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The adenovirus ElA gene products are nuclear
phosphoproteins that can transactivate the other
adenovirus early genes as well as several cellular genes,

and can transform primary rodent cells in culture.
Transformation and transactivation by ElA proteins
is most likely to be mediated through binding to several
cellular proteins, including the retinoblastoma gene

product pRb, the pRb-related p107 and p130, and the
TATA box binding protein TBP. We report here the
cloning of BS69, a novel protein that specifically inter-
acts with adenovirus 5 ElA. BS69 has no significant
homology to known proteins and requires the region
that is unique to the large (289R) ElA protein for
high affinity binding. BS69 and ElA proteins co-

immunoprecipitate in adenovirus-transformed 293
cells, indicating that these proteins also interact in vivo.
BS69 specifically inhibits transactivation by the 289R
ElA protein, but not by the 243R ElA protein. BS69
also suppressed the ElA-stimulated transcription of
the retinoic acid receptor in COS cells, but did not
affect the cellular ElA-like activity that is present in
embryonic carcinoma cells. Our data indicate that BS69
is a novel and specific suppressor of ElA-activated
transcription.
Key words: adenovirus/ElA/transactivation

Introduction
In transformed cells, early region 1A (ElA) of human
adenoviruses encodes two mRNAs that specify proteins
of 243 and 289 amino acids respectively (243R and 289R
E1A). E1A proteins can transform primary rodent cells in
culture (Houweling et al., 1980) and they stimulate the
expression of other early viral genes (Jones and Shenk,
1979) and some cellular genes (Shenk and Flint, 1991).
El A proteins of different serotypes share three regions of
significant homology [conserved region (CR) 1, 2 and 3,
Lillie et al., 1987]. The 243R and the 289R El A proteins
share CR1 and 2, while CR3 is unique in the 289R EIA.
CR3 consists of 46 amino acids and specifies a strong
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transactivation domain (Green et al., 1988; Lillie and
Green, 1989; Martin et al., 1990). Activation of gene
expression was also detected by the 243R ElA protein
(Simon et al., 1987) and by domains encoded by exon 2
of Ad5 EIA (Mymryk and Bayley, 1993). CR1 and 2 are
involved in transformation (Lillie et al., 1987; Whyte
et al., 1989), suppression of enhancer activity (Borelli
et al., 1984; Velcich and Ziff, 1985; Wang et al., 1993)
and the induction of DNA synthesis (Lillie et al., 1987;
Wang et al., 1991; Howe and Bayley, 1992).
CR1 and CR2 are thought to exert their effect on

cellular physiology by interacting with a number of cellular
proteins (Yee and Branton, 1985; Harlow et al., 1986;
Egan et al., 1987; Barbeau et al., 1994). Several of these
cellular ElA binding proteins have now been identified.
They include the retinoblastoma gene product pRb (Whyte
et al., 1988), the pRb-like proteins p107 (Whyte et al.,
1989; Zhu et al., 1993) and p130 (Hannon et al., 1993;
Li et al., 1993), cyclin A (Pines and Hunter, 1990) and
p300 (Eckner et al., 1994). However, several additional
cellular polypeptides have been identified in ElA immuno-
precipitates of adenovirus-transformed or adenovirus-
infected cells. They include proteins of 30, 33, 75, 95,
150, 180 and >250 kDa molecular weight (Egan et al.,
1987). Because several of the presently identified EIA-
interacting proteins play important roles in either cell
cycle control or transcriptional regulation, the isolation of
additional ElA-interacting cDNAs could be of consider-
able interest.
ElA can transactivate by several distinct mechanisms.

First, ElA can activate adenovirus early region 2 (E2)
transcription by dissociation of the E2F transcription factor
from pRb, thereby activating E2F (Bagchi et al., 1990;
Bandara and La Thangue, 1991). It is likely that ElA can
also activate the expression of several cellular genes by
competing with pRb, p107 or p130 from inactive E2F
complexes (Bagchi et al., 1990). This activity requires
conserved regions 1 and 2 of ElA and is independent of
the activation domain that is specified by CR3 (Moran
et al., 1986). Secondly, ElA can be recruited to promoters
through direct binding to sequence-specific DNA binding
proteins. For example, ElA can bind directly to the ATF2
transcription factor, which recruits ElA to the E3 promoter
(Liu and Green, 1990, 1994; Maguire et al., 1991). Finally,
the large (289R) ElA protein, as well as a number of
other transcriptional activators like VP16 and c-Myc, have
been shown to bind directly to the TATA binding protein
TBP through their transactivation domain (Stringer et al.,
1990; Horikoshi et al., 1991; Lee et al., 1991; Hateboer
et al., 1993; Geisberg et al., 1994). This provides a possible
mechanistic explanation for the activity of transcriptional
activators like VP16, c-Myc and ElA.

Although the activation of transcription by many tran-
scription factors is well documented, not much is known
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about suppression of transactivation. A well-studied model
for transcriptional repression is the interaction of the
retinoblastoma family of related proteins with the tran-
scription factor E2F: interaction of pRb with E2F- 1 and
interaction of p107 with E2F-4 leads to suppression of
E2F-mediated transactivation as a result of direct binding
of the pRb(-like) protein to the E2F transactivation
domain (Bagchi et al., 1990; Beijersbergen et al., 1994a).
Moreover, p107 can suppress c-Myc transactivation
(Beijersbergen et al., 1994b) and, similarly, binding of the
MDM2 protein to the p53 transactivation domain results
in suppression of p53-mediated transactivation (Momand
et al., 1992; Oliner et al., 1993).

