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We examined sequences involved in the simian virus 40 (SV40) late promoter in vivo, by using quantitative
Si nuclease analysis of a series of deletion mutants within the SV40 regulatory region. These mutants were
constructed so as to place the altered promoter region in its normal position relative to the SV40 late genes. The
effects of the deletions on late transcriptional activity were analyzed before and after viral DNA replication, by
omitting or including SV40 large T antigen. The data show that (i) in the absence of large T antigen, the deletion
of the 21-base-pair (bp) repeats results in a fourfold increase in late transcription, and (ii) the sequences within
the 72-bp repeats are a component of the SV40 late promoter, acting not only before, but also after viral DNA
replication. We identified two domains which contain sequences important for efficient late transcription.
Domain I, at the late proximal end of each 72-bp repeat, was found to function before replication and was
possibly also involved after replication. The contribution of domain II, at the late distal end of each 72-bp
repeat, was much more significant after replication but only of minor importance before replication.

The regulatory sequences of simian virus 40 (SV40) are
contained in the 418-base-pair (bp) HindIII-HpaII fragment
(nucleotides [nt] 5171 to 346). This region includes the
control elements required for early and late transcription as
well as sequences required for viral DNA replication. The
importance of control elements for early gene expression has
been the subject of a number of investigations. At least three
spatially distinct elements compose the SV40 early pro-
moter. The term "promoter" is used here in a broad sense to
cover any DNA sequence required for accurate and efficient
initiation of transcription. The first element contains the
early start sites and an A-T-rich sequence (17 bp) referred to
as the TATA homology sequence (TATA box). The TATA
box plays a role in fixing the sites used for initiation of
transcription (3, 14). The second element, located upstream
of the TATA box, is a G-C-rich region comprising two
perfect 21-bp direct repeats and a third, degenerate repeat of
22 bp. Each repeat contains two copies of the sequence
5'-CCGCCC-3'. This transcriptional control element is es-
sential for in vivo and in vitro transcription from the SV40
early promoter (13, 14, 19, 38). It may function in a bidirec-
tional manner and is known to contain the binding sites for
the cellular transcription factor Spl (10). The third element,
located upstream of the G-C-rich sequences, comprises two
perfect 72-bp direct repeats and 20 bp upstream from these
repeats. The deletion of this element, referred to as an
enhancer, has a dramatic effect on early gene expression in
short-term experiments in vivo (3, 14, 17, 29). In addition,
the 72-bp repeat enhancer, acting in cis, can stimulate
transcription in vivo from heterologous promoters in either
orientation (2, 29, 39).
SV40 late transcription occurs in the opposite direction to

that of early transcription. Far less is known about the
transcriptional control signals of the SV40 late genes. The
late mRNAs are known to have heterogeneous 5' ends (15,
18, 24). However, in contrast to observations for the major-
ity of eucaryotic mRNAs (8), there is no recognizable
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A-T-rich sequence (TATA box) approximately 25 nt up-
stream from any of these 5' termini.

In abortively infected or in transformed cells, 10 to 20% of
the viral transcripts correspond to SV40 late gene expression
(11, 25). After replication in lytically infected cells, there is a
dramatic increase in late gene expression attributable to
template amplification and to a switch in the relative
strengths of the early and late promoters, with late mRNAs
now accounting for up to 95% of viral transcripts (1).
Recently, two groups have proposed that trans activation by
T antigen is a factor in the stimulation of late promoter
activity (4, 5, 22, 23). However, it is possible that this effect
is indirect and that other factors are also involved, as
suggested by the results of Brady et al. (6) and Tack and
Beard (36).

Previously we have studied the structure of the late
promoter operational in the absence of the SV40 origin,
which is contained within sequences located from nt 332 to
113 (12). This late promoter region comprises two elements.
The first element, which we call the +7 to -53 element, is
located from nt 332 to 273 and includes the major late cap
site (nt 325) and the sequence 5'-GGTACCTAACC-3' (nt 294
to 304), which has been shown to be important for the
efficient in vitro initiation of transcription from this site (7).
The second element, located from nt 272 to 113, includes the
enhancer sequences, which are thus a component ofboth the
early and late promoters in vivo. We have subsequently
shown that the principal late promoter element before viral
DNA replication is in fact the enhancer element and that this
element can function in the absence of T antigen (30). Shaw
et al. (34) have also found that enhancer sequences contrib-
ute to late promoter activity both in vivo and in vitro in the
absence of replication. However, these authors report that T
antigen is required for significant late transcription in vivo
when replication is prevented.

In this work, we now focus our attention on the sequence
elements operating within the promoter region before and
after replication and late promoter activation. The data
obtained show that sequences within the 72-bp repeats are a
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FIG. 1. (A) General structure of the pSVL series plasmids: the thick line represents SV40 sequences (the circle shows the location of the
viral origin of replication, the arrow marked L shows the direction of the late transcription). pBR328 sequences are indicated by the thin line.
(B) General structure of the pSVLori series plasmids: The thick line represents the SV40 sequences (symbols as in panel A). pBR322
sequences are indicated by the thin line. (C) General structure ofpOL series plasmids: The thick line represents the SV40 sequences (symbols
as in panel A). The nucleotides at the junction of the 21-bp repeats and the single 72-bp sequences are indicated (BamHI site). The thin line
represents pBR322 sequences.

component of the SV40 late promoter, acting not only before
but also after viral DNA replication. In addition, we show
that the relative importance for late transcription of se-
quences within the enhancer region changes after replication
of the template DNA molecule.

