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We have examined the contribution of 5' leader sequences to expression directed by the simian virus 40
(SV40) late promoter. These studies showed that addition of sequences which contain the late leader 3' splice
site to the late promoter led to an increase in the accumulation of mRNA expressed by the promoter. No other
sequences within the leader region, between SV40 positions 334 and 560, exhibited a substantial influence on
mRNA accumulation. The increase was due, at least in part, to the creation of a spliceable mRNA transcript,
since mutation of either the 5' or 3' splice site could attenuate the effect. However, sequences at or near the 3'
splice site appeared to play a more important role than did the 5' splice site in bringing about this increase. In
many instances, mutation of the 3' splice site also led to the accumulation of extended transcripts, whereas
mutation of the 5' splice site did not produce this result in any instance. Analysis of these extended transcripts
showed that they retained sequences normally lost upon cleavage and polyadenylation. This finding suggested
that mutation of the 3' splice site sequence led to decreases in the efficiency of polyadenylation. We propose that
the SV40 late leader sequences positively contribute to expression of the viral late genes by increasing mRNA
accumulation via multiple mechanisms, including the enhancement of pre-mRNA polyadenylation efficiency.

The simian virus 40 (SV40) late gene leader sequences
have been shown to be important for the biogenesis of viral
late mRNAs. In particular, it has been proposed that splicing
within the leader plays a critical role in expression. Inhibi-
tion of splicing by deletion of late leader sequences in some
cases diminished and in other cases eliminated the accumu-
lation of certain late mRNA species (15-17, 23, 28, 32).
Insertion of heterologous intervening sequences into splic-
ing-deficient viral recombinants restored late mRNA produc-
tion (15, 17, 23). Various studies have suggested that the
defect in viral late mRNA accumulation brought about by
inhibition of splicing is at the level of posttranscriptional
processing, since no link has been found between splicing
and the rate of SV40 late gene transcription (16, 17, 23).
Suggested mechanisms include splicing-induced enhance-
ment of polyadenylation, mRNA transport, and transcript
stability (16, 17, 28, 32).
The ability of intervening sequences to augment mRNA

accumulation has been observed in non-SV40 genes as well,
including the rat growth hormone (8), rabbit P-globin (9),
mouse dihydrofolate reductase (9), and maize alcohol dehy-
drogenase-1 (10) genes, and in several chimeric genes (20,
24). Thus, it may be an inherent property of the splicing
process, or of splice signals, to boost expression of those
genes which contain intervening sequences.
The previously reported studies that revealed the signifi-

cant contribution of splicing to accumulation of SV40 late
mRNAs were accomplished by using large deletions through
the late leader region or by complete removal of intervening
sequences. Therefore, any additional effects, independent of
splicing, contributed by sequences included in these large
deletions could not be assessed, nor could they be distin-
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guished from the effects caused by inhibition of splicing.
However, several studies have suggested that certain se-
quences within the leader region are involved in regulation of
late gene expression via mechanisms unrelated to splicing (1,
4, 19). We therefore initiated these studies in order to define
more precisely the sequences within the 5' leader that
influence expression of the viral late genes and to determine
whether these leader sequences function via processes other
than splicing.
Our results suggest that only the addition of sequences

which lead to the creation of a functional intervening se-
quence significantly increases mRNA accumulation. Intro-
duction of mutations at either the 5' or 3' splice site resulted
in attenuation or elimination of these increases. However,
specific splice site sequences also appeared to influence
mRNA accumulation independently of the process of splic-
ing. Specifically, mutation of the 3' splice site produced a
much greater effect than did mutation of the 5' splice site.
We propose that splicing and the presence of splice site
sequences lead to an increase in mRNA accumulation via
multiple mechanisms. One of these mechanisms is the en-
hancement of pre-mRNA polyadenylation efficiency due to
the presence of 3' splice site sequences.

MATERIALS AND METHODS

Plasmids. The construction, isolation, and preparation of
plasmids were carried out by using standard procedures (3,
29). The promoter and leader sequences of all plasmid
constructions were confirmed by sequence analysis. The
SV40 nucleotide numbering system described by Buchman
et al. (in reference 31), here designated "SV," was adopted
to describe all SV40 DNA inserts and fragments used in this
study. Plasmid pLS102 is composed of the chloramphenicol
acetyltransferase (CAT) gene flanked by the SV40 late gene
promoter and polyadenylation site. The promoter is con-
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FIG. 1. Schematic representation of the SV40 late promoter and 5' leader sequences contained in the plasmids used in this study. The top
line shows selected SV40 nucleotide position numbers (31) for viral sequences in pLS16 and pLS102, represented on the second and third
lines. The thick bar in each plasmid map delineates the basal SV40 late promoter, while the thin bar represents viral sequences downstream
of the basal promoter. The thick arrow below the promoter locates the position of the major transcription initiation site. The narrow arrows
denote heterogeneous upstream transcription initiation sites. 5' splice sites are depicted by inverted triangles; the 3' splice site is represented
by the solid diamond. In the following lines the plasmids are shown in slightly magnified detail. The numbers below each plasmid are the SV
nucleotide positions at the ends of the bar above. The very thin lines in the bottom three plasmids show the leader sequences that have been
deleted in those constructions.

