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The adenovirus large E1A protein activates transcription from early viral promoters by a mechanism that
requires a forty amino acid zinc finger activation domain in E1A conserved region 3 (CR3). Recent results
indicate that activation by a Gal4 DNA-binding domain-E1A-CR3 fusion requires an interaction between the
E1A-CR3 zinc finger and the Sur2 subunit of the mammalian Mediator (of transcription) complex. Although
several host proteins have been shown to bind stably to E1A proteins in adenovirus-infected and -transformed
cells, an in vivo interaction with Mediator complex subunits has not been described previously. Using immu-
noprecipitation and gel filtration analyses of nuclear extracts prepared from HeLa cells infected with adeno-
virus 5 or mutants that express either large or small E1A specifically and from adenovirus 5-transformed cells,
we report here that large E1A, but not small E1A, binds to Mediator complex in vivo. Only ~1 to 10% of large
E1A is bound to Mediator complex at 18 h postinfection and in transformed cells, probably explaining why
Mediator complex subunits were not identified among cellular E1A-binding proteins described earlier. Sur-
prisingly, even though extracted Mediator can quantitatively bind to an E1A-CR3 affinity column, only on the
order of 1% of cellular Mediator complex is bound by E1A in vivo. Much of the large E1A bound to Mediator
in 293 cells is in a stable complex that includes RNA polymerase II, leading us to suggest that the interaction
of E1A-CR3 with Mediator stabilizes the interaction of Mediator with the polymerase. This stabilization of the
interaction between Mediator and RNA polymerase II may contribute to the mechanism of activation by

E1A-CR3.

The adenovirus large E1A protein, one of the first eukary-
otic activators discovered, activates transcription from the
early viral promoters E1B, E2, E3, and E4 (2, 18, 26, 27, 41).
Activation requires the 49-amino-acid E1A conserved region 3
(CR3) (19, 26, 41). CR3 contains an N-terminal 40-amino-acid
transcriptional activation domain defined by its ability to acti-
vate transcription when bound near a promoter by a fused
DNA-binding domain (21, 24). The E1A-CR3 activation do-
main is thought to be bound to adenovirus early promoters
through protein-protein interactions between the C-terminal
~10 residues of CR3 and the DNA-binding domains of several
cellular transcription factors that bind to the viral early pro-
moters (22). The CR3 activation domain includes a four-cys-
teine zinc finger of unknown structure (7) required for both
activation of viral early gene transcription by large E1A (39)
and activation by an E1A-CR3-DNA-binding domain fusion
(21, 24).

Based on these results, cellular proteins involved in the
mechanism of E1A transcriptional activation were anticipated
to interact with large E1A protein specifically, as opposed to
smaller E1A proteins that lack CR3 translated from alterna-
tively spliced EIA mRNAs (3, 29, 34). Although E1A proteins
were found to bind multiple cellular proteins, including the
retinoblastoma (Rb) and the Rb-related proteins p107 and
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p130, p300 and the closely related CBP (1, 10, 11), and CtBP
(31), no cellular proteins shown to be involved in the mecha-
nism of E1A-CR3 activation have been identified that bind in
vivo specifically to large E1A and not smaller E1A proteins in
adenovirus-infected or -transformed cells.

Recent studies have shown that EIA-CR3 binds the mam-
malian Mediator (of transcription) complex (23, 30) in vitro
and that this interaction is required for activation by Gal4-
E1A-CR3 and by large E1A in the context of a viral infection.
By using a glutathione S-transferase (GST)-CR3 affinity col-
umn, E1A-CR3 was found to bind a protein kinase that phos-
phorylates the RNA polymerase II (Pol II) large subunit car-
boxy-terminal heptapeptide repeat domain (CTD) in a HeLa
cell nuclear extract, whereas a C174S point mutant defective
for binding Zn?* and for activating transcription did not (17).
This CTD kinase was determined to be CDKS (12), a homolog
of Saccharomyces cerevisiae Srtb10, a subunit of the yeast ho-
loenzyme (20, 28). CDKS8 was further shown to be associated
with a complex of ~1.5 MDa, leading to the suggestion that
E1A-CR3 binds to the mammalian counterpart of the yeast
Mediator (of transcription) subcomplex of the yeast holoen-
zyme (12).