MATERIALS AND METHODS

SV40 nucleotide sequence numbering system. Nucleotides
are numbered according to the system of Buchman et al. (9).

Bacteria, plasmids, and cells. The bacterial host strain used
was Escherichia coli HB101 (27). The plasmids pAS, TB101,
and TB208 have been described by Benoist and Chambon (3)
and by Moreau et al. (29). DNA sequence analysis has
shown that: (i) SV40 nt 5236 to 1 are deleted in pAS; (ii)
SV40 nt 162 to 265 are deleted in TB101; and (iii) SV40 nt 137
to 232 are deleted in TB208 (see Fig. 7A). The plasmid pLP,
which contains the complete SV40 genome, has been de-
scribed previously (12).
The eucaryotic cells used were CV-1P and COS-7 monkey

cells and HeLa human cells. COS-7 cells are a line of
permissive CV-1 cells transformed by origin-defective SV40
DNA, which synthesize a viral A gene product capable of
complementing SV40 A gene mutants (16). CV-1P and
COS-7 cells were grown in Dulbecco modified Eagle essen-
tial medium (GIBCO Laboratories, Grand Island, N.Y.)
supplemented with 7% fetal calf serum. HeLa cells were
grown in Dulbecco modified Eagle essential medium supple-
mented with 2.5% fetal and 2.5% newborn calf serum.

Construction of recombinant plasmids: pLP series. The
pLP series includes pLAS, pLTB1l1, pLTB208, pLBK3 and
pLBS6.

(i) pLAS, pLTBlO1, and pLTB208. pLAS, pLTB101, and
pLTB208 were constructed from pAS, TB11, and TB208,
respectively, by the addition of the late region of SV40 as
described previously for pLP (12). These plasmids contain
the complete SV40 genome with various deletions in the
SV40 regulatory sequences (see Fig. 7A).

(ii) pLBK3. SV40 DNA was cut with SphI and KpnI. The
large fragment (from nt 294 to 128) was treated with the

Klenow fragment of E. coli DNA polymerase I (Klenow
fragment DNA pol l), circularized by blunt-end ligation, and
recut with PstI. The fragment from nt 1988 to 3204, which
includes the origin of replication, was ligated to a partial PstI
digest of pLP. The resultant plasmid is the same as pLP but
contains a deletion of nt 130 to 300 (see Fig. 7A).

(iii) pLBS6. SV40 DNA was cut with SphI, digested with
BAL 31 nuclease, repaired with Klenow fragment DNA pol
I, and circularized by blunt-end ligation. The deleted DNA
was inserted into pLP by using the same construction as
described for pLBK3. This plasmid contains a deletion of nt
66 to 204 (see Fig. 7A).
pSVL series. The pSVL series of plasmids includes wild-

type pSVL pSVLAS, pSVL101, pSVL208, pSVLBK3, and
pSVLBS6. Plasmids of the pLP series, including pLP, were
digested with TaqI, and the fragment containing the SV40
late region and replication origin (extending from nt 4739 in
SV40 to nt 651 in pBR322) was isolated from each plasmid.
These were repaired with Klenow fragment DNA pol I and
inserted into the unique PvuII site of pBR328 (Fig. 1A). The
deletions within the SV40 regulatory sequences in these
plasmids are shown in Fig. 7A.

pSVori and pSVLori series. These series include pSVori,
pSVoriA21, pSVoriA72, pSVLori, pSVLoriA21, and
pSVLoriA72.

(i) pSVori and pSVLori. pSV1 (3), which contains the
wild-type SV40 early region (extending from the HpaII site
[nt 346] to the BamHI site [nt 2533]), was cut with HindIII,
repaired with Klenow fragment DNA pol I, and recut with
EcoRI (at the pBR322 [nt 2]-SV40 [nt 346] junction). pBR322
was cut with BamHI (nt 375), repaired by Klenow fragment
DNA pol l, and recut with EcoRI (nt 2). The pSV1 HindIII-
EcoRI fragment, which contains the SV40 regulatory se-
quences, was then ligated to the large pBR322 EcoRI-
BamHI fragment, to give pSVori. The SV40 late region (nt
2770 to 294) was isolated from SV40 DNA by BclI cleavage,
Klenow fragment DNA pol I repair, and KpnI cleavage.
pSVori was then cut with EcoRI, repaired, and recut with
KpnI. The large fragment thus obtained was ligated to the
SV40 late region to give pSVLori (Fig. 1B).
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(ii) pSVoriA21 and pSVLoriA21. pHS102 (3) was digested
with BamHI, repaired with Klenow fragment DNA pol I,
recut with EcoRI, and the 233-nt fragment of SV40 DNA
extending from nt 113 (the unique BamHI site) to nt 346 (the
EcoRI site at the pBR322-SV40 junction as in pSV1) was
isolated. pSVori was cut with NcoI (SV40 nt 38), repaired
with Klenow fragment DNA pol I, and recut with EcoRI
(SV40 nt 346). The large pSVori fragment was ligated to the
233-nt fragment isolated from pHS102. The resultant plasmid
(pSVoriA21) has a deletion from nt 38 to 113 which removes
the 21-bp repeats (see Fig. 7A). The SV40 late region was
inserted into pSVoriA21 by using the same construction as
described for pSVLori, to give pSVLoriA21 (Fig. 1B).

