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The TATA-binding protein (TBP) is common to the basal transcription factors of all three RNA polymerases,
being associated with polymerase-specific TBP-associated factors (TAFs). Simian virus 40 large T antigen has
previously been shown to interact with the TBP-TAFII complexes, TFIID (B. Damania and J. C. Alwine, Genes
Dev. 10:1369–1381, 1996), and the TBP-TAFI complex, SL1 (W. Zhai, J. Tuan, and L. Comai, Genes Dev. 11:
1605–1617, 1997), and in both cases these interactions are critical for transcriptional activation. We show a
similar mechanism for activation of the class 3 polymerase III (pol III) promoter for the U6 RNA gene. Large
T antigen can activate this promoter, which contains a TATA box and an upstream proximal sequence element
but cannot activate the TATA-less, intragenic VAI promoter (a class 2, pol III promoter). Mutants of large T
antigen that cannot activate pol II promoters also fail to activate the U6 promoter. We provide evidence that
large T antigen can interact with the TBP-containing pol III transcription factor human TFIIB-related factor
(hBRF), as well as with at least two of the three TAFs in the pol III-specific small nuclear RNA-activating pro-
tein complex (SNAPc). In addition, we demonstrate that large T antigen can cofractionate and coimmunoprecip-
itate with the hBRF-containing complex TFIIIB derived from HeLa cells infected with a recombinant adeno-
virus which expresses large T antigen. Hence, similar to its function with pol I and pol II promoters, large T antigen
interacts with TBP-containing, basal pol III transcription factors and appears to perform a TAF-like function.

The three eukaryotic DNA-dependent RNA polymerases
each associate with a unique set of transcription factors that
direct basal transcription from their respective promoters.
However, one factor, the TATA-binding protein (TBP), is
common to the basal transcription factors of all three poly-
merases (10, 52). In each case, TBP is found associated with a
polymerase-specific set of TBP-associated factors (TAFs). Spe-
cifically, polymerase I (pol I) transcription requires TBP to be
associated with three pol I TAFs which together form the
selectivity factor 1 (SL1) complex (9). Polymerase II (pol II)
transcription utilizes a complex of proteins called TFIID which
consists of TBP associated with at least eight different pol II
TAFs (14, 54). In the case of polymerase III (pol III) tran-
scription, TBP is associated with two pol III transcription com-
plexes, TFIIIB and small nuclear RNA (snRNA)-activating
protein complex (SNAPc) (6, 36, 42). TFIIIB plays an essential
role in pol III transcription and is thought to contact the
polymerase directly (30). Yeast TFIIIB is a complex of three
proteins: TBP, TFIIB-related factor (BRF), and TFC5 (6, 17,
29). Mammalian TFIIIB is not clearly defined but can be sep-
arated by ion-exchange chromatography into two fractions,
designated 0.38M-TFIIIB and 0.48M-TFIIIB (36). Mital et al.
(38) have isolated a TBP-associated protein from the 0.38M-
TFIIIB fraction which is homologous to yeast BRF and desig-
nated human BRF (hBRF). In addition, Wang and Roeder
(49) have isolated a TBP-associated protein that they call

TFIIIB90, which is similar to hBRF. A second TBP-containing
pol III complex, SNAPc, also contains three TAFs: SNAP 43,
SNAP 45, and SNAP 50 (25). Unlike the other TBP-TAF
complexes, the SNAPc complex has been implicated in both
pol II and pol III transcription of the promoters of snRNA
genes (42).

RNA pol III directs RNA synthesis from a diverse array of
genes including the tRNA gene family, the 5S, 7SK, and 7SL
ribosomal genes, the U6 snRNA gene, and the adenovirus type
2 (Ad2) VAI gene. Promoters of these pol III genes fall into
three classes based on structure and the factors that they bind
(Fig. 1). Class 1 and 2 promoters, e.g., 5S RNA and tRNA
promoters, respectively, are intragenic; i.e., their promoter el-
ements are located downstream of the initiation site, in con-
trast to class 3 promoters, which are extragenic.

The mammalian U6 snRNA promoter is a class 3 promoter
(Fig. 1). Similar to a pol II promoter, it has a TATA box
located 25 nucleotides upstream of the 11 transcription start
site that serves as a binding site for TBP (34, 35). Upstream of
the TATA box lies an octamer motif and a proximal sequence
element (PSE) (Fig. 1). The octamer motif binds the Oct-1
transcription factor, while the PSE binds the SNAPc complex.
Although TBP is a component of the SNAPc complex, it does
not seem to directly bind the DNA at the PSE; binding here is
probably mediated by one or more of the TAFs present in the
SNAPc complex (42).