Imperiale et al. (1984) have shown that embryonic
carcinoma (EC) cells contain an activity that can substitute
for ElA in lytic viral infection; the ElA-like activity
(ElA-LA). In EC cells, TBP and the retinoic acid receptor
(RAR) functionally cooperate in transactivation of the
RARP2 promoter in a strictly RA-dependent manner
(Berkenstam et al., 1992). Such cooperativity is not
observed in COS-7 cells, where RAR-dependent transcrip-
tion from the RARP2 promoter is low. Significantly, in
COS-7 cells, El A can stimulate RAR-dependent transcrip-
tion, suggesting that EIA can substitute for the activity
that is present in EC cells (Berkenstam et al., 1992;
Keaveney et al., 1993).
To identify additional cellular proteins that interact with

adenovirus EIA, we have used a radioactively labeled
EIA protein probe to screen a phage cDNA expression
library. We report here the cloning of a novel El A-
associated protein and its effect on ElA function.

Results
Cloning of adenovirus ElA-associated BS69
We screened a day 16 whole mouse embryo cDNA
expression library in XEXlox with a 32P-labeled bacterially
synthesized 289R AdS ElA protein probe. We identified
12 recombinant phage whose encoded proteins bound
strongly to EIA protein. DNA sequence analysis of the
cDNAs indicated that all phage were derived from the
same gene. Three different size classes of inserts were
found. A partial mouse cDNA was subsequently used to
isolate a full-length human cDNA from a colon carcinoma
cDNA library. Sequence analysis of the human cDNA
(Figure 1A) indicates that it encodes a 562 amino acid
protein with no significant homology to known genes.
In vitro transcription and translation of the human cDNA
showed that the molecular weight of the encoded protein
is -69 kDa. We named this novel protein BS69. There
are two putative zinc finger motifs in the N-terminal part
of BS69 and a potential nuclear localization signal (NLS)
starting at position 354 (Figure 1B).
By using in vitro translated BS69 deletion mutants in

a binding assay with 289R ElA fused to glutathione
S-transferase (GST), we found that the EIA binding
epitope of BS69 is located between amino acids 412 and
532 (data not shown). To study the effect of BS69 on
EIA function (see below), we constructed two expression
plasmids, one containing the full-length BS69 cDNA
(HA-BS69) and one lacking the ElA binding region
(HA-ABS). Both inserts were cloned upstream from the
fragment encoding the HA epitope (Field et al., 1988).

Expression levels of BS69 in mouse tissues
To determine the expression pattern of BS69, we performed
Northern blot analysis using poly(A)-selected mRNA from
several mouse tissues. Figure 2 shows that an -4.7 kb
BS69 transcript was expressed in all tissues tested. The
highest level was found in kidney (lane 2), and lower
levels in lung, brain, spleen, thymus and testis (lanes 1,
3-6). As a control for the amount of mRNA present in
each lane, we reprobed the Northern blot with a partial
cDNA fragment from the rat tubulin gene.

BS69 has different affinities for 243R and 289R EIA
proteins
To investigate which domain of ElA mediates binding to
BS69, we performed an in vitro binding assay using
in vitro transcribed and translated 243R and 289R ElA
proteins and mixed these proteins with an in vitro translated
C-terminal fragment of mouse BS69 protein. In vitro
translated p107 was used as a control as this protein has
equal affinity for both EIA proteins. Proteins bound
to ElA were co-immunoprecipitated with the anti-ElA
monoclonal antibody M73. Figure 3A shows that BS69
binds the 289R EIA species (lane 2) and, to a lesser
extent, the 243R ElA protein (lane 1), whereas p107
interacted with both ElA proteins equally well (lanes 3
and 4). This result suggests that BS69 requires the 46
amino acid domain that is unique to the 289R El A protein
for high affinity binding.

Because 243R and 289R ElA have different affinities
for BS69, we mapped the interacting domains on both
ElA proteins. We used a number of in vitro translated
ElA deletion mutants, each fused to the T7 gene-10 for
proper in vitro transcription and translation, in a GST pull
down assay with a GST-BS69 fusion protein. Figure 3B
shows that a peptide consisting of amino acids 1-120 of
243R E1A binds GST-BS69 (lane 11), whereas amino
acids 1-85 did not (lane 5). Since a peptide spanning
amino acids 76-243 of EIA also binds BS69 (lane 6), we
conclude that the region in 243R El A protein responsible
for binding to BS69 maps to amino acids 76-120, located
between CR1 and 2 of El A. However, we cannot exclude
the possibility that residues upstream of position 76 or
downstream of 120 also contribute to the binding of 243R
EIA protein to BS69.
The finding that 289R EIA binds with higher affinity

to BS69 than does 243R E1A suggests that CR3 contributes
to BS69 binding. To investigate this, we also performed a
GST pull down assay using GST-BS69 from baculovirus-
infected cells and an in vitro translated peptide that
consisted of CR3 linked to the HA epitope, which is
recognized by the 12CA5 antibody (Field et al., 1988).
The HA-CR3 fusion protein has an approximate molecular
weight of 6.5 kDa. Figure 3C shows that both HA-289R
ElA and HA-CR3 are able to interact with GST-BS69
(right panel, lane 1 and 3), whereas the HA-tagged
C-terminal residues 189-289 of ElA (right panel, lane 2)
did not interact. To check for the input of translated
proteins, we performed immunoprecipitations on the three
in vitro translated proteins using 12CA5 antibody (left
panel, lanes 1-3). We conclude from these mapping
experiments that BS69 has two separate interaction
domains on EIA, one located between CR1 and CR2
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Fig. 1. Sequence and schematic representation of human BS69. (A) Nucleotide and deduced amino acid sequence of BS69. In-frame stop codons are
indicated by asterisks. The putative nuclear localization signal is underlined. Cysteine residues forming two putative zinc finger motifs are encircled.
The EIA binding epitope is shaded. (B) Schematic representation of BS69 and the constructs HA-BS69 and HA-ABS, used for transient
transfections. The EIA binding domain is indicated with a hatched bar. The HA tag, a 10 residue epitope recognized by the 12CA5 antibody was
cloned in-frame downstream of the BS69 open reading frame. In the HA-ABS construct, the C-terminal 150 amino acids spanning the putative ElIA
binding domain was deleted and the HA tag was cloned downstream of residue 411 of BS69. The ATG start site in both constructs was modified to
fit a consensus translation start site.
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Fig. 2. Expression of BS69 mRNA in mouse tissues. Northern blot
containing poly(A)-selected mRNA from total mouse tissues was
probed with partial cDNA clones from mouse BS69 and rat tubulin
genes. The 18S and 28S rRNA sizes are depicted on the right. Signals
of mRNA expression of BS69 and tubulin are given by arrows.

