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Simian virus 40 (SV40) large T antigen is a potent transcriptional activator of both viral and cellular
promoters. Within the SV40 late promoter, a specific upstream element necessary for T-antigen transcriptional
activation is the binding site for transcription-enhancing factor 1 (TEF-1). The promoter structure necessary
for T-antigen-mediated transcriptional activation appears to be simple. For example, a promoter consisting of
upstream TEF-1 binding sites (or other factor-binding sites) and a downstream TATA or initiator element is
efficiently activated. It has been demonstrated that transcriptional activation by T antigen does not require
direct binding to the DNA; thus, the most direct effect that T antigen could have on these simple promoters
would be through protein-protein interactions with either upstream-bound transcription factors, the basal
transcription complex, or both. To determine whether such interactions occur, full-length T antigen or
segments of it was fused to the glutathione-binding site (GST fusions) or to the Gal4 DNA-binding domain
(amino acids 1 to 147) (Gal4 fusions). With the GST fusions, it was found that TEF-1 and the TATA-binding
protein (TBP) bound different regions of T antigen. A GST fusion containing amino acids 5 to 172 (region Ti)
efficiently bound TBP. TEF-1 bound neither region Ti nor a region between amino acids 168 and 373 (region
T2); however, it bound efficiently to the combined region (T5) containing amino acids 5 to 383. The Gal4 fusions
demonstrated that no region of T antigen could activate a promoter containing Gal4-binding sites, suggesting
that T antigen does not contain an activation domain of the type defined by this assay. However, the Gal4 fusion
proteins maintained their ability to activate promoters known to be activated by wild-type T antigen. The
fusion with region Ti, which binds only TBP, modestly activated the SV40 late promoter and the simple
TEF-1/TATA promoter. Region T5, which binds both TBP and TEF-1, activated each of these promoters to
levels equivalent to that of wild-type T antigen. The correlation between the binding of both TEF-1 and TBP
and the ability to mediate wild-type levels of transcriptional activation suggests that T antigen causes activation
through direct interactions with multiple factors in the transcription complex.

The simian virus 40 (SV40) early-gene product large T
antigen is a potent viral oncoprotein that interacts with a
number of cellular proteins known to affect cell growth and
gene expression. These interactions may account for the
wide variety of functions attributed to T antigen (reviewed in
references 14, 28, and 36). One of these functions is the
transcriptional activation of both viral and cellular promot-
ers, which was first detected through studies of activation of
the SV40 late promoter (Fig. 1A) (7, 24). Subsequently, large
T antigen was shown to be a promiscuous transcriptional
activator because of its effect on many viral and cellular
promoters (1, 17, 31, 42, 52). This activation of cellular
promoters may be as significant for the viral life cycle as the
activation of the late promoter, since it prepares the cell to
complete the viral cycle in permissive infections and may

contribute to progression toward transformation in nonper-
missive infections.
Within the SV40 late promoter region are binding sites for

transcription-enhancing factor 1 (TEF-1 [13]). We and others
have shown these sites to be specific upstream elements
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necessary for T-antigen transcriptional activation of the late
promoter (8, 20, 39). We have previously shown that T
antigen can activate a relatively simple promoter consisting
of repeated TEF-1 binding sites upstream of the 1-globin
TATA element (20). Such a simple structure may be a

common feature of promoters which are transcriptionally
activated by T antigen. Promoters consisting of a single
upstream transcription factor-binding site, which can be
variable in nature, and a downstream TATA or initiator
element (TATA-less promoter) can be efficiently activated
by T antigen (lOa, 17).

Transcriptional activation mediated by T antigen does not
require direct binding of the protein to DNA (3, 15, 16, 25,
52). Hence, the most direct effect that T antigen could have
would involve protein-protein interactions with transcription
factors, the basal transcription complex, or both. In this
communication, we present evidence that T antigen can

interact both with the TATA-binding factor (TBP) and with
TEF-1 but does not bind OCT 1, a factor which T antigen
does not utilize for transcriptional activation (20). We find
that different regions of T antigen are required for binding
TBP and TEF-1. When these two regions are contiguous,
their activity is equivalent to that of wild-type (WT) T
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qantigen in transcriptional activation of the SV40 late pro-
moter and a simple promoter containing TEF-1 elements and
a TATA box. These data, together with the overall simplicity
of promoter structure required for activation by T antigen,
suggest that T antigen mediates transcriptional activation by
interacting with both upstream-binding factors and compo-
nents of the basal transcription apparatus. These multiple
interactions may stabilize the transcription complex or func-
tion in a manner similar to an adaptor or coactivator (4, 5, 37).

MATERIALS AND METHODS

Plasmids. The construction and isolation of all plasmids
were done by standard procedures (2). p3GT-TATA (GT-
TATA promoter) was constructed by ligation of double-
stranded oligonucleotides corresponding to a dimer of SV40
nucleotides 261 to 270 (containing the GTIIc site shown in
Fig. 1) with BamHI and BglII complementary ends and
cloned into the BamHI site of pGEM7zf+. A plasmid
containing six copies of SV40 nucleotide, 261 to 270,
p7zGT17, was digested with Sacl and XbaI, and the result-
ing GTIIc site oligomer was ligated into SacI- and XbaI-
digested pP6xB20 (46), creating ppGT-TATA. pLS102n-
CAT, containing the chloramphenicol acetyltransferase
(CAT) gene flanked by the SV40 late promoter and polyade-
nylation site, has been described previously (10). pRSV-Tex
contains the large T antigen cDNA under the transcriptional
control of the Rous sarcoma virus long terminal repeat (30).
pRSV3-BglII, the control plasmid for pRSV-Tex, was gen-
erated by removing the T antigen cDNA sequences from
pRSV-Tex by cleavage with BglII and religation of the
vector fragment. pCMV contains the cytomegalovirus im-
mediate-early promoter and a BamHI site for cloning of
cDNAs for expression; pCMV-T was generated by ligating
the T antigen cDNA from BamHI-digested pAC373T2 (35)
into BamHI-digested pCMV. pGal45TK-CAT and pGal4-
Ela have both been described previously (32).

