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During simian virus 40 lytic infection there is a shift in initiation sites used to transcribe the early region,
which encodes large T and small t antigens. Early in infection, transcription is initiated almost exclusively from
sites that are downstream of the origin of DNA replication, whereas transcripts produced later are initiated
mainly from sites on the upstream side. We have used mutant virus and specially constructed plasmid DNAs to
investigate the factors regulating this transcriptional shift. In our studies simian virus 40 large T antigen
appears to mediate the shift in transcription in two ways: first, T antigen represses transcription at the
downstream sites late in infection by binding to the region where these RNAs are initiated; second, T antigen
promotes transcription from sites on the upstream side by its ability to initiate replication or amplification, or
both, of the template DNA. In addition, transcription from the downstream sites is heavily dependent on
enhancer sequences located in the 72-base-pair repeat region, whereas transcription from the upstream sites
late in infection does not require enhancer sequences. Thus, different overlapping promoters regulate simian
virus 40 early-region expression in a manner that apparently coordinates the production of large T antigen with

the increase in viral DNA.

At present, the molecular mechanisms controlling gene
expression in higher eucaryotes are only poorly understood.
One of the best characterized systems which has been used
to approach this problem is the early region of simian virus
40 (SV40) (1, 24, 56). The early region codes for two known
proteins, large T antigen and small t antigen. Although the
function of small t antigen remains obscure, large T antigen
is known to be required for the initiation of viral DNA
synthesis. These proteins are translated from differentially
spliced RN As which are transcribed, using the same promot-
er and polyadenylation signals. The SV40 early-region pro-
moter is contained within a set of repeated segments adja-
cent to the origin of viral DNA replication (ori) (Fig. 1).
Extensive analysis of this region has demonstrated the
presence of three separate elements involved in SV40 early
transcription (5, 16). At least one copy of a set of six short
guanine-cytosine-rich repeats is necessary for early tran-
scription. In addition, a sequence within the 72-base-pair
(bp) repeat has been shown to be an essential element.
Finally, a Goldberg-Hogness or TATA box sequence (19; M.
Goldberg, Ph.D. thesis, Stanford University, Stanford, Cal-
if., 1978), imbedded within a larger 17-bp adenine-thymine
(AT)-rich block, is responsible for positioning the 5’ ends of
early RNA.

The SV40 early region is also one of the best characterized
examples of regulation mediated by a defined protein. Large
T antigen regulates its own synthesis by controlling the level
of early-region transcription (33, 53, 57). Furthermore, T
antigen binds to SV40 DNA at three adjacent sites overlap-
ping ori and the early promoter (Fig. 1). In vitro, site I has
the highest affinity for T antigen and site III has the lowest
(58, 60). Studies with deletion and point mutations suggest
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that T-antigen binding at sites I and II is involved in the
initiation of DNA replication at ori (37, 50, 55). Moreover,
studies of transcription in vitro have shown that the binding
of T antigen to these sites is correlated with the repression of
early-region transcription (25, 49).

Recently, it has been discovered that during the course of
lytic infection there is a shift in initiation sites used to
transcribe the early region (16, 18, 25). Before the onset of
viral DNA replication, transcripts appear with 5’ ends map-
ping downstream from the center of the 27-bp inverted
repeat at ori. The positions of the 5’ termini of the down-
stream RNAs (dloRNAs) are determined by a TATA signal
within the AT-rich block (Fig. 1) (5, 16, 19). Concommitantly
with viral DNA replication, the production of downstream
transcripts decreases, a new set of early-region RNAs ap-
pear with 5’ ends mapping upstream of the inverted repeat,
and upstream RNAs (upRNAs) become the predominant
species at late times in infection.

In the present experiments we examine the factors in-
volved in regulating the transcriptional shift from down-
stream to upstream sites with virus and plasmid DNAs.
These studies show that the shift in transcription is mediated
by large T antigen. T antigen represses the production of
doRNA late in infection, probably by binding to the site
where downstream transcription is initiated. The production
of upRNAs also depends on T antigen but not on T antigen
binding at the promoter. Instead, the increased synthesis of
upRNA late in infection results either from a replication
intermediate or from amplification of transcription tem-
plates.

We have also investigated the dependence of transcription
from both the downstream and upstream initiation sites on
the 72-bp repeat segment (16). Transcription of doRNA is
greatly reduced when the 72-bp repeat region is absent;
however, transcription of upRNA is unaffected by the re-
moval of these sequences. Therefore, it appears that tran-
scription of the SV40 early region is mediated by different,
yet overlapping, promoters which are regulated by the early-
region product, large T antigen.
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FIG. 1. Diagram of the SV40 segment containing the early-region
promoter, the origin of replication, and the large T-antigen binding
sites. The rectangle with black and white diagonals, marked ori,
represents the 27-bp palindrome which is implicated in DNA replica-
tion (27). The region immediately adjacent, the 17-bp AT block, has
the sequence 5'-TAATTTTTTTATTTAT-3', with the italicized
sequence indicating the presumptive Goldberg-Hogness or TATA
box. The small black boxes to the left of the AT block represent six
repeats of the sequence 5’-PyPyCCGCCC-3'. The partially stippled
rectangles further to the left indicate the tandemly repeated 72-bp
segments. Unstippled sections of the rectangles show the location of
sequences thought to be most responsible for enhancer function
(16). The three DNA binding sites for large T antigen and the
initiator ATG for the T antigens are also shown. The 5’ ends of two
sets of early-region transcripts, doRNA and upRNA, are indicated
by the arrows pointing rightward. The dashed line adjacent to the
arrow representing upRNA indicates the uncertainty in the position
of the 5’ ends of these RNAs. The nucleotide numbers are those of
the SV numbering system (10), which is used throughout.

MATERIALS AND METHODS

Animal cells and viruses. The care and history of the
monkey cell line CV-1 and its use for the propagation of
SV40 (SVS) and tsA58 have been described elsewhere (42).
COS cells (21) were grown in Dulbecco modified medium
supplemented with 5% newborn calf serum, penicillin, and
streptomycin.

Enzymes and reagents. The restriction endonucleases
EcoRl and BamHI were gifts of J. Carlson and C. Mann
(Stanford University), respectively. Other restriction endo-
nucleases used in this study were purchased from New
England Biolabs or Bethesda Research Laboratories. T4
DNA polymerase was purchased from P-L Biochemicals. T4
DNA ligase was a gift from S. Scherer (Stanford University).
Calf alkaline phosphatase and S1 nuclease were purchased
from Boehringer Mannheim Biochemicals. [*?P-y]JATP and
T4 polynucleotide kinase were from New England Nuclear
Corp. 1-a-D-Arabinofuranosylcytosine (ara-C) was from Sig-
ma Chemical Co.

Transfection of animal cells with plasmid DNA. In transfec-
tions performed with plasmid DNA alone, semiconfluent
monolayers of either CV-1 or COS cells were treated with 10
pg of plasmid DNA (per 100-mm plate) by a modification by
Parker and Stark (51) of the calcium phosphate coprecipita-
tion technique (22).

