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The late promoter of simian virus 40 (SV40) is activated in trans by the viral early gene product, T antigen.
We inserted the wild-type late-promoter region, and deletion mutants of it, into chloramphenicol
acetyltransferase transient expression vectors to identify promoter sequences which are active in the presence
of T antigen. We defined two promoter activities. One activity was mediated by a promoter element within
simian virus 40 nucleotides 200 to 270. The activity of this element was detectable only in the presence of an
intact, functioning origin of replication and accounted for 25 to 35% of the wild-type late-promoter activity in
the presence ofT antigen. The other activity was mediated by an element located within a 33-base-pair sequence
(simian virus nucleotides 168 to 200) which spans the junction of the 72-base-pair repeats. This element
functioned in the absence of both the origin of replication and the T-antigen-binding sites and appeared to be
responsible for trans-activated gene expression. When inserted into an essentially promoterless plasmid, the
33-base-pair element functioned in an orientation-dependent manner. Under wild-type conditions in the
presence of T antigen, the activity of this element accounted for 65 to 75% of the late-promoter activity. The
roles of the 33-base-pair element and T antigen in trans-activation are discussed.

Transcription appears to be a key point for control of
eucaryotic gene expression. Both the utilization of a tran-
scriptional unit and the rate of its transcription can be
controlled in response to environmental, metabolic, or de-
velopmental signals. Our present understanding of
eucaryotic transcriptional control stems, in large part, from
studies of the DNA viruses. One specific system, simian
virus 40 (SV40), has repeatedly proven to be a useful model
of both viral and cellular gene expression mechanisms. The
circular, 5,243-base-pair (bp) SV40 genome is relatively
simple, containing only two transcription units which are
temporally expressed, early and late, during the lytic cycle
(66). The early region is transcribed soon after final uncoat-
ing in the cell nucleus. The level of transcription from the
early promoter is negatively autoregulated by the early gene
product, T antigen (4, 34, 41, 51, 53, 61-63, 65). Conversely,
late-region transcription is activated by T antigen (11, 36,
40), and late mRNA accumulates in large quantities in the
later phases of the infection, after viral DNA replication
(also activated by T antigen) has been initiated.
The promoter for early transcription has been studied in

detail. In common with many other RNA polymerase II
promoters, it contains a Goldberg-Hogness TATA sequence
which directs the site of transcription initiation (5, 6, 24, 57).
In addition, efficient transcription from the early promoter
requires (i) specific binding of cellular factor(s) to
guanine * cytosine-rich sequences within the 21-bp repeated
region (see Fig. 1; 19, 20) and (ii) cis-activation by the 72-bp
enhancer elements (22, 23, 31, 43, 71). Any cellular factor(s)
necessary for the expression of this promoter appears to be
relatively ubiquitous since the promoter is utilized in a wide
variety of cells and species (66).
The SV40 late promoter, in contrast, is not efficiently

utilized unless it is activated in trans by T antigen (11, 36,
40). Although the late-promoter region overlaps the 72-bp
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repeated enhancers of the early promoter, these enhancers
do not appear to activate the late promoter. In addition, the
late promoter has no recognizable TATA sequence, which
may explain in part why late transcription initiates hetero-
geneously at sites between SV40 nucleotides 120 and 325
(see Fig. 1; 13, 15, 25). These dissimilarities between the
SV40 early and late promoters suggest that the late promoter
is prototypical of an alternate class of RNA polymerase II
promoters.

In the present study we have sought to define the se-
quences within the late-promoter region which are necessary
for SV40 late gene expression. Other researchers have
addressed this question and have come to various conclu-
sions. Promoter elements (see Fig. 1) have been proposed in
the 21-bp repeated region (12, 22, 33, 35, 52), at the BglI site
within the origin of replication (17), at a site 25 bp upstream
of the major late transcriptional start site (12, 13), and within
the 72-bp repeat region (21, 22, 23, 36). The different
experimental protocols used (i.e., in vivo or in vitro, in the
presence or absence of T antigen) may account for these
seemingly disparate results. However, such differences
point out the necessity of considering that the late promoter
may contain multiple promoter elements. We defined two
promoter elements which were active in the presence of T
antigen. One element contributed ca. 25 to 35% of the
late-promoter activity under wild-type conditions and was
dependent on the presence of an intact origin of replication
for function. The other element, which was necessary for
trans-activated gene expression, was orientation dependent
and remained active in the absence of the origin of replica-
tion and the T-antigen-binding sites. This element contrib-
uted 65 to 75% of the late-promoter activity under wild-type
conditions and may be of general interest in the study of
other genes activated in trans.

MATERIALS AND METHODS

Cells, enzymes, and reagents. COS cells (26), a gift from Y.
Gluzman, were grown in Dulbecco minimal essential me-
dium supplemented with 5 to 10% fetal calf serum (FCS) and
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containing 4.5 g of glucose per liter. CV-1P cells, an estab-
lished line of African green monkey kidney cells, were grown
in Dulbecco minimal essential medium (1 g of glucose per
liter) supplemented with 5 to 10% fetal calf serum.

Restriction enzymes, T4 DNA polymerase, and T4 DNA
ligase were purchased from Bethesda Research Laborato-
ries, New England Biolabs, Inc., or Amersham Corp. and
were used as directed by the manufacturer. Purified chlor-
amphenicol acetyltransferase (CAT) was purchased from
P-L Biochemicals, Inc. [14C]chloramphenicol was purchased
from New England Nuclear Corp., and Sall, XhoI, and
HindIII linkers were purchased from P-L Biochemicals or
New England Biolabs.

Plasmids. Plasmids pSVO-cat and pSV2-cat (32) were gifts
from C. Gorman. Plasmid p6-ldL was constructed from p6-1
(31) by M. Sadofsky in this laboratory and was used as a
source of T antigen in cotransfection experiments. It has a
deletion of the SV40 late coding region, SV nucleotides 294
to 2533 (14), but retains the SV40 early region and the early
promoter and contains a nonfunctional origin of replication
(27). All other plasmids were constructed and isolated by
standard recombinant DNA techniques (42) by using Esch-
erichia coli HB101 (9, 10). Complete descriptions of the
construction and characterization of each plasmid have been
described elsewhere (Janis M. Keller, Ph.D. thesis, Univer-
sity of Pennsylvania, Philadelphia, Pa., 1984). Specific se-
quences in each plasmid are given in the figure legends.

Plasmids which contained the origin region were prepared
in both a replicative and a nonreplicative context. The
nonreplicative context was achieved by the introduction of a
6-bp deletion at the BglI site in the origin of replication (27;
see Fig. 1).