Cell culture and transfections. The African green monkey
kidney cell line CV-1 was propagated and maintained in
Dulbecco's minimal essential medium supplemented with
5% fetal bovine serum at 37°C in 5% CO2. Cells, less than 9
passages from the time that they were thawed, were plated at
3 x 105 to 5 x 105 cells per 100-mm plate and grown
overnight. Monolayers at approximately 80% confluence
were transfected with appropriate plasmids by the calcium
phosphate precipitation procedure with 12 jig of DNA, 125
mM CaCl2, 25 mM N,N-bis(2-hydroxyethyl)-2-aminoethane-
sulfonic acid (BES), 140 mM NaCl, and 0.75 mM Na2HPO4
(pH 6.95) (9). At 40 h after transfection, the cells were
harvested for RNA or CAT analysis as described below.
RNA preparation and analysis. Total cellular RNA was

prepared by the guanidinium thiocyanate method (51).
Briefly, cell monolayers were washed three times with
phosphate-buffered saline. The cells were lysed by being
scraped into 700 ,ul of guanidine thiocyanate solution (2 M
guanidinium thiocyanate, 12 mM sodium citrate, 50% [volt
vol] phenol, 0.2 M sodium acetate, 0.72% P-mercaptoetha-
nol) and then extracted with 500 ,ul of chloroform. The
nucleic acids were precipitated with an equal volume of
isopropanol and treated with RNase-free DNase (Boehringer
Mannheim). RNase protection assays were performed as
described previously (2). 3-Globin antisense RNA was pre-
pared by transcription from linearized pSP6P350 (46) with
Sp6 RNA polymerase. Properly initiated ,B-globin RNAs
protected a probe fragment of 350 nucleotides (45). Results

were quantitated with a Molecular Dynamics Phosphorim-
ager (see also Transfection Standardization, below).
CAT analysis. Cells were harvested as described previ-

ously (24), and the cells were lysed by three freeze-thaw
cycles. Cell debris was removed by centrifugation, and the
CAT enzyme activity was determined on equivalent
amounts of extract protein as described previously (19).
Results were quantitated with a Molecular Dynamics Phos-
phorimager.

Transfection standardization. Many transfection studies
are internally standardized for transfection variations
through the use of a second reporter gene on an independent
promoter. For transcriptional activation analyses with T
antigen and other viral activators, this is a tenuous protocol
because T antigen exerts some level of activation on virtu-
ally all promoters (1). We have found that T antigen acti-
vated all of the normal promoters used for standardization
purposes. Over the years, we have attempted to find a
promoter which is not activated by T antigen for use as an
internal control. However, promoters which show no acti-
vation by T antigen also have such low basal activities that
measurements are unreliable. Hence, these promoters are
useless as internal controls. Therefore, we have used the
approach of multiple repeats of experiments with different
cells and different DNA preparations in order to lessen
standard transfection variations. Side by side comparisons
of data derived with internal standardization and data de-
rived from multiple experiments give results with compara-
ble standard deviations (unpublished observations). In addi-
tion, many of the causes of transfection variations can be
eliminated by careful preparation of cells and samples, as
described above.
The transfection data presented herein represent at least

three separate experiments. All transfection experiments
included a positive-control sample in which the activating
effect of T antigen is determined by using the SV40 late
promoter which also contains a functional origin of replica-
tion, as in the reporter plasmid pL16-CAT (25). In CV-1
cells, T antigen both activates the pL16-CAT promoter and
amplifies the plasmid through replication. This produces a
predictably high amount of CAT, with chloramphenicol
conversion rates of 1.5%/min/10 pg of extract protein. The
results of any transfection experiment in which this control
produces levels of chloramphenicol conversion that are
significantly different from the norm are eliminated from
consideration, since this indicates general transfection
anomalies. Such experiments are infrequent, accounting for
no more than 1 in 20 experiments.

In the transfection experiments presented, basal CAT
activity for the SV40 late promoter, in a 45-min reaction,
produced 1.5% ± 0.3% conversion and gave up to 11% ±
0.5% conversion under conditions of greatest activation. The
standard deviation of between 0.3 and 0.5% was maintained
throughout. For the Gal4-TK promoter, the basal CAT
activity in a 60-min reaction produced 1.0% ± 0.3% conver-
sion. This general level of conversion was seen for all of the
T-antigen-containing Gal4 fusions, maintaining a relatively
constant 0.3% standard deviation; in the case of activation
by the Gal4-Ela protein, 40% ± 0.6% conversion was noted.
The use of the GT-TATA promoter, requiring RNase sensi-
tivity analysis of product RNA, has been described above.
Counts in protected bands from basal and activated samples
were quantitated with a Molecular Dynamics Phosphorim-
ager, and fold activations were determined from these data.