Transcription from the U6 promoter has been shown to be
independent of TFIIIA and TFIIIC (39, 48). These compo-
nents of the pol III machinery are primarily used by the intra-
genic class 1 and 2 promoters. An example of such a promoter
is the adenovirus VAI promoter (a class 2, pol III promoter),
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which has no TATA box but has two sequence elements
termed A and B boxes that lie downstream of the initiation site
(Fig. 1). These elements bind two distinct polypeptides that
constitute the TFIIIC transcription factor (44). The TBP-con-
taining TFIIIB complex is recruited to the VAI promoter
through interactions with the TFIIIC complex (5, 28, 30). For
all classes of pol III promoters, it is the TFIIIB complex that
directly contacts the pol III enzyme and recruits it to the
promoter (30).

Cells transformed with simian virus 40 (SV40) have been
found to have increased levels of pol III transcripts (1, 41, 43,
51). In addition, SV40-transformed cells show an increase in
the levels of TFIIIC and changes in its phosphorylation state
(51). The mechanism by which SV40 enhances pol III tran-
scription has not been elucidated; however, given the known
functions of the SV40 early protein, large T antigen, it would
be reasonable to suspect that it is involved.

Large T antigen (hereafter T antigen) is a very promiscuous
transcriptional activator capable of activating pol II promoters
of both viral and cellular genes (23, 31, 40). Previous work
from this laboratory has shown that T antigen requires only a
simple pol II promoter structure for activation, i.e., a TATA
element and one upstream transcription factor (e.g., SP1 or
Tef-1) binding site. In order for activation to occur, T antigen
must interact with both the basal transcription complex
(TFIID) and the upstream-bound transcription factor (22, 24).
These data and more recent findings from our laboratory (12)
have shown that T antigen stably associates with the TFIID
complex and functions in a TAF-like manner. Coimmunopre-
cipitation studies suggest that the association of T antigen with
TFIID is mediated by interactions with TBP and TAFs (12,
24). The fact that TBP is a transcription factor utilized by all
three DNA-dependent RNA polymerases suggested to us that
T antigen may influence transcription mediated by other poly-
merases through its interaction with TBP.

In agreement with this idea, recent studies of pol I transcrip-
tional activation have shown that T antigen interacts with the
TBP-TAFI complex, SL1 (53), and that this interaction is crit-

ical for transcriptional activation. In this work, we show that T
antigen can also affect pol III transcription through interac-
tions with the pol III basal factors containing TBP. We find
that T antigen can transcriptionally activate the U6 pol III
promoter which contains a TATA box and an upstream PSE
but cannot activate the TATA-less intragenic VAI promoter.
Mutants of large T antigen previously shown to be unable to
activate pol II promoters also fail to activate the U6 promoter.
We provide in vitro evidence that T antigen can interact with
the TBP-containing pol III transcription factor hBRF as well as
with at least two of the three TAFs in the SNAPc complex. To
confirm the relevance of these in vitro interactions, we dem-
onstrate that T antigen can cofractionate and coimmunopre-
cipitate with the hBRF-containing complex TFIIIB derived
from cells infected with a recombinant adenovirus expressing
SV40 T antigen. Hence, similar to the pol I and II situations,
T antigen appears to interact with basal pol III transcription
factors and appears to perform a TAF-like function.

MATERIALS AND METHODS

Plasmids and viruses. Plasmid pRSV-Tex contains the SV40 large T antigen
cDNA under the control of the Rous sarcoma virus long terminal repeat (37).
The matching control plasmid, pRSV3BgIII, was generated by cleaving pRSV-
Tex with BglII and religation of the vector, which effectively removes the cDNA.
Plasmid p6-1dl contains the SV40 genomic fragment encoding both large T and
small t antigens under the control of the SV40 early promoter (31). The control
plasmid for p6-1dl is pL16HX, which contains only the SV40 early promoter.
Plasmids T2811 and pT(Rb-) (pSG5-K1) encode for T antigens that, respectively,
cannot bind p53 and Rb, under the control of the SV40 early promoter (3, 27).
Mutants inA2803, inA2807, inA2815, inA2817, inA2831, inA2835, and inA2420
have been previously described (55).