Transfection procedure, cell harvest, and CAT assay. The
calcium phosphate precipitation procedure, described previ-
ously (40), was used to introduce vector DNA into
eucaryotic cells. The cells were generally harvested at 48 h
after transfection and were split in two equal portions: one
for CAT assay and the second for DNA analysis (described
below). When RNA studies were done, a larger plate was
used for each transfection (100-mm plates were used, plated
with 8 x 105 cells); half the cells on a plate were extracted for
RNA analysis (described below), and the second half were
split evenly for CAT and DNA analyses.
The CAT assay method of Gorman et al. (28, 29), as

modified and described previously (40), was used. The
experimental results are reported as microunits of CAT
enzyme activity, where 1 unit catalyzes the acetylation of 1
nmol of chloramphenicol per min at 30°C (pH 7.8). A
standard curve of CAT enzyme activity versus percent
acetylation of chloramphenicol was generated by using puri-
fied bacterial enzyme (P-L Biochemicals) and was found to
be linear from 0.5 to 20% acetylation. Extracts were diluted
whenever necessary to give assay results within the linear
range of the curve. Therefore, a 1,000-fold range in CAT
activity could be detected. Low levels of CAT activity are
significant because there is no background level CAT activ-
ity in eucaryotic cells.

Transfection efficiencies occasionally varied from plate to
plate within an experiment. To control for such variation
each experiment was repeated several times, each time in
duplicate. General trends were obvious in the overall results,
and these are reported. In most experiments CAT activities
were standardized for the amount of plasmid DNA in cells at
the time of harvest (1). Cell counts were also determined
from mock-transfectd plates to standardize activities for cell
number.

DNA quantitation and DNA synthesis inhibition studies.
Plasmid DNA was isolated from transfected cells by the
procedure of Hirt (37). Plasmid DNA was analyzed and
quantitated either by dot blot analysis as described previ-
ously (40) or by Southern blot-hybridization analysis (59)
after cleavage with appropriate restriction enzymes and
separation through agarose gels. Dot blots were quantitated
by cutting the dots from the nitrocellulose and counting them
in a scintillation counter. Southern blots were quantitated by
densitometry.

Plasmid DNA replication was determined by restriction
analysis by using the methylation-sensitive enzyme MboI. In
studies requiring the inhibition of plasmid DNA synthesis by
cytosine arabinoside (Ara C), plates of CV-1P cells were
transfected in duplicate as described with p6-ldL to supply T
antigen. After the glycerol shock the cells were fed with
Dulbecco minimal essential medium containing 10% fetal
calf serum, either with or without 20 ,ug of Ara C per ml. This
Ara C concentration had been previously determined to be
inhibitory to plasmid DNA replication but not lethal to cells
during the course of the transfection (24 h). The normal
period of 48 h was not used because some cell death could be
detected by this time.
RNA analysis. Total RNA was extracted from cells 48 h

after transfection by the method of Villarreal (69). The RNA
preparations were freed of DNA by treatment for 45 min at
37°C with RNase-free DNase prepared by described meth-
ods (68). RNA blotting was performed as previously de-
scribed (2, 64). Blots were pretreated and hybridized with a
probe specific for CAT RNA, labeled in vitro with T4 DNA
polymerase. Band intensities were quantitated by
densitometry.

Primer extension was carried out by the method of Ghosh
et al. (25). The primer (see Fig. 7) was labeled with 32p in
vitro by using T4 DNA polymerase. Hybridization for
primer extension analysis was carried out in 80% formamide
conditions at 44.5°C for 13 h. After ethanol precipitation, the
samples were incubated with 40 U of reverse transcriptase
(Bethesda Research Laboratories) for 45 min at 44°C. Sam-
ples were electrophoresed on a 5% acrylamide-bisacryl-
amide (40:1) gel containing 7 M urea. The primer extension
analysis is presented only as a qualitative analysis of 5'-end
utilization by the various promoter deletion mutants. Quan-
titative comparisons of the primer extension data are not
valid.

RESULTS

Description of the system. The plasmids used for the
transient expression studies contained the CAT gene from
the pSVO-CAT vector (28), under the control of the SV40
late promoter. The primary late-promoter plasmid for all the
studies with pL16 (in this paper, plasmids will be referred to
without the cat suffix; e.g., pL16 is pL16-CAT) (Fig. 1). In
pL16, the CAT gene is controlled by a 405-bp fragment of
SV40 DNA (nucleotides 5171 to 333, through the origin of
replication; Fig. 1) which contains an intact origin of replica-
tion, the 72- and 21-base-pair repeats, the T-antigen-binding
sites, and the major late transcriptional start site (nucleotide
325). The SV40 fragment is oriented and positioned in pL16
such that the CAT gene translational initiation codon is 54 bp
downstream of the SV40 major late transcriptional start site.
In the presence of SV40 T antigen, pL16 can replicate in
monkey cells; this is referred to as the replicative context.
The plasmid pL16n contains the same SV40 fragment as
does pL16, but it has a 6-bp deletion at the origin of
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FIG. 1. Linear map of the SV40 promoter region in the plasmids pL16 and pL16n. The major features of the 400-bp SV40 control region

(from nucleotides 5171 to 333) are shown. The numbers below the map refer to SV40 nucleotides, using the SV numbering system (14). The
positions of important restriction sites, the 21- and 72-bp-repeat regions, the origin of replication (or), and the three T-antigen-binding sites
(indicated by I, II, and III) are shown above the map. Early and late mRNA initiation sites are indicated by arrows under the map. The
location of the 6-bp deletion in pL16n is indicated by the solid triangle. The box marked "A" indicates the region of pL16 shown in Fig. 2.

replication (Fig. 1) which renders this plasmid nonreplicative
(27, 40); all plasmids containing this defective origin are
denoted by the addition of an "n" to their names or are
referred to as the nonreplicative context. Deletions were
constructed in pL16 and pL16n to test for late-promoter
elements active in the presence of T antigen.
The comparison of deletions within the promoter region in

both the replicative and nonreplicative contexts allowed us
to differentiate true promoter effects from effects which
might be caused by differences in replication efficiencies
caused by the deletions. However, it should be pointed out
that all of the mutants shown below (see Fig. 4 and 5),
(except pL7, pTlh, and pTll), amplify with equal efficiency
(data not shown). This agrees with previous results (7, 22),
which demonstrate that the SV40 enhancers and the 21-bp
repeats are not essential for replication from the SV40 origin.

Plasmids to be tested were introduced as supercoiled
DNA into COS cells, which produce T antigen endogen-
ously, or CV-1P cells. In CV-1P cells T antigen was provided
by cotransfection with p6-ldl, a plasmid which encodes the
SV4,0 early region. Similar results were generated by either
procedure for supplying T antigen, indicating that the utiliza-
tion of COS cells did not introduce unknown variables.