Similarly, GST fusions to wild-type E1A-CR3 and point mu-
tants that activate transcription, but not to activation-defective
point mutants, were found to bind directly to the human ho-
molog of Caenorhabditis elegans Sur2 (5). Whereas E1A-CR3
was initially found to bind monomeric Sur2 partially purified
from HelLa nuclear extract, most of the Sur2 in the extract was
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found to be associated with an ~1.5-MDa human Mediator (of
transcription) complex that also bound specifically to the E1A-
CR3 affinity column (5). Purification of the human Mediator
complex showed that it contains ~30 subunits, including CDKS8
(5). This finding agreed well with the earlier report that E1A-
CR3 binds an ~1.5-MDa protein complex containing CDKS8
and the suggestion that this complex is the human homolog of
the yeast Mediator (of transcription) complex (12). The finding
that the Mediator complex is required for activation of tran-
scription by Gal4-E1A-CR3 in vitro directly demonstrated the
importance of Mediator for the E1A-CR3 activation mecha-
nism (5). Similar mammalian Mediator complexes also were
identified by others, either because they bind to activation
domain affinity columns or because they include CDKS8 (23,
30). Yeast Mediator is required for the function of most, if not
all, transcriptional activators in yeast and for the function of
many repressors (20, 28). Similarly, mammalian Mediator
complexes are required for high-level activation by mammalian
activators in vitro (23, 30).

To analyze further the link between CR3 activation and its
interaction with human Mediator via the Sur2 subunit, we
isolated murine embryonic stem (ES) cells with knockout mu-
tations of both copies of the sur2 gene (35). Activation by
Gal4-E1A-CR3 was completely defective in these sur2 ™'~ cells
but could be rescued by expression of human Sur2 (35). Ex-
pression of E2 mRNA following infection with adenovirus 2
(Ad2) was also extremely defective in sur2~/~ compared to
wild-type ES cells (35). Gal4-E1A-CR3 was able to recruit
Mediator complex to a promoter with Gal4-binding sites from
nuclear extract prepared from wild-type ES cells but not from
sur2 '~ cells (35). We concluded that activation by Gal4-E1A-
CR3 requires the recruitment of Mediator complex to a pro-
moter via E1A-CR3-Sur2 interaction (35).

These results on the interaction between E1A-CR3 and the
human Mediator complex (5, 12) via the Sur2 Mediator sub-
unit (5), the requirement of Mediator complex for activation
by Gal4-E1A-CR3 in vitro (5), and the dependence of E1A-
CR3 activation on the Sur2 Mediator subunit in vivo (35) imply
that the large E1A protein interacts with human Mediator
complex in vivo during the infection of human cells. Yet, as
discussed above, Mediator subunits were not found previously
among the E1A-binding proteins observed in adenovirus-in-
fected or -transformed cells. In the work reported here, we
characterize complexes formed between large E1A and the
human Mediator complex in Ad5-infected HeLa cells and in
Ad5-transformed 293 cells (13). Although clear evidence for a
large E1A-Mediator complex was observed, only a small frac-
tion of total large E1A protein, ~1 to 10%, was associated with
Mediator complex, explaining why subunits of the complex
were not detected in earlier studies of E1A-associated pro-
teins.

MATERIALS AND METHODS

Cell culture, viral infection, and nuclear extract preparation. HeLa and 293
cell suspension cultures were maintained in exponential growth at 37°C in Dul-
becco modified Eagle medium with 10% iron-supplemented bovine calf serum.
Ad5 mutants pm975 and dI1500 were described previously (26, 27). Mutant
viruses were grown and titrated by plaque assay on 293 cells (13). For prepara-
tion of nuclear extracts from adenovirus-infected HeLa cells, 10 to 20 liters of
exponentially growing HeLa cells were infected with Ad5, pm975, or dl1500 at a
multiplicity of infection of 10 by adding virus stock to the suspension culture
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without concentrating the cells. At 18 h postinfection, cells were collected by
centrifugation at 3,000 rpm for 10 min in a DPR-6000 IEC centrifuge at 4°C.
Nuclear extracts were prepared as described previously (8), except that the final
dialysis in 0.1 M KCI D buffer (20 mM HEPES [pH 7.9], 20% [vol/vol] glycerol,
0.2 mM EDTA, 0.5 mM phenylmethylsulfonyl fluoride, 10 mM B-mercaptoetha-
nol) was omitted because the protein precipitate that forms during this dialysis
contains a significant fraction of extracted Mediator subunits. Nuclear extract
was stored in 1-ml aliquots at —70°C, thawed, and centrifuged at 14,000 rpm for
10 min at 4°C in an Eppendorf centrifuge, and the supernatant was used for
immunoprecipitaton or 3 ml was applied to a 100-ml Superose 6 column run in
300 mM KCI D buffer.