(aa 76-120) and one in CR3, the region that is unique to
the 289R EIA protein.

BS69 interacts with EIA in vivo
To investigate whether BS69 and ElA proteins also
interact in vivo, we cloned the coding region of BS69
upstream of the HA epitope in a mammalian expression
vector (Figure IB). We also constructed a deletion mutant
of BS69, HA-ABS, lacking the putative ElA binding
region (Figure IB).

Figure 4A shows that the ElA and BS69 proteins are
expressed following transient transfection in the human
osteosarcoma cell line U2-OS. Significantly, following co-
transfection of BS69 and EIA expression vectors, a
protein of 69 kDa, that co-migrates with BS69, was co-
immunoprecipitated with E1A (lanes 4 and 5). The 12CA5
antibody does not recognize the ElA protein directly (lane
2) and the M73 antibody, directed against ElA does not
recognize BS69 directly (lane 3). To verify that the
69 kDa ElA-associated protein was indeed BS69, we
performed a sequential immunoprecipitation experiment.
U2-OS cells were transiently transfected with EIA and
BS69 expression vectors. After 2 days, cells were labeled
with [35S]methionine and non-ionic detergent lysates were
subjected to immunoprecipitation with either non-immune
mouse serum or M73 antibody. Proteins that co-immuno-
precipitated with EIA were released by boiling in SDS-
containing buffer, diluted and subjected to re-immuno-
precipitation with either non-immune serum or 12CA5
antibody directed against HA-tagged BS69. Figure 4C

shows that when M73 was used as a first antibody and
12CA5 in a re-immunoprecipitation, a protein of 69 kDa
was specifically immunoprecipitated. These data show
that BS69 and ElA form a complex in transiently trans-
fected cells.
When we transfected BS69 and 289R EIA expression

vectors and used 12CA5 for immunoprecipitation of HA-
tagged BS69, only very small amounts of EIA co-
immunoprecipitated with BS69 (Figure 4A, lane 6). This
may be due to the fact that the ElA-interaction domain is
juxtaposed to the HA epitope, resulting in steric hindrance
(Figure 1B). Because E1A proteins are highly phosphoryl-
ated, we repeated the experiment shown in Figure 4A
following a [32P]orthophosphate labeling of transiently
transfected U2-OS cells. Figure 4B shows that when
12CA5 was used as the first antibody and M73 for re-
immunoprecipitation, we could detect the 289R EIA
protein in the BS69 immunoprecipitation (lanes 2 and 6).

Using in vitro binding assays, we mapped the interaction
domain of EIA between amino acid 412 and 532 of BS69
(data not shown). To investigate whether a deletion mutant
lacking this region interacts with EIA in vivo, we con-
structed an expression vector encoding a mutant BS69
consisting of amino acids 1-411, linked to a downstream
HA tag, named HA-ABS (Figure 1 B). In transiently
transfected U2-OS cells, HA-ABS expression vector
directed the synthesis of an -50 kDa protein (Figure 5,
lane 6). This protein did not co-immunoprecipitate with
ElA (lane 9), whereas wild-type BS69 did (lane 7), even
though both proteins were equally expressed (lane 5, 7, 8
and 10). We conclude from these experiments that BS69
interacts with EIA in transiently transfected U2-OS cells,
but that a deletion mutant, lacking amino acids 412-562
(HA-ABS), fails to interact with EIA.

BS69 interacts with EIA in transformed cells
To detect endogenous BS69 protein, we generated both
monoclonal antibodies and rabbit polyclonal antisera
against Escherichia coli and baculovirus-produced GST-
BS69 fusion protein, respectively. To test the specificity
of these antibodies, we generated a line of NIH3T3 cells
(3T3-B5) that stably expresses HA-tagged BS69 protein.
We used the polyclonal rabbit BS69 serum to immuno-
precipitate HA-BS69 from lysates of NIH3T3-B5 cells
and endogenous BS69 protein from CAMA human breast
carcinoma cells. Subsequently, we performed Western blot
analysis on these immunoprecipitates using the BS69
monoclonal antibody RK115.

Figure 6A shows that the polyclonal rabbit BS69 serum,
but not the normal rabbit serum control, immuno-
precipitated a protein of -71 kDa in NIH3T3-B5 cells
(lane 2) and also the endogenous BS69 protein in CAMA
cells (lane 4). Endogenous BS69 is -2 kDa smaller in
molecular weight than HA-BS69 because it lacks the
HA tag.
To investigate whether endogenous BS69 is complexed

with EIA in adenovirus-transformed cells, we labeled
AdS-transformed human 293 cells with [32P]orthophos-
phate. Non-ionic detergent lysates were immuno-
precipitated with either normal rabbit serum or with the
rabbit polyclonal BS69 serum. Proteins bound to BS69
were released in SDS-containing buffer and re-immuno-
precipitated with ElA-specific antibody. Figure 6B (lane 5)
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shows that again only the largest EIA species was co-

immunoprecipitated with BS69 serum, whereas both the
243R and 289R EIA protein species are expressed in 293
cells (lane 1). Taken together, our data indicate that BS69
binds specifically to the large (289R) EIA protein in vivo.