Deletion of T-antigen-binding sites. Starting with the parent
plasmid, pL16, deletions were made in the T-antigen-binding
sites (Fig. 1 and 2). It is predicted that if T antigen must bind
to a given site on the DNA to activate transcription, then a
plasmid lacking that site would give only basal levels of CAT
activity regardless of the presence or absence of T antigen.
This basal level would be comparable to the activity gener-
ated by pL16 or pL16n in the absence of T antigen (i.e., 50
to 60 ,uU of CAT activity per 105 cells; Fig. 2, inset). The
results shown in Fig. 2 indicate that all three binding sites
could be removed without causing CAT activity to drop to
the basal level. Binding site I was deleted in plasmid pTlc,
and binding site III was deleted in plasmid pL533. In the
presence of T antigen, both plasmids gave levels of CAT
activity (5,000 and 6.070 ,U of CAT activity per 105 cells,
respectively) which were comparable to the activity ob-

tained with pL16 (8,000 ,uU of CAT activity per 105 cells;
Fig. 2, inset). All deletions which remove sequences be-
tween SV40 nucleotides 5225 and 25 (including all of binding
site II) adversely affect the function of the viral origin of
replication (7; personal observation). Plasmids pL551
through pL554 and pTld through pTll had deletions in this
region, and all gave CAT activities (250 to 800 jxU of CAT
activity per 105 cells) which were comparable to the level
given by the parent nonreplicative plasmid, pL16n (740 ,uU
of CAT activity per 105 cells). CAT expression from all of
these plasmids, including plasmid pTll (419 ,uU of CAT
activity per 105 cells), which had all three T-antigen-binding
sites removed, was activated in the presence of T antigen to
levels well above the basal activity. Thus, plasmids lacking
the origin-binding sites for T antigen maintained the ability to
be trans-activated by T antigen.
CAT activity when DNA replication is inhibited. The above

data indicate that there was little difference in T-antigen-
mediated late gene expression whether 6 bp at the origin of
replication were deleted, as in pL16n, or all three T-antigen-
binding sites were removed, as in pTll. However, the
T-antigen-activated level of CAT activity for pL16n was
10-fold less than for its replicative counterpart, pL16. There
are two possible explanations for this difference: (i) the gene
dosage in transfections with each plasmid were at least
10-fold different at the time of harvest, since pL16 can
replicate in the presence ofT antigen and pL16n cannot (40),
or (ii) the deletion of only 6 bp at the origin, as in pL16n, was
sufficient to cause the same effect as deleting all of the
binding sites. The former explanation argues that interaction
of T antigen with the origin-binding sites contributes to late
gene expression by increasing the gene copy number, but is
not the source of T-antigen-mediated trans-activation. The
latter explanation argues that the origin region contains one
of the elements involved in T-antigen-mediated trans-activa-
tion. These two possibilities can be distinguished by deter-
mining the level of T-antigen trans-activated gene expression
with pL16 and pL16n under conditions where DNA synthe-
sis is inhibited by Ara C. If the activities of pL16 and pL16n
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FIG. 3. CAT activity when DNA replication is inhibited. Plasmids pL16 and pL16n were transfected into CV-1P cells along with a
T-antigen-supplying plasmid, p6-ldL (+) or an inactive filler plasmid, pSV0 (-). After transfection, half the plates were fed with medium
containing 20 SLg of Ara C per ml. All the plates were harvested and assayed for CAT at 24 h posttransfection. The gel shows Southern-blotted
plasmid DNA. The two lanes on the left show plasmid DNA which was extracted from cells cotransfected with pL16 and p6-ldL in the
presence or absence of Ara C and then digested with BamHI and the methylation-sensitive endonuclease MboI. The two lanes on the right
show pL16 DNA which was purified from E. coli and cleaved with BamHI and either MboI or its methylation-insensitive isoschizomer,
Sau3A.

were equivalent under these conditions, the former possibil-
ity would be supported. If the activity of pL16 remained
greater than pL16n, the latter possibility would be sup-
ported. The results of this study are shown in Fig. 3.
Replication was determined by cleavage with the methyla-
tion-sensitive restriction endonuclease MboI. In addition,
the plasmids were cleaved with BamHI to linearize
nonreplicated plasmids. The Southern blot analysis of the
DNA clearly showed that the replicative plasmid grown in
the absence of Ara C was cleaved by MboI, the bands being
comparable to those generated by purified pL16 cleaved with
BamHI and the methylation-insensitive endonuclease
Sau3A. In contrast, the plasmid DNA isolated from the Ara
C-treated cells was cleaved by BamHI to form a linear
plasmid but was not cleaved by MboI, indicating that the
methylated plasmid DNA did not replicate in the treated
cells. Comparison of the CAT activities indicated that T-
antigens trans-activated expression with pL16, in the pres-
ence of Ara C, was equivalent to the trans-activated expres-
sion of pL16n either in the presence or absence of Ara C.
However, when normalized to equivalent gene copy number
(Fig. 3 [750 ,%U]), expression of pL16 under replicative
conditions was 28 to 33% higher than the activities detected
due to trans-activation without replication (i.e., 750 ,uU
compared with 500 or 571 ,uU).

Overall the results shown in Fig. 2 and 3 indicate two
sources of T-antigen-mediated late-promoter activity: (i) an
activity which can function in the absence of both replication
and an intact origin region and which accounts for ca. 65 to
75% of the total activity on a per genome basis and (ii) an
activity which is dependent on replication and accounts for
25 to 35% of the total activity on a per genome basis. These
promoter elements are defined below.
Promoter deletional analysis. To define the promoter ele-

ments indicated by the above experiment, we made deletions
within pL16 (replicative context) and pL16n (nonreplicative
context) at locations in the SV40 control region outside the
origin region. The activities of these deletions and other
pertinent deletions were determined in the presence of T

antigen and are shown in Fig. 4. In the replicative context,
the presence of T antigen produces maximal levels of CAT
gene expression since replication, and thus genome amplifi-
cation, can occur. Each plasmid in the replicative context
(except pTlh, pTll, and pL7, which delete the origin region)
can amplify with equal efficiency (7, 22; data not shown). In
the nonreplicative context measured activities reflect pro-
moter activity which is independent of amplification and
replication. For all plasmids shown, the relative levels of
CAT RNA, determined by Northern blotting (data not
shown), corresponded with the relative levels of CAT en-
zyme activity; thus, CAT enzyme levels are an accurate
indication of promoter activity.
The activity of each deletion was compared to the cor-

responding activity of pL16 in the replicative or nonreplica-
tive contexts. The most interesting result was noted in the
comparative activities of the series pL500 through pL563. In
this set relatively high activities were maintained in both the
replicative and nonreplicative contexts when deletions were
made of the 21-bp-repeat region (pL533) as well as of
sequences to a point 11 nucleotides before the junction of the
72-bp repeats (pL540). However, continuing the deletions 33
bp further (pL561), through the junction of the 72-bp repeats,
caused a 62 to 68% drop in activity in the replicative context
and a complete loss of activity in the nonreplicative context.
Continuing the deletion to a point beyond the end of the
72-bp repeat (pL563) abolished activity in the replicative
context. As in the previous experiment, these data indicate
two promoter elements. One element, within SV40
nucleotides 200 to 270 (the difference between pL561 and
pL563), was only detected when the origin was intact, i.e.,
the replicative context. The other element was located
within the 33 nucleotides spanning the junction of the 72-bp
repeats, SV40 nucleotides 168 to 200 (the difference between
pL540 and pL561), which imparted activity in the
nonreplicative context and also accounted for at least 65% of
the activity in the replicative context.
The data shown in Fig. 4 suggest other interesting points.