In vitro transcription and translation. Capped RNA encod-
ing TEF-1 and TBP was prepared by in vitro transcription (2)
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from 1 ,ug of linearized DNA template, BglII-digested
pXJ4OTef-1A (50) and EcoRV-digested pETHIID (23), re-
spectively, with T7 polymerase for 1 h at 37°C. After phenol
extraction and ethanol precipitation, RNAs were resus-
pended in 10 ,ul of 10 mM Tris-1 mM EDTA (pH 8). From 3
to 5 ,ul was then translated in vitro with nuclease-treated
rabbit reticulocyte lysate (Promega) containing 60 ,uCi of
[35S]methionine (Amersham; >1,000 Ci/mmol) for 1 h at
25°C. Samples (1 ,ul) were then taken, and [35S]methionine
incorporation was determined by trichloroacetic acid precip-
itation and scintillation counting.

Generation of GST and Gal4 fusion recombinants. pGEX-
Tef-1 WT was generated by digesting pXJ4OTef-1 WVT (50)
with PvuII and SmaI and ligating the TEF-1 cDNA fragment
to SmaI-digested pGEX2T (Pharmacia). pGEXTef5-167 was
generated by digesting pXJ4OTef-1 WT with PvuII and
BamHI, filling in the 3' overhang with Klenow polymerase,
and ligating the TEF-1 fragment to SmaI-digested pGEX2T.
pGEXTag WT was generated by ligating the T antigen
cDNA from BamHI-digested pAC373T2 (35) and ligation to
BamHI-digested pGEX2T. Glutathione-S-transferase (GST)
fusions of regions Ti to T5 were generated by polymerase
chain reaction of the appropriate regions of T antigen cDNA
(within pRSV-Tex) with complementary primers containing
BamHI (5') and EcoRI (3') recognition sites which allowed
in-frame insertion. After digestion with the appropriate
restriction enzymes, the fragments were ligated into BamHI-
and EcoRI-digested pGEX3X (Pharmacia). Recombinants
were assayed for expression of appropriately sized fusion
protein. Fusions of Gal4 amino acids 1 to 147 to regions TI
to T7 (see Fig. 5) were generated similarly with complemen-
tary primers containing BamHI and XbaI restriction sites
and ligated to BamHI- and XbaI-digested pSG424 (38).
Recombinants were sequenced completely and assayed for
expression of appropriately sized fusion protein.

Expression and purification of GST fusion proteins. Es-
chenchia coli Y1090 (cured of pMC9) transformed with
pGEX fusion expression plasmids were grown for 2 h at 37°C
with shaking. Protein expression was then induced with 0.1
mM IPTG (isopropylthiogalactopyranoside) for 2 to 3 h at
37°C. Bacteria were lysed by sonication in NETN+ (20 mM
Tris [pH 7.5], 100 mM NaCl, 1 mM EDTA, 0.5% Nonidet
P-40, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluo-
ride, 1 mM tosyl-lysine chloromethyl ketone), and 1-ml
aliquots of bacterial supernatant were incubated for 30 min
with 25 ,ul of preswollen glutathione-agarose (Pharmacia). In
some experiments, more bacterial supernatant was used for
binding to compensate for fusion proteins which were pro-
duced in lower amounts in bacteria. The beads were then
washed three times with NETN+. For analysis of bound
proteins, beads were boiled in sodium dodecyl sulfate (SDS)
sample buffer and loaded onto SDS-polyacrylamide gels.
Proteins were visualized by silver staining.

Fusion protein binding assays. Glutathione-agarose beads
were bound with GST fusion proteins as described above
and incubated with 500 ,ul of NETN+ containing 3% bovine
serum albumin for 30 min at 4°C with rocking in order to
block nonspecific protein binding to the beads. Then 2.5 x
105 trichloroacetic acid-precipitable counts of in vitro-trans-
lated TEF-1 or TBP was added to the beads and incubated
for 1 h at 4°C with rocking. The beads were then washed five
times with NETN+, boiled in SDS sample buffer, and loaded
onto 9% polyacrylamide-SDS gels. Proteins were visualized
by fluorography (Amplify; Amersham).
Western immunoblot analysis of Gal4 fusion proteins. CV-1

cells were transfected as described above with the various

Gal4-T antigen fusion expression plasmids or pCMV-T,
expressing WT T antigen. Cells were harvested after 36 h
and lysed by boiling in SDS sample buffer. Proteins were
separated by electrophoresis on a 12% polyacrylamide-SDS
gel and transferred to nitrocellulose as described previously
(2). Proteins were detected by incubation with antiserum to
a peptide carrying Gal4 amino acids 1 to 147 (anti-Gal4
1-147) or a mixture of monoclonal antibodies recognizing the
amino-terminal end of T antigen (PAB 416 and PAB 419) and
then visualized with the ECL luminescence system (Amer-
sham). Procedures for transfer, pretreatment, visualization,
and stripping of the Western blot for consecutive analyses
were as described by the manufacturer.