tained within the HindlIl C fragment derived from the viral
genome, SV 5171 to 1046 (Fig. 1). This fragment also
includes the viral origin of replication, the late gene leader
sequence, and the 5' ends of the VP2 and VP3 coding
sequences. The SV40 late polyadenylation site is contained
within a fragment spanning SV 2533 to 2770. Plasmid
pLS102m is identical to pLS102 except that the AG dinucle-
otide at the 3' splice site in the SV40 late leader was changed
to GG at SV 556 by oligonucleotide-directed site mutagene-
sis. In plasmid pLS16, the SV40 Hindlll C sequences
downstream of the major late gene transcription start site,
from SV 334 to 1046, were removed (Fig. 1). This plasmid
thus contains what we consider the basal SV40 late promoter
(22). Additional plasmids which contain various portions of
the SV40 late leader and late coding region are described in
Fig. 1.

Transfections and RNA extraction. Cells were maintained
and propagated as previously described (22). COS cells were
transfected with appropriate plasmids by calcium phosphate
precipitation (3). Briefly, 3 x 105 to 5 x 105 cells were plated
onto a 100-mm dish and incubated at 37°C overnight. Three
hours prior to transfection, the medium (Dulbecco modified
Eagle medium containing 7.5% fetal calf serum) was re-
placed with 10 to 12 ml of fresh medium. Then 0.5 ml of
transfection mix containing 10 ,ug of DNA, 125 mM CaCl2,

25 mM N,N-bis(2-hydroxyethyl)-2-aminoethanesulfonic
acid, 140 mM NaCl, and 0.75 mM Na2HPO4, pH 6.95, was
added to the medium, and the cells were incubated at 37°C
overnight. At 20 to 24 h posttransfection, the medium
containing the transfection mix was removed, the cells were
washed extensively with phosphate-buffered saline solution,
and 12 ml of fresh medium was added. RNA was harvested
after an additional 24 h of incubation (i.e., at 48 h posttrans-
fection).

Total cellular RNA was extracted by washing the cell
monolayer three times in an ice-cold solution of 30 mM
Tris-HCl (pH 7.5)-0.15 M NaCI-1.5 mM MgCl2 (TSM buffer)
and scraping the cells into a 1:1 mix of TSM buffer and 10
mM Tris-HCI (pH 7.5)-l mM EDTA-0.4 M NaCl-0.2%
sodium dodecyl sulfate-7 M urea. The lysed cell suspension
was extracted three to four times with an equal volume of 1:1
phenol-chloroform; the nucleic acids were precipitated with
ethanol and treated with RNase-free DNase (Boehringer
Mannheim).

Northern (RNA) analysis. For Northern analysis, 10 ,ug of
each RNA sample was denatured in 50% formamide-1.1 M
formaldehyde, subjected to electrophoresis through a 1.5%
agarose gel containing 20 mM 3-[N-morpholino]propane-
sulfonic acid (MOPS), 5 mM sodium acetate, 1 mM EDTA,
and 1.1 M formaldehyde, and then transferred to a nylon
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SV40 LATE GENE SPLICING AND POLYADENYLATION 6679

membrane (MSI Magnagraph) (3). The membranes were

subsequently baked in a vacuum at 85°C for 1.5 to 2 h.
Prehybridization and hybridization, carried out at 75°C, and
washing of blots were performed as previously described
(11). The hybridization probes were 32P-labeled RNAs tran-
scribed by SP6 or T7 RNA polymerase (Bethesda Research
Laboratories), using the pGEM system (Promega). These
probes were complementary to CAT coding sequences. CAT
RNA transcripts generated from the various transfected
plasmids were visualized by autoradiography. Quantitations
were performed by use of either a Molecular Dynamics
scanning densitometer or a Molecular Dynamics Phos-
pholmager.

Si nuclease and RNase protection assays. To examine
splicing of RNA transcripts, single-stranded 32P-labeled
DNA probes were used for S1 nuclease analysis. These
probes were generated directly from the same plasmids used
in transfections to produce the RNAs to be analyzed. They
served as templates for primer-directed DNA synthesis
catalyzed by modified T7 DNA polymerase (Sequenase;
U.S. Biochemical). The primer used to generate these
probes was complementary to the sequence on the noncod-
ing strand of the CAT gene from 98 to 117 nucleotides
downstream of the SV40 promoter/leader-CAT gene junc-
tion. Two probes were prepared from each template. The
first probe was synthesized in the continuous presence of
[32P]dATP and thus contained label throughout its length.
The second probe was synthesized by adding [32P]dATP for
the first 5 min of the synthesis reaction and then adding a
large excess of cold nucleotides to complete the reaction. In
this case, label was incorporated only into the 5' 50 to 80
nucleotides of the newly synthesized strand, entirely within
CAT coding sequences. The newly synthesized DNA probes
were cleaved at the SV40 origin of replication with BglI so