Plasmids pL163 and pL169 contained the region of the 21-bp
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FIG. 4. Deletional analysis of the SV40 late-promoter region. The plasmids used in the deletional analysis of the SV40 late-promoter region
are listed to the left of the figure, followed by maps of the deleted regions (indicated by open spaces) in each plasmid. CAT activity is given
in microunits of CAT activity per 105 cells. The replicative (Rep) and nonreplicative (Non rep.) contexts are explained in the text. The regions
included in each construct are given below in SV nucleotide numbers. Deletions are indicated by an asterisk, and sites of inserted XhoI linkers
are indicated by an X. Shown are: pL16, nucleotides 5171 to 333; pL161, nucleotides 5171 to 272*298 to 333; pL163, nucleotides 5171 to
132*272 to 333; pL168, nucleotides 5171 to 132*298 to 333; pL169, nucleotides 5171 to 108*272 to 333; pL500, nucleotides 5171 to 41X37 to
333; pL533, nucleotides 5171 to 41X*92 to 333; pL540, nucleotides 5171 to 41X*167 to 333; pL561, nucleotides 5171 to 41X*204 to 333; pL563,
nucleotides 5171 to 41X*272 to 333; pLTlh and pLTld are described in Fig. 2; pL5, nucleotides 5171 to 272; pL6A, nucleotides 5171 to 204;
pL6B, nucleotides 5171 to 132; pL9, nucleotides 5171 to 108; pL11B, nucleotides 5171 to 72; pL17, nucleotides 5171 to 37; pL7, nucleotides
5171 to 1.

repeats but had deleted sequences within the 72-bp repeats.
Whereas pL169 contained no 72-bp-repeat sequences, pL163
contained the first 22 bp of one 72-bp repeat. These se-
quences are the same as the last 22 bp of the 33-bp element
defined above by PL540 and pL561. However, it was noted
that pL163 and 169 had relatively low activity in the replica-
tive context, and pL163 had basal activity in the nonreplica-
tive context. These data indicate either a repressive effect of
the 21-bp-repeat region or that the last 22 bp of the 33-bp
element were not sufficient to mediate the activity indicated
by the comparison of pL540 and pL561. At this point we
cannot differentiate between these possibilities.

Plasmid pL161 was notable because it deleted a small
region beyond the 72-bp repeats which resulted in a 50%
reduction in activity. We did not consider this region further
in this study; however, Brady et al. (12) have suggested that
a sequence with functions analogously to a TATA box may
be located in this position.

Plasmids pL5, pL6A, pL6B, pL9, pL11B, pL17, and pL7

do not contain the major late transcriptional initiation site,
but have the CAT gene placed within the late-promoter
region. The levels of CAT activity obtained from these
plasmids generally reflected levels obtained when similar
deletions were made within the promoter region in plasmids
which retain the major mRNA start site and the sequences
immediately upstream; for example, compare pL6B and
pL163, pL5 and pL16, pL6B, and pL163. These results
indicate that in many cases the deletion of the major late
mRNA start site at nucleotide 325 had little effect on
T-antigen-activated gene expression.

Unidirectional promoter element within the 72-bp-repeat
region. The results shown in Fig. 4 indicate that a 33-bp
sequence between SV40 nucleotides 168 and 200 was neces-
sary for late promoter trans-activation by T antigen. The
activity of this sequence was tested by inserting it into
promoterless plasmids (Fig. 5). Some data shown in Fig. 4 is
repeated in Fig. 5 for comparison. Plasmids pL563 and
pL568 contain the origin of replication (nucleotides 5171 to
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FIG. 5. Analysis of the CAT activity generated by a 33-bp late-promoter element. Solid lines indicate regions included in the plasmids.
CAT activity was determined by using COS cells and is presented in microunits ofCAT activity per 10o cells. The arrowheads above the 33-bp
fragment indicate the 5'-3' orientation of the inserted DNA. The regions included in each construct are denoted as described in the legend
to Fig. 4.: pL540, nucleotides 5171 to 41X*167 to 333; pL561, nucleotides 5171 to 41X*204 to 333; pL563, nucleotides 5171 to 41X*272 to 333;
pL568, nucleotides 5171 to 41X*298 to 333. The end points of the inserted fragments are given in the figure.

37) and the sequences surrounding the major late transcrip-
tional initiation site (nucleotides 272 to 333 in pL563 or
nucleotides 298 to 333 in pL568). These plasmids lack all of
the major elements of the late promoter; thus, their activities
were basal. Plasmids pL543 and pL548 have the 33-bp
fragment inserted into pL563 and pL568, respectively, in the
late orientation (orientation is indicated by the arrowheads in
Fig. 5). This resulted in a two- to fourfold increase in CAT
expression. Though small, this was a repeatable effect medi-
ated by the 33-bp fragment in the absence of its normal
surrounding sequences. The relative change in promoter
activity elicited by the presence of this fragment (two to
fourfold) was the same whether the remainder of the 72-bp-
repeat region was retained in the plasmid or was deleted
(e.g., there was a threefold difference between the activities
of pL540 and pL561; likewise, there was a fourfold differ-
ence between the activities of pL548 and pL568). Tandem
duplication of this fragment, as in pL547, caused no ad-
ditional increase in CAT activity.