RESULTS

SV40 T antigen activates simple promoters containing
TEF-1 binding sites. In previous studies of the SV40 late
promoter (Fig. IA), we located a specific promoter region
through which T antigen mediated transcriptional activation
(20). In this article, that region is called the Oct/TEF element
(OTE; Fig. 1A and B); it has previously been called the
TABS element (16, 20). T antigen efficiently activates a
promoter consisting of six repeats of the OTE placed up-
stream of the 3-globin TATA element and the 3-globin gene
(OTE-TATA promoter, Fig. 1C) (20). As shown in Fig. 1B,
the OTE contains overlapping binding sites for octamer
factor (Oct) and for TEF-1. Through the use of specific
mutations, we previously determined that it was the TEF
sites which were necessary for T-antigen-mediated activa-
tion (20).
The SV40 late promoter contains a second TEF-1 binding

site called the GTIIc site (13), which has a sequence distinct
from that of the TEF-1 sites in the OTE (Fig. 1A and B). In
studies similar to those described above, we inserted six
copies of a GTIIc dimer upstream of the ,-globin TATA and
gene (GT-TATA promoter; Fig. 1C) and determined whether
T antigen could activate through this alternative TEF-1 site,
which is not complicated by an overlapping binding site for
another transcription factor.
The GT-TATA promoter plasmid was transfected into

CV-1 cells alone or cotransfected with pREV-Tex, a plasmid
which produces large T antigen (30). Figure 2 shows the
RNase protection analysis of the 3-globin RNA produced.
The expected protected fragment (350 nucleotides) is occa-
sionally detected as a doublet, caused by variations in
nuclease T1 activity. The data show that T antigen caused a
five- to sevenfold increase in promoter activity, demonstrat-
ing that it can activate the simple promoter containing the
alternate TEF-1 site.
T antigen binds to TEF-1 and TBP. The simple promoter

structure necessary for T-antigen-mediated transcriptional
activation suggested that T antigen may function through
direct interaction with the transcription complex. Previous
studies had also suggested that T antigen may affect the
binding of factors to the OTE (15, 16). To determine whether
T antigen interacts directly with TEF-1 and TBP, fusion
constructions were prepared (Fig. 3) that contained the
glutathione binding site of GST and either (i) full-length WT
large T antigen, (ii) full-length WT TEF-1, or (iii) the
amino-terminal 167 amino acids of TEF-1, containing the
DNA-binding domain (TEFb [50]).
Each GST fusion protein was bound to glutathione-

Sepharose and then mixed with in vitro-transcribed/trans-
lated [35S]methionine-labeled TEF-1 or TBP. TBP was cho-
sen because it is a basal transcription factor which is known
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FIG. 2. RNase protection analysis of 3-globin RNA produced by
the GT-TATA promoter. The simple promoter GT-TATA (Fig. 1C)
was transfected into monkey CV-1 cells in the presence of a control
plasmid (Basal; pRSV3BglII) or pRSV-TEX, which expresses WT

large T antigen (+TAg). RNA from transfected cells was harvested
and assayed as described in the text. Size is shown in nucleotides.
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FIG. 1. (A) SV40 promoter and origin regions. SV40 late tran-
scription initiates at numerous heterogeneous start sites, as indi-
cated by the arrows. Much of the initiation arises from an initiator
region (IR), which contains repeated elements homologous to the
initiator elements defined in the promoters for the terminal deoxy-
nucleotidyl transferase and dihydrofolate reductase genes (33, 41).
Upstream elements which have been shown to be necessary for
activation of the late promoter by T antigen (T Ag) include the OTE
(sequence shown in panel B). The location of this element in
relationship to the characterized elements of the SV40 early pro-
moter, the 21- and 72-bp repeats (21s and 72s), is shown. An
alternate TEF-1 binding site is contained in the GTIIc element
(sequence shown in panel B). In the context of simple promoters
considered in this article, the late promoter can be considered a

simple promoter containing upstream binding sites for TEF-1 (OTE)
and downstream sites for TBP and basal transcription complex
interaction at the IR. A simple promoter consisting of only the OTE
and the IR is activated by T antigen (17). (B) Sequences of the OTE
and GTIIc elements. The OTE is composed of two adjacent TEF-1
binding sites (TBS I and II) overlapped by an octamer-binding site
(OBS). In previous studies, we and others have shown that it is the
TEF-1 sites which are necessary for transcriptional activation by T
antigen (8, 20, 39). The GTIIc element has been shown to be an

alternative TEF-1 binding site which has a sequence quite different
from the sites in the OTE (13). (C) Simple promoter structure used to
examine T-antigen transcriptional activation. Six repeats of the OTE
or six repeats of a GTIIc dimer were placed upstream of the ,B-globin
TATA element and the 3-globin gene (OTE-TATA and GT-TATA
promoters, respectively). The p-globin RNA produced after transfec-
tion was analyzed by RNase protection (Fig. 2). Nucs, nucleotides.

portion of TEF bind TBP better than the glutathione-binding
site alone, which had very little affinity for either TEF-1 or

TBP.
As a control, we have also determined that GST-T antigen

does not bind to in vitro-transcribed/translated Oct 1 (Fig.
4B). This factor, whose binding site overlaps the TEF-1 sites
in the OTE (Fig. 1), is not utilized by T antigen for transcrip-
tional activation (20). Oct 1 and TEF do interact, a finding
which may relate to the positive and negative control func-
tions attributed to the OTE in the SV40 late promoter (20).
With other controls, we have also determined that the
binding events noted in Fig. 4A and B are stable in medium
containing at least 200 ,ug of ethidium bromide per ml (not
shown), indicating that they are true protein-protein interac-
tions and are not due to spurious interactions with contam-
inating DNA (26).
GST and Gal4 fusions with distinct regions of T antigen.