Plasmid pSP72U6-sense was used to study activation of the U6 promoter. It
was constructed by cleaving pU6/Hae/RA.2 (35) with SacI and BamHI to release
the U6 promoter fragment attached to a b-globin coding element. The fragment
was then inserted into a pSP72 (Promega) vector cleaved with SacI and BamHI.
Plasmid pSP72-VAI was used for analysis of the transcriptional activation of the
VAI gene; it contains the Ad2 VAI gene promoter and gene sequence. To make
this construct, pBSM131VAI (35) was cleaved with SacI and HindIII and ligated
to a pSP72 vector fragment cleaved with SacI and HindIII. Plasmid pa4X(A1C)
(46) contains an a-globin mRNA expressed from an a-globin promoter and was
used as an internal control for transfection experiments.

The glutathione S-transferase (GST)-hBRF-expressing plasmid contains a
cDNA copy of the hBRF gene fused to sequences encoding the glutathione
binding moiety of GST and has been described previously (38). The plasmid
expressing GST fused to full-length T antigen (GST-T) contains a cDNA copy of
the T antigen coding region fused to the GST moiety (12). Plasmids for expres-
sion of the in vitro transcription and translation of the SNAP proteins, pCITE
SNAPc43, pCITE SNAPc 45, pCITE SNAPc 50, have been described previously
(25).

A recombinant adenovirus vector expressing SV40 T antigen, kindly provided
by Alan Wildeman (11), was used to infect HeLa cells in suspension for the
purification of hBRF-containing complexes from T-antigen-producing cells.

Transfections and infections. CV-1 cells (3 3 106) were plated in 100-mm-
diameter tissue culture dishes and grown overnight. Monolayers at approxi-
mately 80% confluency were transfected with the appropriate plasmids by the
calcium phosphate procedure as previously described for similar experiments
(23).

HeLa cells were propagated and maintained in suspension in Iscove’s medium
supplemented with 5% fetal calf serum. For infection, cells were grown in
spinner flasks and infected with the adenovirus vector at a multiplicity of infec-
tion of 10.

Protein purifications. HeLa cells infected as described above were harvested
18 h postinfection, and nuclear extracts were prepared according by the method
of Dignam et al. (13). To purify hBRF from the infected cells, the nuclear extract
was chromatographed first on a phosphocellulose column and then on a HiLoad
Sepharose-Q column as previously described (38). Fractions collected from the
Sepharose column were analyzed for the presence of hBRF and TBP by in vitro
activity assays and Western analysis. The fractions were tested for the presence
of T antigen by Western analysis.

RNA preparation and analysis. Total cellular RNA was prepared and RNase
protection assays were performed as described previously (23). For the antisense
U6 probe, the U6-sense plasmid was linearized with KpnI and antisense RNA
was transcribed by using SP6 polymerase. For the VAI antisense probe, plasmid
pSP72-VAI was linearized with SacI and antisense RNA was transcribed with
SP6 polymerase. Results were quantitated with a PhosphorImager.

Coimmunoprecipitation and Western analysis. Monoclonal antibodies used
for our experiments included Pab419, an anti-T-antigen monoclonal antibody,

FIG. 1. Pol III transcription initiation complexes formed on the Ad2 VAI
and U6 promoters. Transcription factor TFIIIC binds the A and B boxes on the
intragenic promoter of the adenovirus VAI gene and recruits transcription factor
TFIIIB, which is comprised of TBP and hBRF and, by analogy to the yeast
system, may also recruit the human TFC5 factor. The human U6 snRNA pro-
moter is similar to pol II promoters lying upstream of the coding sequence and
containing a TATA box located approximately 25 nucleotides upstream of the
initiation site. A PSE and an octamer binding site are located upstream of the
TATA element. The transcription factor TFIIIB utilizes TBP to interact with the
TATA box. A second TBP-containing transcription complex, SNAPc, binds to
the PSE. In addition, the Oct-1 transcription factor is capable of binding the
upstream octamer motif.
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and CSH407, an anti-hBRF antibody. Immunoprecipitations were performed as
described by Damania and Alwine (12). Fractions from the HiLoad Sepharose-Q
column were allowed to incubate with either Pab419 or CSH407 and protein-A
agarose beads overnight, and the beads were subsequently washed four times
with radioimmunoprecipitation buffer. The eluted proteins were separated by
polyacrylamide gel electrophoresis (PAGE) on a sodium dodecyl sulfate–12%
polyacrylamide gel and transferred to nitrocellulose. Specific proteins were de-
tected by incubating the blot with the appropriate antibody followed by visual-
ization using an enhanced chemiluminescence kit (Amersham) or by 125I-labeled
secondary antibody.

