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ABSTRACT The familial breast–ovarian tumor suppres-
sor gene product BRCA1 was found to be a component of the
RNA polymerase II holoenzyme by several criteria. BRCA1
was found to copurify with the holoenzyme over multiple
chromatographic steps. Other tested transcription activators
that could potentially contact the holoenzyme were not stably
associated with the holoenzyme as determined by copurifica-
tion. Antibody specific for the holoenzyme component hSRB7
specifically purifies BRCA1. Immunopurification of BRCA1
complexes also specifically purifies transcriptionally active
RNA polymerase II and transcription factors TFIIF, TFIIE,
and TFIIH. Moreover, a BRCA1 domain, which is deleted in
about 90% of clinically relevant mutations, participates in
binding to the holoenzyme complex in cells. These data are
consistent with recent data identifying transcription activa-
tion domains in the BRCA1 protein and link the BRCA1 tumor
suppressor protein with the transcription process as a ho-
loenzyme-bound protein.

BRCA1 is a tumor suppressor gene that is mutated in a
significant fraction of cases of inherited breast and ovarian
cancer. Approximately 3% of breast cancer is attributable to
inherited mutations in BRCA1. Indeed, in ;50% of families
with an abnormally high incidence of breast cancer through
multiple generations, the offending mutation is in the BRCA1
gene (1–3). The BRCA1 product is likely to have tumor
suppression function, since tumors arising in members of
BRCA1-linked families show loss of heterozygosity at the
BRCA1 locus, with retention of the mutantydisease-
predisposing allele (4, 5).
The BRCA1 gene encodes a 1,863-amino acid protein

without extensive homology to other proteins (1, 2). The
primary sequence is noteworthy for a RING-finger motif and
an acidic carboxyl terminus (1), both of which are character-
istics of certain transcription factors. The BRCA1 7.8-kb
mRNA is observed in many tissues, with expression highest in
testis and thymus (1). About 90% of the mutations observed
in the BRCA1 gene result in truncations, and the remainder of
clinically relevant mutations are individual missense abnor-
malities that are scattered along the entire coding unit (3).
A defined carboxyl-terminal segment of BRCA1 can acti-

vate transcription when fused to the DNA binding domain of
GAL4 (6, 7). These fusion proteins activated transcription
from promoters containing a GAL4 binding site. Importantly,
fusion proteins bearing clinically relevant point mutations
were inactive in this assay, implying, at a minimum, that the
transcription assay is a faithful monitor of the native structure
of a segment of the protein. Although there are other inter-
pretations, these data have licensed the speculation that

BRCA1 is, at least in part, a transcription factor. Whatever the
significance of the transactivation potential of its carboxyl-
terminal region, there is now evidence pointing to a role for
BRCA1 in the control of DNA repair and genome stability (8).
Hence, if it proves to have genuine transcription regulation
function, it will be interesting to determine whether these two
functions relate to one another and, if so, how.
Mammalian RNA polymerase II (pol II) exists in two forms:

one now known as ‘‘core’’ polymerase containing 10 to 12
subunits and a mass of about 500 kDa and a second form
known as the ‘‘holoenzyme’’ containing multiple subunits and
a mass in excess of a megadalton. SRB proteins are key
components of the holoenzyme and were discovered in a yeast
genetic screen as suppressors of RNA polymerase Bmutations.
Nine different SRB proteins bind to the carboxyl-terminal
domain (CTD) of yeast pol II and are only found in the pol II
holoenzyme (9). The yeast holoenzyme has been well charac-
terized and was found to contain not only pol II and the SRB
proteins but also the basal transcription factors TFIIB, TFIIF,
and TFIIH. The transcriptional coactivator GAL11 has been
detected in the complex (10) along with the SWI–SNF chro-
matin remodeling complex (11). The available data indicate
that the yeast holoenzyme is responsible for all mRNA tran-
scription initiation in a cell, since a temperature-sensitive
mutation of one SRB protein rapidly eliminated transcription
at the restrictive temperature (12).
The mammalian counterpart of the yeast holoenzyme has