that the probe spanned the entire SV40 late promoter and
leader region from the origin, through the SV40-CAT junc-
tion, into the body of the CAT coding sequence. The
single-stranded probes were isolated from the plasmid tem-
plate by denaturing agarose gel electrophoresis.
For analysis of RNA 3' ends, RNase protection assays

were carried out with a 32P-labeled RNA probe generated by
T7 RNA polymerase transcription in the same manner as the
probes made for Northern analysis. The probe was comple-
mentary to the sequence within plasmid pLS102 from 141
nucleotides upstream to 181 nucleotides downstream of the
SV40 late polyadenylation site (see Fig. 5A). Both S1
nuclease and RNase protection analyses were carried out
according to standard protocols (3). Ten micrograms of
sample RNA was used in each S1 reaction, while 20 p.g of
each sample RNA was used in the RNase protection assays.

RESULTS

The late leader region enhances mRNA expression from the
SV40 late promoter. Plasmid pLS16 contains what we have
designated the basal SV40 late promoter, directing expres-
sion of the CAT gene. The promoter ends at SV 333, 8
nucleotides downstream of the major late transcription ini-
tiation site (Fig. 1), and contains most of the constitutive and
T-antigen-inducible late promoter elements identified previ-
ously (2, 4-6, 18, 21, 22). COS cells were transfected with
plasmid pLS16, or with pLS102, which contains the basal
promoter plus the 713 nucleotides which immediately follow
in the viral genome, from SV 334 to 1046. These additional
sequences contain the viral late leader and portions of the
late coding region. Total cell RNA was harvested and

TABLE 1. Quantitation of expected-size and extended CAT
RNAs produced from SV40 late leader-containing plasmids

Plasmid Expected-size Extended vs expected-transcripts" size transcripts'

Late leader plasmids
pLS16 1.00 0.25
pLS102 4.18 0.30
pLS2 4.25 0.76
pLS56 9.89 0.08
pLS55 1.90 0.97
pLS52 1.29 0.30
pY60 6.54 0.07
pY61 6.66 0.12
pLS5x56 1.43 0.25

3' splice site mutations
pLS102m 1.46 2.28
pY60m 0.39 0.97c
pY61m 0.78 1.94

5' splice site mutations
pLS16d 0.93 0.43d
pY60d 3.46 0.18d
pY61d 2.86 0.46d

a Ratio of the amount of CAT RNA of the expected size produced from
each plasmid in transient expression assays to the amount of CAT RNA
produced from pLS16. Numbers in bold denote a greater than twofold
increase in RNA accumulation compared with that observed with pLS16.

b Ratio of CAT RNA of greater than expected size to that of the expected
size produced from each plasmid in transient expression assays. Numbers in
bold denote ratios that are more than threefold greater than the ratio observed
with pLS102.

c This ratio is skewed upward by the low amount of expected-size CAT
RNA produced from this plasmid.

d Represents one experiment done in duplicate. All other numbers are
averages of three or more assays.

analyzed by Northern blot hybridization to determine the
amount of steady-state, properly processed CAT mRNA
expressed by each plasmid. Cells transfected with plasmid
pLS102 accumulated approximately fourfold more CAT
mRNA than did cells transfected with pLS16 (Table 1 and
Fig. 2). This finding suggested that sequences downstream of
the major transcription initiation site at SV 325 function to
augment expression directed by the late promoter.
A variety of other plasmids, which contain only portions

of the sequences downstream of the basal promoter that are
included in pLS102, were used to identify the precise se-
quences that elicited the increase in mRNA accumulation
(Fig. 1). Quantitation of CAT mRNA produced from these
plasmids was restricted to the species, observed by North-
ern analysis, that corresponded in size to a transcript of the
predicted length for a properly processed message. A num-
ber of plasmids also produced increased amounts of large
CAT RNA species, which we discuss below.
The leader sequences included in plasmids pLS52 and

pLS55, extending to SV 520 and 555, respectively, either
produced no effect or at most induced a very modest
increase over the amount ofRNA present in cells transfected
with pLS16 (Table 1 and Fig. 2). A significant increase in
mRNA accumulation, however, was observed when the
region of the viral leader between SV 555 and 560, which
contains a 3' splice site at SV 558, was included. Plasmid
pLS56, which differs from pLS55 solely by these five nucle-
otides, exhibited a 5-fold increase in CAT mRNA accumu-
lation compared with pLS55 and a 10-fold increase with
respect to the basal promoter in pLS16. Thus, addition of the
sequence between SV 555 and 560, which contains a 3' splice
site, led to a significant enhancement of mRNA expression
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FIG. 2. Representative Northern analysis of RNA harvested
from cells transfected with pLS16 and various late leader-containing
plasmids. The arrow at the left of each lane designates the RNA
species of the predicted length for normally initiated and polyade-
nylated message from that plasmid. Splicing was also taken into
account when transcript size was predicted. The arrowheads show
the positions of the 3.3- and 4.3-kb extended transcript species
produced from pLS102m. The bracket shows the region scanned
within the last lane to quantitate extended transcripts produced from
pLS102m. For each plasmid, a region of identical surface area,
located at the same relative position with respect to the expected-
size transcript, was used for quantitation of extended transcripts. In
this set of RNAs, the fold increases in the amount of expected-size
CAT mRNA found in cells transfected with the various plasmids
compared with that found in pLS16-transfected cells were 1.9 for
pLS52, 2.5 for pLS55, 8.3 for pLS56, 3.8 for pLS102, and 2.2 for
pLS102m. Table 1 provides the average increases obtained over
three or more experiments, each performed in duplicate.