(iii) pSVoriA72 and pSVLoriA72. pSVori was cleaved
with PvuI and PvuII, and the 704-nt fragment extending from
nt 3735 (pBR322) to nt 270 (SV40) was isolated. Separately,
a 296-nt fragment extending from nt 128 (SV40) to nt 471
(pBR322) was isolated by cleavage of pSVori with SphI,
Klenow fragment DNA pol I repair, and cleavage with
BanII. These fragments were ligated to a 3,250-nt fragment
isolated from pBR322 via PvuI-BanII cleavage. This recom-
binant plasmid (pSVoriA72) has a deletion from nt 128 to 272
in SV40 which removes the major part of the 72-bp repeats
(see Fig. 7A). The SV40 late region was inserted into
pSVoriA72 as before, to give pSVLoriA72 (Fig. 1B).
pOLO series. The pOLO series includes pOLO and pOLA3.
(i) pOLO. pA0, which contains only one copy of the 72-bp

repeats (nt 107 to 178 are deleted; 42) was digested with KpnI
and Stul, and the 275-nt fragment from SV40 nt 294 to 5190
was isolated. The plasmid pL113b, containing the SV40 late
region from nt 113 to 2770 (30), was digested with KpnI and
NruI, and the large fragment obtained was ligated to the
275-nt fragment described above. The resultant plasmid,
pOLO, contains the SV40 late genes and an SV40 regulatory
region deleted for one copy of the 72-bp repeats. It has a
unique BamHI site between the 72-bp sequence and the
21-bp repeats generated in the construction of pAO (Fig. 1C;
see Fig. 7B).

(ii) pOLA3. pOLO was digested with BamHI, repaired
with Klenow fragment DNA pol I, and recut with ClaI
(pBR322 nt 23). The 3,568-nt fragment obtained was ligated
to a 2,921-nt fragment obtained by SphI digestion, Klenow
fragment DNA pol I repair, and ClaI (pBR322 nt 23) diges-
tion of pOLO (Fig. 1C). pOLA3 is therefore identical to pOLO
except for a deletion from nt 179 to 204 (between the novel
BamHI site and the SphI site in the 72-bp sequence),
removing the early end of the single 72-bp repeat (see Fig.
7B).

Construction of the internal marker pSVL7. An XhoI linker
[d(CCTCGAGG), New England BioLabs] was ligated into
pSVL at the EcoRI site (nt 1782 in SV40), after cleavage and
Klenow fragment DNA pol I repair of this site. The addition
of an XhoI linker preserved the proper reading frame and
permitted the translation of protein.

Quantitative Si nuclease analysis. HeLa, CV-1P, and
COS-7 cells were seeded at 106 cells per 10-cm-diameter
petri dish. At 24 h after seeding, the cells were transfected
with 20 ,ug of the recombinant plasmid and 10 jig of the
marker plasmid pSVL7 by the calcium phosphate
coprecipitation technique as previously described (12). At 48
h posttransfection, total RNA was extracted with hot phenol
(33) and quantitative Si nuclease analysis was carried out as
follows. The single-stranded probe used was the coding
strand of the SV40 AvaIl fragment (nt 2013 to 1018) of
pSVL7, 5'-end labeled with 32P at nt 2013 (see Fig. 2). 5'- end
labeling and strand separation were carried out by standard

techniques (26). Total RNA (25 ,ug from HeLa cells, 50 ,ug
from CV-1P cells, or 2.5 ,ug from COS-7 cells) was hybrid-
ized, for 15 h at 42°C, to an excess of 5'-end labeled
single-stranded probe in the presence of 0.4 M NaCl-50%
formamide-40 mM piperazine-N-N'-bis(2-ethanesulfonic
acid) (PIPES), pH 6.4. Trial hybridization experiments were
performed to ensure the presence of excess probe (data not
shown). Si nuclease digestion was performed by ninefold
dilution of the hybridization mixture in 0.23 M NaCl, 40 mM
ZnCl2, 30 mM sodium acetate (pH 4.5), and 250 U of Si
nuclease (Bethesda Research Laboratories, Inc.,
Gaithersburg, Md.), followed by 2 h of incubation at 25°C.
The digestion products were ethanol precipitated and sepa-
rated on 5% polyacrylamide-7 M urea gels. The amount of
RNA transcribed from the SV40 recombinant plasmids was
estimated by scanning the autoradiograms. Each gel was
exposed to film, without an intensifying screen, for various
lengths of time to avoid saturation of the film. Levels of
transcription for each plasmid were normalized relative to
transcription of the internal standard (pSVL7). The final
figures presented in Fig. 7 represent the average results of at
least five independent experiments with different plasmid
preparations.