Protein binding assay. Expression and purification of GST-T and GST-hBRF
were done as previously described (24). The amounts of GST proteins used in the
binding reactions were normalized by semiquantitative comparison of protein
bands on a silver-stained gel.

GST protein binding assays were performed at 4°C on a nutator. Test proteins
were prepared by in vitro transcription and translation (Promega) and labeled
with [35S]methionine. The radiolabeled proteins were incubated for 1 h with the
GST fusion proteins attached to glutathione beads in NETN buffer (20 mM Tris
[pH 7.5], 100 mM NaCl, 1 mM EDTA, 0.5% Nonidet P-40, 1 mM dithiothreitol,
1 mM phenylmethylsulfonyl fluoride, 1 mM Na-p-tosyl-L-lysine chloromethyl
ketone [TLCK]) plus 3% bovine serum albumin, which served as a blocking
agent. The beads were then washed five times with NETN buffer, and the bound
proteins were eluted from the beads by using Laemmli buffer. The eluted pro-
teins were separated by PAGE on an SDS–10% polyacrylamide gel and visual-
ized by autoradiography.

RESULTS

T antigen can activate the human U6 promoter but not the
Ad2 VAI promoter. Our previous findings have suggested that
T antigen is capable of activating simple pol II promoters
consisting of a TATA box and one upstream transcription fac-
tor binding site (22). As shown in Fig. 1 and discussed above,
the pol III promoter of the U6 gene is structurally analogous to
many pol II promoters. In contrast, the Ad2 VAI promoter is
structurally distinct (Fig. 1). To determine whether T antigen
could transcriptionally activate pol III promoters, we trans-
fected CV-1 cells with reporter plasmids containing either the
U6 promoter attached to a b-globin gene reporter or the VAI
promoter as it exists within the VAI gene (Fig. 1). Activation
was tested by cotransfection with either the T-antigen-express-
ing plasmid pRSV-Tex or a control plasmid, pRSV3BglII.

Figure 2 shows a nuclease protection analysis of VAI RNA
produced in CV-1 cells transfected with the Ad2 VAI gene
plus increasing amounts (0 to 5 mg) of pRSV-Tex. Each trans-
fection also contained an a-globin mRNA-expressing plasmid
[pa4X(A1C) (46); a-globin RNA production was used as a
transfection efficiency control. Each transfection was per-
formed in duplicate, and the experiment was repeated four
times. The data show that the levels of VAI RNA produced in
the absence and in the presence of T antigen are equivalent
(this was verified by PhosphorImager analysis [not shown]),
suggesting that T antigen has neither a positive nor a negative
effect on VAI promoter activity.

Figure 3 shows similar analysis of transfections using the
reporter plasmid containing the U6 promoter (pU6-sense),
plus the a-globin control plasmid (pa4xA1C), cotranfected
with increasing amounts (0 to 5 mg) of various plasmids which
produce T antigen or specific mutants of T antigen. In the top
panel, the lanes labeled “WT T1t” indicate transfections using
p6-1dl, a plasmid which encodes the entire early region of
SV40 and produces both large T and small t antigens. The
lanes labeled “WT T only” indicate transfections using pRSV-
Tex, a plasmid containing a cDNA encoding wild-type (WT) T

FIG. 2. T antigen does not activate transcription of the VAI gene. CV-1 cells
were transfected with a VAI RNA-expressing plasmid, pSP72-VAI, together with
0, 1, 3, or 5 mg of a plasmid expressing SV40 T antigen (pRSV-Tex). Input
amounts of DNA were maintained by using a filler plasmid, pRSV3BglII. Two
micrograms of pa4X(A1C), which produces a-globin mRNA, was also cotrans-
fected as an internal transfection efficiency control. At 42 h after transfection, the
total RNA was harvested, and VAI RNA and a-globin RNA production was
analyzed by RNase protection as described in Materials and Methods. The pro-
tected VAI and a-globin RNAs were 161 and 132 nucleotides, respectively. The
undigested VAI (316 nucleotides) and a-globin (220 nucleotides) antisense
probes are also shown.