Inhibition of ElA transactivation by BS69
Because BS69 binds to the transactivation domain of
289R EIA (Figure 3C), we investigated whether ElA
transactivation was affected by BS69 binding. We linked
289R ElA to the DNA binding region of the yeast
transcription factor GAL4. Transactivation by EIA was

measured using a CAT reporter plasmid harboring five
GAL4 sites upstream of a core promoter (Lillie and Green,
1989) in a transient transfection in U2-OS cells. Figure 7A
shows that transactivation by GAL4-E1A is dramatically
repressed following co-transfection of BS69 expression
vector in a concentration-dependent manner. Significantly,
other transactivators like GAL4-E2F-1 and GAL4-VP16
were not inhibited by BS69 (Figure 7B and C). A fusion
between GAL4 and the 243R EIA protein also has
transactivation ability in U2-OS cells, which is at least
5-fold less compared with 289R E1 A. However, transactiv-
ation by GAL4-243R EIA was not inhibited by BS69
(Figure 7D). To investigate whether the interaction of
BS69 with CR3 alone resulted in repression, we fused

Fig. 3. Mapping of the BS69 binding regions on EIA in vitro.
(A) In vitro transcribed and translated 243R and 289R EIA protein
were mixed with an in vitro transcribed and translated C-terminal
fragment of mouse BS69 (mBS69, lane 1 and 2) or human p107 (lane
3 and 4). Complexes were immunoprecipitated with the ElA-specific
monoclonal antibody M73. (B) In vitro transcribed and translated
deletion mutants of EIA fused to the T7 gene-10 protein were pulled
down by GST-HII, a bacterially produced fusion protein containing
the ElA binding domain of mouse BS69. Residues present in each
mutant are depicted above the lanes, 243R El A is used in lane 2,
289R EIA in lane 9 and the negative control of the T7 gene-10
product alone is used in lane 12. Input levels of the translated proteins
in lanes 3-6 were -5-fold less compared with the proteins used in the
other lanes. (C) In vitro translated HA-tagged 289R EIA (both panels,
lane 1), HA-tagged C-terminal ElA mutant (consisting of amino acids
189-289, both panels, lane 2) and HA-tagged CR3 (both panels, lane
3) were pulled down by GST-BS69 from baculovirus (right panel) and
immunoprecipitated with 12CA5 antibody (left panel). Equal amounts
of protein were used in both experiments.

CR3 of 289R E1A to the DNA binding domain of GAL4.
We found that GAL4-CR3 also transactivated the GAL4
reporter gene, albeit at a 10-fold lower level as compared
with 289R E1A. Significantly, GAL4-CR3 transactivation
was also strongly repressed by BS69 (Figure 7D).

Next we investigated whether the putative El A binding
region on BS69 is required to suppress EIA transactiva-
tion. We used the deletion mutant HA-ABS (Figure iB),
which was unable to bind E1A both in vitro and in vivo
(Figure 6, in vitro data not shown). Co-transfection of
HA-ABS and the GAL4-E1A construct did not result in
inhibition of transactivation (Figure 7E).

It is a formal possibility that BS69 itself is a strong
activator of transcription, which 'squelches' EIA trans-
activation when it is highly expressed. Figure 7E shows
that the DNA binding domain of GAL4 does not trans-
activate in this assay and, importantly, that a GAL4-BS69
fusion protein also does not transactivate, even though
both proteins are highly expressed (data not shown). These
data indicate that BS69 has no transactivation ability and
suggest that the effect of BS69 on EIA is not the result
of squelching. We conclude from these CAT assays that
the effect of BS69 on ElA-mediated transactivation is the
result of direct binding of BS69 to the ElA transactivation
domain. This interaction with CR3 of EIA requires a

region in the C-terminal 150 amino acids of BS69.
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Fig. 4. In vivo association of 289R EIA and BS69 proteins after transient expression. (A) Direct immunoprecipitations with EIA and HA tag-
specific antibodies after [35S]methionine labeling of U2-OS cells, transfected with 289R ElA and HA-tagged BS69 (HABS69) alone or co-
transfected with both expression vectors. Cells transfected with 289R ElA alone were used for immunoprecipitation with the ElA-specific
monoclonal antibody M73 (lane 1) or with the HA tag-specific monoclonal antibody 12CA5 (lane 2). Cells transfected with BS69 alone were used
for immunoprecipitation with M73 (lane 3) and with 12CA5 (lane 4) and cells co-transfected with both expression vectors were used for
immunoprecipitation with M73 (lane 5) and with 12CA5 (lane 6). (B) Immunoprecipitations with 12CA5 and re-immunoprecipitations with non-
immune serum (ni) or M73 on [32P]orthophosphate-labeled U2-OS cells, transiently transfected with 289R EIA alone (lane 1, 10% of first
immunoprecipitation with 12CA5; lanes 3 and 4, re-immunoprecipitation with ni and M73) or after co-transfection of 289R ElA and HA-tagged
BS69 (lane 2, 10% of first immunoprecipitation with 12CA5; lanes 5 and 6, re-immunoprecipitation with ni and M73). (C) Immunoprecipitations
with ni serum (10%, lane 1) and M73 (10%, lane 2) on lysates from cells co-transfected with both ElA and BS69 expression vectors and labeled
with [35S]methionine. Re-immunoprecipitation was performed with ni serum and 12CA5 on the ni first immunoprecipitation (lanes 3 and 4) and on
the M73 first immunoprecipitation (lanes 5 and 6).