Immunoprecipitation and immunoblotting. A portion (1 ml) of undialyzed
nuclear extract was diluted with an equal volume of 300 mM KCI D buffer plus
1% NP-40, followed by incubation with 20 pl of agarose-conjugated antibody
(anti-E1A rabbit immunoglobulin G [IgG] or normal rabbit IgG [Santa Cruz
Biotechnology] in Fig. 2 and 6; anti-CDK8 goat antibody or normal goat 1gG
[Santa Cruz Biotechnology] in Fig. 3) for 16 h at 4°C. After centrifugation at
8,000 rpm for 5 min in a Eppendorf centrifuge, the agarose beads were washed
two times with 1 ml of 300 mM KCI D buffer plus 0.5% NP-40, one time with
phosphate-buffered saline, and then eluted with sodium dodecyl sulfate-polyac-
rylamide gel electrophoresis (SDS-PAGE) sample buffer and subjected to West-
ern blotting. Antibodies to Med150 and Med95 were generous gifts from Leo-
nard Freedman and Robert Roeder, respectively. Antibodies to CDKS and cyclin
C were from NeoMarkers. Anti-Sur2 monoclonal antibody was from BD Bio-
sciences. Antibodies to Med220, Med6, and P300 were from Santa Cruz Bio-
technology. Monoclonal antibody to Pol II large subunit CTD (8WG16) was
from Thompson et al. (37). In Fig. 4C, 50 pl of four column purified Mediator
fraction (38) was diluted with 100 pl of 300 mM KCI D buffer plus 0.5% NP-40
and immunoprecipitated with 10 wl of protein A-agarose beads conjugated to
anti-E1A mouse monoclonal antibody M73 (15). In Fig. 5, 100 pl of nuclear
extract from Superose 6 column fractions (1 ml) were subjected to immunoblot-
ting. Immunoblots were developed by using enhanced chemiluminescence re-
agents from Pierce.

Purification of Mediator complex. Nuclear extracts were prepared from 20
liters of uninfected 293 cells or HeLa cells infected with d/1500 or pm975 and
fractionated by chromatography on phosphocellulose and DEAE-Sepharose as
described previously (8). Briefly, nuclear extracts were bound to a Whatman P11
phosphocellulose column (10 mg of protein per ml of P11) equilibrated in 0.1 M
KClI D buffer. The column was washed with four column volumes 0.1 M KC1 D
buffer and then step-eluted with two column volumes 0.3, 0.5, and 1 M KCI D
buffer. Peak protein fractions eluted at 0.5 M KCI D buffer were dialyzed into 0.1
M KCI D buffer and bound to a DEAE-Sepharose column. After being washed
with four column volumes of 0.1 M KCI D buffer, protein was step eluted with 0.3
M KCI D buffer. Next, 2 ml of peak protein fractions was chromatographed on
a 100-ml Superose 6 gel filtration column, and 1-ml fractions were collected. The
Mediator complex peak was assayed by immunoblotting with anti-Sur2, anti-
CDKS, and anti-cyclin C antibodies. Peak fractions were pooled and applied to
a 0.3-ml P11 column equilibrated with 0.3 M KCI D buffer. Bound protein was
step eluted with 0.6 M KCl D buffer. Peak protein fractions were dialyzed into 0.1
M KCI D buffer.

RESULTS

To search for an association between large E1A protein and
Mediator complex, nuclear extracts from adenovirus-infected
HeLa cells were subjected to immunoprecipitation with an
anti-E1A antibody and the immunoprecipitates were analyzed
by immunoblotting with antibodies to Mediator subunits. As a
control for association specifically with the large E1A protein,
cells were infected with Ad5 mutant d/1500 (26), as well as
wild-type AdS, and mutant pm975 (27). Two prominent alter-
natively spliced E1IA mRNAs are expressed during the early
phase of infection, 13S and 12S, encoding the large (289-
amino-acid) and small (243-amino-acid) E1A proteins, respec-
tively (Fig. 1) (3, 29). Mutant d/1500 contains a nine-base-pair
deletion at the 5’ splice site of the 13S mRNA intron, resulting
in production of the 12S mRNA exclusively during the early
phase of infection (26). Mutant pm975 contains a T—G mu-
tation in the invariant GT at the 5’ end of the 12S mRNA
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FIG. 1. Structure of early EIA mRNAs and proteins from wild-
type and mutant adenoviruses. The bottom line represents the adeno-
virus genome demarcated in kilobase pairs from the left end. The
locations of the pm975 and d/1500 mutations are indicated. The exons
of the EIA mRNAs are represented by the lines joined by caret
symbols. Arrowheads indicate the 3’ ends of the mRNAs. The open
rectangles represent the common regions of the large (289aa) and
small (243aa) E1A proteins. The filled rectangle represents the unique
region of the large E1A protein, equivalent to the N-terminal 46 amino
acids of the 49-amino-acid conserved region 3 (19). Mutant pm975
contains a T—G mutation in the invariant GT at the 5’ end of the 12S
mRNA intron and consequently expresses only the 13S mRNA. Mu-
tant d/1500 contains a nine-base-pair deletion encompassing the 5’
splice site of the 13S mRNA intron and consequently expresses only
the 12S mRNA.