FIG. 3. T antigen activates transcription of the U6 RNA gene. CV-1 cells
were transfected with the U6 RNA producing plasmid pSP72-U6 sense, along
with 0, 1, 3, or 5 mg of plasmids expressing full-length large T antigen and small
t antigen (WT T1t), full-length T antigen alone (WT T only), or various mutants
of T antigen (Table 1). The a-globin RNA producing plasmid pa4X(A1C) was
used as the internal control. At 42 h posttransfection, the total RNA was har-
vested and U6 RNA and a-globin RNA production was analyzed by RNase
protection as described in Materials and Methods. The protected U6 (184 nu-
cleotides) and a-globin (132 nucleotides) bands are indicated.
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antigen that produces only large T antigen. In contrast to the
VAI data, both T-antigen-expressing plasmids clearly activated
U6 transcription. Quantitation of the data showed that T an-
tigen alone increased RNA production from the U6 promoter
at least fivefold, whereas the presence of both large T and
small t antigens increased RNA production approximately sev-
enfold. These data indicate that T antigen alone is responsible
for the U6 promoter activation and that the presence of small
t antigen had little, if any, additional effect. In agreement with
this conclusion, the expression of small t antigen alone did not
activate the U6 promoter (data not shown).

Effects of transcriptional activation mutants of T antigen on
activation of the U6 promoter. We next tested the activation of
the U6 promoter by mutants of T antigen that have been
previously characterized for transactivation of pol II promoters
(12, 55). The mutants used were all small in-frame deletions
and insertions in large T antigen (Table 1). All of the mutants
are in the context of the entire early region; therefore, both
large T and small t antigens are produced. The expression of
these mutant T antigens has previously been shown to be
equivalent to WT expression (12). Each transfection was per-
formed in duplicate and the experiment was repeated four
times. Mutants inA2803, inA2807, inA2817, and inA2831 were
capable of activating the U6 promoter to levels similar to that
of WT T antigen (Table 2). However, mutants inA2815,
inA2835, and inA2420 were defective for the transcriptional
activation of the U6 promoter (Table 2). The effects of each
mutant on the U6 pol III promoter were analogous to their
previously measured effects on pol II promoters (12), suggest-
ing that T antigen uses a common mechanism to activate tran-
scription in both cases (see Discussion).

Chesnokov et al. (8), White et al. (50), and Larminie et al.
(33) reported that p53 and Rb both inhibit pol III-directed
transcription from the U6 promoter. Since p53 and Rb have
been shown to have antagonistic effects with respect to T an-
tigen on many pol II promoters, we examined the effect of
T-antigen mutants which were defective for p53 and Rb bind-
ing. The results (not shown) suggested that the ability or in-

ability to interact with p53 and Rb had no effect on T antigen’s
ability to activate the U6 promoter.

Interactions of SNAPc components and hBRF with T anti-
gen. The data presented above show that T antigen can acti-
vate the U6 promoter but not the VAI promoter in CV-1 cells.
The U6 promoter contains binding sites for the Oct-1 tran-
scription factor, the TBP-containing SNAPc complex, as well
as the TBP-hBRF (TFIIIB) complex. Our lab has previously
shown that T antigen is not capable of interacting with the
Oct-1 protein in a protein-protein binding assay and cannot
activate simple pol II promoters that contain an Oct-1 binding
site (24). However, we have demonstrated T antigen’s ability to
bind TBP and pol II TAFs and be a component of TFIID (12,
24). Therefore, we tested whether T antigen could interact
with any of the remaining transcription factors that associate
with the U6 promoter: hBRF (TFIIIB), SNAP 43, SNAP 45,
and SNAP 50.

To determine whether T antigen can interact with compo-
nents of the SNAPc complex, we used the GST-T fusion pro-
tein to assay binding to [35S]Met-labeled SNAP 43, SNAP 45,
and SNAP 50 produced by in vitro transcription and transla-
tion. Figure 4 shows the results of the binding analysis. T
antigen interacted strongly with SNAP 43, moderately with
SNAP 45, and very little with SNAP 50. The SNAP proteins
did not bind the control GST moiety. Figure 4 also shows the
result of a binding experiment done with a GST fusion of
full-length hBRF and [35S]Met-labeled T antigen produced by
in vitro transcription and translation. T antigen interacted very
well with hBRF but not with the control GST moiety. GST
binding was not altered in the presence of 200 mg of ethidium
bromide per ml, showing that the binding was attributable to
protein-protein interactions rather than tethering due to bind-
ing a common piece of DNA (reference 32 and data not
shown).