Analysis of DNA replication. COS-7 cells were seeded at
106 cells per 10-cm-diameter petri dish. At 24 h after seeding,
the cells were transfected with 0.5 p.g of recombinant plas-
mid and 5 ,ug of marker plasmid pBR327 by the calcium
phosphate coprecipitation technique as previously described
(12). At 48 h posttransfection, the low-molecular-weight
DNA was extracted by the procedure of Hirt (21). This DNA
(in the Hirt supernatant) was deproteinized by two extrac-
tions with phenol saturated in 10 mM Tris hydrochloride (pH
8)-i mM EDTA and was then precipitated with ethanol.
After linearization of the DNA by Clal (pSVL series) or
EcoRI (pSVLori series), each DNA sample was fractionated
by electrophoresis through a 1% agarose gel in 40 mM Tris
hydrochloride (pH 7.8)-50 mM sodium acetate-4 mM
EDTA. The gels were immersed in 0.5 M NaOH-1.5 M NaCl
for 45 min, and then neutralized in 1 M Tris hydrochloride
(pH 7.8)-3 mM NaCl, for 45 min before transfer to a
nitrocellulose filter (Schleicher & Schuell, Inc., Keene,
N.H.; BA 85) by the method of Southern (35). Transferred
DNA was detected by hybridization to a pBR327 probe
labeled with 32P by nick translation (31). The relative copy
number of each plasmid at 48 h posttransfection was esti-
mated by quantitative scanning of the autoradiograms ob-
tained. Each filter was exposed to film for various periods of
time, without intensifying screen, to avoid saturation of the
film. The levels of each plasmid present were normalized
relative to the amount of the internal marker pBR327 to
control for variations in the efficiency of transfection and for
extraction of DNA. The relative amount of each plasmid
present at 48 h posttransfection was obtained by averaging
the results of at least four independent experiments with
different plasmid preparations.

RESULTS

Linear relationship between the quantity of transfected gene
and the level of transcription. Initially, to ensure that no
experiments were carried out under conditions of excess
input DNA, we determined the dose-response relationships
for the wild-type plasmid pSVL in all three cell lines used.
The pSVL plasmid contains the complete SV40 late region
and an intact origin of replication. For these experiments,
HeLa, CV-1P, or COS-7 cells were cotransfected with

VOL. 61, 1987



170 ERNOULT-LANGE ET AL.

TRANSFECTING
DNA

INTERNAL MARKER PLASMIDS TO BE TESTED

1'1782

SV40 16S RNA N A _.
526 1463

1018 2013

SV40 DNA PROBE liiZI

[AvaIl fragment]

HYBRIDS AFTER
Si DIGESTION

I

526 1463

1018

II

:5
I

550nt!

1782
v

I.^
2013

201

I*rI
232 nt

FIG. 2. Illustration of the method used for quantitative Si nuclease analysis. The 16S mRNA obtained from the marker and test plasmids
are shown. Spliced-out sequences are indicated by the thin black line, and the nucleotide numbers at the splice junctions are given. The XhoI
linker at nt 1782 in the marker plasmid is represented by the black box. Under each RNA, the open rectangle represents the single-stranded
DNA probe labeled at its 5' end (*). This probe is prepared from the AvaIl fragment ofpSVL7 (nt 2013 to 1018) which contains the XhoI linker.
At the bottom of the figure, the hybrids obtained after S1 nuclease digestion are shown. When the probe DNA was hybridized to 16S mRNA
transcribed from the marker plasmid, DNA sequence homology continued until the acceptor splice junction at nt 1463 and a 550-nt hybrid
fragment was protected from S1 digestion. However, when the probe DNA hybridized with 16S mRNA transcribed from the test plasmid,
the sequence homology stopped at the XhoI linker at nt 1782 and a 232-nt fragment was protected.

a constant amount of the internal marker pSVL7 (10 ,ug). At
48 h after transfection, total RNA was extracted and the
amount of late transcription directed by pSVL was deter-
mined by quantitative Si nuclease analysis as described in
Materials and Methods. A schematic illustration of this
methodology is shown in Fig. 2. These results are presented
in Fig. 3. As predicted in Fig. 2, bands of 232 and 550 nt were
observed (panel A). The 232-nt protected fragment corre-

sponds to 16S and 19S mRNA transcribed from the pSVL
plasmid, whereas 16S mRNA transcribed from the internal
marker protects a fragment of 550 nt. 19S mRNA synthe-
sized by the internal marker protects the entire probe and so
yields a band at 995 nt. As the majority of late mRNA
species are 16S molecules (41), this band is much weaker
than the 550-nt band. It can be seen in Fig. 3A that the
intensity of the 232-nt band increases with input DNA
concentration in all three cell types. These results were
quantified by scanning suitably exposed autoradiograms
from five independent experiments similar to those shown in
Fig. 3A. The average levels of expression of pSVL, normal-
ized relative to transcription of the internal marker pSVL7,
are plotted versus the amount of DNA transfected in Fig.
3B. In all three cell lines the cotransfection of up to 30 ,ug of
pSVL and 10 ,ug of pSVL7 did not result in saturation of the
system.
For all subsequent experiments, we cotransfected 20 jig of

the test plasmid and 10 ,ug of the internal marker since these
levels are within the linear response range of the system.