The data in Fig. 4 suggest that both TBP and TEF-1 bind less
efficiently to GST-T antigen than to the GST-TEF proteins.
However, synthesis of the GST-T antigen in E. coli is low
because of instability and low solubility in the bacteria (see
discussion of Fig. 6, below). Hence, the apparent lower
affinity of TEF-1 and TBP may reflect the low production of
GST-T antigen. In order to produce more GST fusion protein
and to better define the regions of T antigen to which TEF-1
and TBP bind, we constructed GST fusions with regions ofT
antigen (Fig. 5). The coding regions were prepared by
polymerase chain reaction from a T antigen cDNA with
primers with in-frame restriction sites for insertion into the
GST vector pGEX3 (Pharmacia) or the Gal4 (amino acids 1
to 147) fusion vector pSG424 (38). Regions Ti through T5

to be bound by other viral trans-acting proteins, such as

adenovirus Ela and herpes simplex virus VP16 (22, 27, 44).
After extensive washing, the bound proteins were eluted and
analyzed on a 9% polyacrylamide-SDS gel. Full-length
bound TEF-1 and TBP are indicated in Fig. 4A; the smaller
bands are specific to the RNA used to program the reticulo-
cyte lysate and are most likely due to premature termination
of translation in vitro. Figure 4A shows that TEF-1 binds to
GST T antigen (T AG WT). In addition, TEF-1 can bind to
GST fusions with both TEF-1 (TEF WT) and the amino
terminus of TEF-1 (TEF 5-167). This latter observation,
suggesting TEF-1 oligomerization, has been implied by
cooperative binding to tandem TEF-1 motifs (13, 50).

Analysis of binding to in vitro-transcribed/translated TBP
also shows that T antigen, TEF, and the amino-terminal

708

GST T Antigen COOH

4085

I--

COOH

5 167
L

FIG. 3. Structure of fusion proteins made between the glutathi-
one-binding domain of GST and T antigen, TEF-1, and amino acids
5 to 167 of TEF-1, which contain the DNA-binding domain (TEFb
[50]).
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FIG. 4. Binding of in vitro-transcribed/translated TEF-1, TBP,
and Oct 1 to GST fusion proteins. (A) In vitro-transcribed/translated
[35S]methionine-labeled TEF-1 (left) and TBP (right) were incubated
with glutathione-Sepharose beads loaded with the GST binding
domain (GST), GST-T antigen (T AG WT), GST-TEF-1 (TEF WT)
or GST-TEFb (TEF 5-167). (B) In vitro-transcribed/translated
[35S]methionine-labeled Oct 1 was incubated with glutathione-
Sepharose beads loaded with the GST binding domain (GST),
GST-T antigen (GST-T), or GST-TEF-1 (GST-TEF). The input lane
was loaded with one-fifth the amount of 35S-lal led protein used in
the binding reactions. Bound protein was eluted and analyzed by
SDS-polyacrylamide gel electrophoresis (PAGE) as described in the
text.
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were fused to the GST binding site; regions Ti through T7
were fused to the Gal4 binding site for use in the transcrip-
tional activation studies discussed below.

Figure 6A shows a silver-stained gel of the various fusion
proteins eluted from glutathione-Sepharose by boiling in
SDS. In each lane, the position of the full-length fusion

1 100 200 300 400 500 600 700
1 1 1

m E -
NH2 I 11
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Gal4

1-147

- COOHI El I m - -M_
Tl: 5-172

T2:160-383

T3: 37-561

T4: 557-707

TO: 168-561

1 Gal 4 only

T7: 379-707

| Gal 4 only

FIG. 5. Regions of T antigen fused to the glutathione-binding
domain of GST or to the DNA-binding domain and nuclear local-
ization signal contained in amino acids 1 to 147 of Gal4 (Gal4). The
shaded regions Ti to T5 were fused to GST. All of the regions Ti
through T7 were fused to Gal4 amino acids 1 to 147. The T antigen
regions were produced by polymerase chain reaction with primers
with in-frame restriction sites for ligation into the fusion protein
expression vectors (see text). The numbers next to the name of each
region are the included amino acids. The shaded bands on the
full-length T antigen represent, from left to right, the retinoblastoma
protein binding domain (amino acids 102 to 115), the DNA-binding
domain (amino acids 131 to 259), the putative zinc finger (amino
acids 302 to 320), the ATPase domain (amino acids 418 to 627), and
the host range region (amino acids 682 to 708); the black bar
indicates the nuclear localization signal (14, 28, 36).
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FIG. 6. (A) Silver-stained SDS-PAGE gel of GST fusion proteins
eluted from glutathione-Sepharose. GST-T1, -T2, -T3, -T4, and -T5
(Fig. 5), GST-WT T (Fig. 3), and the GST-binding domain alone
(GST) were induced in E. coli, harvested, and analyzed as described
in the text. Arrowheads indicate the positions of each protein. Lane
M, size markers. (B) Western analysis of Gal4 fusion proteins.
Plasmids encoding the Gal4 DNA-binding domain alone (Gal4), WT
T antigen (WT T Ag; not fused to anything), and Gal4 fusion
proteins Gal4-T1, -T2, -T3, -T4, -T5, -T6, -T7, and -ElA were
transfected into monkey CV-1 cells and harvested after 36 h.
Lysates were fractionated by SDS-PAGE and analyzed by Western
analysis. In the top panel, the probe was anti-Gal4 1-147 (gift of I.