Cofractionation of T antigen with a pol III transcription
factor, hBRF, from infected HeLa cells. The GST binding assay
described above showed that T antigen can interact very well in
vitro with hBRF as well as SNAP 43 and to a lesser extent with

FIG. 4. T antigen interacts in vitro with components of SNAPc and hBRF.
The three SNAPc components SNAP 43, 45, and 50 were produced by in vitro
transcription and translation; the input lanes indicate 20% of the total amount of
in vitro-transcribed and -translated 35S-labeled proteins used in each binding
reaction. Each protein was tested for in vitro binding with the GST moiety alone
or with a GST fusion with full-length T antigen as described in Materials and
Methods. In addition, in vitro-transcribed and -translated T antigen was tested
for binding to the GST moiety alone and to a GST fusion with full-length hBRF.

TABLE 1. Large-T-antigen mutants tested

Mutant Type of mutation Region or domain affected

inA2803 Insertion at aa 34 N terminus
inA2807 Insertion at aa 302 Zinc finger
inA2815 Insertion at aa 168 DNA binding domain
inA2817 Insertion at aa 219 DNA binding domain
inA2831 Deletion of aas 4 to 34 N terminus
inA2835 Insertion at aa 85 and 86 N terminus
inA2420 Truncation after aa 138 Missing C-terminal 569 aa

TABLE 2. Activation of U6 promoter by large-T-antigen mutantsa

WT or mutant % of WT level SD

WT 100 3.0
inA2803 67 4.5
inA2807 68 1.5
inA2815 20 2.5
inA2817 75 2.0
inA2831 79 2.0
inA2835 40 6.5
inA2420 26 3.0

a Quantitation was taken from the points for 5 mg of plasmid input in Fig. 3.
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SNAP 45. The fact that T antigen could interact with compo-
nents of the SNAPc complex is interesting because the SNAPc
complex is necessary for the activation of both pol II snRNA
genes like U1 and U2 and the pol III snRNA U6 gene (42).
However, what was most interesting was that T antigen could
interact with hBRF, a factor which, unlike the SNAPc complex,
is uniquely involved in pol III transcription. To test whether T
antigen’s ability to bind hBRF in vitro held true in vivo, HeLa
spinner cells were infected with a recombinant adenovirus
which produced WT T antigen. The infected cells were har-
vested 18 h postinfection, and nuclear extracts were prepared
by the method described by Dignam et al. (13). The extracts
were fractionated on a phosphocellulose column followed by a
HiLoad Sepharose-Q column (see Materials and Methods).
Fractions from the Sepharose-Q column were fractionated by
SDS-PAGE, and the gel was transferred to nitrocellulose.
Western analysis was performed with an anti-hBRF antibody
to detect the presence of hBRF; bands were visualized with an
enhanced chemiluminescence kit. Figure 5 shows the fractions
that were tested. hBRF eluted from the Sepharose-Q column
in two peaks: fractions 70 through 80 and fractions 88 through
96. In additional analyses (not shown), the fractions were
tested for the presence of TBP. TBP was found to cofraction-
ate with both peaks of hBRF. These findings are consistent
with previous reports (30, 36, 45).

We next tested the same fractions to determine whether T
antigen cofractionated with hBRF from the infected HeLa cell
nuclear extracts. The Western blot was probed with a mono-
clonal anti-T-antigen antibody, and the bands were visualized
by using an 125I-labeled secondary antibody. Figure 6 shows
that T antigen eluted from the Sepharose-Q column in one
peak extending from fractions 88 through 98. These results
suggest that T antigen cofractionates with one of the two hBRF
peaks.

Large T antigen and hBRF coimmunoprecipitate. The data
presented above strongly suggest that T antigen cofractionates
with TFIIIB which contains both TBP and hBRF. To confirm
that a true interaction was occurring between T antigen and
hBRF, coimmunoprecipitations were performed with Sepha-
rose-Q fractions 88 to 96, in which both proteins cofraction-
ated. The pooled fractions were dialyzed into buffer D (see
Materials and Methods) and coimmunoprecipitated with an
anti-hBRF or anti-T antigen antibody, and the precipitates
were analyzed by Western blotting. Figure 7A shows that
hBRF coimmunoprecipitated with T antigen using an anti-T
antibody; conversely, Fig. 7B shows that T antigen coimmuno-
precipitated with hBRF using anti-hBRF (Fig. 7B). The non-
specific control antibody against the hnRNPC1 protein im-
munoprecipitated neither protein. Previous experiments had
shown that the anti-T antibody did not cross-react with hBRF
and that the anti-hBRF antibody did not cross-react with T
antigen. The overall data indicate that large T antigen cofrac-
tionates and coimmunoprecipitates with hBRF, suggesting that
T antigen exists in a stable complex with TFIIIB in HeLa cells
infected with a recombinant adenovirus expressing SV40 T
antigen.