Effect of deletions within the G-C-rich and 72-bp repeats on
late gene expression preceding viral replication. The deletion
mutants used, which contain the complete SV40 late region
and an intact origin of replication but have varying deletions
within the G-C-rich sequence and the 72-bp repeats, are
depicted in Fig. 1 and 7. The SV40 early genes are deleted
from all these plasmids, arid consequently replication from
the SV40 origin is blocked. The efficiency of late transcrip-
tion of each of these mutants was measured after transfec-
tion into semipermissive HeLa cells or permissive CV-1P
cells. At 48 h after transfection, total RNA was extracted
and the amount of late-specific RNA initiated by the various
mutants was determined by quantitative S1 nuclease analy-
sis. The results of one such experiment are illustrated in Fig.
4. The efficiency of late transcription directed by each
plasmid was estimated by densitometric scanning of suitably
exposed autoradiograms (see Materials and Methods) and
normalization relative to transcription directed by the inter-
nal marker pSVL7. The results were then expressed relative
to total transcription from the wild-type recombinants pSVL
or pSVLori (taken as 100%). pSVL comprises SV40 se-
quences from nt 4739 to 2770 in pBR328, whereas pSVLori
includes sequences from nt 5170 to 2770 in pBR322. The data
presented in Fig. 7A represent the average results from at
least five independent quantification experiments.
The effect of deletions within the 21-bp repeats on late gene

expression. It can be seen in Fig. 4 and 7A that deletion of the
21-bp repeats (pSVLoriA21) resulted in a 3.5- to 4-fold
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FIG. 3. Dose-response data for pSVL transcription in HeLa,
CV-1P, and COS-7 cells. (A) HeLa, CV-1P, and COS-7 cells were
cotransfected by calcium phosphate precipitation with increasing
concentrations of pSVL DNA and a constant concentration of the
internal marker pSVL7 (10 jig). RNA extraction, hybridization, S1
digestion, and electrophoresis were performed as described in
Materials and Methods. A total of 5 (lane 1), 10 (lane 2), 20 (lane 3),
or 30 ,ug (lane 4) ofpSVL DNA were added per 10-cm-diameter petri
dish. (B) The relative expression of pSVL was evaluated by densi-
tometric scanning of suitably exposed autoradiograms similar to
those shown in panel A. The transcription of pSVL was normalized
relative to transcription from the internal marker pSVL7. Each point
in this figure is the average of five independent experiments with
different DNA preparations. Symbols: (-), HeLa cells; (A), CV-1P
cells; (0), COS-7 cells.
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FIG. 4. Quantitative S1 nuclease analysis of late transcription
directed by the pSVL, pSVLori, and pOLO series of deletion
mutants before replication. Total RNA was extracted from HeLa or
CV-1P cells cotransfected with 20 ,ug of each of the deletion mutants
and 10 ,ug of the internal marker pSVL7. Total RNA from HeLa
cells (25 ,ug) (A) or 50 pug of total RNA from CV-1P cells (B) was
hybridized to an excess of 5'-end-labeled, single-stranded probe (see
Fig. 2). After Si nuclease treatment and separation by electropho-
resis through 5% polyacrylamide-7 M urea gels, protected frag-
ments 232 and 550 nt long were obtained, corresponding to RNA
transcribed from the test and marker plasmids, respectively. Lanes
are identical in panels A and B. Lanes: a, pSVL; b, pSVL101; c,
pSVL208; d, pSVLBK3; e, pSVLBS6; f, pSVLori; g, pSVLoriA21;
h, pSVLoriA72; i, pOLO; j, pOLA3.

expression. It can be seen in Fig. 4 and 7A that deletion of the
21-bp repeats (pSVLoriA21) resulted in a 3.5- to 4-fold
increase in late transcription both in HeLa and CV-1P cells.
We have recently reported a similar phenomenon with
chimeric transposition plasmids in which T antigen was
expressed under the control of putative late promoter frag-
ments (30). These results give further support to the hypo-
thesis that before viral DNA replication the presence of the
21-bp repeats between the enhancer and the early start sites
favors early transcription. When the 21-bp repeats are ab-
sent, transcription is no longer directed preferentially in the
early direction, and transcription in the late direction is
consequently increased.

This increase in late transcription is not seen with the
plasmid pSVLBS6. The deletion in this plasmid extends into
the 21-bp repeats as far as nt 66, thus removing four of the
six G-C-rich motifs. However, a portion of the 72-bp repeats
is also removed, and it may be that an increase in the
efficiency of late transcription due to the removal of four of
the six G-C repeats is offset by a decrease in promoter
strength due to the deletion of important sequences within
the enhancer region.
The effect of deletions within the 72-bp repeats on late gene

expression. The plasmid pSVL208, which has a deletion of 95
bp within the 72-bp repeats, showed only a moderate reduc-
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from nt 128 to 272 are missing, directed late
with an efficiency of 46% of pSVLori in
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TABLE 1. Relative amounts of replication directe
mutants in COS-7 cells

Mutanta R(
of

pSVL (wild type)
pSVL101
pSVL208
pSVLBK3
pSVLBS6

pSVLori (wild type)
pSVLoriA21
pSVLoriA72

a The deletion mutants used are described in the legends
b The values from four independent experiments with

preparations are expressed as a percentage of the activit)
undeleted mutants pSVL or pSVLori and are normalizes
amount of the internal marker pBR327 as described in Materi