intron, leading to exclusive production of the 13S mRNA dur-
ing the early phase (27). The mutation results in a synonymous
codon at this position in the 13S mRNA. E1IA mRNAs with an
additional splice are expressed during the late phase of infec-
tion (34). However, the d/1500 deletion is expected to prevent
splicing of any EIA mRNA containing CR3.

Nuclear extracts were prepared at 18 h postinfection, when
E1A proteins reach their maximal concentration (33). Immu-
noblotting of anti-E1A immunoprecipitates with antibodies
specific for Mediator complex subunits Med220, Sur2, and
Med95 revealed signals well above background for AdS and
pm975 but not for mock-infected cells or d/1500 (Fig. 2A).
P300, which is bound by the N-terminal region common to
both the large and small E1A proteins was readily detected in
the immunoprecipitate from all virus-infected cells. Specific
immunoprecipitation of the Mediator subunits CDKS, cyclin
C, Med6, and PAQ (25) were also observed in Ad5- and
pm975-infected, but not in mock- or d/1500-infected, cell ex-
tracts (data not shown). These results indicate that large E1A,
but not small E1A, is associated with Mediator complex in
adenovirus-infected cells, as expected since E1IA CR3 present
exclusively in large E1A binds to the Sur2 Mediator subunit
(5). Mediator subunits were also specifically immunoprecipi-
tated by anti-E1A antibody from nuclear extract of Ad5-trans-
formed 293 cells (Fig. 2B). We estimated the fraction of Me-
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FIG. 2. Immunoprecipitation of Mediator complex by anti-E1A an-
tibody. (A) Nuclear extracts from mock-, d/1500-, pm975-, or AdS-
infected HeLa cells were immunoprecipitated with anti-E1A antibody
(lanes 2 to 5) or normal rabbit IgG (lane 1). Immunoprecipitates were
analyzed by Western blotting with the indicated antibodies. (B) 293
cell nuclear extract was immunoprecipitated with anti-E1A antibody
(lane 2) or normal rabbit IgG (lane 1). Immunoprecipitates were
analyzed by Western blotting. (C) The Sur2 Mediator subunit immu-
noprecipitated by anti-E1A antibody or normal rabbit IgG, as indi-
cated (lanes 5 to 12), was compared to that of 1.5% of the nuclear
extracts used in the immunoprecipitation reactions (lanes 1 to 4).

diator complexes associated with large E1A protein by
comparing the intensity of the Sur2 band in the immunoblot of
total nuclear extract to the Sur2 band in the anti-E1A immu-
noprecipitate (Fig. 2C). Approximately 50% of both large and
small E1A proteins were immunoprecipitated in these analyses
(data not shown). Based on this and the data in Fig. 2C, we
estimate that only on the order of 1% of the total Mediator
complex in the nuclear extract from Ad5- and pm975-infected
cells was associated with large E1A protein.

Nuclear extract was also subjected to immunoprecipitaton
with an antibody to Mediator subunit CDKS8 that can immu-
noprecipitate the Mediator complex (5, 14, 38). Immunoblot-
ting of the immunoprecipitate revealed equivalent amounts of
Mediator subunits Med150, Sur2, Med6, and cyclin C, as well
as CDKS, in all anti-CDKS8 immunoprecipitates (Fig. 3A).
However, E1A proteins were only detected in anti-CDKS8 im-
munoprecipitates from AdS5- and pm975-infected cells. These
results confirm that the large E1A protein, and not the small
E1A protein, is associated with Mediator complex in adenovi-
rus-infected cells. The large E1A protein from pm975-infected
cells had a faster mobility in the SDS gel than the large E1A
protein from AdS-infected cells (Fig. 3A, lanes 7 and 8). The
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FIG. 3. Immunoprecipitation of E1A by anti-CDK8 antibody.
(A) Nuclear extracts of mock-, dl1500-, pm975-, and Ad5-infected
HeLa cells (lanes 1 to 4), anti-CDK8 immunoprecipitates of these
extracts (lanes 5 to 8), and a control immunoprecipitate prepared with
normal goat IgG (lane 9) were analyzed by Western blotting with the
indicated antibodies. For lanes 5 to 8, the exposure time of the E1A
Western blot was four times longer than for the Mediator subunit
Western blots. (B) Long exposure of E1A Western blots of nuclear
extracts and anti-CDKS8 immunoprecipitates. The region of the gel
corresponding to E1A proteins translated from multiply spliced E1A
mRNAs is indicated by a bracket at the right. (C) Western blots of
nuclear extract and immunoprecipitates from 293 cells. The E1A
Western of lanes 2 and 3 was exposed four times longer than the
Mediator subunit Westerns.