from the SV40 late promoter. Cells transfected with pLS56
also consistently exhibited at least a twofold greater amount
of CAT mRNA than did cells transfected with either pLS102
or pLS2, which includes sequences to SV 770 (Table 1). This
finding suggested the presence of an element in pLS102 and
pLS2, between SV 560 and 770, which can exert a negative
influence on mRNA accumulation.

Experiments carried out with plasmids pLS5x56, pY60,
and pY61 confirmed that the region around the SV40 late
leader 3' splice site was responsible for the increased mRNA
accumulation. In the case of pY60 and pY61, only the 75
or 100 bp immediately surrounding the 3' splice site were
joined directly to the basal promoter. Conversely, plasmid
pLS5x56 contains all of the sequences found in pLS102 with
the exception of a 40-bp deletion between SV 521 and 560
(Fig. 1). Cells transfected with pLS5x56 exhibited CAT
mRNA levels similar to those in pLS16-transfected cells
(Table 1), much like pLS52 and pLS55, whereas both pY60
and pY61 generated dramatically higher amounts of CAT
mRNA (Table 1 and Fig. 3). We believe that the 6- to 7-fold
increases in the amount of CAT RNA seen with pY60 and
pY61 are not substantially different from the 10-fold increase
obtained with pLS56; thus, these three plasmids are similar
in their abilities to produce CAT mRNA. These results
therefore showed that of all the downstream sequences
added to the basal late promoter in pLS102, the area
immediately surrounding the 3' splice site at SV 558 is
necessary and sufficient to produce the observed increase in
CAT mRNA. No sequences between the major transcription
initiation site at SV 325 and SV 555 exhibited a significant
influence on the accumulation of mRNA under our experi-
mental conditions. Sequences downstream of SV 560 also
did not contribute to the increase in CAT mRNA, although
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FIG. 3. (A) Representative Northern analysis showing the ef-
fects of 3' splice site mutations on RNA accumulation. (B) Repre-
sentative Northern analysis showing the effects of 5' splice site
mutations on RNA accumulation. In each panel, the arrows at the
left show the positions of the expected-size CAT RNA species
produced from each plasmid. In panel A, the upper arrow shows the
location of the expected-size RNA from pLS102, while the lower
arrow is applicable for all other plasmids. The bracket at the right of
each panel shows the area in each lane (except for the pLS102 lane
in panel A) scanned to quantitate extended transcripts.

there appears to be an element that negatively influences
mRNA accumulation located between SV 560 and 770.

Increased mRNA accumulation due to presence of func-
tional splice sites. Our results pointed to the 3' splice site as
the sequence responsible for increased accumulation ofCAT
mRNA. To confirm this, we examined the effect of mutating
that site. Plasmid pLS102m differs from pLS102 by a single
nucleotide, at SV 556. This mutation changes the conserved
AG dinucleotide at the 3' splice site to GG and prevents
splicing from occurring (see below). The amount of CAT
mRNA produced in COS cells transfected with either
pLS102 or pLS102m was quantitated by Northern analysis.
Introduction of the point mutation led to a decrease in CAT
mRNA of the expected size to nearly the same level as that
produced by the basal promoter (Table 1 and Fig. 2).
Introduction of this same point mutation, at SV 556, into
plasmids pY60 and pY61, to create pY60m and pY61m,
respectively, again abolished the increase in mRNA accu-
mulation produced by addition of the 3' splice site (Fig. 3A).
These experiments demonstrated that the mechanism(s)

responsible for the increase in mRNA accumulation requires
the 3' splice site sequence. This sequence could function in
two possible roles. The most likely possibility, and the one
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predicted by previous studies, is that addition of the 3' splice
site created a spliceable transcript, which thus led to in-
creased amounts of mRNA. The SV40 late leader region
between SV 325 and 1046 contains two 5' splice sites, at SV
374 and 527, and the 3' splice site at SV 558 (Fig. 1). There
is also an additional 5' splice site within the late promoter, at
SV 295, which is used in some late gene transcripts that are
initiated upstream of the major transcription start site at SV
325 (31). Thus, addition of appropriate leader sequences
could lead to splicing between one or more of the three 5'
splice sites and the 3' splice site.
A second possible role for the 3' splice site could be as a