FIG. 6. Quantitative S1 nuclease analysis of late transcription
directed by the pSVL, pSVLori, and pOLO series of deletion
mutants after replication. Total RNA was extracted from COS-7

p BR 327 cells cotransfected with 20 ,ug of each of the plasmids and 10 jig of
the internal marker pSVL7. This was analyzed as described in the
legend to Fig. 4 except that 2.5 jig of total RNA was hybridized to
the 5' end-labeled probe. Lanes: a, pSVL; b, pSVL101; c,
pSVL208; d, pSVLBK3; e, pSVLBS6; f, pSVLori; g, pSVLoriA21;

and pSVLori h, pSVLoriA72; i, pOLO; j, pOLA3.
xtracted from
le test plasmid
Llyzed via the 265 to 300 is not critical for late transcription before repli-
Materials and cation.
'as determined Effect of deletions within the regulatory sequences on late
he position of gene transcription after the onset of viral replication. The
he positions of effect of deletions within the SV40 regulatory sequences on

late gene transcription after DNA replication was examined.
To allow replication of these plasmids, which contain an

extends to nt intact viral origin of replication, they were transfected into
'.5- to 3-fold COS-7 cells which constitutively express functional T anti-
3'o of pSVL). gen. Since it was possible that the different plasmids repli-
es extending cate to different extents, we first determined the relative
transcription amount of each plasmid present when the transcriptional
CV-1P cells. analyses were carried out. COS-7 cells were cotransfected
ate transcrip- with 0.5 ,ug of each test plasmid and 5 pug of pBR327 as
VL). We are nonreplicative internal marker. The plasmid pSVLAS,
These results which is unable to replicate due to a deletion at the SV40
for late tran- origin of replication, was included as a negative control. At
232 and 265. 48 h posttransfection, low-molecular-weight DNA was iso-
see Fig. 7A) lated and analyzed as described in Materials and Methods.

ription (com- The autoradiogram presented in Fig. 5 represents the results
absence of a of one such experiment. It can be seen that, by comparison
egion from nt with the nonreplicative control pSVLAS, all the plasmids

replicated after transfection into COS-7 cells (pSVLAS was

d by deletion faintly visible on overexposure of the autoradiogram; data
not shown). The relative amount of each plasmid present
was then estimated by scanning suitably exposed autoradio-

elative efficiency grams (see Materials and Methods) and normalizing relative
f replication (%)b to the amount of the internal marker pBR327. The results

100 (Table 1) of at least four such experiments were then
90 averaged to provide an estimation of the relative copy
104 number of each plasmid 48 h posttransfection of COS-7 cells.
150 The relative levels of transcription were determined in a
165 series of quantitative S1 nuclease analysis experiments by

100 using the same internal marker and probe as in the studies
60 carried out before replication. The results of one such
153 experiment are presented in Fig. 6. The variations in the

amount of late RNA synthesized by each test plasmid were
to Fig. 1 and 7. quantified by densitometric scanning of suitably exposed
different DNA autoradiograms as before. A summary of the results of this

y determined for
d relative to the sertes of experiments is presented in Fig. 7A. All results are
ials and Methods. again expressed as a percentage of the appropriate wild-type
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RELATIVE EFFICIENCY
OF TRANSCRIPTION (%)A

PLASM ID
TRANSFECTE D

pSVL or pSVLori

HeLa CV-IP COS-7

Major Late
m RNA 5'ends

HpaIl Kp
346 29

I 11

pn1
94

SphI
200

I 11 TATTTAT Major Early

I m1NrnIe- ds

SphI Bgl
128 5235

100

a b

100 100 100

265 162
33 40 16 18

232 137
* 70 69 22 22

130
29 30 10 7

105 96 14 9

350 404 35 58

75 46 21 14
272 128

100 100 ND

72 79 18 ND

FIG. 7. Summary of levels of late transcription directed by the pSVL, pSVLori, and pOLO series of deletion mutants in HeLa, CV-1P,
and COS-7 cells. After transfection of cells with each of the deletion mutants and the internal marker pSVL7, the amount ofRNA transcribed
was measured by quantitative S1 nuclease analysis (see Fig. 4 and 6), followed by scanning of suitably exposed gels. The results were
normalized relative' transcription of the internal marker pSVL7 and are expressed as a percentage of transcription of the undeleted plasmid
pSVL, pSVLori, and pOLO. They are corrected (column b) or not (column a) to account for variations in the copy number of the different
plasmids in COS-7 cells. The values presented are the averages of five independent experiments performed with different DNA preparations.
(A) Levels of late transcription directed by the pSVL and pSVLori series. A schematic representation of SV40 regulatory sequences and the
locations of the deletions in mutant plasmids are presented. The top of the figure shows, from right to left: the 5' ends of early mRNA sites
(arrow shows the direction of early transcription); the BgIl site (the minimal origin of replication is located around the Bgll site from nt 5208
to 30); the TATTTAT sequence, (the TATA box of the early promoter); the G-C-rich region (one 22-bp degenerate repeat and two 21-bp
directed repeats) in which the six 5'-CCGCCC-3' repeated sequences are indicated by six black blocks; the two 72-bp direct repeats (open
boxes) with the positions of domains I and II indicated above; and the major late transcription initiation site (arrow shows the direction of
late transcription). The deletion mutants used are depicted underneath. The nucleotides at the boundaries of each deletion (inclusive) are
given. (B) Levels of late transcription directed by the pOLO series. A schematic representation of the SV40 regulatory sequences included
in pOLO is presented. The symbols used are as in panel A. The nucleotides at the junction of the 21-bp repeats and the single 72-bp sequence
are indicated, as are the nucleotides at the boundaries of the pOLA3 deletion. ND, Not determined.