DISCUSSION

Eukaryotic RNA pol III is responsible for the transcription
of small nuclear and cytoplasmic RNAs of both cellular and
viral origin (21). Transcription of these genes is enhanced
during viral infection by the expression of viral early proteins
like the pseudorabies virus immediate-early protein and the

FIG. 5. Purification of hBRF. Nuclear extract from HeLa cells infected with
a recombinant adenovirus vector expressing T antigen was fractionated on a
phosphocellulose and Sepharose-Q column (see Materials and Methods). Frac-
tions from a Sepharose-Q column, previously shown to contain TFIIIB activity,
were analyzed for hBRF by Western analysis using an anti-hBRF antibody. The
hBRF elutes in two peaks (fractions 70 to 80 and fractions 88 to 96). In, input.

FIG. 6. T antigen cofractionates with hBRF. The hBRF-containing fractions
examined in Fig. 5 were examined for the presence of T antigen (T Ag) by
Western blotting using anti-T antigen antibody Pab419. Large T antigen eluted
in one peak from the Sepharose-Q column (fractions 88 to 98). Std., standard.
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adenovirus E1A and/or E1B proteins (4, 19, 26) and is sup-
pressed by poliovirus infection (16). In addition, cells that have
been transformed with SV40 show an increase in pol III RNA
transcripts (41, 51) and, like cells that have been transformed
with adenovirus, show an increase in the level of the pol III
transcription factor TFIIIC (44, 51). Although the effects of
SV40 infection and transformation on pol III transcription
have been well studied, the mechanism underlying this process
remained undefined. However, given the known transcrip-
tional activation functions of large T antigen, it seemed likely
that it may be directly involved in the activation of pol III
promoters. Indeed, the identification and characterization of
the key factors involved in pol III transcription has now made
it possible to investigate the mechanism by which SV40 large T
antigen activates some pol III promoters.

Previous studies in our laboratory and others have suggested
that T antigen can activate cellular transcription through pro-
tein-protein interactions (22, 24). Recently we have shown that
T-antigen-mediated activation of pol II promoters involves its
ability to form a stable complex with TFIID (12), where it
performs a TAF-like function interacting with upstream-bound
transcription factors. The interaction with TFIID is mediated
at least in part by a direct interaction with TBP. Since TBP is
a common factor in the basal apparatuses of all three mam-
malian RNA polymerases, it seemed reasonable to expect that
T antigen may also exist in the TBP-containing transcription
complexes used by pol I and III. In accordance with this sug-
gestion, Zhai et al. (53) have recently reported that SV40 T
antigen binds to the TBP-TAFI complex, SL1, and coactivates
rRNA transcription. Zhai et al. (53) specifically show that the
activation of a rRNA promoter by T antigen is dependent on
its ability to interact with TBP as well as the two pol I TAFs,
TAFI110 and TAFI48. Similarly, the data presented herein,
examining pol III promoter activation, establish a similar
mechanism. As in the case of pol I and II, T antigen appears to
mediate pol III transcriptional activation through its ability to
interact with TBP-containing pol III transcription factors.

Our data demonstrate that large T antigen can interact with
multiple components of the pol III transcription family. Using
a protein-protein interaction assay, with a biochemical frac-
tionation scheme and coimmunoprecipitation analysis, we have
established that T antigen is able to bind to three pol III

transcription factors in addition to TBP: SNAP 43, SNAP 45,
and hBRF. Despite these interactions, we found that T antigen
does not directly activate all classes of pol III promoters. While
it failed to activate the TATA-less intragenic adenovirus VA1
promoter (class 2), it readily activated the class 3 U6 promoter,
which, like pol II promoters, contains a TATA box and up-
stream transcription factor binding sites. Thus with pol I, II,
and III promoters, the interaction involving T antigen and
TBP, or a TBP-containing complex, is very significant. Further,
a TAF-like function for T antigen in affecting activated tran-
scription is indicated in each case. Our data also suggest that
activation of the U6 promoter is not a function of T antigen’s
ability to interact with tumor suppressors like p53 and Rb.
T-antigen mutants defective in p53 and Rb binding maintain
their abilities to activate the U6 promoter. This agrees with
previous data which suggested that T-antigen-mediated activa-
tion of pol II promoters is independent of p53 and RB (47, 55).