In plasmid pL545 the 33-bp fragment was inserted in the
reverse orientation. It was clear from the low level of
activity that the promoter element operated in an orienta-
tion-specific manner. To confirm and expand this result, we
constructed plasmid pL546, which had a tandem tail-to-tail
duplication of the 33-bp fragment. The activity of pL546 was
eqluivalent to or less than the level produced by pL563
despite the presence of one copy of the 33-bp fragment in the
correct orientation for late-promoter activity. These results
again indicate that the 33-bp sequence contained a promoter
element which operated in a unidirectional manner and
which may be inhibitory to upstream initiation if present in
the opposite orientation.
RNA studies. We stated above that among the plasmids

tested the relative CAT activities and relative CAT mRNA

levels, as determined by Northern analysis, varied in a
proportional manner. The experiments presented in this
section used primer extension analysis to determine the
fidelity of 5'-end utilization in a number of representative
plasmids. These results were compared to the known 5'-end
utilization of the virus. As noted above, the primer extension
analysis is presented as a qualitative analysis only. Tran-
scription from the SV40 late region initiates at a number of
locations (15, 25, 32). The major initiation site is at nucleo-
tide 325, with minor sites at nucleotides 295, 264, 192, and
120. These viral initiation sites are indicated by solid tri-
angles on the top map in Fig. 6. In addition, very minor
species of RNA were found with 5' ends throughout the
region from nucleotides 270 to 320; a few of the more
significant species in this class are shown by open triangles
on the top map in Fig. 6.
The primer which was used for primer extension analysis

of plasmid-derived RNA was a 158-bp fragment extending
from the CAT-SV40 junction to a PvuII site within the CAT
coding sequence (Fig. 6). The results of a typical primer
extension analysis are shown in Fig. 7. Bands indicating
discrete extension products were seen for each plasmid and
demonstrate that transcription was initiated within the SV40
control sequence 5' to the CAT-SV40 junction. Nuclease S1
analysis of these same RNA samples confirmed that 5' ends
within the CAT sequence were rare and that the ends
mapped by primer extension were not due to strong stops for
reverse transcriptase (data not shown). The SV40
nucleotides to which the major bands mapped for pL16 are
indicated to the right of the gel in Fig. 7. The positions of the
5' ends which are represented by bands in Fig. 7 are
indicated by solid triangles in the lower part of Fig. 6, taking
into account deletion size. We found that the major and
minor mRNA initiation sites used for authentic viral late 1'
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FIG. 6. Map positions of the 5' ends ofRNA transcribed from CAT plasmids. The map positions of the major 5' end in SV40 late mRNA
(nucleotide 325) and the minor sites at nucleotides 120, 192, 264, and 294 as determined for viral RNA are indicated by solid triangles on the
linear map of the SV40 control region in pL16 (at the top of the figure). The open triangles indicate the positions of very minor transcriptional
initiation sites which are also found in wild-type viral RNA (14, 15, 25). The primer which was used to study 5'-end utilization is shown. In
the lower portion of the figure the positions of the 5' ends which were detected by primer extension analysis (shown in Fig. 7) are indicated
by solid triangles on the maps of the plasmids from which RNAs were derived.

transcription were used in our plasmids. However, shifts in
the extent of utilization of these sites were seen. With
plasmids pL16 and pL163 we found that the wild-type
initiation site at nucleotide 325 was utilized (Fig. 7, band 1).
The minor wild-type site at nucleotide 295 was also used in
both plasmids, and sites at nucleotides 264 and 192 were
used in pL16. In all the plasmids tested there was a major
start site at ca. 13 bases upstream of the SV40-CAT se-
quence junction (Fig. 7, band 2). In plasmids which have the
CAT gene starting at SV40 nucleotide 333 (pL16, pL161,
pL163, pL168, pL533, and pL561), the start site indicated by
band 2 mapped to a very minor SV40 initiation site at
nucleotide 320. For pL4 and pL5 the start site indicated by
band 2 mapped to minor SV40 initiation sites at nucleotides
284 and 260, respectively.
The accentuated use of minor start sites in our plasmids

was predictable. Piatak et al. (47, 48) have found that
mutations within the SV40 late leader sequence cause up-
stream shifts in the localization of the most abundantly
utilized 5' ends. Placement of the CAT gene at SV40
nucleotide 333 essentially eliminated all of the leader se-
quence and evidently caused similar shifts in initiation site
utilization to occur in the plasmids. Upstream mutations
(i.e., deletions of nucleotides 25 to 30 bases upstream of the
start site at nucleotide 325) have also been shown to cause
shifts in utilization of the major mRNA initiation sites in a 5'
direction (13). Our results are consistent with these findings.
Plasmids pL161 and pL168, which had deletions starting at
27 bases upstream from the major mRNA initiation site, did
not have bands corresponding to a 5' end at the major start
site (Fig. 7, band 1), but utilized minor sites instead.

Overall, our primer extension results together with Si
nuclease results (data not shown) indicate that transcription
from our plasmids initiated from major and minor transcrip-
tional initiation sites known to be utilized in authentic viral
late transcription. Shifts in the emphasis of utilization of 5'
ends were found due to the nature of our constructions, but

these shifts were predicted from studies of viable SV40
deletion mutants (13, 32, 47, 48).

DISCUSSION
The mechanisms which control the early and late promot-

ers of SV40 emphasize contrasting means to accomplish
gene expression. The early promoter is immediately active
through the utilization of cis-acting enhancer elements,
whereas late gene expression is relatively silent until the late
promoter is activated, in trans, by the early gene product, T
antigen (6, 11, 40). For the virus, this sequence of events
insures that an efficient temporal expression of gene prod-
ucts is maintained. T antigen and other viral trans-activating
proteins, e.g., adenovirus ElA and herpesvirus immediate-
early proteins, are quite efficient at activating their homolo-
gous viral promoters (8, 18, 39, 40, 44, 49, 70) and have been
shown to activate cellular gene expression as well (1, 30, 38,
45, 55, 56, 58, 67). Such results suggest that (i) under normal
conditions, cellular gene expression may involve trans-
activation mechanisms, and (ii) expression of the viral trans-
activator proteins, or the aberrant expression of putative
cellular trans-activator proteins, may result in deviant trans-
activation of cellular gene expression. Thus, it is of general
interest to define the elements of promoters which respond
to trans-activation.
Using the CAT transient expression system and deletion

analysis, we identified elements of the SV40 late-promoter
region (SV40 nucleotides 5171 to 5243 and 1 to 333; Fig. 1
and 8) needed for T-antigen-mediated trans-activation. As
mentioned above, many previous works (12, 13, 17, 21-23,
33, 35, 36, 54) have examined the structure of the late
promoter. These experiments utilized varied experimental
approaches and indicated late-promoter elements within the
origin of replication, the 21-bp repeats, the 72-bp repeats,
and other regions. Examination with reference to the present
data makes clear that these previous studies characterized
various aspects of the promoter elements described here,
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each aspect being emphasized by the specific experimental
approach used. We acknowledge these studies; however, we
will not attempt to discuss each result in comparison to the
present data.
Our deletion mutants were tested in both a replicative and

a nonreplicative context in the presence of T antigen. Thus,
effects of replication could be differentiated from trans-
activation or the action of promoter elements which might
coincide with the origin of r6plication. The overall results
suggest that the late promoter is a complex structure com-
posed of overlapping elements which define at least two
promoter activities. Figure 8 diagrams the elements we have
located. One of the promoter activities was mediated by
sequences between SV nucleotides 200 and 270 (element
III). This activity required an intact origin region (element I)
and replication to be detected.. Our quantitative data suggest
that the activity mediated by the element I-III combination
contributed ca. 25 to 35% of the late-promoter activity under
wild-type conditions in the presence of T antigen. A second
T-antigen-dependent promoter activity was mediated by
sequences within SV nucleotides 168 to 200 (element A).
This promoter element could function independently of the
origin and the T-antigen-binding sites; additionally, our data
indicate that element A was highly orientation dependent.
Under wild-type conditions in the presence of T antigen, the

40

e1

Bases

4049
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242- 079-4M~~~~~~~~~~~~~~*~~~ c

2~~~~~~~~~~~~~~~~~.U.