Sadowski), which will detect proteins from all of the expressing
plasmids except WT T antigen. In the bottom panel, the same
Western blot was stripped and reprobed with a mixture of anti-T-
antigen (a-T Ag) monoclonal antibodies PAB 416 and PAB 419,
which detect epitopes in the amino-terminal region of T antigen.
These epitopes are contained in Gal4-T1, Gal4-T5, and WT T
antigen. Open diamonds indicate the positions of each protein.

protein is indicated by an arrowhead. All of the T antigen
fusion proteins suffered some breakdown in E. coli despite
the addition of several protease inhibitors during isolation
(see Materials and Methods). As mentioned above, fusion
with WT T antigen produces the least full-length protein;
however, the data in Fig. 4 suggest that this is enough to
detect binding under our conditions. Full-length forms of
fusion proteins with regions Ti, T3, T4, and T5 are produced
in significantly greater quantities than the fusion with WT T
antigen. The T2 fusion protein gives consistently lower
production of the full-length form, although its production is
often greater than that of the sample shown in Fig. 6A.
However, as indicated in Fig. 6A, the amount of full-length
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FIG. 7. Binding of in vitro-transcribed/translated TEF-1 (top)
and TBP (bottom) to regions of T antigen fused to the GST binding
domain. In vitro-transcribed/translated 35S-labeled TEF-1 or TBP
was incubated with glutathione-Sepharose loaded with the GST
binding domain (GST) or GST-Ti, -T2, -T3, -T4, or -T5. Bound
protein was eluted and analyzed by SDS-PAGE as described in the
text. The input lane was loaded with one-fifth the amount of
35S-labeled protein used in the binding reactions.

T2 is consistently greater than that of the full-length WT T
antigen fusion protein and should be sufficient for detection
of binding. As a further safeguard, the region of T antigen
represented by T2 is also included in T5, which is well
expressed as a fusion protein (Fig. 5 and 6A).
TBP and TEF bind to distinct regions of T antigen. The

GST fusions with various T antigen regions were bound to
glutathione-Sepharose, incubated with in vitro-transcribed/
translated [35S]methionine-labeled TEF-1 and TBP, and then
analyzed as described above. Figure 7 (top) shows that
TEF-1 binds very well to region T5 (which includes regions
Ti and T2). In a few experiments, we also detected a small
amount of TEF-1 binding to Ti, indicating a weak affinity
(not shown). However, the larger region, T5, consistently
provides stable binding. Hence, the binding domain may be
close to or crossing the junction between Ti and T2. In
contrast, TBP binds very well to Ti and also to T5, which
contains the Ti region.
To eliminate the possibility that the binding we saw with

Ti and T5 is nonspecific, caused by overloading the beads
with GST fusion protein, we repeated the experiments with
up to five times less input protein and found that relative
binding levels were maintained (data not shown). In addi-
tion, with T2, for which less fusion protein is produced in
bacteria (see Fig. 6A), the addition of increased amounts of
GST-T2-containing bacterial supernatant to glutathione-
Sepharose did not result in detectable binding between T2
and either TEF or TBP (data not shown).

Overall, the above data indicate that TBP and TEF do not
occupy identical sites on T antigen. The TBP binding domain
is completely within the Ti region, consisting of amino acids
5 to 172, and in fact, the first 82 amino acids appear to be
sufficient (see Discussion). However, TEF-1 binding re-

quires additional C-terminal amino acids, as in region T5

(amino acids 5 to 383). Thus, TEF-1 and TBP appear to
require distinct regions of T antigen for binding.

Gal4 fusions with T antigen regions do not detect a domain
which can activate a Gal4-TATA promoter. The above data
suggest that the interaction of T antigen with TEF-1 may
bring a transcriptional activation domain of T antigen into
the vicinity of the promoter, where it can interact with TBP
to cause activation, a mechanism similar to that used by
VP16 (18, 38, 43, 44, 48). In order to test for activation
domains, the T antigen regions were fused with the Gal4
(amino acids 1 to 147) binding domain. Figure 6B shows a
Western analysis of the fusion proteins produced in monkey
CV-1 cells which had been transfected with Gal4 fusion-
expressing plasmids. The probe was rabbit anti-Gal4 1-147
(top panel) or a mixture of anti-T-antigen monoclonal anti-
bodies (PAB 419 and PAB 416; bottom panel), which recog-
nize epitopes on the amino terminus of T antigen.
The Western blot with anti-Gal4 1-147 shows that the

fusion proteins are made in various amounts in CV-1 cells.
Gal4-T3 and Gal4-T7 are produced in the lowest amounts;
however, each is produced in quantities greater than that of
Gal4-E1A, the positive control, which has been shown to
activate a promoter containing a TATA element and up-
stream Gal4 binding sites (32). As shown in Fig. 8, the
amount of Gal4-E1A produced significantly activated tran-
scription from such a promoter; hence, we believe that the
amounts of Gal4-T3 and Gal4-T7 produced are sufficient to
cause activation if they contain an activation domain. Fur-
thermore, in the lower part of Fig. 6B, the same blot was
stripped and probed with anti-T-antigen monoclonal antibod-
ies. Only Ti, T5, and WT T antigen contain the epitopes
recognized by these monoclonal antibodies. The amount of
WT T antigen detected is lower than that of Gal4-T1 and
Gal4-T5; however, it is comparable to the amounts of
Gal4-T3 and Gal4-T7 if a relative comparison of band inten-
sities between the two blots is made. Since this amount of
WT T antigen is sufficient to activate the promoters tested
below, we believe that the Gal4-T3 and Gal4-T7 proteins
produced provide sufficient amounts to detect transcrip-
tional activation domains if such domains are present.

