G caused a 50% loss of activity
of the polyadenylation site. A possible explanation for these
observations is that, in contrast to higher eukaryotic cells,
the AATAAA does not act as a signal sequence for a protein
factor but rather is required as a part of an A+T-rich region
near the mRNA 3' endpoint that might act as an RNA
polymerase II pause site. Both deletion of six A+T residues
and introduction of a G residue might impair this region and
cause it to function as a pause site. DNA regions with an
A+T content of up to 80% are common in the 3' regions of
many yeast genes, and such unusual DNA regions have been
suggested as slowing down or stopping the elongation of
RNA polymerase II (11). In accordance with such a model is
the observation that transcription termination in yeast cells

occurs not more than 100 bp downstream of poly(A) addition
sites (37).

It has previously been shown that many yeast mRNA 3'
ends are formed by endonucleolytic cleavage of a precursor
RNA (1, 5). An in vitro system for cleavage and polyadenyl-
ation has not yet been established for plants. Using yeast cell
extract, we could not detect any cleavage of an in vitro-
synthesized CaMV pre-mRNA, although control yeast pre-
mRNAs spanning theADHI and CYCI polyadenylation sites
were properly processed and polyadenylated in our cell
extracts (data not shown). Hyman et al. (22) have found that
pre-mRNAs of two yeast polyadenylation sites that func-
tioned efficiently in vivo were poor substrates for cleavage in
vitro. The CaMV pre-mRNA might be cleaved very slowly,
so that the cleavage products could not be identified. An-
other possibility is that CaMV 3' ends in yeast cells are
formed by a process other than the usual cleavage reaction,
perhaps by transcription termination and immediate poly-
adenylation.

Since we could not find additional plant polyadenylation
signals that are functional in yeast cells (data not shown), the
specific functioning of the CaMV signal in yeast cells might
be due to its viral origin. It is interesting to note that the Tyl
element, a retrotransposon in S. cerevisiae, has a similar
3'-end-formation signal consisting of two upstream se-
quences, one located more than 80 bp and the second
approximately 30 to 50 bp upstream from the mRNA 3'
endpoint (46). The far-upstream sequence has a perfect
TAGTATGTA motif, and the near one contains a slight
deviation from it. The sequence similarities of the CaMV and
the Ty polyadenylation sites might explain the recognition of
the plant viral signal in yeast cells. CaMV and Ty element
are both genetic elements that replicate via reverse tran-
scription of an RNA intermediate. The CaMV and Ty
transcripts are analogous, since both contain polyadenyl-
ation signals at their 5' and 3' ends, similar to the situation in
retroviruses, where the polyadenylation sites are duplicated
in the 5' and the 3' long terminal repeats (for a review, see
reference 33). The polyadenylation signals of retroelements
in yeast cells and plants might have a common evolutionary
origin. In this context, it will be interesting to analyze the
characteristics of other plant viral signals in yeast cells as
soon as data on such polyadenylation signals are available.
Although the functioning of plant polyadenylation sites in

yeast cells seems not to be a general process, our results
presented here confirm previous speculations that the poly-
adenylation signals in yeast cells and plants have some
common characteristics. In both organisms, the essential
cis-acting signal sequences are situated further upstream of
the poly(A) addition site than in other eukaryotes. These
observations suggest that yeast cells and plants both possess
upstream recognition factors that require sequences far
away from the cleavage site. The different sequence require-
ment in the CaMV polyadenylation site in yeast cells and
plants suggests that these factors recognize different signal
sequences in yeast cells and in plants. Analogous factors
might also recognize the sequence elements upstream of the
canonical AATAAA motif that are involved in 3'-end forma-
tion at the polyadenylation sites of various animal viruses,
for example, in the adenovirus late transcript (10), the simian
virus 40 late transcript (6), hepatitis B virus (35), and human
immunodeficiency virus (43).

In future, it will be interesting to further evaluate func-
tional similarities in mRNA 3'-end formation between yeast
cells and plants, for example, by introducing yeast polyade-
nylation sites into plants, and to elucidate the similarities and
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differences in the mechanisms of mRNA 3'-end formation
among higher and lower eukaryotic organisms, viruses, and
bacteria.
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