plasmid (pSVL or pSVLori), both of which can replicate in
COS-7 cells. The variations in the relative amount of repli-
cation of the different plasmids did not significantly affect the
efficiency of late transcription. In general, the various dele-
tions had a more pronounced effect on the relative efficiency
of late transcription after replication. pSVL101, pSVL208,
pSVLBK3, and pSVLoriA72 all showed relative promoter

strengths two- to threefold less than before replication. After
correction for activity of replication, the plasmid
pSVLoriA21 showed an efficiency of transcription 58% that
of pSVLori. This is in contrast to the situation before
replication, in which the removal of the 21-bp repeats
resulted in a stimulation of late transcription. The fact that
this effect was no longer seen suggests that, after replication,

p SVI. 101

pSVL 208

pSVL BK3

pSVL BS6

300

pSVL ori A21

204 66

113 38

pSVLori A72

B

pOLO

179 101

I I

SphI BamHI
200 101

I
Hpa34
346

Kpnt
294
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the 21-bp repeats favor early transcription to a much lesser
extent.
The most interesting result, however, is that obtained with

the plasmid pSVLBS6. Before replication, this plasmid
showed an unimpaired efficiency of late transcription,
whereas afterward it showed levels of late transcription only
9% those of pSVL. Thus, the deletion in pSVLBS6 removed
sequences critical for late transcription after replication, and
transcription prereplication remained unaffected.

Significance of the late distal moiety of the 72-bp repeats for
late gene expression. The results described above suggested
that sequences important for late transcription both before
and after replication are found between nt 130 and 300.
Furthermore, the results obtained with pSVLBS6 show that
the deletion in this plasmid clearly affects late transcription
more severely after replication. We noticed that this plasmid
is the only one in which the sequences downstream from the
SphI site of both 72-bp repeats were deleted (Fig. 7A). These
results suggested that sequences required only after replica-
tion are located in these regions.
However, since the deletion of four of the six G-C-rich

motifs in pSVLBS6 can have a stimulatory effect on late
transcription, it is possible that the deletion in the 72-bp
repeats does indeed remove late promoter sequences active
before replication. To clarify this point, we constructed the
plasmid pOLA3 in which the sequences downstream from
the SphI site (nt 179 to 204) are deleted from the single 72-bp
sequence of the plasmid pOLO. This plasmid retained the
G-C-rich motifs. pOLA3 or pOLO were cotransfected into
HeLa, CV-1P, or COS-7 cells with the internal marker
pSVL7. Relative levels of transcription were determined in a
series of quantitative Si nuclease analysis experiments as
described above. The results of these analyses are presented
in Fig. 4 and 6 and summarized in Fig. 7B. We found that,
whereas before replication pOLA3 directed late transcription
with an efficiency slightly less than wild type (70 to 80% of
pOLO), after replication it was more inhibited, with a pro-
moter strength only 18% that of pOLO. This result therefore
confirms that the late distal moiety of each 72-bp repeat is
critically important after replication and of lesser importance
before replication.

DISCUSSION

In this study, we analyzed and compared the structure of
the SV40 late promoter before and after the onset of DNA
replication. To this end, we constructed an extensive series
of mutants deleted within the late promoter region. These
mutants all contain the altered promoter in its normal
position relative to the SV40 late genes. The deletions
encompass both the G-C-rich repeats and the enhancer
region so that the contribution of both these regions can be
assessed. An important observation that can be made con-
cerning the operation of the late promoter before replication
is that this promoter apparently functions in a similar manner
in HeLa and CV-1P cells. This confirms the significance of
previous results dealing with the functioning of this promoter
in HeLa cells (12, 30).
The analysis of the plasmid pSVLoriA21 indicates that,

whereas before replication removal of the G-C-rich region
stimulates late transcription approximately fourfold, after
replication the removal of these sequences results in a
moderate drop in late promoter strength (Fig. 7A). The fact
that the removal of the G-C-rich region did not entail an
increase in late transcription postreplication suggests that
the G-C-rich repeats do not favor early transcription to the

same extent after replication as before. The slight decrease
in the late promoter strength of pSVLoriA21 after replication
may be due to a reduction in transcription from the late
initiation sites closest to the G-C-rich repeats in the 72-bp
repeats. These sites are preferentially used in vitro (28, 32,
38) or in vivo after viral DNA replication (11, 15).
The study of mutants within the enhancer element allowed