Plasmids expressing the fusion proteins were transfected
into CV-1 cells along with pGal45TK-CAT (40), a reporter
plasmid containing five copies of the Gal4 binding site
upstream of the TATA element from the herpes simplex
virus thymidine kinase (TK) gene and the CAT reporter
gene. As shown in Fig. 8 (Gal4-TK promoter), WT T antigen
not fused to Gal4 amino acids 1 to 147 did not activate CAT
expression from this promoter, while the positive control,
Gal4-Ela, caused substantial activation (40-fold), in agree-
ment with previous reports (32). In contrast, none of the
Gal4 fusions with T antigen regions Ti to T7 activated CAT
expression from pGal45TK-CAT. Identical results have been
noted with a similar promoter containing five Gal4 binding
sites upstream of the TATA element from the adenovirus
Elb gene (not shown).
Because of the lower production of Gal4-T3, Gal4-T6, and

Gal4-T7, additional activation experiments were done in
which increasing amounts of the expressing plasmids were
transfected in order to produce greater amounts of the fusion
proteins; no activation was detected in these experiments
either (not shown). These data indicate that T antigen does
not contain an activation domain of the type identified by
this assay.
T antigen regions which bind TEF-1 and TBP mediate

transcriptional activation of the late promoter and the simple
GT-TATA promoter. We next asked whether any of the
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FIG. 8. Promoter activation by Gal4-T antigen fusions. Plasmids expressing either the Gal4 DNA-binding domain alone (Gal4), the Gal4-T
antigen fusions (Gal4-T1 to Gal4-T7), Gal4-ElA, or WT large T antigen (WT T Ag, fused to nothing) were transfected into CV-1 cells along
with reporter plasmids containing the listed promoters. The SV40 late promoter is contained in the CAT reporter plasmid pLS102n-CAT (10);
quantitation of transcriptional activity was based on CAT enzyme activity. Basal percent chloramphenicol conversion was 1.5% ± 0.3% in
a 45-min assay, determined from the activity of the reporter plasmid in the presence of the Gal4 binding domain. The GT-TATA promoter
(Fig. 1) is contained in a p-globin RNA expression vector; quantitation of transcriptional activity was based on Phosphorimager (Molecular
Dynamics) analysis of protected [32P]RNA bands after nuclease protection analyses similar to those shown in Fig. 2. The Gal4-TK promoter
is described in the text and is contained in a CAT reporter plasmid; hence, quantitation of transcriptional activity was based on CAT enzyme
activity. Basal percent chloramphenicol conversion was 1.0% ± 0.3% in a 60-min assay, determined from the activity of the reporter plasmid
in the presence of the Gal4 binding domain. All activities are shown as fold activation over the basal promoter; see Materials and Methods
for specifics about transfection standardization and data analysis. The WT-T-antigen-expressing plasmid used in the GT-TATA promoter
studies was pRSV-TEX; for the SV40 late promoter and Gal4-TATA promoter studies, pCMV-T was used. Each T-antigen-expressing
plasmid functions similarly in activation studies.

Gal4-T antigen fusion proteins retained transcriptional acti-
vation functions on promoters known to be activated by T
antigen. Under these conditions, the Gal4 binding domain,
which provides the nuclear localization signal, would not be
utilized for binding. When the fusion proteins were ex-
pressed in CV-1 cells cotransfected with the reporter plas-
mid containing the GT-TATA promoter (Fig. 1C), it was
found that the simple TEF-1/TATA promoter could be
activated well by Gal4-T5 and moderately by Gal4-T1.
Gal4-T5 activation was equivalent to that of WT T antigen
(Fig. 8, GTIIc-TATA promoter).

In analogous transfections with an SV40 late promoter-
CAT plasmid, pLS102n-CAT (origin defective), Gal4-T5
again activated the promoter as well as WT T antigen did,
while Gal4-T1 showed modest activation (Fig. 8). In addi-
tion, Gal4-T7 caused some activation of the late promoter;
this has not been studied further here but suggests that T
antigen may have another transcriptional activation domain,
possibly utilized by some of the many other elements of the
SV40 promoter region.
For both promoters tested, Ti, which binds TBP well, had

only a modest activating effect, whereas T5, containing the
additional ability to bind TEF-1, activated the promoters to
a level equivalent to that ofWT T antigen. This suggests that
interaction with TBP alone may stimulate transcription
modestly but it is the interaction with each protein that
allows full activation.