cis-acting sequence element which enhances mRNA accu-
mulation without requiring that splicing take place. Such a
sequence element might affect expression by a wide range of
mechanisms, from promoterlike effects on transcription to
posttranscriptional effects on processes such as RNA turn-
over.
To distinguish between these possibilities, we examined

the effect of 5' splice site mutations on CAT mRNA levels.
Plasmids pLS16d, pY60d, and pY61d were generated by
creating a four-nucleotide deletion, from SV 295 to 298. This
deletion removes the only 5' splice site, at SV 295, in pY60d
RNA. One additional 5' splice site, at SV 527, remains in
pY61d RNA. However, splicing between this 5' splice site
and the 3' splice site at SV 558 has been reported to occur
infrequently when the majority of leader sequences up-
stream of SV 527 are deleted (13). The deletion at SV 295
abolished splicing to levels at the limits of detection in pY60d
and pY61d RNA (see below). pLS16d RNA was not ex-
pected to splice regardless of the SV 295 deletion, since it
does not contain a 3' splice site. This plasmid was used as a
control to assess the effect of this mutation on promoter
activity.

Deletion of SV 295 to 298 did not affect CAT mRNA
production from pLS16d (Table 1 and Fig. 3B). Thus, this
mutation did not alter late promoter activity. The same
mutation in pY60d and pY61d led to an approximately
twofold decrease in mRNA accumulation compared with
pY60 and pY61, respectively (Table 1 and Fig. 3B). Al-
though deletion of the 5' splice site did not elicit as dramatic
a decrease as did mutation of the 3' splice site, the results
still suggest that the ability to splice augments mRNA
accumulation. The failure to observe a greater effect when
the 5' splice site was removed in pY60d and pY61d could
have been due, in part, to a small amount of cryptic splicing
that may have been occurring (see below).

Deletion of the SV 295 5' splice site from pLS102, to
create pLS102d, had no effect on mRNA accumulation (data
not shown). In this case, the 5' splice site deletion was not
expected to inhibit splicing since pLS102d transcripts still
contain the 5' site at SV 374. Thus, mutation of the SV 295
5' splice site affected mRNA accumulation only when the
mutation inhibited splicing. This finding is consistent with
the hypothesis that the increased accumulation of CAT
mRNA upon addition of the 3' splice site was due, at least in
part, to the creation of a spliceable transcript.

Si analysis of splicing in pY60 and pY61. RNA harvested
from cells transfected with plasmids pY60 and pY61 and
their derivatives were analyzed to determine whether addi-
tion of the leader sequences containing the 3' splice site
triggered splicing from the SV 295 5' splice site to the 3' site
at SV 558. This analysis was complicated by the heteroge-
neity of 5' ends in transcripts generated from the late
promoter (31). Indeed, Si analysis of pLS16 CAT mRNA,
which cannot splice, showed major transcription initiation

sites at approximately SV 170, 260, 313, and 320, plus
several minor start sites (Fig. 4A and D). These 5' termini
have been observed in previous studies of SV40 late mRNA
(13, 14, 26). The initiation site calculated to be at SV 320
could in reality be the known major site at SV 325. S1
analysis of pY60 and pY61 RNA produced a number of
protected fragments almost exactly 75 and 100 nucleotides
larger, respectively, than those observed with pLS16 RNA
(Fig. 4D). This finding suggested that transcription of pY60
and pY61 initiated at the same sites used in pLS16.
To positively identify the fragments protected by spliced

transcripts amid the numerous unspliced transcript frag-
ments, a pair of single-stranded, 32P-labeled DNA probes
was generated for each of the plasmids used in this study.
One probe contained 32p label along its entire length, while
an identical probe contained label only within the CAT
coding sequences at its 5' end. The probes were identical in
sequence to their parent plasmid from the SV40 origin of
replication to the position within the CAT gene 117 nucleo-
tides downstream of the SV40-CAT junction. Both the
5'-labeled and the full-length labeled probes produced S1
nuclease-protected fragments representing unspliced RNA
and the downstream exons of spliced species. Only the
full-length labeled probe could detect fragments correspond-
ing to upstream exons of spliced CAT RNA. Fragments
visible only with the full-length labeled probe would be
indicative of upstream exons and thus establish that the
RNA was spliced. The predicted sizes of protected frag-
ments representing possible upstream and downstream ex-

ons are depicted in Fig. 4B and C.
Analysis of pY60 and pY61 RNA indeed showed that one

major band, a fragment of approximately 125 nucleotides,
was visible when the full-length labeled probe was used but
not when the 5'-labeled probe was used (Fig. 4D). This
fragment corresponds in size to the predicted upstream exon

beginning at SV 170 and ending at SV 295. Another promi-
nent band seen with both pY60 and pY61 RNA corre-

sponded to a fragment of about 160 nucleotides. This band
most likely represents the predicted 161-nucleotide down-
stream exon. These results demonstrated that some portion
of pY60 and pY61 RNAs was spliced from SV 295 to 558.
Fragments of 35 nucleotides were beyond the resolving
power of the gel system used and thus not detected. There-
fore, we could not determine whether RNAs with 5' ends at
SV 260 were spliced. As expected (13), we were unable to
detect use of the 5' splice site at SV 527 in pY61 RNA.