mobility of E1A proteins in such a gels is influenced by E1A
phosphorylation (9, 16). We find that the extent of E1A phos-
phorylation, as judged by SDS gel mobility, varies between
different preparations of infected-cell nuclear extract. E1A
proteins from 293 cells invariably had slower mobility than
E1A proteins from infected HeLa cells (see Fig. 3B, lanes 1 to
4, and Fig. 4B, lanes 1 to 3). The nuclear extract from pm975-
infected cells used in the analysis of Fig. 3 contained predom-
inantly a faster-migrating form of large E1A protein than in
the Ad5-infected cells (Fig. 3A, lanes 3, 4, 7, and 8). The results
of Fig. 3A, lanes 7 and 8§, indicate that the extent of large E1A
phosphorylation, as assayed by the influence on large E1A
mobility in an SDS gel, did not significantly affect the associ-
ation of large E1A with the Mediator complex.
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FIG. 4. E1A present in purified Mediator from infected HeLa cells
and 293 cells. (A) Scheme for chromatographic purification of Medi-
ator complex. (B) Immunoblots of nuclear extracts (lanes 1 to 3) and
purified Mediator from dl1500- and pm975-infected HeLa cells and
293 cells (lanes 4 to 6). (C) Western blot of Sur2 in purified Mediator
from uninfected HeLa and 293 cells and of anti-E1A immunoprecipi-
tates of the purified Mediator preparations. The two lanes at the left
contained 10% of the Mediator preparation volumes used in the im-
munoprecipitations.
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During the late phase of AdS infection, some E1A mRNAs
have a second intron removed. This intron is spliced out of the
5" exon of the early EIA mRNAs, producing messengers that
are translated into smaller E1A proteins than observed during
the early phase (34). These smaller E1A proteins were appar-
ent in long exposures of Western blots of nuclear extract pre-
pared 18 h postinfection (Fig. 3B, lanes 1 to 3). E1A proteins
in this smaller size class were also immunoprecipitated with
anti-CDKS antibody from AdS- and pm975-infected cells, but
not from dl/1500-infected cells (Fig. 3B, lanes 5 to 7). Since the
nine-base-pair deletion in d/1500 should prevent the inclusion
of CR3 in multiply spliced EIA mRNAs, these results are
consistent with the conclusion that E1A proteins require CR3
to bind Mediator complexes.

293 cell nuclear extract was also immunoprecipitated with
anti-CDKS antibody (Fig. 3C). Consistent with the results for
virus-infected HeLa cells, only large E1A, and not small E1A,
was specifically immunoprecipitated.

The large E1A protein also copurified with Mediator com-
plex by column chromatography. Mediator complexes from
dl1500- and pm975-infected HeLa cells and from 293 cells were
partially purified as shown in Fig. 4A. The purified Mediator
fraction from pm975-infected HeLa cells and 293 cells con-
tained readily detectable amounts of E1A proteins, whereas
the Mediator fraction prepared from d/1500-infected HeLa
cells contained only a trace amount. Consistent with the results
shown in Fig. 2 and 3, the 293 cell Mediator fraction contained
large E1A and not small E1A. To confirm that large E1A in the
purified 293 Mediator fraction was associated with Mediator
complexes, the purified Mediator fraction from 293 cells was
subjected to immunoprecipitation with anti-E1A monoclonal
antibody M73 (15) (Fig. 4C). As a control for the specificity of
the immunoprecipitation, the Mediator fraction from unin-
fected HeLa cells was subjected to the same procedure. The
Sur2 Mediator subunit was specifically immunoprecipitated
from the 293 cell Mediator fraction but not from the unin-
fected HeLa cell Mediator fraction. As for total nuclear extract
from Ad5- and pm975-infected cells, only a very small fraction
(~1%) of the total Mediator in the purified fraction was com-
plexed to E1A.