us to identify two distinct domains in this region which
appeared to be particularly important for late promoter
activity. One important domain, which we call domain I, was
shown to be between nt 232 and 265 (compare pSVL101 and
pSVL208, Fig. 7A) comprising the late proximal end of the
72-bp repeats and 15 bp to the late side of these repeats. Our
results show that domain I is active before viral replication.
It is interesting that this domain includes sequences which
other workers have shown are important for early gene
transcription. Weiher et al. (40) used a series of multiple-
point mutations within the 72-bp repeats to define a core
sequence from nt 239 to 246 (5'-TGGAAAGT-3') which is
essential for the enhancer activity of this region in CV-1
cells. Shaw et al. (34) have subsequently found that certain
of the mutants studied by Weiher et al. (40) also display
reduced late transcription in vivo before replication. More
recently, Zenke et al. (42) have used an extensive series of
point and deletion mutations to examine the relative impor-
tance of all sequences within the enhancer region. By
analysis of an SV40 early promoter with only one 72-bp
sequence, they identified two broad domains, A and B,
corresponding to the early and late moieties, respectively, of
the enhancer element used. Our results now show that some
6f the sequences within domain B (nt 226 to 278) are also
required for late transcription. Notice, however, that we find
that deletion of this domian is less deleterious to late
transcription than to early transcription. Moreau et al. (29)
reported that the deletion of TB1l1 causes a drop of greater
than 100-fold in the activity of the early promoter, whereas
we find here that the same deletion reduces late promoter
activity three- to fivefold. It might be that the differential
effect of this deletion reflects the possible ability of the 21-bp
repeats to function as a substitute late promoter in the
absence of the enhancer sequences, as suggested by Fromm
and Berg (14).
The second domain of importance (domain II, nt 179 to

204) functioned chiefly after the onset of replication. This is
clearly demonstrated by the results obtained with the plas-
mid pOLA3 (Fig. 7B). Again we notice that the domain we
identify here includes sequences that Zenke et al. (42) have
shown are important for the early enhancer effect. The
deletion in pOLA3 removes sequences belonging to the
domain A described by these workers.
The finding that the enhancer element is required for late

transcription both before and after replication would appear
to be in disagreement with the results of Shaw et al. (34),
who were unable to demonstrate that enhancer mutations
have a deleterious effect on late transcription postreplica-
tion. We do not know the basis for this apparent contradic-
tion. However, we note that the results of Hartzell et al. (20)
also indicate that sequences in the 72-bp repeats are impor-
tant for late gene expression in vivo postreplication. Indeed,
these authors found that the late distal 22-bp portion of the
72-bp repeat, corresponding in position to domain II identi-
fied here, is sufficient for induction of late promoter activity
when the minimal origin of replication is present. Other
authors have also provided evidence supporting the impor-
tance of the domains identified. Both Brady and Khoury (5)
and Keller and Alwine (23) found that sequences in the
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enhancer region are required for late gene expression in the
presence of T antigen. The latter authors further subdivided
the sequences of importance into two domains, extending
from nt 200 to 270 and nt 168 to 200, which are in good
agreement with the domains described here. However, our
results show that the presence of T antigen is not required
for the activation of domain I (nt 232 to 265).
The existence of elements of the late promoter which are

more critical after replication can account for the fact that all
the enhancer deletion mutants examined are more deficient
postreplication, since all these mutants lack at least one copy
of this domain. Conversely, in none of the mutants has late
transcription been completely abolished. In this respect, it is
important to note that all mutants retain at least one copy of
either domain. It is possible that each copy of each domain
can function, to a certain extent, independently of the other
important sequences (as Zenke et al. [42] have demonstrated
for the two domains of the early enhancer). Note that if this
is so, then the results obtained with pSVLBS6 and pOLA3
suggest that the domain I (in the presence of the +7 to -53
element) continues to function after replication. These re-
sults are confirmed by a study of point mutations in this
domain (manuscript in preparation).
The increased importance of the domain II after replica-

tion suggests that there is a change in the operation of the
late promoter concomitant with replication. We have previ-
ously observed that the 5' termini of late mRNAs are more
heterogeneous after viral replication than before (11), which
also suggests the occurrence of an alteration in the late
promoter. It seems highly likely that this change reflects the
differential interaction of a transcriptional factor(s) with the
promoter region. Indeed the domain II (nt 179 to 204)
virtually corresponds to the sequence identified by Keller
and Alwine (23) from nt 160 to 200, which appeared to be
responsible for T-antigen-mediated trans activation.
A striking observation made in this study was of the

potential identity of elements within the enhancer required
for the stimulation of early and late transcription. In light of
our results concerning the role of the G-C-rich region, we
notice that this raises an interesting possibility concerning
the change in strength of the later promoter pre- and
postreplication. We have already shown that, before repli-
cation, the location of the G-C-rich repeats between the
enhancer and the early start sites causes transcription to
proceed more efficiently in the early direction (30). Results
presented here suggest that the G-C-rich region does not
favor early transcription to the same extent after replication.
Simultaneously, domain II (which corresponds in position to
domain A of Zenke et al. [42]) becomes more critical for late
transcription. Takahashi et al. (37) have provided evidence
which strongly suggests that protein-protein contacts exist
between factors bound to the G-C-rich region and to domain
A of the enhancer. Thus, it is possible that, whereas before
replication the G-C-rich region directs transcription chiefly
in the early direction, after replication this effect is reduced
and domain II is now free to stimulate transcription in the
late direction.
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