Coinfection experiments with virus and plasmid DNA
were performed as follows. Semiconfluent monolayers of
CV-1 cells were first treated with either wild-type SV40 or
tsAS8 at a multiplicity of 10 PFU per cell for 1.5 h at 37°C.
The cells were incubated at 37°C for an additional 30 min in
normal medium (Dulbecco modified medium plus 5% new-
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born calf serum) and then transfected with a calcium phos-
phate precipitate of plasmid DNA as described above.

Isolation and characterization of tsA58 and plasmid-derived
early RNAs. The methods used for the extraction of cyto-
plasmic RNA, treatment with DNase I and chromatography
on oligo deoxythymidylate-cellulose, have been de-
scribed in detail elsewhere (61). The positions of the 5’ ends
of tsAS8 early RNA were determined by the Weaver and
Weissmann modification (63) of the Berk and Sharp S1
nuclease procedure (7) as described previously (16). This
involves hybridization of the isolated RNA to an SV40 DNA
fragment that is >*P labeled (40) at the 5’ end of an Avall
restriction site in the early region (nucleotide 5118). The
DNA fragment used as probe extends from this Avall site
through the SV40 early-region promoter to a Pvull restric-
tion site (nucleotide 270), which is unlabeled. The RNA-
DNA hybrids are then digested with S1 nuclease, followed
by electrophoresis of the protected DNA fragments (protect-
ed fragments) on an 8 M urea-8% polyacrylamide gel (40).
The bands visualized by autoradiography of the gel identify
fragments whose length measures the distance from the
protected **P-end to a discontinuity in the RNA-DNA pair-
ing. Generally, the discontinuity is at the 5’ end of the RNA;
however, in the case of upRNA, the RNA-DNA hybrids are
digested back to a position at nucleotide 15 due to the S1
nuclease sensitivity of RNA-DNA hybrids ending near or
within the 17-bp AT-rich region (16, 25, 39). In this type of
analysis the multiple bands indicate fragments differing in
length by a single nucleotide, presumably produced by
“‘nibbling’’ of the terminal residue by S1 nuclease (63).
Primer extension experiments (18, 25) and studies reported
in the accompanying paper (9) indicate that the 5’ ends of
upRNA must lie somewhere between nucleotides 15 and 44
and most likely between nucleotides 30 and 34.

The 5’ ends of plasmid-derived polyadenylated [poly(A)*]
RNAs were determined, using as probe appropriate restric-
tion fragments that were labeled with **P at one or both §’
ends. Cytoplasmic poly(A)* RNA was mixed with the 32P-
labeled (10° cpm/pg) DNA probe and precipitated with
ethanol. The precipitate was dissolved in 30 ul of buffer
containing 80% formamide, 400 mM sodium chloride, 40 mM
PIPES (1,4-piperazine diethanesulfonic acid [pH 6.4]), and 1
mM EDTA, heated at 70°C for 10 min, and then incubated at
49°C for 3 h. The hybridized samples were diluted into 300 ul
of cold buffer (0°C) containing 250 mM sodium chloride, 30
mM sodium acetate, 1 mM zinc acetate, 10 pg of denatured
salmon sperm DNA per ml, and 3,000 U of S1 nuclease per
ml. After incubation at 30°C for 2 h, 10 pg of tRNA was
added, and the samples were precipitated by the addition of
2 volumes of ethanol. The products of the S1 nuclease
reactions were separated by electrophoresis, either in 1.5%
alkaline agarose gels or in 8 M urea—4% polyacrylamide gels.
The gels were dried, and autoradiographs were prepared
with Kodak XRS film for 1 to 5 days at —70°C with a Dupont
Cronex Lightning-Plus intensifying screen. By using these
electrophoretic conditions, the fragments differing by only a
few nucleotides that result from nibbling by S1 nuclease are
not resolved.

Construction of plasmid DNA molecules. The general pro-
cedures used for the separation and purification of DNA
fragments, as well as the propagation and purification of
plasmid DNA, in Escherichia coli have been described
previously (16). E. coli HB101 (8) was used as the host for all
plasmid DNAs. The constructions of several plasmids used
in these studies are described elsewhere. These include pSp-
IVS2 (A. R. Buchman and P. Berg, manuscript in prepara-
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tion), pSV2-gpt (44), and pSV2-gpr S-232 (J. Sklar and P.
Berg, unpublished data).

(i) Construction of pSB-gpt. In plasmid pSB-gpt the Ecogpt
gene (gp?) is expressed, using the eucaryotic transcription
and processing signals present in pSB-1VS2 (Fig. 2). Accord-
ingly, pSB-IVS2 DNA was digested with HindIII and BamHI
endonucleases, and the large 4,345-bp fragment was isolated
by gel electrophoresis. A 1.0-kilobase-pair fragment contain-
ing gpt was obtained by digestion of pSV1GTS5-gpt plasmid
DNA (46) with HindIIl and BamHI endonucleases and
isolated by gel electrophoresis. The HindIII-BamHI pSB-
IVS2 and gpt fragments were ligated with T4 DNA ligase,
and the products were used to transform E. coli HB101.
Plasmid DNAs obtained from ampicillin-resistant colonies
were analyzed by restriction enzyme digestion to verify the
appropriate structure for pSp-gpt.

(ii) Construction of pSBX. Plasmid pSBX is a derivative of
pSB in which the Bgll restriction site at SV40 ori has been
converted to an Xhol restriction site by the insertion of a
synthetic Xhol octanucleotide linker (Fig. 3). Thus, pSBX
lacks SV40 ori function but retains the early-promoter and T-
antigen binding sites (16, 58). To remove the normal early-
promoter region, pSB DNA was digested with Pvull and
HindIII endonucleases, and the large 4,342-bp fragment was
purified by gel electrophoresis. A Xhol linker-modified ori
segment was obtained from pX-8 DNA (16) by digestion with
Pvull and HindIIl endonucleases, followed by gel electro-
phoresis. The 4,342-bp pSB fragment and the 342-bp pX-8
fragment were ligated with T4 DNA ligase, and the products
were used to transform E. coli HB101. Ampicillin-resistant
transformants were picked, and their plasmid DNAs were
analyzed by restriction enzyme digestion to identify the
modified pSB recombinants.

Amp

pBR322
ori

Mot. CeLL. BioL.

(iii) Construction of pSBXH. pSBXH is a derivative of
pSBX which lacks the sequences between the Xhol restric-
tion site inserted at ori and the HindIlI site just proximal to
the B-globin coding region (Fig. 3). Therefore, pSBXH lacks
both SV40 ori function and the sequences of T-antigen
binding sites I and II. To construct pSBXH, pSBX DNA was
digested with HindIII and Xhol endonucleases, and the large
4,614-bp fragment was isolated by gel electrophoresis. The
S'-protruding ends of the HindIII-Xhol fragment were con-
verted to blunt ends by incubation with T4 DNA polymerase
and the four ANTPs at S0 uM in 10 mM Tris (pH 7.5)-10 mM
MgCl, at 37°C for 10 min. The blunt-end fragment was
circularized by ligation with T4 DNA ligase, and the prod-
ucts were used to transform E. coli HB101. Plasmid DNAs
obtained from ampicillin-resistant colonies were analyzed by
restriction enzyme digestion to identify those having the
indicated deletion in the early-region promoter.