S1 nuclease analysis of pY60m and pY61m RNA did not
produce a 125-nucleotide protected fragment (Fig. 4D). This
finding indicated that splicing was abolished when the 3'
splice site was mutated in these plasmids. Similar experi-
ments with RNA generated from pY60d and pY61d showed
that mutation of the 5' splice site also inhibited splicing, but
those results suggested the possibility that a small amount of
cryptic splicing could still be occurring (data not shown).
These experiments thus showed that addition of the 3' splice
site in plasmids pY60 and pY61 did lead to splicing of the
CAT mRNA produced from these plasmids and that muta-
tion of either the 5' splice site at SV 295 or the 3' splice site
inhibited splicing.

3' splice site mutations lead to accumulation of extended
transcripts. Our results showed that addition of a functional
3' splice site to the SV40 late promoter significantly boosted
mRNA accumulation. They also suggested that this increase
was due, at least in part, to creation of a functional splice
within the CAT transcript, since mutation of either the 5' or

3' splice site attenuated the increase. Mutation of the 3'
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FIG. 4. Si analysis of splicing. (A) The four major protected

fragments observed with pLS16 RNA (in panel D) are shown, with
their sizes in nucleotides given at the right. The thicker portion ol

these lines represents the location of the primer used to generate the
S1 probes. The estimated 5' ends are denoted by the arrows directly
underneath the map of pLS16. The two initiation sites near the
known major transcription initiation site are depicted by a thick
arrow. (B and C) Schemes showing the expected sizes of protected
fragments from spliced pY60 and pY61 RNA. Their sizes in nucle-
otides are shown to the left or right of the fragments. Possible splices
for pY60 and pY61 are shown by thin lines immediately above the
plasmid maps. (D) S1 analysis of pLS16, pY60, pY60m, pY61, and
pY61m RNAs. For each sample, the full-length labeled probe was

splice site, however, elicited a much more dramatic effect
than did mutation of the 5' splice site. These observations
thus posed the questions of how splicing, or splice sites,
positively influences mRNA accumulation and why the 3'
splice site plays a more important role in this increase than
does the 5' splice site.
Recent studies using chimeric constructions or histone

genes have suggested that splicing, or the presence of a 3'
splice site, enhances the efficiency of mRNA polyadenyla-
tion (20, 24, 25). Our Northern blot analyses supported this
proposal. Inefficient 3' end processing could lead to accu-
mulation of large RNA transcripts that have not been
cleaved at the usual polyadenylation site. Figure 2 shows
that pLS102 produced abundant amounts of a single CAT
RNA species of approximately the correct size for a nor-
mally initiated, properly spliced and polyadenylated mes-
sage (1.7 kb). Insertion of a point mutation at the 3' splice
site, in pLS102m, not only led to a threefold decrease in
CAT mRNA of the expected size for an unspliced, properly
polyadenylated transcript (1.9 kb) but also led to the appear-
ance of a number of novel, larger than expected RNA
transcripts (which we call extended transcripts). The most
abundant CAT RNA species in pLS102m-transfected COS
cells was 3.3 kb in size. Another apparent RNA species
migrated at a rate equivalent to that of a molecule of about
4.3 kb. However, this band was located just below the 28S
rRNA band and may be the result of the compression of
several CAT RNA species into one band. Nonetheless, the
RNA species represented by this band were 4.3 kb or larger.
There was also an increase in the amount of diffuse hybrid-
ization occurring in the pLS102m RNA lane above the
expected 1.9-kb band. We interpret this result to be indica-
tive of a heterogeneous population of CAT-containing tran-
scripts generated from pLS102m. This heterogeneous popu-
lation of RNAs ranged in size to greater than 10 kb.
Calculation of the ratio of the sum of extended CAT tran-
scripts to that of the expected length (Table 1) showed that
pLS102m exhibited a seven- to eightfold-higher ratio than
did pLS102. The total amounts of CAT-containing RNA
produced by the two plasmids were similar (data not shown).
Thus, the introduction of a point mutation at the 3' splice site
led to a decrease in the amount of CAT mRNA of the
expected size and a concomitant increase in extended tran-
scripts, without significantly altering the total amount of
CAT RNA produced.