Three mutants of T antigen, inA2815, inA2835, and inA2420,
were found to be defective for transactivation of the U6 pro-
moter. Mutant inA2835 has an insertion at amino acid (aa) 85,
and mutant inA2420 is a frameshift mutation that produces a
truncated 138-aa product. Both mutations map to the amino
terminus of T antigen. Previous data from our laboratory have
indicated that the N-terminal 172 aa of T antigen interact with
TBP (24). This could explain the inability of both of these
mutants to activate the U6 promoter. Mutant inA2815 has an
insertion at aa 168 which corresponds to the DNA binding
domain. However, it is unlikely that the loss of ability to bind
DNA is the reason for the defect in transactivation since the
ability of T antigen to bind DNA has never been correlated
with transcriptional activation (2, 18, 31). Instead it is likely
that this mutation prevents the protein from folding correctly
and activating transcription (7). Mutants inA2815 and inA2835
have previously been shown to be defective in transcriptional
activation of pol II promoters. In the case of mutant inA2815,
this has been shown to be due to its inability to bind the TBP-
containing TFIID complex (12). Hence, the inability of this
mutant to transactivate the U6 promoter may analogously be
linked to an inability to interact with the TBP-containing com-
plexes TFIIIB and/or SNAPc.

We found that T antigen was not able to activate the Ad2
VAI promoter. This finding supports previous data suggesting
that the ability of T antigen to activate a gene is, in part,
dependent on promoter structure (22, 23). The VAI promoter
is intragenic, with the A and B boxes binding the transcription
factor TFIIIC, which then recruits TFIIIB to the promoter.
Although T antigen is capable of interacting with components
of TFIIIB, it appears that this interaction is not sufficient to
drive transcription from the VAI promoter. This may be re-
lated to the direction and placement of the basal complex on
the internal promoter, causing it to hinder T antigen’s ability to
access or interact with specific components of the transcription
machinery. An intriguing finding has been that SV40-trans-
formed cells show an upregulation in the abundance of the
TFIIIC transcription factor (51). TFIIIC plays a key role in the
activation of class 1 and 2 pol III promoters but is dispensable
for class 3 promoters (20). Thus, it appears that SV40 has
found different ways to activate pol III transcription in the cell.
One mechanism is direct and requires T antigen to interact
with TFIIIB and/or SNAPc to activate some pol III genes. The
other mechanism appears to be indirect, most likely through
activation of pol II transcription causing an increase in the
expression of the pol III transcription factor TFIIIC.

SV40 T antigen has long been established as a very promis-
cuous transcriptional activator capable of activating many viral
and cellular promoters. This function of T antigen has been

FIG. 7. T antigen and hBRF coimmunoprecipitate. Fractions 88 to 96 from
the Sepharose-Q column, containing both hBRF and T antigen, were pooled and
dialyzed into 0.1 M KCl buffer D. The samples were then subjected to immu-
noprecipitation reactions. (A) Immunoprecipitation reaction using an anti-T
antigen antibody or an anti-hnRNPC1 (anti-C1) control antibody. The immuno-
precipitates were resolved on a gel and subjected to Western analysis using an
anti-hBRF antibody. (B) Immunoprecipitation reaction using an anti-hBRF an-
tibody or an anti-hnRNPC1 control antibody. The immunoprecipitates were
resolved on a gel and subjected to Western analysis using an anti-T antigen (T
Ag) antibody.
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attributed to the fact that in order to replicate its genome, the
virus must push the infected cell into the cell cycle. This may be
accomplished, in part, by T antigen’s ability to activate many
cellular genes whose products may be needed for cellular
growth and proliferation. The TBP-TAF complexes in the cell
appear to be functional targets for T antigen. Through associ-
ation with either the pol I-associated factor SL1 (55), the pol
II-associated factor TFIID (12), or the pol III-associated fac-
tors TFIIIB and SNAPc, T antigen may be able to activate a
diverse array of genes transcribed by any of the three mam-
malian RNA polymerases.
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