(iv) Construction of pSBO, pSBXO0, and pSBXHO. Plas-
mids pSBO, pSBXO, and pSBXHO are derivatives of pSpB,
pSBX, and pSBXH, respectively, which contain an addition-
al ori sequence distant from the B-globin transcription unit.
To construct these plasmids, it was convenient to utilize the
ori segment in the previously described plasmid pS-232 (16).
pS-232 is an SV40 recombinant plasmid in which SV40
nucleotides 115 to 345 are missing. The deletion removes the
72-bp repeat region but leaves the sequences necessary for
SV40 ori function.

pS-232 DNA was digested with PstI endonuclease, and a
2,561-bp fragment containing ori was isolated by gel electro-
phoresis. DNA of each of plasmids pSB, pSBX, and pSBXH
was digested with PstI endonuclease and calf alkaline phos-
phatase. The 3.7-kilobase-pair fragments which contain the
various B-globin expression modules were isolated from

FIG. 2. Structure of plasmid pSB-IVS2 and plasmid-derived hybrid B-globin RNA. The ci.rcular part depicts the ggneral structure of
plasmid pSB-IVS2 (hereafter referred to as pSB). The shaded segment represents sequences derived from pBR322, and stippled sections are
SV40 sequences. The hatched segments are derived from rabbit p-globin cDNA sequences (15, 47), and the un§haded segment represents
sequences of the second intron of the rabbit B-globin gene IVS2 (26). The segment containing the SV40 early-region promoter extends from
the Pvull site at nucleotide 274 to the HindIII site at nucleotide 5118. The structure of cytoplasmic RNA produced from the hybrid B-globin
transcription unit is shown below the diagram of the plasmid. The wavy region represents the sequences of IVS2 which are removed by RNA
splicing. The hatched segments indicate the rabbit B-globin coding region.
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FIG. 3. Structure of the SV40 early-region promoter in plasmids pSB, pSBX, and pSBXH. The symbols representing the SV40 early-
promoter region are described in the legend for Fig. 1. The wavy line represents rabbit B-globin cDNA sequences which are joined to the SV40
early-region promoter at the HindlII site (nucleotide 5171). The initiator ATG codon for the rabbit B-globin coding region is shown. The solid
lines at the bottom of the figure indicate the sequences of the early-region promoter which were deleted in pSBX and pSBXH. In pSBX, 8 bp
between nucleotides 5238 and 2 of the SV40 ori region are replaced with 8 bp of a synthetic Xhol linker. In the construction of pSBXH, the se-
quences between the inserted Xhol linker in pSBX and the HindIlI site were deleted. Effectively, this removes nucleotides 5176 to 2 of the ori
region, which includes all the sequences of T-antigen binding site I and most of site II.

each sample by agarose gel electrophoresis. Each of the
pSB, pSBX, and pSBXH Pst1 fragments was ligated individ-
ually with the fragment containing ori from pS-232 (Fig. 4).
The ligated DNAs were used to transform E. coli HB101,
and the ampicillin-resistant colonies were analyzed by re-
striction enzyme digestion to identify the plasmids contain-
ing the additional SV40 ori segment.

RESULTS

Large T antigen regulates the shift in early-region transcrip-
tion initiation sites. The 5' ends of doRNAs and upRNAs are
located at different positions relative to the known T-antigen
binding sites (59, 60) (Fig. 1). The 5’ ends of doRNAs are at
the boundaries of sites I and II, whereas the 5’ ends of
upRNAs are between sites II and III. Thus, the binding of
large T antigen could conceivably regulate both the kind and
the amount of these early-region transcripts. To investigate
the role of T antigen in the shift in early-region transcription
initiation sites, the behavior of the mutant virus tsA58, which
produces a thermolabile large T-antigen protein, was exam-
ined. Because large T antigen is required for the initiation of
viral DNA synthesis, viral DNA replication does not occur
when cells infected with tsAS8 are incubated at the nonper-
missive temperature (41°C).

tsAS8 early-region RNAs were isolated at various times
after infection and annealed to an SV40 DNA fragment that
was 5’ 3?P labeled at an Avall restriction site in the early
region. After digestion of the RNA-DNA hybrids with S1
nuclease, the products were separated by electrophoresis on
an 8 M urea-8% polyacrylamide gel (Fig. 5). The numbers at
the right in Fig. 5 correspond to the nucleotide position (10)
at which the RNA-DNA hybrids were cleaved by S1 nucle-
ase. In cells infected with 7sAS58 at the permissive tempera-
ture (31°C), the pattern of 5’ ends for early-region transcripts
was similar to that with wild-type virus infection (16). Thus,
most of the RN A appearing early in infection has 5’ ends that
are clustered at nucleotides 5233 and 5237 (dloRNAs), where-

as at later times, the majority of the RNAs appear to be
initiated upstream of nucleotide 15 (upRNAs) (see above for
a discussion of the mapping of upRNA 5’ ends). In a number
of experiments, the relative ratio of upRNAs to doRNAs
rises from 0.2 at 24 h to 3 at 86 h. However, during infections
with tsAS8 at the nonpermissive temperature (41°C), only
low levels of upRNAs were produced at a time (48 h) when
substantial quantities of doRNAs were formed. Also,
upRNAs were not produced in infections at the permissive
temperature (31°C) which were treated continuously with
ara-C, an inhibitor of viral DNA replication (38). However,
the addition of ara-C late in infection (from 72 to 86 h) did not
cause the disappearance of the accumulated upRNAs. These
results indicate that the large T antigen and viral DNA
replication are needed for the appearance of upRNAs late in
infection.

It is possible that upRNA formation depends on large T-
antigen binding at the doRNA initiation site, on the ability of
T antigen to initiate viral DNA replication, or on both.
Alternatively, T antigen might exert an indirect effect, such
as causing RNA polymerase to initiate transcription prefer-
entially at the upstream site. The mechanism by which T
antigen induces upRNA production is dealt with more direct-
ly in experiments utilizing SV40 plasmid recombinants,
which are discussed below.

Since T antigen is known to repress early-region transcrip-
tion, we sought to determine whether doRNA transcription
and upRNA transcription are repressed equally or differen-
tially. For this purpose, cells infected with rsA58 were
incubated at the permissive temperature until late in infec-
tion (72 or 86 h) and then shifted to the nonpermissive
temperature for 7 or 14 h. In both experiments there was a
10-fold increase in the formation of total early-region RNAs
after the temperature shift; however, although upRNA was
the predominant species before the temperature shift,
doRNA was the more prevalent species afterward. Thus,
large T antigen seems to repress doRNA production to a
greater extent than upRNA synthesis. This may stem from
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FIG. 4. Structure of plasmid pSBO and its derivatives. The construction of pSBO and its derivatives pSBXO and pSBXHO are described in
the text. The symbols used to illustrate the structures of these plasmids are described in the legend of Fig. 2. The two PstI restriction
fragments used to construct each of these plasmids are indicated, joined by the dashed lines. The bottom section of the figure depicts the
structures of the 3.7-kilobase-pair PstI fragments derived from pSB, pSBX, or pSBXH. The top section of the figure represents the structure of
the 4.3-kilobase-pair PstI fragment derived from pS-232 (16). The locations of SV40 ori, the S-232 deletion, and the orientation of the early and

late region are indicated on the pS-232 fragment.

the fact that the doRNA initiation sites are closer to site I,
the highest-affinity T-antigen binding site (Fig. 1).