BS69 inhibits the effect of EIA on RAR-dependent
transactivation
It has been reported that RA signaling by the RAR/RXR
complex on the RAR,32 promoter can occur via two
distinct pathways: the 'default' pathway utilized in
differentiated cells such as COS-7 and the 'superactivation'
pathway first observed in EC cells. RA signaling occurs
in EC cells via a cell-specific ElA-like activity (EIA-LA)
giving rise to superactivation of the RARP2 promoter,
and this effect can be mediated in differentiated cells via
the adenoviral 289R ElA protein (Berkenstam et al.,
1992; Keaveney et al., 1993).
We therefore tested whether BS69 was able to neutralize

the 289R EIA- and the ElA-LA-dependent activation. As
shown in Figure 8A, co-transfection of 289R ElA together
with RARf and TBP/spm3 expression vectors resulted in
an increased level of transcription from a RARP2 pro-
moter-derived reporter (MI-Luc) in COS-7 cells as com-
pared with the activation obtained with RARP and TBP/
spm3 alone. Co-transfection of HA-BS69 abolished the
289R ElA-dependent activation, but did not significantly
affect the level of transcription from the RARP2 promoter
via the default pathway in the absence of 289R ElA (data
not shown). Similarly, 289R ElA-stimulated transcription
of the adenoviral E3 promoter was abolished upon co-
transfection of HA-BS69, whereas the adenoviral E2
promoter was unaffected by BS69 expression (data not
shown).
BS69 did not affect the ElA-LA-dependent transactiva-

tion of the RARI2 promoter in RAC65 EC cells (Figure
8B). These results indicate that BS69 can interfere with
the EIA effect on RAR-mediated transactivation, but not
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Fig. 5. HA-ABS does not associate with EIA in transiently transfected
cells. Direct immunoprecipitations with EIA and HA tag-specific
antibodies after [35S]methionine labeling of U2-OS cells, transfected
with p5Xhocc4, encoding 243R and 289R EIA proteins and an
expression vector encoding HA-tagged ABS (HA-ABS). Mock-
transfected cells were used for immunoprecipitations using normal
mouse serum (lane 1), M73 against EIA (lane 2) and 12CA5 against
the HA tag (lane 3). To check the expression of EIA, HA-BS69- and
HA-ABS-transfected cells were used for immunoprecipitations with
M73 (lane 4) and 12CA5 (lanes 5 and 6). Co-transfected cells with
EIA and HA-BS69 (lanes 7 and 8) or HA-ABS (lanes 9 and 10) were
both used for immunoprecipitations with M73 and 12CA5. Positions
of the different proteins are indicated by arrows.

with the effect of the El A-LA. Taken together, our data
indicate that BS69 is a novel and specific suppressor of
transactivation that acts through direct binding to the ElA
transactivation domain.
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Fig. 6. Endogenous BS69 is associated with EIA in 293 cells.
(A) Immunoblot using NIH3T3-B5 cells that stably express HA-BS69
protein and human CAMA breast carcinoma cells.
Immunoprecipitations were performed using polyclonal rabbit serum
directed against BS69 (anti-BS69, lanes 2 and 4) and normal rabbit
serum (NRS, lanes 1 and 3). Immunoblotting was performed using
monoclonal antibody ascites (RK1 15). Positions of HA-BS69 and
endogenous BS69 are indicated by arrows. (B) In vivo association of
endogenous BS69 and EIA proteins. 293 cells were labeled with
[32p]orthophosphate. A direct immunoprecipitation on EIA using M73
monoclonal antibody is shown in lane 1. Re-immunoprecipitation
using normal mouse serum (NMS) and M73 was performed after a
first immunoprecipitation with normal rabbit serum (NRS, lanes 1 and
2) and after a first immunoprecipitation with specific polyclonal rabbit
serum against BS69 (anti-BS69, lanes 3 and 4)

Discussion
We have used an adenovirus ElIA protein probe to isolate
a cDNA for a novel ElI A-interacting protein that we have
named BS69. Using specific BS69 antiserum, we have
shown that in adenovirus-transformed 293 cells ElIA
protein is associated with endogenous BS69, indicating
that BS69 is a genuine EIA-interacting protein. A number

of cellular polypeptides have been found to co-immuno-
precipitate with ElA in adenovirus-infected or -trans-
formed cells (Yee and Branton, 1985; Harlow et al., 1986;
Egan et al., 1987). Some of these proteins have now been
isolated by molecular cloning. However, cDNAs for a
number of these cellular proteins have not yet been
isolated. Egan et al. (1987) have shown that two cellular
proteins, p68 and p65, bind very efficiently to E.coli-
produced ElA proteins. Yee and Branton (1985) also
detected a protein of 68 kDa in complex with E1A in
adenovirus-infected KB cells. Interestingly, the large ElA
protein (289R) bound the 68 kDa cellular protein signific-
antly better than the smaller (243R) El A protein (Yee and
Branton, 1985; Egan et al., 1987). In this respect, BS69
resembles the 68 kDa cellular polypeptide, as BS69
also preferentially binds 289R ElA and has lower, but
detectable, affinity for 243R EIA (Figures 3 and 5). It
remains to be determined whether p68 is identical to BS69.
BS69 has no known homology to known proteins. The

only distinctive features of BS69 are the putative zinc
fingers in the N-terminus and the nuclear localization
signal. Consistent with this, we found that BS69 is
expressed primarily in the nucleus of transiently trans-
fected cells (G.H. and R.B., unpublished data).
We mapped the ElA binding site on BS69 to the

C-terminal 150 amino acids of BS69. Significantly, the
C-terminal 215 amino acids of human and mouse BS69
are 94% identical, indicating that this motif is highly
conserved in evolution. Unfortunately, we do not have a
complete mouse BS69 cDNA at present to verify the
possible conservation of the N-terminal zinc finger motifs.
We have found that BS69 binds two independent regions
on Ad5 El A, one located between CR1 and CR2 (residues
76-120, Figure 3B), which is a region present in both
243R and 289R ElA proteins. No important functions of
ElA have yet been ascribed to this domain of Ad5 ElA.
A second BS69 interaction domain overlaps CR3, the 46
amino acid region that is unique in the 289R ElA protein
(Figure 3C). CR3 has been the subject of intense study
over the last decade and is involved in ElA-mediated
transactivation (Lillie et al., 1987; Green et al., 1988;
Martin et al., 1990). Our data indicate that BS69 strongly
and specifically inhibits transactivation by CR3 of 289R
EIA. Since BS69 was cloned based on the high affinity
of bacterially expressed ElA and E.coli-produced BS69,
inhibition of ElA transactivation by BS69 is most likely
due to a direct interaction of BS69 with residues 76-120
and CR3 of 289R EIA.
Our current experiments add BS69 to the shortlist of