It is unlikely that these extended transcripts were the
result of aberrant initiation upstream of the usual transcrip-
tion initiation site. The estimated sizes of the two most
abundant extended transcripts produced in pLS102m-trans-
fected cells would place their initiation sites very far up-
stream. The 3.3-kb RNA would have to initiate within or
near the 3' end of the I-lactamase coding sequence, while
the RNA or RNAs migrating at the position of a 4.3-kb
transcript would have to initiate close to the SV40 late

I polyadenylation site or upstream of it within the CAT coding
region. It is more likely that these extended RNAs resulted

If from the addition of sequences at their 3' ends because of
e inefficient cleavage and polyadenylation.

used in lane a, while the 5'-labeled probe was used in lane b. Ml and
M2 are size marker lanes. The arrows at the left show the sizes (in
nucleotides) and positions of the four major bands produced by
protection with pLS16 RNA. The arrows at the right show the sizes
(in nucleotides) and positions of major RNA species protected by
pY60, pY60m, pY61, and pY61m RNA.
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Two other plasmids, pLS55 (Fig. 2) and pY61m (Fig. 3A),
also exhibited significantly higher ratios of extended versus
expected-size CAT RNA than did pLS102 (Table 1). pY61m
contains the same point mutation as pLS102m, and pLS55
contains all of the late leader sequences up to but not
including the 3' splice site. Thus, all three plasmids that
generated high proportions of extended transcripts relative
to the expected-size CAT transcripts contained a mutated 3'
splice site or were lacking that site.
Three plasmids, pY60m, pLS52, and pLS5x56, also either

contain a 3' splice site mutation or are missing that site.
However, these plasmids did not generate a high proportion
of extended transcripts as did pLS102m, pY61m, and pLS55.
If, as predicted, these extended transcripts are the result of
inefficient polyadenylation, it would be expected, in most
cases, that such large, unpolyadenylated RNAs would rap-
idly degrade in the nucleus. This is probably what is occur-
ring with pY60m, pLS52, and pLS5x56. Fortunately, in the
case of plasmids pLS102m, pY61m, and pLS55, these ex-
tended transcripts were able to accumulate. We believe that
these transcripts were stabilized by a putative RNA stability
element within the late leader, near or at the 5' splice site at
SV 527 (12), and subsequently, in some instances, by cryptic
polyadenylation downstream of the normal polyadenylation
site (unpublished results).

It is important to note that mutation of the 5' splice site, in
pY61d, did not lead to increased accumulation of extended
transcripts as did mutation of the 3' splice site in pY61m
(Fig. 3). This finding would suggest that the mechanism(s)
which leads to the appearance of these extended transcripts
involves exclusively the 3' splice site.
Extended transcripts contain the SV40 late polyadenylation

site. We directly tested the hypothesis that mutation of the 3'
splice site led to a decrease in the efficiency of processing at
the SV40 late polyadenylation site by examining use of that
site in pLS102m RNA. RNase protection assays were per-
formed to determine whether sequences just downstream of
the cleavage/polyadenylation site were retained in extended
transcripts. A 32P-labeled riboprobe complementary to the
region of pLS102 and pLS102m from 141 nucleotides up-
stream of the late polyadenylation site to 181 nucleotides
downstream of it was used in these assays (Fig. SA). The
probe also contained an additional 265 nucleotides of non-
complementary sequence. Hybridization of this probe to
RNAs polyadenylated at the usual site should produce a
protected fragment of 141 nucleotides, while RNAs that
contain this region but are not polyadenylated should pro-
duce a protected fragment of 322 nucleotides.
RNA harvested from pLS102-transfected COS cells pro-

duced a single protected fragment of the correct size for
properly processed RNA (Fig. 5B). Two protected frag-
ments, approximately 141 and 322 nucleotides in length,
were produced from pLS102m RNA. The intensities of the
141-nucleotide protected fragments in lanes 3 and 4 did not
reflect the relative proportions observed in Northern assays,
probably because the labeled probe was not present in
sufficient excess. Regardless, our results clearly demon-
strated that a portion of the transcripts produced in
pLS102m-transfected cells still retained but did not utilize
the SV40 late polyadenylation site. This finding strongly
suggests that one of the consequences of mutating the 3'
splice site is a decrease in the efficiency of polyadenylation,
thus leading to an increased proportion of transcripts with
extended 3' ends. The addition of a 3' splice site could thus
serve to increase mRNA accumulation by ensuring that a
greater proportion of the RNA transcripts produced from a
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FIG. 5. Analysis of the 3' ends of pLS102 and pLS102m RNAs.

(A) Locations of sequences, relative to the SV40 late polyadenyla-
tion site, contained in the riboprobe used in the RNase protection
assay. The probe was 587 nucleotides in length. The bottom two
lines show the sizes (in nucleotides) and locations of probe frag-
ments protected by normally polyadenylated and unpolyadenylated
RNAs. (B) RNase protection assay. Lanes 1 to 5 contain the labeled
probe hybridized to various RNAs and digested with RNase A and
RNase T1. Lanes: Ml and M2, size markers, with sizes (in nucleo-
tides) indicated at the left; 1, yeast tRNA; 2, unhybridized, undi-
gested probe; 3, pLS102 RNA; 4, pLS102m RNA; 5, RNA from
mock-transfected COS cells. The three arrows at right show the
bands representing fragments of 587, 322, and 141 nucleotides.

gene are polyadenylated and thereby become mature, stable
mRNA.