Plasmid vector system for studying the shift in initiation
sites of early-region transcription. To investigate the mecha-
nism by which large T antigen increases the formation of
upRNAs it was important to use a system in which the
production of large T antigen is not dependent on transcrip-
tion from the SV40 early-region promoter that is to be
manipulated and studied. For this purpose, we have used the
plasmid vector pSB-IVS2 (Buchman and Berg, manuscript in
preparation) (hereafter referred to as pSg) (Fig. 2). The SV40
early-region promoter in pSB transcribes a rabbit B-globin
gene instead of the normal T-antigen coding sequence.
Monkey cells transfected with pSB plasmid DNA produce
substantial quantities of B-globin RNA initiated at the SV40
early-region promoter. The 5’ ends of these RNAs can be
located by using homologous DNA probes that are 5' 3P
labeled at restriction sites within the rabbit B-globin se-
quence.

To assess the role of T antigen in early-region transcrip-
tion, both CV-1 and COS cells were used as hosts for
transfections with plasmid DNA. CV-1 is the normal mon-
key fibroblast cell line used as host for SV40 infections. COS
is a derivative of CV-1 that expresses large T antigen
constitutively from an SV40 early region that is stably
integrated in the cellular genome (21). Since pSB contains
SV40 ori, the plasmid replicates after transfection into COS
cells.

The 5’ ends of B-globin RNAs produced in CV-1 and COS

cells after transfection with pSB were mapped with an Avall
restriction fragment of pS@ DNA labeled at both 5’ ends with
3P as probe (Fig. 6). One end of the probe is the Avall
restriction site within the B-globin region of pSB, and the
other end is an Avall site within the pBR322 portion of the
plasmid. Digestion of this probe with Bgl/l endonuclease
generated a convenient marker fragment, 225 bases in
length, that extends from the center of the inverted repeat at
ori to the Avall site in the B-globin gene. The expected sizes
for the S1 nuclease protected fragments of upRNA and
doRNA from pSP are 238 and 210 bases, respectively. The
poly(A)* RNA made after transfection of CV-1 cells with
pSP was primarily doRNA. After transfection of COS cells
with pSB, about 20-fold more B-globin RNA was produced.
This is probably the result of the increase in template copy
number caused by replication of the plasmid in COS cells.
Both upRNA and doRNA were detected in roughly equal
amounts in COS cells transfected with pSB. Therefore, as in
the infection with tsAS8, transcription in the absence of T
antigen initiates primarily at the downstream site; but with T
antigen present, transcription is increased from the upstream
site.

In the analyses of RNA produced in COS cells, there was
also a minor fragment of 150 bases protected from S1
nuclease digestion. This fragment arises in COS cells be-
cause replication of the template promotes transcription
from the late-region promoter, thereby producing a tran-
script which protects the end-labeled late strand in the
probe. The presence of the 150-base fragment was useful in
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FIG. 5. Mapping the 5’ ends of early-region RNA formed during infection of CV-1 cells with tsA58. Poly(A)™ RNA was isolated from CV-1
cells infected at 10 PFU per cell with 7sAS8 at the times and conditions indicated in the headings. Hybridization of the RNA to an SV40 DNA
fragment labeled with 32P at the 5’ end of an Avall restriction site (nucleotide 5118) was followed by S1 nuclease digestion, electrophoresis of
the protected fragments on an 8% sequencing gel, and autoradiography as described in the text. The adenine-plus-guanine and cytosine-plus-
thymine sequencing ladders, obtained by applying the Maxam-Gilbert sequencing procedure (40) to the same labeled fragment, provide
the size markers. The numbers shown in the right margin are in the SV numbering system (10) as diagrammed in Fig. 1. The lanes below the
31°C heading are analyses of RNA isolated at the indicated times from infections incubated continuously at 31°C. The 48-h lane under the 41°C
heading is with RNA isolated at 48 h after continuous incubation at 41°C. The 65-72 hr and 72-86 hr lanes under the 41°C heading are with
RNA in which the infections were incubated first at 31°C and then shifted to 41°C for the indicated time span before the extraction of RNA.
The lanes under the AraC heading are analyses of RNA isolated from rsAS58 infections incubated at 31°C and exposed to ara-C (30 pg/ml) for
the time periods indicated. The up and do labels in the right margin indicate the positions of the protected fragments generated by the

upstream and downstream early-region RNAs, respectively.

certain experiments for evaluating relative transfection effi-
ciencies, but it has no bearing on transcription from the
SV40 early-region promoter and is not discussed further.
We have considered the possibility that the fragment
corresponding to upRNA produced by pSPB transfection of
COS cells arises by hybridization of doRNA from pSB and
upRNA transcribed from the integrated SV40 early region to
the same strand of the end-labeled probe. This possibility
was eliminated in a control experiment in which plasmid
pSB-gpt, which contains an HindIII-BamHI fragment of the
gpt gene (44) instead of the HindIII-BamHI B-globin region
of pSB, was used to transfect COS cells. The RNAs tran-
scribed from pSB-gpt were measured s?eciﬁcally with a
homologous DNA fragment that was 5’ 2P labeled at the
BgllIl restriction site in the gpr segment of pSB-gpr. As
expected, fragments corresponding to upRNA and doRNA

were detected in COS cells transfected with pSB-gpr (right
panel of Fig. 6). However, a mixture of RNA from pSB-gpt-
transfected COS cells and pSB-transfected CV-1 cells did not
produce protected fragments corresponding to upRNA with
the B-globin-specific Avall probe. Therefore, the fragments
corresponding to upRNA from plasmid transfections of COS
cells are the result of authentic initiation at the upstream site
of the plasmid-derived early-region promoter.