FIG. 7. Qualitative primer extension analysis of 5' ends of plas-
mid-derived RNA. The primer for primer extension analysis was a

158-bp fragment of CAT DNA (shown in Fig. 6) from the Sall
restriction site at the 5' end of the CAT sequence (marked as NcoI,
the original SV40 site at this location) to the PvuII restriction site
within the gene. Ten micrograms of total cell RNA from transfected
cells was assayed. The markers are 5'-end-labeled HpaII fragments
of pSV2-cat DNA (28). Nucleotide # refers to SV40 nucleotide
numbers for the SV40 fragment within pL16 (see Fig. 1).

21bp 72bp 72bp

5171 ORI
Hind IlIl -- --

333
Nco I

<J 5243/0 100 > 200 300 L*
mRNA mRNA mRNA
Early Late Late

A

FIG. 8. Elements of the SV40 late promoter. The diagram indi-
cates the elements of the late promoter as indicated by the data
presented. Element A (SV40 nucleotides 168 to 200) is the element
necessary for trans-activation and is origin independent. The arrow-
head indicates the orientation dependence of element A. Element I
is the origin region centering on the BglI site. Element II covers the
21-bp repeat region. Element III denotes the region which is an

active promoter element in the presence of T antigen when the origin
(element I) is intact. See the text for details.

presence of element A contributed 65 to 75% of the late-
promoter activity. In Fig. 8 the region of the 21-bp repeats is
noted as element II. As indicated by the data of Fig. 4, this
region had an effect on the activity of the late promoter in the
replicative context when assayed in the absence of elements
III and A (e.g., pL163 and pL169). However, the nature and
significance of this effect remains to be determined.
The observation of two SV40 late-promoter activities is

not unique to this promoter. Both the herpes simplex virus
immediate-early genes (49, 50, 65) and the mouse mammary
tumor virus long terminal repeats (16) have relatively ef-
ficient minimal promoters, as well as distinct promoter
elements which are activated in trans by herpes virion
proteins and glucocordicoid hormones, respectively. At this
point we believe that the activity mediated by the element
I-III combination is specific for the late promoter, since it
appeared to require the unique interaction of T antigen with
the origin-binding sites. In contrast, the activity mediated by
element A did not depend on the specific origin sites;
therefore, this element may be indicative of a more general
type of promoter element activated in trans. It has been
suggested previously that SV40 late gene expression re-
quires a cellular factor either induced by or working in
conjunction with T antigen (3, 46). More recently two
observations suggest that trans-activation may be mediated
directly by a cellular factor rather than T antigen. First, in
vitro analysis of SV40 late mRNA transcription complexes
show that these complexes do not contain T antigen (60).
Second, T antigen appears to be a promiscuous activator of
nonviral genes (1). These observations can best be explained
by the assumption that T antigen induces a cellular factor (or
a small number of factors) which directly mediate the
activation of many gene promoters, including the viral late

CTTTCCACACC TGGTTGCTGACTAATTGAGATG SV40 Element A
TAAT-GAGATa HSV IE

FIG. 9. Trans-activable element A of the SV40 late promoter.
The underlined sequences denote the region of the enhancer core as
defined for early-promoter activity (71). The space denotes the
junction of the 72-bp-repeat enhancer regions. The herpes simplex
virus (HSV) sequences, defined for activity of the immediate-early
(IE) gene (50), are described in the text.
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promoter, by utilization of element A. Thus, element A may
be indicative of the structure of trans-activable elements
within promoters. In this regard, Fig. 9 shows an interesting
homology region comparing element A sequences with se-
quences which have been shown to be necessary for the
virion protein-mediated activation of a herpesvirus immedi-
ate-early gene (50). Examination of several promoters which
are activated by T antigen in transient expression analysis (1)
reveal limited homologies with this TAAT(T)GAGAT se-
quence (J. C. Alwine, personal observation); however, it is
premature to consider this a generalized trans-activable
element.

ACKNOWLEDGMENTS
We thank Sherri Adams, Elizabeth Blankenhorn, Susan Carswell,

Chris Dabrowski, Greg Gallo, and Moshe Sadofsky for helpful
discussions and general support and Jane Picardi for excellent techni-
cal assistance. We also thank Moshe Sadofsky for constructing
p6-ldl from p6-1.

This research was supported by Public Health Service grants
CA33656 and CA28379 awarded by the National Cancer Institute
and Biomedical Research Support Program grant S07-RR-05145-23
awarded by the National Institutes of Health.

LITERATURE CITED
1. Alwine, J. C. 1985. Transient gene expression control: effects of

transfected DNA stability and trans-activation by viral early
proteins. Mol. Cell. Biol. 5:1034-1042.

2. Alwine, J. C., D. J. Kemp, and G. R. Stark. 1977. Method for
detection of specific RNAs in agarose gels by transfer to
diazobenzyloxymethyl paper and hybridization with DNA
probes. Proc. Natl. Acad. Sci. U.S.A. 74:5350-5354.

3. Alwine, J. C., and G. Khoury. 1980. Effect of a tsA mutation on
simian virus 40 late gene expression: variation between host cell
lines. J. Virol. 33:920-925.

4. Alwine, J. C., S. I. Reed, and G. R. Stark. 1977. Characteriza-
tion of the autoregulation of simian virus 40 gene A. J. Virolh
24:22-27.

5. Benoist, C., and P. Chambon. 1980. Deletions covering the
putative promoter region of early mRNA of simian virus 40 do
not abolish T antigen expression. Proc. Natl. Acad. Sci. U.S.A.
77:3865-3869.

6. Benoist, C., and P. Chambon. 1981. In vivo sequence require-
ments for the SV40 early promoter region. Nature (London)
290:304-309.

7. Bergsma, D. J., D. M. Olive, S. W. Hartzell, and K. N.
Subramanian. 1982. Territorial limits and functional anatomy of
the simian virus 40 replication origin. Proc. Natl. Acad. Sci.
U.S.A. 79:381-385.