To analyze further the association of E1A proteins with
cellular proteins, 293 cell nuclear extract was fractionated by
gel filtration chromatography on a Superose 6 column. Column
fractions were subjected to immunoblotting with antibodies to
E1A, P300, Mediator subunits, and the large subunit of Pol II
(Fig. 5A). By far, most E1A proteins, both large and small,
coeluted with P300 in fractions corresponding to a mass of 700
to 900 kDa. E1A proteins in these fractions are likely present
in a protein complex that includes P300 or the related protein
CBP since these proteins coimmunoprecipitate with anti-E1A
antibody from cell extracts (1, 16, 42) (Fig. 2A). As for HeLa
cell nuclear extract (38), most of the Sur2 protein eluted in
fractions corresponding to a mass of ~1.5 MDa with other
Mediator subunits, whereas ~30% of the Sur2 eluted in frac-
tions corresponding to monomeric Sur2 (150 kDa). A peak of
E1A coeluting with the main peak of Mediator complexes in
fractions 45 and 49 was not apparent. However, large E1A
specifically, and not small E1A, was detected in fraction 37,
just after the void volume of the column (fraction 33). A small
fraction of Mediator subunits Med220, Med150, and Sur2 and
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FIG. 5. Gel filtration chromatography of E1A and Mediator sub-
units in 293 cell nuclear extract. (A) 293 cell nuclear extract was
fractionated on Superose 6 as described in Materials and Methods.
Every fourth column fraction was analyzed by SDS-PAGE and immu-
noblotting with the indicated antibodies. Column fractions in which
the peaks of protein standards (670, 440, 150, and 66 kDa) eluted are
indicated at the top of the panel. Uninfected HeLa and 293 nuclear
extract were loaded in the left two lanes as standards. (B) High-
resolution analysis of the >1-MDa Superose 6 fractions of HeLa and
293 cell nuclear extracts. A total of 100 pl of each 1-ml Superose 6
fraction was subjected to immunoblotting with the indicated antibod-
ies.

a small fraction of Pol II also eluted in fraction 37. Treatment
of 293 nuclear extract with DNase I did not eliminate the
observation of large E1A, Mediator subunits, and Pol II in this
high-molecular-weight (>2-mDa) fraction.

When nuclear extract from uninfected HeLa cells is sub-
jected to chromatography on Superose 6, Mediator subunits
and Pol II are generally not detected to a similar extent in
fractions corresponding to the region of the elution profile just
beyond the void volume of the column (38). To analyze this
region of the column further, each fraction corresponding to
1% of the column volume was analyzed by immunoblotting
with antibodies to Med150, Sur2, and E1A (Fig. 5B). Most
Med150 and Sur2 in uninfected HeLa nuclear extract peaked
in fractions 41 to 51. No Med150 or Sur2 was apparent in
fraction numbers below 39. In contrast, in the analysis of 293
nuclear extract, in addition to the major Med150 and Sur2
peak in fractions 41 to 51, a second peak of Med150 and Sur2
was apparent in fractions 35 to 37. A peak of E1A in fractions
35 to 37 was greatly enriched for large over small E1A. An-
other peak of E1A in fractions 40 to 45 was also enriched for
large E1A. However, the exposure required to clearly reveal
the low level of E1A in fractions 35 to 37 was overexposed for
fractions 42 and 43, making the relative amount of small E1A
in these fractions appear artificially high compared to what was
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FIG. 6. RNA Pol II associated with large E1A protein. Nuclear
extract prepared from mock- and virus-infected HeLa cells (A) and
from 293 cells (B) was immunoprecipitated with anti-E1A antibody or
normal rabbit IgG, and immunoprecipitates were analyzed by Western
blotting with the indicated antibodies.

observed in a shorter exposure (data not shown). By far, most
of the E1A proteins, both large and small, peaked in fractions
49 to 61 (Fig. 5A).

The results of Fig. 5 indicate that a fraction of large E1A in
293 cells is associated with a >2-MDa complex and that this
complex may also contain Mediator subunits and Pol II. A
complex of Mediator and Pol II in this size range was far less
abundant in nuclear extract from uninfected HeLa cells.