DISCUSSION

We have presented evidence that SV40 large T antigen can
interact with a major component of basal transcription
complexes, TBP, as well as with an upstream-binding factor,
TEF-1, which has previously been suggested to be a signif-
icant target for T-antigen-mediated transcriptional activation
of the SV40 late promoter (8, 20, 39). That T antigen
activates through such protein-protein interactions has been
suspected because (i) it is known that direct binding of T
antigen to the DNA is not necessary for transcriptional

activation (3, 15, 16, 25, 52); (ii) specific factor binding
appears to be altered in the presence of T antigen (15, 16);
(iii) T antigen requires only a simple promoter structure for
activation (17, 20, this study); and (iv) T antigen has been
reported to modestly activate transcription in vitro (12, 47).
We find that the amino terminus of T antigen is sufficient

to bind TBP. It has been suggested previously that this
region contains a minimal transcription activation domain,
within the first 85 to 120 amino acids, based on in vivo
analysis of point and deletion mutants of T antigen (42, 52).
Evidence (35a) suggests that TBP may have two binding
regions within region Ti, the first between amino acids 5 and
82, which is the region common to both small t and large T
antigen, and the second between amino acids 82 and 172. A
binding site within the first 82 amino acids may explain the
ability of small t antigen to activate a subset of the promoters
activated by large T (6, 29, 30). In addition, an interaction
with TBP may explain, in part, the promiscuous activation of
many promoters by T antigen. It is now established that TBP
not only is a required factor for transcription of TATA-
containing and TATA-less (41) class II promoters but also
affects the activity of class I and III promoters (11, 49).
Hence, the interaction between T antigen and TBP has the
potential to affect transcription in general in an infected or
transformed cell.
The interaction between T antigen and TEF-1 appears to

require a different T antigen domain than is needed to bind
TBP. This is indicated by the finding that TEF-1 binds very
poorly or not at all to regions Ti and T2 (Fig. 5 and 7);
however, when Ti and T2 are contiguous, as in region T5,
they constitute an effective binding domain for TEF-1.
Hence, the TEF-1 binding domain may be close to, or
crossing, the junction between Ti and T2 (amino acid 172).
Since the regions required for binding TBP and TEF-1 are
not identical, it appears possible that T antigen can bind each
protein simultaneously. The suggestion that binding to each
protein is significant for activation is supported by our
findings that T5 activates the GT-TATA and SV40 late
promoters to a greater extent than Ti and the recent report
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FIG. 9. Models for the interaction of T antigen (T Ag) with
transcriptional complexes based on the results presented in this
article. See text for discussion. Pol, polymerase.

of in vitro transcriptional activation by T antigen (12). The
latter study suggested that the first 272 amino acids of T
antigen activated in vitro transcription of the late promoter
to the same level as the full-length protein. From our
findings, we would predict that this fragment would interact
with both TEF-1 and TBP.

Figure 9 suggests a model consistent with our data for the
activation of a simple promoter by large T antigen. In the top
diagram, the promoter containing TEF-1 and TBP binding
sites allows the formation of a TEF-lITBP transcription
complex, which weakly promotes transcription. The inter-
action between TEF-1 and TBP, shown in the model, is
suggested by the binding data in Fig. 4. Additional factor
interactions with a cellular adaptor or coactivator may
occur. For example, it has been suggested that TEF-1
utilizes a coactivator, the TEF-interacting factor, TIF (50).
As shown in the bottom diagram, our data suggest that T
antigen interacts with both components of the transcription
complex. The simplest working model is that these multiple
interactions stabilize the complex, allowing stronger promo-
tion. Alternatively, these multiple interactions may allow T
antigen to function in a manner similar to a coactivator or

adaptor (4, 5, 37) or to prevent a repressor from interacting
with the transcription complex (40).

That T antigen may function through stabilization is also
suggested by its lack of an activation domain, as found by
using Gal4 (amino acids 1 to 147) fusions with the Gal4-TATA
promoter. Hence, T antigen's activation mechanism appears
to differ from that of herpes simplex virus VP16, which has a

strong acidic activation domain that becomes functional when
it is brought to the DNA by the Gal4 binding domain (38) or by
interaction with DNA-bound factors (18, 43, 48).
Although the Gal4 fusion proteins fail to activate Gal4-

TATA promoters, they do maintain their ability to activate
the late promoter and the GT-TATA promoter (Fig. 1).
These data confirm that the regions of T antigen needed to
bind TEF-1 and TBP correlate with the regions of T antigen
needed for transcriptional activation. Specifically, the data
in Fig. 8 show that the TBP binding region Ti only modestly
activates the GT-TATA promoter and the SV40 late pro-
moter, whereas the region binding both TBP and TEF-1, T5,

is significantly better at activation. These findings agree with
the model in which multiple contacts between T antigen and
the transcription complex can increase promotion, presum-
ably through greater stabilization. Hence, T antigen may be
able to affect some promoters through an interaction with
TBP; however, additional interactions with upstream-bound
factors may significantly increase its ability to affect the
transcription complex. This model suggests that T antigen
may be able to interact with upstream-binding factors other
than TEF-1 and possibly also with coactivators. Although
such interactions with additional factors have not yet been
well studied, precedence for their existence is suggested by
the observation that T antigen can interact with AP-2 in vitro
(34).
The binding of TBP by viral transcriptional activation

proteins appears to be a recurring feature. It is known that
Ela and VP16 interact with this protein (22, 27, 44), and
others are suspected (21). Interactions with multiple compo-
nents of the transcription complex, as shown here with T
antigen, may also occur with other viral transactivators.
Like T antigen, Ela and VP16 interact with other transcrip-
tion factors (32, 43, 48). Hence, it appears that a gene
expression strategy of some DNA viruses is to affect host
and viral transcription directly at the transcription complex.
However, the lack of an Ela- or VP16-like activation region
in T antigen suggests that the viral proteins accomplish
transcriptional modification by different mechanisms once
bound to the transcription complex.
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