Since the experiments with zsA58-infected cells and ara-C
treatment indicated that DNA replication is important for the
production of upRNA, this dependence was reexamined in
COS cells transfected with pSB. The S1 nuclease mapping of
RNA isolated from pSB-transfected COS cells, both in the
presence and absence of ara-C, is shown in Fig. 7. The DNA
fragment used as probe for these experiments was 5' 3?P
labeled at the BamHI site in the B-globin cDNA segment.
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FIG. 6. Mapping the 5’ ends of RNA formed in transfections of
CV-1 and COS cells with plasmids pSB and pSB-gpt. (A) Poly(A)*
RNA was isolated from CV-1 and COS cells transfected with pSg or
pSB-gpt plasmid DNA and subjected to S1 nuclease analysis. The
DNA probes for these analyses are indicated in the headings, and
the structures of the probe fragments are depicted in B and C. The
products of the S1 nuclease digestions were separated by electro-
phoresis in 8 M urea-4% polyacrylamide gels. RNA from 5§ x 10°
transfected COS cells and 5 x 10° transfected CV-1 cells were used.
The marker fragments labeled Pvull, Bgll, and HindlIII are derived
from the appropriate probe by digestion with these restriction
endonucleases. The numbers on the left of each panel show the
calculated sizes of the corresponding marker fragments. Marker 463
indicates the position of a fragment of 463 bases (data not shown).
The numbers to the right of each panel indicate the sizes of the
corresponding protected fragments. The up and do labels indicate
the protected fragments corresponding to upRNA and doRNA,
respectively. (B) The pSB DNA probe was prepared from a 1,936-bp
Avall restriction fragment. Both 5’ ends of the probe contain 3P
label, as indicated with asterisks. The hatched segment represents
rabbit B-globin cDNA sequences. The open box region represents
pBR322 sequences, and the section indicated by the solid line
represents the SV40 early-promoter sequences. (C) The pSB-gpt
Bglll probe was a DNA fragment from pSpB-gpt labeled with *?P at
the 5’ end at the Bglll restriction site within the gpt sequence. The
probe fragment extends from this Bg/II site to an EcoRI restriction
site within the pBR322 section of the plasmid, which is unlabeled.
The hatched region represents gpt sequences. The unshaded section
indicates pBR322 sequences, and the solid line represents the
promoter region.
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FIG. 7. Mapping the 5’ ends of RNA formed in transfections of COS cells with pS in the presence of ara-C. (A) Cytoplasmic poly(A)™
RNA was isolated from COS cells transfected with pSB DNA and subjected to S1 nuclease analysis with the pSB BamHI probe described in
Fig. 7B. The products were separated by electrophoresis on a 1.5% alkaline agarose gel. The analyses were performed with RNA from 5 x 10°
COS cells transfected for 20 h with and without ara-C treatment (30 wg/ml) or from 5 x 10° COS cells transfected for 48 h (indicated by the 0.1
X label). Coordinates 408 and 340 in the left margin indicate the positions of Bg/l and HindIlI endonuclease-cut probe, respectively (data not
shown). The coordinates in the right margin indicate the calculated sizes of the observed protected fragments. The up and do labels indicate
the protected fragments derived from upRNA and doRNA, respectively. (B) The pSB BamHI probe was prepared by **P labeling a pS§ DNA
fragment at the 5’ end of a BamHI restriction site within the rabbit B-globin sequence. The probe fragment extends from this BamHI site to an
EcoRlI restriction site within the pBR322 section of the plasmid, which is unlabeled. The hatched box represents rabbit B-globin cDNA
sequences. The open box indicates pBR322 sequences, and the solid line represents the promoter region.

Equal amounts of both upRNA and doRNA were present 20
and 48 h after transfection in the absence of ara-C. In
contrast, RNA isolated 20 h after transfection in the pres-
ence of ara-C was predominantly doRNA. Therefore, as
with the virus infections, ara-C inhibited the formation of
upRNA. However, ara-C treatment also reduced the total
production of B-globin RNA about 15-fold. In other experi-
ments (data not shown), ara-C did not inhibit transcription in
COS cells transfected with pSB derivatives which lack a
functional ori. Thus, it appears that transcription templates
are inactivated when they replicate in the presence of ara-C.
The fact that ara-C is incorporated into replicating DNA and
also causes premature chain termination during DNA repli-
cation (23) could explain this result. In any case, because
ara-C treatment has this effect, it is not possible to define the
role of large T antigen in upRNA production from these
experiments alone.

Effects of ori and T-antigen binding site sequences on
transcription from the early-region promoter. To determine
whether T-antigen binding at the promoter region or T
antigen-induced viral DNA replication is responsible for the
increase in upRNA production, two derivatives of pSp,
which contain alterations at ori and the T-antigen binding
sites, were examined. One derivative, pSBX, lacks a func-
tional SV40 ori but still contains the T-antigen binding sites
(Fig. 3). The other plasmid, pSBXH, lacks both ori and the
binding sites for T antigen. In pSBX, 8 bp at the Bgll
restriction site (nucleotide 5235) at ori are replaced by 8 bp of
a synthetic DNA linker that contains an Xhol restriction site.

The insertion of the Xhol linker sequence inactivates ori
function (16) but does not prevent T-antigen binding to the
site II region in vitro (D. C. Rio and R. Tjian, personal
communication). Similar alterations within the inverted re-
peat region have been shown to inactivate ori without
affecting the ability of T antigen to bind in vitro to the altered
site II (58). Thus, pSBX retains the high-affinity T-antigen
binding sequences at site I as well as the lower-affinity
binding at site II. Plasmid pSBXH lacks the sequences
between the inserted Xhol restriction site in pSBX and the
HindIII site at the junction of SV40 early-region and rabbit
B-globin cDNA sequences. pSBXH, therefore, lacks all of
the nucleotides comprising T-antigen binding site I and most
of T-antigen binding site II.

The consequences of these deletions on the sites of
transcription initiation were determined by mapping the 5’
ends of RNA produced in transfections of CV-1 or COS cells
with plasmids pSB, pSBX, or pSBXH (Fig. 8). The probes
used in these assays were 5'-*’P-labeled Avall restriction
fragments derived from the homologous plasmids. There
was only a 3-fold difference in the amount of B-globin RNA
produced in COS versus CV-1 cells by both pSBX and
pSBXH, in contrast with the 20-fold difference observed
with pSB. This very likely reflects the fact that plasmids
pSBX and pSBXH do not replicate in COS cells for lack of a
functional ori. More important, transfections with pSBX and
pSBXH produced predominantly doRNA in both CV-1 and
COS cells, and there is no difference in the ratio of doRNA
to upRNA in COS cells compared with that in CV-1 cells.
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FIG. 8. Mapping the 5’ ends of RNA formed in transfections of CV-1 and COS cells with plasmids pSB, pSBX, and pSBXH. Cytoplasmic
poly(A)*. RNA was isolated from CV-1 and COS cells after transfection with pSB, pSBX, or pSBXH plasmid DNA and subjected to S1
nuclease analysis with homologous 5'-32P-labeled Avall restriction fragments as probe (described in Fig. 6B). The products of the S1 nuclease
reactions were separated by electrophoresis in an 8 M urea-4% polyacrylamide gel. The markers indicated as Pvull, Bgll, and HindIll were
derived from the pSB Avall probe by digestion with these restriction enzymes; also shown is a fragment produced by Xhol endonuclease
digestion of the pSBX Avall probe. The numbers in the left margin indicate the sizes of the corresponding marker fragments. All the analyses
were with RNA from 5 x 10° transfected cells, except the pSB-COS sample which contained RNA from 5 x 10° transfected cells (indicated by
the 0.1 X label). The numbers in the right margin indicate the calculated sizes of the observed protected fragments. The up and do labels
indicate the protected fragments derived from upRNA and doRNA, respectively.