cellular polypeptides that have the ability to bind and
suppress the transactivation domain of transcription
factors. The best characterized in this category of proteins
is the retinoblastoma protein. pRb can bind to the
transactivation domain of E2F-1, resulting in inhibition
of E2F transactivation (Bagchi et al., 1990). Similarly,
the pRb-related p107 can bind to the transactivation
domain of E2F-4 and of c-Myc, in each case causing a
dramatic decrease in transactivation (Beijersbergen et al.,
1994a,b), and MDM-2 which can suppress p53 transactiva-
tion (Oliner et al., 1993). CR3 of 289R ElA is not strictly
required for transformation by ElA (Moran et al., 1986).
It is therefore unlikely that BS69, like pRb and p107, is
a protein with growth inhibitory activity. Consistent with
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Fig. 7. Specific repression by BS69 of ElA-mediated transactivation. (A) Concentration-dependent repression by BS69 on EIA transcriptional
activation. (B) and (C) BS69 does not inhibit transactivation by GAL4-E2F1 and GAL4-VP16 in a concentration-dependent manner. (D) Repression
of 289R EIA transactivation by BS69 is directed through CR3 in 289R EIA. 243R EIA transactivation is not repressed by BS69. (E). A deletion
mutant of BS69, lacking the putative EIA binding epitope, HA-ABS, did not inhibit ElA-mediated transactivation, when a 6-, 12- or 50-fold excess
of plasmid was co-transfected with GAL4-E1A activator. Full-sized HA-BS69 inhibited, using the same amounts of plasmid. GAL4 alone does not
activate the reporter and also a fusion between GAL4 and BS69 full-length protein did not activate the reporter. All data are representative of at least
three independent experiments. Percentages of conversion of the substrates in the lysates from cells transfected with the activators alone were for
289R EIA: 20%, for E2F: 14%, for VP16: 14%, for CR3: 5% and for 243R EIA: 21% (averages over at least three independent experiments).
Percentage of conversion of the background counts never exceeded 0.8%. Luciferase counts were not significantly influenced by the presence of the
activators in any of the experiments.

this, we did not observe an inhibitory effect of BS69 on
the ElA-mediated transformation of rat embryo fibroblasts
or baby rat kidney cells (G.H. and R.B., unpublished
data). However, since 289R EIA is required for the
efficient activation of the other early viral transcription

units, BS69 might be able to suppress adenovirus replica-
tion in infected cells.

At present it is not clear how BS69 inhibits CR3-
dependent transactivation. CR3 has been shown to contain
at least two functional domains; one required for binding
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B

B869
- + + + + + TBP
- - + + + + RAR

Fig. 8. Repression of ElA-stimulated transcription of the RARP2
promoter by BS69. (A) COS-7 cells were transfected with expression
vectors for human mutant TBP (TBP/spm3, 2.0 jig per dish), RAR
(pSG-RAR02, 0.5 jig per dish) and 289R EIA (pBS 289R EIA,
1.0 jig per dish) as depicted. Amounts of the HA-BS69 expression
vector that were co-transfected were 1, 2.5 and 5 jg. All transfections
contained EFla-CAT (0.15 jig per dish) as an internal standard and
MI-Luc (5.0 jig per dish) as the reporter plasmid comprising the
RAR02 promoter. (B) RAC65 cells containing the EIA-like activity
were transfected with expression plasmids for TBP and RAR as in (A),
as were the internal control and reporter plasmids. The amounts of co-
transfected HA-BS69 expression plasmid were: 0.5, 2.5 and 5 jig.
Data are representative of at least three independent experiments.

to TBP and a more C-terminal epitope required for binding
to ATF2 (Geisberg et al., 1994). Our finding that BS69
binds directly to CR3 and inhibits CR3-mediated trans-
activation suggests that BS69 might compete with TBP
for binding to CR3. A more detailed analysis of the precise
epitope in CR3 that is required for BS69 binding should
allow us to test this hypothesis further.

In COS cells, the ElA-stimulated transcription of RAR
was significantly diminished by BS69. Berkenstam et al.
(1992) have suggested that EIA mimics an ElA-like
activity (EIA-LA) found in RAC65 EC cells which
supports RA-dependent transactivation via the superactiva-
tion pathway. Our data show that ectopic expression of
BS69 can inhibit the ElA-stimulated transcription of the
RAR in COS-7 cells, but cannot inhibit the EIA-LA in
RAC65 cells. Taken together, these results suggest strongly
that transactivation by EIA in COS-7 cells is mechan-
istically different from the transactivation by the ElA-LA
in EC cells and that BS69 cannot affect the EIA-LA,
although it cannot be excluded that the expression of
BS69 in this experiment was at too low a level to observe
an effect.
Our data show that BS69 can inhibit ElA transactiva-

tion. However, since we do not know the normal function
of BS69 in non-adenovirus infected cells, we cannot
investigate at present whether EIA also interferes with
BS69 function, e.g. by competition with cellular polypep-
tides for BS69 binding. We have recently used the yeast
two hybrid cloning system to isolate cellular polypeptides
that interact with the EIA binding domain of BS69. A
further study of these proteins may help in the elucidation
of the normal cellular function of BS69 and the effect of
EIA on BS69 function.