8. Berk, A. J., F. Lee, T. Harrison, J. Williams, and P. A. Sharp.
1979. Preearly adenovirus 5' gene product regulates synthesis of
early viral messenger RNAs. Cell 17:935-944.

9. Bolivar, F., and K. Backman. 1979. Plasmids of Escherichia coli
as cloning vectors. Methods Enzymol. 68:245-267.

10. Boyer, H. W., and D. Roulland-Dussoix. 1969. A complementa-
tion analysis of the restriction and modification of DNA in
Escherichia coli. J. Mol. Biol. 41:459-472.

11. Brady, J., J. B. Bolen, M. Radonovich, N. P. Salzman, and G.
Khoury. 1984. Stimulation of simian virus 40 late gene expres-
sion by simian virus 40 late tumor antigen. Proc. Natl. Acad.
Sci. U.S.A. 81:2040-2044.

12. Brady, J., M. Radonovich, M. Thoren, G. Das, and N. P.
Salzman. 1984. Simian virus 40 major late promoter: an up-
stream DNA sequence required for efficient in vitro transcrip-
tion. Mol. Cell. Biol. 4:133-141.

13. Brady, J., M. Radonovich, M. Vodkin, V. Natarajan, M.
Thoren, G. Das, J. Janki, and N. P. Salzman. 1982. Site-specific
base substitution and deletion mutations that enhance and
suppress transcription of the SV40 major late RNA. Cell
31:625-633.

14. Buchman, A. R., H. L. Burnett, and P. Berg. 1981. The SV40

nucleotide sequence, p. 779-829. In J. Tooze (ed.), DNA tumor
viruses: molecular biology of tumor viruses, 2nd ed. Cold
Spring Harbor Laboratory, Cold Spring Harbor, N.Y.

15. Canaani, D., C. Kahana, A. Mukamel, and Y. Groner. 1979.
Sequence heterogeneity at the 5' termini of late simian virus 40
19s and 16s mRNAs. Proc. Natl. Acad. Sci. U.S.A.
76:3078-3082.

16. Chandler, V. L., B. A. Maler, and K. R. Yamamoto. 1983. DNA
sequences bound specifically by glucocorticoid receptor in vitro
render a heterologous promoter hormone responsive in vivo.
Cell 33:489-499.

17. Contreras, R., D. Gheysen, J. Knowland, A. Van de Voorde, and
F. Fiers. 1982. Evidence for the direct involvement of DNA
replication origin in synthesis of late SV40 RNA. Nature (Lon-
don) 300:500-505.

18. Dixon, R. A. F., and P. A. Schaffer. 1980. Fine-structure
mapping and functional analysis of temperature-sensitive mu-
tants in the gene encoding the herpes simplex type 1 immediate
early protein VP175. J. Virol. 36:189-203.

19. Dynan, W. S., and R. Tjian. 1983. Isolation of transcriptional
factors that discriminate between different promoters recog-
nized by RNA polymerase II. Cell 32:669-680.

20. Dynan, W. S., and R. Tjian. 1983. The promoter-specific tran-
scription factor Spl binds to upstream sequences in the SV40
early promoter. Cell 35:79-87.

21. Ernoult-Lange, M., P. May, P. Moreau, and E. May. 1984.
Simian virus 40 late promoter region able to initiate simian virus
40 early gene transcription in the absence of the simian virus 40
origin sequence. J. Virol. 50:163-173.

22. Fromm, M., and P. Berg. 1982. Deletion mapping of DNA
regions required for SV40 early promoter function in vivo. J.
Mol. Appl. Genet. 1:457-481.

23. Fromm, M., and P. Berg. 1983. Simian virus 40 early- and
late-region promoter functions are enhanced by the 72-base-pair
repeat inserted at distant locations and inverted orientations.
Mol. Cell. Biol. 3:991-999.

24. Ghosh, P. K., P. Lebowitz, R. J. Frisque, and Y. Gluzman. 1981.
Identification of a promoter component involved in postitioning
the 5' termini of simian virus 40 early mRNA. Proc. Natl. Acad.
Sci. U.S.A. 78:100-104.

25. Ghosh, P. K., V. B. Reddy, J. Swinscoe, P. Lebowitz, and S. M.
Weissman. 1978. Heterogeneity and 5' terminal structures of the
late RNAs of SV40. J. Mol. Biol. 126:813-846.

26. Gluzman, Y. 1981. SV40-transformed simian cells support the
replication of early SV40 mutants. Cell 23:175-182.

27. Gluzman, Y., R. J. Frisque, and J. Sambrook. 1980. Origin
defective mutants of SV40. Cold Spring Harbor Symp. Quant.
Biol. 44:293-299.

28. Gorman, C. M., L. F. Moffat, and B. H. Howard. 1982.
Recombinant genomes which express chloramphenicol
acetyltransferase in mammalian cells. Mol. Cell. Biol.
2:1044-1051.

29. Gorman, C. M., R. Pabmanabhan, and B. H. Howard. 1983.
High efficiency DNA mediated transfection of primate cells.
Science 221:551-553.

30. Green, M. R., R. Treisman, and T. Maniatis. 1983. Transcrip-
tional activation of cloned human P-globin genes by viral
immediate early gene products. Cell 35:137-148.

31. Gruss, P., R. Dhar, and G. Khoury. 1981. Simian virus 40
tandem repeated sequences as an element of the early promoter.
Proc. Natl. Acad. Sci. U.S.A. 78:943-947.

32. Haegeman, G., H. Van Heuverswyn, D. Gheysen, and W. Fiers.
1979. Heterogeneity of the 5' terminus of late mRNA induced by
a viable simian virus 40 deletion mutant. J. Virol. 31:484-493.

33. Hansen, U., and P. A. Sharp. 1983. Sequences controlling in
vitro transcription of SV40 promoters. EMBO J. 2:2293-2303.

34. Hansen, U., D. G. Tenen, D. M. Livingston, and P. A. Sharp.
1981. T antigen repression of SV40 early transcription from two
promoters. Cell 27:603-612.

35. Hartzell, S. W., B. J. Byrne, and K. N. Subramanian. 1984.
Mapping of the late promoter of simian virus 40. Proc. Natl.
Acad. U.S.A. 81:23-27.

MOL. CELL. BIOL.



ELEMENTS OF AN ACTIVABLE PROMOTER 1869

36. Hartzell, S. W., B. J. Byrne, and K. N. Subramanian. 1984. The
SV40 minimal origin and the 72 base pair repeats are required
simultaneously for efficient induction of late gene expression
with large tumor antigen. Proc. Natl. Acad. Sci. U.S.A.
81:6335-6339.