DISCUSSION

Our studies were initiated to examine the contribution of
the SV40 late leader sequences to expression directed by the
SV40 late promoter. The results show that the sequence at
the 3' splice site is important for optimized production of
properly processed mRNAs. In part this is due to the
creation of a functional intervening sequence, since muta-
tions either at the added 3' splice site or at the 5' splice site
already present in the promoter region attenuated this in-
crease. In addition, the sequence at the 3' splice site serves
to enhance the efficiency of transcript polyadenylation by a
mechanism independent of the 5' splice site. Our results also
suggest that there are additional elements, between SV 560
and 770, which, in our plasmid constructions, negatively
influence mRNA accumulation. We have not as yet looked
into the nature of these negative elements.

Addition of the sequences at or immediately surrounding
the 3' splice site at SV 558 to the late promoter was sufficient
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to achieve the maximal observed increase in mRNA accu-
mulation. Late leader sequences upstream of the 3' splice
site, between SV 334 and 555, had no effect or had at most a
marginal positive effect on mRNA levels. Ayer and Dynan
(4) have reported the presence of a promoter element within
the late leader between SV 344 and 362 that is required for
transcription initiation at the major late mRNA cap site. Our
results suggest that although this putative intragenic pro-
moter element may function to direct initiation of transcrip-
tion to specific sites, it does not appear to have any effect on
the total amount of mRNA produced.

Introduction of a point mutation at SV 556, which debili-
tates the 3' splice site, showed that the presence of the splice
site sequence itself, and not sequences nearby, induced the
increase in mRNA expression. Deletion either of the single
5' splice site in pY60 or of the upstream 5' splice site in pY61
inhibited splicing and moderately inhibited the increase in
mRNA accumulation brought about by addition of the 3'
splice site. Taken together, these results suggest that splicing
enhances accumulation of the mRNAs that undergo this
process.
The 5' splice site mutation contained in pY60d and pY61d

deleted four nucleotides which have previously been pro-
posed to be part of a late promoter element that functions to
direct transcription initiation (6). Our results for pLS16d and
pLS102d, however, show that in our hands this deletion did
not affect the function of the late promoter. In addition, this
putative element was reported to affect only transcription
initiated at SV 325, not transcription initiated upstream of
this site (6). The majority of transcripts generated from
pY60, pY61, and their derivatives started upstream of SV
325. Therefore, we believe that the 5' splice site deletion
decreased mRNA accumulation via its effect on splicing and
not by an effect on transcription initiation.
Although inhibition of splicing by disabling either the 5' or

3' splice site led to decreased accumulation of CAT mRNA,
the effects of mutations at these sites were not equivalent. In
addition, the accumulation of extended transcripts increased
significantly only when the 3' splice site was disabled. These
observations suggested to us that increased accumulation of
mRNA, attained upon introduction of a spliceable interven-
ing sequence, is likely due to multiple mechanisms. One
mechanism, exerting only a modest effect, is dependent
either upon the 5' splice site or upon the presence of a

complete and functional intervening sequence. This mecha-
nism could lead to increased mRNA accumulation via some
influence of the splicing process itself or by virtue of an
intrinsic property of spliced transcripts.
A second, and in this case more significant, mechanism

involves the sequence at the 3' splice site, independent of the
5' splice site. In many cases, 3' splice site mutations led to
the fortuitous accumulation of extended transcripts, thus
providing an opportunity to examine this mechanism. A
number of groups have previously proposed that splicing
and/or the 3' splice site can enhance polyadenylation (20, 24,
32). Pandey et al. (25) showed that introduction of an
intervening sequence into a normally intronless and unpoly-
adenylated histone mRNA transcript caused a shift in 3' end
processing from the normal stem-loop structure common to
histone mRNAs to a cryptic polyadenylation site nearby.
Our studies showed that extended transcripts contained
intact cleavage and polyadenylation sites and therefore
suggested that mutation of the 3' splice site leads to de-
creased efficiency of utilization of this site. These results
thus support the conclusions cited above and supply another
mechanism whereby addition of the 3' splice site sequence

increases mRNA accumulation. Polyadenylation helps to
stabilize mRNA transcripts (7). Thus, an increase in the
efficiency of polyadenylation would mean that a higher
proportion of mRNA transcripts are stable, thereby leading
to a greater accumulation of mRNA. This mechanism ap-
pears to be dependent solely upon the presence of a 3' splice
site, since 5' splice site deletions did not produce the same
results. This finding points to the possibility that spliceo-
some components that interact with the 3' splice site, or
formation of intermediate spliceosome complexes dependent
only on the 3' splice site, are involved in enhancing poly-
adenylation. Our results are consistent with the exon defini-
tion model proposed by Berget and coworkers (24, 27, 30),
which postulates that the paired sequence elements that
define the ends of an exon, 3' and 5' splice sites, or a 3' splice
site and a polyadenylation site communicate with each other
and enhance each other's functionality.
The results of this study may be indicative of a widespread

interdependence between many aspects of mRNA metabo-
lism. Splicing, polyadenylation, transport, and processes
involved in RNA stability may all work in an interrelated,
balanced manner to posttranscriptionally regulate mRNA
accumulation.
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