Materials and methods
Isolation and sequencing of human BS69 cDNA
The 289R EIA cDNA from AdS was cloned into pET15b (Novagen),
upstream of six histidine codons and downstream of a sequence encoding

a cAMP-dependent protein kinase phosphorylation site. The encoded
protein was purified from Ecoli over Ni-agarose and labeled in vitro
with protein kinase (Sigma catalogue no. P-2645) and [y-32P]ATP as
described by Kaelin et al. (1992). The labeled protein was used to screen
a 16-day whole mouse embryo cDNA expression library (XEX1ox,
Novagen) as described (Kaelin et al., 1992). A partial mouse cDNA
was used to screen a T84 human colon carcinoma cDNA library to
isolate a full-length human BS69 cDNA. Both strands of the gene were
sequenced completely using the Pharmacia T7 sequencing kit.

Plasmids
PCR was used to synthesize two BS69 clones, both with a consensus
translation start site and a C-terminal HA tag, recognized by the 12CA5
antibody (Field et al., 1988). HA-BS69 contains the complete BS69
open reading frame, while HA-ABS lacks the C-terminal 150 amino
acids. Both PCR products were cloned into the HindIII and Notl sites
of the mammalian expression vector pRc/CMV (Invitrogen).

For in vivo association experiments, after transient expression the
289R EIA cDNA from AdS in pRSV was used (kindly provided by
A.G.Jochemsen). Only for the co-transfection experiment using HA-
ABS, an expression vector, p5Xhocc4, was used (Bernards et al., 1982),
expressing both 243R and 289R EIA under the control of the EIA
promoter. All GAL4-E1A fusions were cloned downstream of the DNA
binding domain of the yeast transcription factor GALA (aa 1-147) in
the mammalian expression vector pJ3. pSG-GAL4-E2Fl was kindly
provided by K.Helin, pSG-GAL4-VP16 (Kato et al., 1990) was kindly
provided by C.V.Dang. All GAL4 fusions used in these studies are
driven by the SV40 promoter, except for GAL4-BS69 which is driven
by the cytomegalovirus (CMV) promoter in pRc/CMV. Full-length BS69
cDNA was cloned downstream of GST in pVLGST (kindly provided
by M.Gebbink) for recombination in baculovirus and in pGEX-2T for
production in Ecoli. pGEX-2T-HII contained residues 397-562 of BS69,
cloned directly from the mouse cDNA identified in the expression library.

For in vitro transcription and translation, the following constructs
were used. Full-length 243R and 289R ElA proteins were generated by
using pCS-12S and pBS-13S respectively, both provided by E.Harlow.
p107 protein was generated by using pGEM4-p107, provided by B.Smith-
S0rensen. The partial mouse BS69 protein (from pBS2) was one of the
three independent inserts that were identified in the expression screening,
and it is a fusion with the T7 gene-10 product from pEXlox (Novagen).
For the mapping on EIA, 243R, 289R and several deletion mutants
were generated by PCR and cloned downstream of the T7 gene-10 gene
in pEXlox for proper transcription and stabilization of the translated
product. For the HA-tagged 289R E1A, C-terminal deletion mutant 189-
289 and CR3 alone, PCR was performed and inserts were cloned
downstream of the HA epitope in pMV-1(+ 1), provided by M.Voorhoeve.
All constructs were checked for frameshifts and mutations, using the
Pharmacia T7 sequencing kit.

For experiments on the ElA-dependent activation on the RAR,B2
promoter, the following plasmids were used: EFla-CAT expression
plasmid (Mizushima and Nagata, 1990); MI-Luc reporter (Keaveney
et al., 1993); human TBP/spm3 expression plasmid (Strubin and Struhl,
1992); pSG-RARf2 expression plasmid (Berkenstam et al., 1992) and
pBS 289R EIA expression plasmid (Webster and Ricciardi, 1991).

Antibodies
Recombinant baculovirus was generated in Sf9 cells following the co-
transfection procedure described by the supplier (PharminGen). 40%
confluent plates containing Sf9 cells were infected with -100 p.f.u. of
virus per cell. Two days post-infection, cells were harvested and lysed
by sonication in EIA lysis buffer (ELB, Harlow et al., 1986). GST-
BS69 fusion protein was purified from the lysates using glutathione-
Sepharose beads (Pharmacia). Beads carrying 100 jg fusion protein
were used for immunization of rabbits.
GST-BS69 purified from Ecoli was used to immunize and boost

mice to obtain hybridomas producing monoclonal antibodies against
BS69 protein. One hybridoma, RK1 15, was used in these studies.

Cell culture, transfections and labeling
Cells were maintained in Dulbecco's modified Eagle's medium (DMEM)
supplemented with 10% fetal calf serum (FCS). Sf9 cells were maintained
at 26°C in Grace's insect medium (Invitrogen) supplemented with
10% FCS. Transfections were performed overnight using the calcium
phosphate method. For methionine labeling, cells were starved for 1 h
in methionine-free medium and subsequently incubated with 100 jCi of
[35S]methionine per 100 mm dish for 1 h. After this, cells were lysed
by sonication in ELB. Equal amounts of radioactive lysates were
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incubated on ice for 30 min with 5 ,ul non-immune serum for pre-
clearing. Subsequently, lysates were incubated for 1 h with specific
antibodies. For phosphate labeling, cells were starved for 1 h in
phosphate-free medium. After this, 2.5 mCi of [32P]orthophosphate was
added to the transiently transfected cells and 20 mCi to the 293 cells
for 4 h. For sequential immunoprecipitations, first immunoprecipitations
were boiled in 100 ,ul ELB supplemented with 2% SDS and 15 mM
DTT for 5 min. Released proteins were diluted 10-fold with ELB buffer
and used for re-immunoprecipitation with either non-immune serum or
specific antibody. All immunoprecipitates were collected by binding to
protein A-Sepharose, washed four times in ELB, heated in SDS-
containing sample buffer and loaded on a SDS/10% polyacrylamide gel.
NIH3T3 cells were stably transfected with 15 gg HA-BS69 expression

vector per 100 mm dish. Neomycin-resistant colonies were selected and
checked for the expression of BS69 mRNA and protein.
COS-7 and RAC65 cells were seeded 24 and 4-6 h, respectively,

prior to transfection. Medium was changed 2 h before adding the
precipitate. The total amount of DNA per dish was adjusted with empty
vector (pSG) up to 13.65 ,ug (COS-7) and 12.65 jg (RAC65). Fifteen
hours after transfection the medium was changed and the cells were
induced with retinoic acid (final concentration 1 tM).