37. Hirt, B. 1%7. Selective extraction of polyoma DNA from
infected mouse cell cultures. J. Mol. Biol. 26:365-369.

38. Imperiale, M. J., L. T. Feldman, and J. R. Nevins. 1983.
Activation of gene expression by adenovirus and herpesvirus
regulation genes acting in trans and by a cis-acting adenovirus
enhancer element. Cell 35:127-136.

39. Jones, N., and T. Shenk. 1979. An adenovirus 5 early gene
product function regulates expression of other early viral genes.
Proc. Natl. Acad. Sci. U.S.A. 76:3665-3669.

40. Keller, J. M., and J. C. Alwine. 1984. Activation of the SV40
late promoter: direct effects of T antigen in the absence of viral
DNA replication. Cell 36:381-389.

41. Khoury, G., and E. May. 1977. Regulation of early and late
simian virus 40 transcription: overproduction of early viral RNA
in the absence of a functional T-antigen. J. Virol. 23:167-176.

42. Maniatis, T., E. F. Fritsch, and J. Sambrook. 1982. Molecular
cloning. Cold Spring Harbor Laboratory, Cold Spring Harbor,
N.Y.

43. Moreau, P., R. Hen, B. Waslyk, R. Everett, M. P. Gaub, and P.
Chambon. 1981. The SV40 72 base pair repeat has a striking
effect on gene expression both in SV40 and other chimeric
recombinants. Nucleic Acids Res. 9:6047-6067.

44. Nevins, J. R. 1981. Mechanism of activation of early viral
transcription by the adenovirus ElA gene product. Cell
26:213-220.

45. Nevins, J. R. 1982. Induction of the synthesis of a 70,000 dalton
mammalian heat-shock protein by the adenovirus ElA gene
product. Cell 29:913-919.

46. Parker, B. A., and G. R. Stark. 1979. Regulation of simian virus
40 transcription: sensitive analysis of the RNA species present
early in infection by virus or viral DNA. J. Virol. 31:360-369.

47. Piatak, M., P. K. Ghosh, L. C. Norkin, and S. M. Weissman.
1983. Sequences locating the 5' ends of the major simian virus
40 late mRNA forms. J. Virol. 48:503-520.

48. Piatak, M., K. Subramanian, P. Roy, and S. M. Weissman. 1981.
Late messenger RNA production by viable SV40 mutants with
deletions in the leader region. J. Mol. Biol. 153:589-618.

49. Preston, C. M. 1979. Control of herpes simplex virus type 1
mRNA synthesis in cells infected with wild-type virus or the
temperature-sensitive mutant tsK. J. Virol. 29:275-284.

50. Preston, C. M., M. G. Cordingley, and N. D. Stow. 1984.
Analysis of DNA sequences which regulate the transcription of
a herpes simplex virus immediate early gene. J. Virol.
50:708-716.

51. Reed, S. I., G. R. Stark, and J. C. Alwine. 1976. Autoregulation
of simian virus 40 gene A by T antigen. Proc. Natl. Acad. Sci.
U.S.A. 73:3083-3087.

52. Reynolds, G. A., S. K. Basau, T. F. Osborne, D. J. Chin, G. GU,
M. S. Brown, J. L. Goldstein, and K. L. Luskey. 1984. HMG
CoA reductase: a negatively regulated gene with unusual pro-
moter and 5' untranslated region. Cell 38:275-285.

53. Rio, D. C., A. Robbins, R. Myers, and R. Tjian. 1980. Regula-
tion of simian virus 40 early transcription in vitro by a purified
tumor antigen. Proc. Natl. Acad. Sci. U.S.A. 77:5706-5710.

54. Rio, D. C., and R. Tjian. 1984. Multiple control elements
involved in the initiation of SV40 late transcription. J. Mol.
Appl. Genet. 2:423-435.

55. Schutzbank, T., R. Robinson, M. Oren, and A. Levine. 1982.
SV40 large tumor antigen can regulate some cellular transcripts
in a positive fashion. Cell 30:481-490.

56. Scott, M. R. D., K.-H. Westphal, and P. W. J. Rigby. 1983.
Activation of mouse genes in transformed cells. Cell
34:557-567.

57. Shenk, T. 1981. Transcriptional control regions: nucleotide
sequence requirements for initiation by RNA polymerase II and
III. Curr. Top. Microbiol. Immunol. 93:25-46.

58. Sodroski, J. G., C. A. Rosen, and W. A. Hazeltine. 1984.
Trans-acting transcriptional activation of the long terminal re-
peat of human T lymphotrophic viruses in infected cells. Sci-
ence 225:381-385.

59. Southern, E. M. 1975. Detection of specific sequences among
DNA fragments separated by gel electrophoresis. J. Mol. Biol.
98:503-517.

60. Tack, L. C., and P. Beard. 1985. Both trans-acting factors and
chromatin structure are involved in the regulation of transcrip-
tion from the early and late promoters in simian virus chroma-
tin. J. Virol. 54:207-218.

61. Tegtmeyer, P. 1972. Simian virus 40 deoxyribonucleic acid
synthesis: the viral replicon. J. Virol. 10:591-598.

62. Tegtmeyer, P. 1974. Altered patterns of protein synthesis in
infections by SV40 mutants. Cold Spring Harbor Symp. Quant.
Biol. 39:9-16.

63. Tegtmeyer, P., M. Schwartz, J. K. Collins, and K. Rundell. 1975.
Regulation of tumor antigen synthesis by simian virus 40 gene
A. J. Virol. 16:168-178.

64. Thomas, P. 1983. Hybridization of denatured RNA transferred
or dotted to nitrocellulose paper. Methods Enzymol.
100:255-266.

65. Tjian, R. 1978. The binding site on SV40 for a T antigen-related
protein. Cell 13:165-180.

66. Tooze, J. (ed.). 1981. DNA tumor viruses: molecular biology of
tumor viruses, 2nd ed. Cold Spring Harbor Laboratory, Cold
Spring Harbor, N.Y.

67. Treisman, R., M. R. Green, and T. Maniatis. 1983. cis- and
trans-activation of globin gene transcription in transient assays.
Proc. Natl. Acad. Sci. U.S.A. 80:7428-7432.

68. Tullis, R. H., and H. Rubin. 1980. Calcium protects DNase I
from proteinase K: a new method for removal of contaminating
RNase from DNase I. Anal. Biochem. 107:260-264.

69. Villarreal, L. 1981. A perinuclear extract contains a unique set
of viral transcripts late in SV40 infection. Virology 113:663-671.

70. Watson, R. I., and J. B. Clements. 1980. A herpes simplex virus
type 1 function required for early and late virus RNA synthesis.
Nature (London) 285:329-330.

71. Weiher, H., M. Konig, and P. Gruss. 1983. Multiple point
mutations affecting the simian virus 40 enhancer. Science
219:626-631.

VOL. 5, 1985