Recall that in transfections with pSB, upRNA transcription
was specifically increased in COS cells. These findings
indicate that the mere presence of T antigen is not sufficient
to induce transcription from the upstream site. Furthermore,
since plasmid pSBX showed no increased upRNA produc-
tion in COS cells, we infer from the studies of T-antigen
binding that the association of T antigen at site I is not
sufficient to induce transcription of upRNA.

Replication of template DNA is sufficient to increase the
formation or upRNA. To test whether template DNA replica-
tion is sufficient to increase upRNA formation, functional
SV40 ori segments were inserted outside the B-globin tran-
scription units of pSB, pSBX, and pSBXH to generate the
derivatives designated pSBO, pSBXO0, pSBXHO, respective-
ly (Fig. 4). These three plasmids contain functional ori
sequences, and, therefore, they replicate in COS cells,
despite the alterations at the early-region promoter tran-
scribing the B-globin gene. COS cells were transfected with
pSB, pSBO, pSBXO, or pSBXHO, and the RNAs were
analyzed by S1 nuclease mapping with 5’-*?P-labeled Avall
restriction fragments as probes (Fig. 9). Note that pSBO
produced the same amount of both doORNA and upRNA as
did pSB, demonstrating that the additional ori segment did
not affect transcription of the B-globin region from a normal
early-region promoter. The significant result was that COS
cells transfected with either pSBXO or pSBXHO produced
the same amount of upRNA as did those transfected with
pSB or pSRO. By contrast, comparable transfections with
pSBX and pSBXH, which lack a functional ori, showed no
increase in transcription at the upstream site. Thus, the
presence of a functional ori is sufficient to induce normal

levels of upRNA even in the absence of T-antigen binding
sites at the early-region promoter. These experiments indi-
cate that the functional ori need not coincide with the site of
transcription initiation. They also suggest that the effect of
replication may be a consequence of the ensuing amplifica-
tion of the DNA.

T antigen represses the production of doRNA from plasmids
containing the SV40 early-region promoter. In the experi-
ments described thus far, we assumed that large T antigen
represses transcription from the SV40 early-region promoter
on plasmids in the same manner that it represses transcrip-
tion during normal virus infection. There is considerable
evidence that T antigen mediates the repression of early-
region transcription by binding to DNA at the site where
transcription is initiated (25, 49). Since transcription initia-
tion at the downstream site is the most sensitive to repres-
sion by T antigen, we anticipated that plasmids which lack
the T-antigen binding sites (pSBXH and pSBXHO) would
produce more doRNA in transfected COS cells than would
the pairs of plasmids which retain the T-antigen binding sites
(pSB and pSBO as well as pSBX and pSBXO0). However,
plasmid pSBXHO produced only marginally more doRNA in
transfected COS cells than did pSg, pSBO, or pSBXO. This
may be a consequence of the lower level of large T antigen
produced in COS cells compared with the amount present
late in SV40 lytic infection (29).

To validate the conclusions drawn in the preceding sec-
tions, the question of T-antigen-mediated repression was
examined by using coinfections of CV-1 cells with plasmid
DNA and either wild-type (SVS) or tsAS8 virus. Tempera-
ture-shift experiments were performed as described above to
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FIG. 9. Mapping the 5' ends of RNA formed after the transfec-
tion of COS cells with plasmids pSB, pSBO, pSBXO0, and pSBXHO.
Cytoplasmic poly(A)* RNA was isolated from COS cells transfect-
ed with pSB, pSBO, pSBXO, or pSBXHO DNA and subjected to S1
nuclease analysis with homologous 5’-32P-labeled Avall restriction
fragments as probe (shown in Fig. 6B). The products of the S1
nuclease reactions were separated by electrophoresis in an 8§ M
urea—4% polyacrylamide gel. The analyses were performed with
RNA from 5 x 10° transfected cells. Numbers in the left margin
indicate the sizes and positions of markers obtained by Bgil and
Hindlll endonuclease cleavage of the pSB Avall probe (data not
shown; Fig. 6). Numbers in the right margin indicate the calculated
sizes of the corresponding protected fragments. The up and do
labels indicate the protected fragments derived from the upRNA and
doRNA, respectively.

determine whether the production of plasmid-derived
doRNA is repressed by T antigen. CV-1 cells were infected
first with either SVS or tsAS8 virus and subsequently
transfected with pSBO, pSBXO, or pSBXHO plasmid DNA.
The cells were incubated at 31°C for 72 h and then either
maintained at 31°C or shifted to 41°C for an additional 7 h.
Cytoplasmic poly(A)* RNA was isolated from each coinfec-
tion and analyzed by S1 nuclease mapping by using homolo-
gous DNA probes *?P labeled at the 5’ terminus of the
BamHI restriction site in the B-globin sequence (Fig. 10).
The results show that T antigen represses the transcription
of doRNA from the unmodified early-region promoter in
pSBO. After the shift in temperature fourfold more doRNA
was present in coinfections of pSBO and rsA58 than in those
without the temperature shift, but there was no overproduc-
tion of doRNA in the coinfections of wild-type SV40 (SVS)
with pSBO with or without a shift in temperature. Similarly,
T antigen also represses the production of doRNA from
pSBXO, despite the insertion of the Xhol linker sequence at
site II. However, transcription from the downstream site in
pSBXHO is not repressed by T antigen. doRNA was over-
produced compared with upRNA in the coinfections of
pSBXHO and wild-type SV40, and there was no greater
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overproduction of doRNA in pSBXHO-1sAS8 coinfections
after the shift in temperature. These results, therefore, are
consistent with the prevailing model that repression of early-
region transcription is mediated by T-antigen binding at the
early promoter. Furthermore, since coinfections of
pSBXHO with SVS or tsA58 produced the same amount of
upRNA as did coinfections of pSBO and pSBXO, the high-
affinity T-antigen binding sites required to repress the pro-
duction of doRNA are not required for the induction of
upRNA.

The 72-bp repeat segment is required for the production of
doRNA but not upRNA in transfected COS cells. Deletion
analysis of the SV40 early-region promoter has revealed that
the 72-bp repeat region contains an enhancer of early-region
transcription (3, 16). The enhancer function is manifested
even when the 72-bp repeat segment is in different positions
and orientations relative to the promoter (17). Moreover, the
72-bp repeat region increases transcription from other eu-
caryotic promoters present in the same DNA (3, 43). Consid-
ering the unusual properties exhibited by the enhancer, it
was of interest to investigate its role in regulating both
doRNA and upRNA production. This was examined by
using plasmids pSV2-gpt (44-46) and pSV2-gpt S-232 (Sklar
and Berg, unpublished data) shown in Fig. 11. Although the
eucaryotic transcription units of pSB and pSV2-gpr are
slightly different, the functional organization of these plas-
mids is analogous. Most important, pSB and pSV2-gpt
contain the same SV40 early-region promoter and ori seg-
ment. pSV2-gpt S-232 is a derivative of pSV2-gpt which
lacks the 72-bp repeat sequence that supplies enhancer
function (16).