Immunoblotting
Three 15 cm dishes of NIH3T3-B5 and CAMA cells were lysed by
sonication in 2 ml RIPA buffer supplemented with protease inhibitors.
Lysates were split and immunoprecipitations were performed with either
10 ,ul normal rabbit serum or 10 jl anti-BS69 polyclonal rabbit serum
for 3 h on ice. Immunoprecipitates were collected by protein A-
Sepharose, washed four times in RIPA and separated on a SDS/10%
polyacrylamide gel. Transfer was performed overnight to nitrocellulose.
The filter was blocked in PBS supplemented with 0.05% Tween-20 and
5% non-fat milk (Protifar, Nutricia) (TPBS, 5% milk) for I h at room
temperature, incubated with RKI 15 ascites in a dilution of 1:2000 in
TPBS, 1% milk for 3 h at room temperature, and incubated with
secondary antibody in TPBS, 1% milk. The filter was washed three
times in TPBS and visualization was performed by enhanced chemi-
luminescence (Amersham).

Northern blotting
Northern blot was kindly provided by J.Jonkers. Poly(A) mRNA was
selected from whole mouse tissues and transferred to a Hybond-N filter.
The blot was first hybridized with a partial mouse BS69 cDNA clone
and subsequently probed with a partial cDNA from the rat tubulin gene
to check for the amounts of mRNA loaded in each lane.

In vitro transcription, translation and binding assays
Proteins were made by in vitro transcription and translation of the
cDNAs using rabbit reticulocyte lysates (Promega) and [35S]methionine.
For in vitro binding assays, equal amounts of protein were mixed and
incubated for 2 h in 0.5 ml ELB on ice. 50 ,ul of hybridoma supernatant
(M73) was added and precipitation was performed overnight on ice.
Immunoprecipitates were collected by binding to protein A-Sepharose
for 1 h at 4°C, washed four times in ELB, heated in SDS-containing
sample buffer and loaded on an SDS/10% polyacrylamide gel. For GST
pull down assays, equal amounts of protein were mixed with 1.0 ,ug
GST-HII fusion protein and incubated for 2 h in 0.5 ml ELB on ice.
50 ,ul glutathione-Sepharose beads (Pharmacia, 30% slurry) was added
and rocked for 1 h at 4°C. Beads were washed four times in ELB,
heated in SDS sample buffer and loaded on an SDS/10% polyacrylamide
gel. For the GST pull down assay using HA-tagged 289R EIA, 189-
289 deletion mutant and CR3, in vitro translated protein was mixed with
50 g1 glutathione-Sepharose beads (30% slurry), covered with GST-
BS69 fusion protein from baculovirus-infected cells and incubated in
0.5 ml NETN (100 mM NaCl, 0.5% NP-40, 50 mM Tris-HCl pH 7.0,
5 mM EDTA) at 4°C while rocking overnight. Beads were washed four
times in NETN, heated in SDS sample buffer and loaded on an SDS/
20% polyacrylamide gel. To check for input and translation of the HA-
tagged products, equal amounts of translations were incubated with
50 p1 12CA5 hybridoma supernatant in 0.5 ml ELB overnight at 4°C.
Immunoprecipitates were collected by binding to protein A-Sepharose
for 1 h at 4°C, washed four times in ELB, heated in SDS-containing
sample buffer and loaded on the same SDS/20% polyacrylamide gel as
the pulled down proteins.

CAT and luciferase assays
U2-OS cells were transiently transfected in triplicate with 15 jig total
DNA, using pRc/CMV empty vector as a carrier. Amounts of the HA-

BS69 expression vector co-transfected with pJ3-GAL4-289R E1A, were
500 ng (2x), 2.5 jig (lOX), 5.0 jg (20X) and 12.5 ,ug (SOX). For pSG-
GAL4-E2F1 and pSG-GAL4-VPI6, the amounts of HA-BS69 co-
transfected, were 100 ng (2x), 250 ng (SX), 500 ng (lOX) and 2.5 jg
(SOx). 1.0 tg of activators pJ3-GAL4-289R EIA, pJ3-GAL4-243R
EIA and pJ3-GAL4-CR3 were either co-transfected with 12 gg empty
vector or with 12 jig HA-BS69 expression vector. The amounts of pJ3-
GAL4 and pRc/CMV-GAL4-BS69 were 5.0 jg plus 8.0 jig empty
vector. The amounts of HA-ABS expression vector were 1.5 jig (6x),
3.0 jg (12x) and 12.5 jig (SOx) over 250 ng activator (pJ3-GAL4-
289R EIA). Equal amounts of HA-BS69 were used in this experiment
as positive controls of inhibition. Co-transfected in every dish were
0.2 jig of pRc/CMV luciferase reporter vector, to check for transfection
efficiency, and 2.0 jig of the reporter construct harboring five GAL4
sites upstream of the ElB promoter and the CAT gene. CAT activity
was measured as described (Seed and Sheen, 1988). Luciferase activity
was determined by scintillation counting (Promega, luciferase assay kit).
Corrected counts were calculated by dividing the CAT counts by the
luciferase counts, minus the background. The counts from the activators,
not co-transfected with HA-BS69, were depicted as 100%. COS-7 and
RAC65 were harvested 24 h post-transfection and the extracts were used
for luciferase and CAT assays. Luciferase activity was determined by
scintillation counting and CAT values were measured by using the CAT
ELISA kit from Boehringer following the protocol provided by the
manufacturer.

Accession number
The nucleotide sequence data reported in this paper will appear in the
EMBL, GenBank and DDBJ Nucleotide Sequence Databases under the
accession number X86098.
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