To test further for the presence of large E1A in a complex
with a small fraction of total cell Pol II, anti-E1A immunopre-
cipitates of nuclear extract from virus-infected HeLa cells and
293 cells were assayed by immunoblotting with antibody
against the large Pol II subunit (Fig. 6). Specific immunopre-
cipitation of Pol II was clearly observed with 293 nuclear ex-
tract (Fig. 6B). Pol II immunoprecipitated from Ad5- and
pm975-infected HeLa cell nuclear extract was reproducibly
above the background level observed after immunoprecipita-
tion of Ad5-infected HeLa nuclear extract with control normal
rabbit IgG and of mock- and d/1500-infected HeLa nuclear
extract with anti-E1A antibody (Fig. 6A). These results are
consistent with the suggestion based on the 293 nuclear extract
Superose 6 gel filtration analysis (Fig. SA and B) that a small
fraction of large E1A in 293 cells is in a very high molecular
weight complex (>2 MDa) that includes Mediator subunits
and Pol II. The results of Fig. 6A suggest that this is also true
for large E1A in adenovirus-infected cells. As discussed below,
these observations indicate that the interaction between E1A-
CR3 and Mediator stabilizes a previously observed weak in-
teraction between human Mediator complex and Pol II.

DISCUSSION

As discussed in the introduction, recent studies demon-
strated that transcriptional activation by a Gal4-E1A-CR3 fu-
sion protein requires binding of the multisubunit mammalian
Mediator complex via a direct interaction between E1A-CR3
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and the Sur2 Mediator subunit (4, 35). However, whereas
previous studies identified a number of cellular proteins bound
by full-length E1A proteins in adenovirus-infected and -trans-
formed cells, Mediator complex subunits were not observed
(10, 11, 40, 42). The recent characterization of mammalian
Mediator complexes and the development of antibodies
against Mediator subunits have now allowed us to examine
directly the association of E1A proteins with Mediator as re-
ported here.

The results presented above demonstrate an association be-
tween large E1A and Mediator complex in productively in-
fected HeLa cells and in transformed 293 cells. The specific
association in vivo of large E1A, but not small E1A, is consis-
tent with the specific in vitro interaction between E1A-CR3
and the Sur2 Mediator subunit (5). Although the in vivo asso-
ciation of large E1A with Mediator complex was clearly ob-
served by several different approaches, only a very small frac-
tion of the large E1A protein in AdS5-infected cells at 18 h
postinfection (unpublished results) and in 293 cells (Fig. 5A)
was associated with Mediator complex. This probably explains
why Mediator subunits were not identified in earlier analyses
of ElA-associated proteins. It is possible that a much larger
fraction of large E1A is associated with Mediator complex at
early times postinfection when much lower concentrations of
E1A are present.

Similarly, only a very small fraction of Mediator complex
(~1%) was associated with large E1A in Ad5- and pm975-
infected HeLa cells (Fig. 2C) and in 293 cells (Fig. 4C). This
was surprising in light of earlier observations that the in vitro
interaction between E1A-CR3 and Sur2 is extremely stable
and that Mediator complex in HeLa nuclear extract can be
depleted by passage over a GST-E1A-CR3 column (5). Con-
sequently, there is a great excess of large E1A that does not
associate with Mediator complex in vivo even though the ex-
tracted Mediator complex can bind to E1A-CR3 in vitro. Per-
haps most Mediator complexes are inhibited from interacting
with large E1A in vivo because they are bound to cellular
activators in association with cellular promoters. Alternatively,
posttranslational modifications of large E1A, such as phos-
phorylation, that occur in vivo may inhibit the interaction of
most large E1A proteins with Mediator in vivo. Such potential
inhibitory posttranslational modifications likely would not be
present on the GST-E1A-CR3 protein that can deplete Medi-
ator complexes from a HelLa nuclear extract since it is ex-
pressed in Escherichia coli. However, as discussed above, phos-
phorylation of E1A at sites that cause a decrease in the
mobility of the protein during SDS-PAGE do not inhibit the
interaction with Mediator. But E1A proteins are phosphory-
lated at multiple sites, some of which have little affect on gel
mobility (9, 16). Another possible explanation for why only a
small fraction of large E1A is associated with Mediator com-
plexes is that its association with other proteins, such as Rb
family members, P300, CBP, or CtBP, through interactions
with E1A sequences outside of CR3 (11, 31, 40) might steri-
cally block or otherwise inhibit the interaction of CR3 with
Mediator complexes.