CV-1and COS cells were transfected with plasmids pSV2-
gpt and pSV2-gpt S-232. Cytoplasmic poly(A)* RNA was
isolated from each transfection and analyzed with S1 nucle-
ase by using a DNA probe that was 3P labeled at the 5’ end
of the Bgl/II restriction site in the gpr region (Fig. 12). As
anticipated, primarily doRNA was produced in transfections
of CV-1 cells with pSV2-gpt, and both doRNA and upRNA
were produced in transfected COS cells. However, in trans-
fections of either CV-1 or COS cells with pSV2-gpt S-232,
there was a marked reduction in the amount of doRNA,
whereas the formation of upRNA in COS cells was unaffect-
ed. Thus, although transcription from the downstream site is
greatly dependent on the enhancer function of the 72-bp
repeat region, these sequences are dispensable for transcrip-
tion at the upstream site.

DISCUSSION

Mutant virus and specially designed plasmid DNAs have
been used to examine the complex regulatory system which
governs early-region expression during infection of monkey
cells with SV40. In particular, our experiments have focused
on the temporal shift in the initiation sites of early-region
transcription. Early in the infection, transcription is initiated
almost exclusively from doRNAs, whereas transcripts pro-
duced later are initiated mainly from upRNAs (16, 18, 25)
(Fig. 1).

Large T antigen has already been implicated in the regula-
tion of the amount of early-region transcription during SV40
infection (33, 53, 57). The generally accepted model (16, 25,
49) is that binding of T antigen to site I and probably site II
prevents RNA polymerase binding or initiation of transcrip-
tion or both, thereby repressing early RNA formation. But
T-antigen binding at site II also initiates DNA replication at
ori and, as a consequence, causes increased transcription
from further upstream.
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FIG. 10. Mapping the 5’ ends of RNA produced after coinfection of CV1 cells with SVS or tsA58 virus and plasmids pSBO, pSBXO, or
pSBXHO. CV-1 cells were coinfected with either SVS or tsA58 virus and pSB, pSBO, or pSBXHO plasmid DNA as indicated in the headings.
Infections were either incubated continuously at 31°C for 79 h or incubated at 31°C for 72 h and then shifted to 41°C for an additional 7 h as
shown in the labels above each lane. Poly(A)* cytoplasmic RNA was isolated from each coinfection and subjected to S1 nuclease analysis
with homologous 5'-2P-labeled BamHI restriction fragments as probe (Fig. 7B). The products were separated by electrophoresis on a 1.5%
alkaline agarose gel. Each analysis was performed with RNA from 5 x 10° cells. Numbers between the panels indicate the positions of
markers produced by Bgll (408 bases) and HindIlI (340 bases) endonuclease digestion of the pSB probe (data not shown). Numbers in the left
and right margins indicate the calculated sizes of the corresponding protected fragments. The up and do labels indicate the fragments referred

to in the text as upRNA and doRNA, respectively.

How does T antigen induce the formation of upRNA and
regulate the relative amounts of doRNA and upRNA? Our
experiments establish that transcription of upRNA is not
induced by the presence of T antigen alone or by binding of T
antigen to sites I and II in the absence of DNA replication;
only amplification of the template, a condition that requires
functional T antigen and an intact ori sequence, appears to
be needed for production of upRNA; moreover, replication
does not have to be initiated at the promoter itself to increase
upRNA production. Another distinctive difference in the
formation of the two species of early-region RNA is that
transcription of doRNA is strongly dependent upon a func-
tion supplied by the enhancer region, whereas upRNA
formation does not require enhancer function. Overall, our
results indicate that the SV40 early region is transcribed
from overlapping, yet distinctly different, promoters: the
downstream and upstream promoters.

Downstream promoter and enhancer function. Transcrip-
tion from the downstream promoter occurs early in infection
before viral DNA replication begins and is dependent on
functions supplied by enhancer sequences within the 72-bp
repeat region. Quite possibly, the function of the down-
stream promoter is to facilitate efficient production of
doRNA when the viral DNA copy number is low. The
accumulation of doRNA leads to the generation of enough
early-region proteins, particularly large T antigen, to allow
viral DNA replication to begin. As the level of T antigen

rises, the binding of T antigen to sites I and II (ori) represses
transcription of doRNA and concommitantly induces viral
DNA replication.

It is not known how the enhancer mediates its effect on
transcription from the downstream site. An unusual feature
of its function is that the enhancer segment can augment
early-region transcription from various distances and in
different orientations relative to the promoter (17). Further-
more, the enhancer element is not specific for the SV40 early
region since it increases transcription when it is placed cis to
other promoter sequences, including the herpes simplex
thymidine kinase (11; M. Fromm, Ph.D. thesis, Stanford
University, Stanford, Calif., 1982), human B-globin (30;
Sklar and Berg, unpublished data), rabbit 8-globin (3), maize
adh (L. Dennis and P. Berg, unpublished data), chicken
conalbumin and ovalbumin (43), and the adenovirus type 2
late promoters (43). It has been proposed (16) that the
enhancer activates transcription at promoters by controlling
or opening the chromatin structure; support for this model
stems from the finding that the enhancer segment confers
DNase I hypersensitivity to that sequence in chromatin (17).
Another idea is that the enhancer provides an RNA polymer-
ase binding or entry site for the promoter (3, 43). However
the enhancer acts, it is notable that transcription from the
downstream site is strongly dependent on enhancer function,
whereas transcription from the upstream site is not, at least
once DNA replication has begun. Wasylyk et al. (62) have
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FIG. 11. Diagram of the structures of plasmid pSV2-gpr and the derivative pSV2-gpr S-232. The circular part of the figure depicts the
general structure of plasmid pSV2-gpr (44). The shaded portion of this diagram indicates the pBR322-derived portion of the plasmid, stippled
segments show those areas derived from SV40 sequences, and the hatched section indicates the sequences derived from gpt. The bottom part
of the figure depicts an enlarged view of the early-promoter region of pSV2-gpt, with symbols as those described in Fig. 1. The solid line below
the promoter region diagram shows the sequences of the 72-bp repeat that are deleted in the derivative plasmid pSV2-gpr S-232.

reported that the 72-bp repeat is important for the production
of upRNA from nonreplicating templates in HeLa cells. This
suggests the possibility that the enhancer requirement for the
transcription of upRNA changes after the templates have
replicated or become amplified.

Enhancer activity has been detected in DNA segments of
other animal virus genomes, for example, Moloney murine
sarcoma virus (35), adenovirus (28), polyoma (13), hepatitis
B (S. Subramani and P. Berg, unpublished data), and bovine
papilloma virus (36). Nonetheless, enhancer elements are
apparently not specific for viral genomes, since cellular
enhancers of promoter function have recently been found in
association with light- (52) and heavy- (2, 20, 41) chain
immunoglobulin genes. However, the issue of whether en-
hancer sequences have a general or more specialized role in
regulating mammalian gene expression remains to be estab-
lished.

Upstream promoter and the function of upRNA. It had been
proposed that the binding of T antigen to the high-affinity
sites I and II blocks transcription from the downstream site
and diverts RNA polymerase to the upstream sites (18, 25).
But this explanation is apparently incorrect, since normal
quantities of upRNA are produced even when the adjacent
T-antigen binding sites are eliminated. Our experiments
show clearly that template DNA replication is required to
increase upRNA transcription, but the basis of this depen-
dence is unknown. The replication of viral DNA could cause
a change in chromatin structure (34) that specifically acti-
vates transcription from the upstream site. Or, replication

could simply increase the copy number of transcription
templates and increase the association of RNA polymerase
with the upstream promoter. The latter explanation gains
some support from the finding that upRNA is produced at
low levels even in the absence of DNA replication (Fig. 8).

T antigen appears to repress early-region transcription by
blocking the initiation of transcription at the T-antigen binding
site (16, 25, 49). However, T antigen binding to sites I and II
does not prevent the elongation of transcripts that are initiated
upstream (16, 25, 49). This probably explains why T antigen
represses doORNA formation to a greater extent than upRNA
formation. Although the temperature shift experiments with
tsA58 indicated that upRNA was repressed somewhat by T
antigen, at least very late in infection, it appears that
transcription from the upstream site is less sensitive to T-
antigen expression than is transcription from the down-
stream site. Our data suggest that the 5’ termini of upRNA
occur just upstream of T-antigen binding site II. Hansen et
al. (25) have deduced the same location for the 5’ termini of
upRNA from transcription studies in vitro; moreover, they
have correlated repression of doRNA transcription with T
antigen binding to site I and repression of upRNA formation
with T antigen binding to site II.

There are several striking similarities between transcrip-
tion from the SV40 early-region upstream promoter and the
late-region promoter. To a large extent, transcription from
both is dependent upon T antigen for viral DNA replication.
Studies with deletion mutants have shown that expression of
the late region also occurs in the absence of the enhancer
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FIG. 12. Mapping the 5’ ends of RNA formed in transfections of
COS and CV-1 cells with plasmids pSV2-gpr and pSV2-gpt S-232.
Cytoplasmic poly(A)™ RNA was isolated from CV-1 or COS cells
transfected with pSV2-gpr or pSV2-gpr S-232 DNA as indicated in
the headings and labels above each lane. The RNA was subjected to
S1 nuclease analysis with a probe derived from pSV2-gpt DNA
which was 5’ 2P labeled at the BgllI restriction site within the gpt
segment (Fig. 6C). The products were separated by electrophoresis
on an 8 M urea—4% polyacrylamide gel. The number in the left
margin indicates the position of a marker (192 bases) produced by
Bgll endonuclease cleavage of the pSV2-gpr Bglll probe (data not
shown). Numbers in the right margin indicate the calculated sizes of
the corresponding protected fragments. The up and do labels
indicate the protected fragments referred to in the text as upstream
and downstream, respectively. The analyses were performed with
RNA from 2 X 107 transfected CV-1 cells or with 2 x 10° transfected
COS cells.

sequence (16). There is no obvious TATA box sequence for
positioning the 5’ termini of either upRNAs or late-region
RNAs; moreover, although there are major 5’ termini for the
late-region RNA and upRNA, minor species, which initiate
throughout an overlapping region, can be detected for both.
For example, upRNA species were noted with 5’ termini at
about nucleotide 65 (16), and minor species of late-region
RNAs have been found with 5’ termini located between
nucleotides 28 and 264. The observations that the guanosine-
cytosine-rich repeat region is involved in both late-region
transcription (16, 17) and the formation of early-region
upRNA (4, 9) hint at a possible connection between these
divergently transcribed promoters.

Questions abound regarding the physiological function of
upRNA and the elaborate regulation of the two early-region
promoters. Since transcription from the upstream site pro-
ceeds through ori (27), it is conceivable that the upstream
promoter plays a role in activating viral DNA replication, as
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has been suggested for phage lambda (14). This could occur
by opening the DNA helix at ori to permit initiation by a
DNA primase; or, the upRNA itself could be cleaved at ori
to provide a primer RNA (31). Another possible function is
suggested by the existence in upRNA, but not in doRNA, of
an open reading frame 5’ to the start of the T-antigen coding
sequences; this additional reading frame could code for a
protein of 23 amino acids. Although no protein of this size
has been detected during the late phase of SV40 infection,
the possibility of its synthesis has yet to be thoroughly
investigated. Perhaps this small protein provides a function
needed late in lytic infection. A search for this leader protein
seems justified considering the recent discovery of the
agnogene protein which is encoded within the leader seg-
ment of the SV40 16S late RNA (32).

Both the small t-and large T-antigen-type splices occur in
upRNA (Fromm, Ph.D. thesis), and it appears that the
upRNA is translated to large T and small t proteins (9).
However, preliminary findings indicate that upRNA is only
10 to 20% as efficient as doRNA in the translation of T
antigens. Therefore, a plausible function for the upRNA is to
provide another level of regulation for the production of
early-region proteins late in infection.

Possible reasons for the transcriptional shift. There are
numerous examples in both procaryotic and eucaryotic
systems in which the same protein coding segences are
under the control of two different promoters: the E. coli
galactose operon (48), the bacteriophage lambda cI gene
(54), the yeast invertase (SUC2) gene (12), the Drosophila
alcohol dehydrogenase gene (6), and the mouse a-amylase
gene (64). In general, this kind of regulation permits the
synthesis of the same protein to be regulated at separate
levels under different metabolic conditions or at different
stages of differentiation. Transcription from the downstream
and upstream promoters is coordinated with the two stages
of virus infection, before and after the onset of viral DNA
replication. But what advantage could there be to using
different promoters at these two stages of infection? Al-
though the function supplied by small t antigen in lytic
infection in unknown, large T antigen appears to have
several functions. In addition to initiating viral DNA replica-
tion at ori, large T antigen induces a variety of host cell
metabolic functions, including the synthesis of ribosomal
RNA, histones, and enzymes involved in DNA metabolism
(1). Transcription from the downstream site is needed not
only to supply enough T antigen for the initiation of viral
DNA replication but also to push the host cell into a
metabolic state that is primed for virus multiplication. Per-
haps the high efficiency of the downstream promoter, utiliz-
ing the enhancer and TATA box elements, is geared toward
priming the host cell quickly and effectively. Once viral
DNA replication has begun, the level of early-region expres-
sion generated by the downstream promoter may be wasteful
or even deleterious, particularly as the template copy num-
ber increases. A shift to the less efficient upstream promoter
and the production of the less efficiently translated upRNA
could coordinate a continued production of T antigen needed
for replication of the increased quantity of viral DNA. Thus,
a form of transcriptional gear shifting, from downstream
promoter to upstream promoter, may be operating to adjust
the rate of early-region expression to appropriate levels at
the two different stages of virus growth. Furthermore, the
autoregulation of both downstream and upstream promoters
by T antigen could fine tune the amount of early-region
expression to optimal levels during the course of lytic
infection.
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