Analysis of E1A-containing complexes in 293 cell nuclear
extract by Superose 6 gel filtration revealed a large complex of
>2 MDa containing large E1A, Mediator subunits, and Pol II
(Fig. 5A). This observation indicates that the interaction be-
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tween E1A-CR3 and Mediator stabilizes an interaction be-
tween Mediator and Pol I1. S. cerevisiae Mediator binds to the
yeast Pol II CTD (20, 28). Mammalian Mediator complexes
also interact with Pol II in vitro in a low-salt buffer containing
150 mM KCl, although the interaction does not require the
large-subunit CTD (36). Similarly, immunoprecipitation of
Mediator subunits from HeLa nuclear extract coprecipitates
Pol IT in a low-salt buffer containing 50 mM KCI but not in a
buffer containing 300 mM KCI (14). Consistent with this, we
did not observe a significant fraction of Pol II eluting with
Mediator complexes from a Superose 6 gel filtration column
run in a buffer containing 300 mM KCl (38). In contrast to this,
as mentioned above, we did observe a complex larger than the
Mediator complex (>2 MDa) that contained large E1A, Me-
diator subunits, and Pol II during gel filtration of 293 nuclear
extract in buffer containing 300 mM KCl (Fig. 5A). Immuno-
blotting did not reveal general Pol II transcription factors
TFIIB or TFIIF in the >2-MDa complex (unpublished re-
sults). Similar, very high molecular weight complexes contain-
ing Mediator subunits, Pol II, and large E1A were also ob-
served after fractionation of AdS5- and pm975-infected, but not
dl1500-infected, HeLLa nuclear extract. However, a distinct
peak separate from the main Mediator complex peak at ~1.5
MDa was not observed clearly with virus-infected HelLa nu-
clear extracts, probably because of lower amounts of these
>2-MDa complexes compared to 293 nuclear extract (unpub-
lished results). Perhaps formation of the >2-MDa complex
occurs more efficiently with the unique form(s) of the large
E1A protein made in 293 cells that migrates more slowly in an
SDS gel than E1A protein made in infected HeLa cells (Fig.
4B). Nonetheless, the reproducible immunoprecipitation of
Pol II with anti-E1A antibody from AdS- and pm975-infected,
but not d/1500-infected, HeLa nuclear extract (Fig. 6) supports
the occurrence of a complex stable to 300 mM KCI containing
large E1A, Mediator, and Pol II in adenovirus-infected HelLa
cells, as well as in adenovirus-transformed 293 cells.

This observation of a stable complex between the E1A-CR3
activation domain, Mediator, and Pol II in vivo is similar to the
binding of Pol II to Mediator observed in vitro in response to
the vitamin D5 receptor when bound to its specific activating
ligand (6). This stabilization of the interaction between Medi-
ator and Pol II induced by the binding of an activation domain
to Mediator may directly stimulate transcription by promoting
the association of Pol II with a promoter.

Several observations indicate that E1A-CR3 associates with
the Mediator complex by binding to the Sur2 subunit. (i) Ap-
proximately 30% of the Sur2 in HeLa nuclear extract is appar-
ently monomeric as judged by its elution from Superose 6 (5,
38). This monomeric Sur2 binds to an E1A-CR3 affinity col-
umn, demonstrating a direct interaction between E1A-CR3
and Sur2 (35). (ii) Mediator complex in nuclear extract from
wild-type ES cells binds to E1A-CR3, but Mediator complex in
nuclear extract from sur2 knockout ES cells does not (35). (iii)
Overexpression of Sur2 in a transient-transfection assay inhib-
its (squelches) E1A-CR3 activation (5). Other mammalian ac-
tivators must interact with other Mediator subunits since mul-
tiple other activators function normally in the sur2 knockout
cells (35). The finding that E1A binds Mediator complex
through an interaction with the Sur2 subunit raises the ques-
tion of why adenovirus E1A-CR3 evolved to interact with this
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particular Mediator subunit. Sur2 was initially discovered in C.
elegans because sur2 mutations inhibit vulval cell development
in response to a Ras-mitogen-activated protein kinase
(MAPK) signal transduction pathway (32). We found that ac-
tivation by the mammalian Elk-1 transcription factor, normally
dependent on its phosphorylation by MAPKSs, is nearly com-
pletely defective in sur2 knockout murine ES cells, whereas
multiple other activation domains function normally (35). Per-
haps E1A-CR3 cooperates with specific cellular transcription
factors such as Elk-1 that also activate by interacting with Sur2
to synergistically activate transcription from specific viral or
cellular promoters. Or perhaps cellular regulation of Sur2
function in the context of normal human tissues influences
viral host interactions in specific cells such as the well-known,
but poorly understood, latency of adenovirus in adenoid tonsil
lymphoid tissue. Further studies will be required to address
these questions.
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