only recently been described. It was found to contain several
of the basal transcription factors and three SRB homologues
(13–15). The human homologue of yeast SRB7 was cloned and
shown to function in yeast cells by complementing partial
deletion mutants of SRB7 (14). The presence of one or more
specific SRBs in the mammalian holoenzyme complex was
viewed as significant since antibody to hSRB7 was used to
follow the purification of enzymatically active complex from
calf thymus extracts.
Yeast SRB10 and SRB11 are a cyclin–kinase pair (16), and

the human proteins cdk8 and cycC share sequence homology
with these two proteins, respectively (17, 18). The latter two
proteins were also detected in the mammalian holoenzyme
(15). The basal transcription factors TFIIE and TFIIH were
also shown to be in the complex by coimmunoprecipitation,
although during large-volume biochemical purification, much
of the TFIIE and TFIIH was lost (14), suggesting that the
mammalian holoenzyme is experimentally less stable than its
yeast counterpart.
To address this experimental problem, we have developed a

new purification strategy for the mammalian holoenzyme and
used it to search for specific transcription factors in the
holoenzyme complex. Unlike sequence-specific DNA-binding
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transcription activators that were analyzed, wild-type BRCA1
protein regularly copurified with the holoenzyme. Although all
of the evidence on BRCA1 and transcription has, so far, been
obtained by reconstruction experiments that involved the
ectopic production of truncated BRCA1 polypeptides fused to
a foreign DNA binding domain, the results presented herein
imply a physiological role for intact full-length BRCA1 in the
regulation of transcription of at least some genes.

MATERIALS AND METHODS
Purification of pol II Holoenzyme.HeLa whole-cell extracts

were prepared by a modification of the standard method (19)
in which all chloride anions were replaced by acetate. The
extract was dialyzed into buffer H (20 mM Tris-OAc, pH 7.9y1
mM EDTAy5% glyceroly1 mM dithiothreitoly1 mM phenyl-
methylsulfonyl f luoride) plus 0.15 M KOAc and applied to a
Bio-Rex 70 column at a ratio of 1 ml of matrix per 15–20 mg
of protein. Protein fractions were step-eluted in 0.3 M KOac,
0.6 M KOAc, and 1.5 M KOAc, all in buffer H. Part of the 0.6
M step (6 ml, 20 mg) was layered on a 29-ml sucrose step
gradient (10–60% sucrose in 20 mM Tris-OAc, pH 7.9y0.2 M
KOacy1 mM EDTAy0.1% Nonidet P-40) in SW28 centrifuge
tubes (Beckman). After centrifugation at 25,000 rpm at 48C for
16 h, the bottom of the tube was punctured, and 1-ml fractions
were collected. Holoenzyme-containing fractions detected by
Western blotting were passed through a G-50 column for salt
exchange into 0.15 M KOAcy20 mM Tris-OAc, pH 7.9y5 mM
imidazoley20% sucrose. Sample was applied to 1 ml of Ni-
nitrilotriacetate matrix (Qiagen, Chatsworth, CA) by batch
binding for 1 h at 48C, and, after extensive washing of the
matrix, a 12-ml linear gradient from 5 mM to 130 mM
imidazole was used to elute holoenzyme.
Immunoprecipitation. Protein from the Bio-Rex 0.6 M peak

was immunoprecipitated with the indicated antibody. Binding
reactions were rotated overnight at 48C in buffer Hy0.12 M
KOAcy0.1% Nonidet P-40y0.1 mM dithiothreitolyBSA (0.2
mgyml)y1 mM phenylmethylsulfonyl f luoride in the presence
of protein extract, antibody, and protein A beads. The super-
natant was removed, and the protein A beads were then
washed three or four times in 40 vol of 20 mM Tris-OAc, pH
7.9y0.12 M KOAcy6 mM Mg(OAc)2y0.1% Nonidet P-40y0.1
mM dithiothreitolyBSA (0.2 mgyml). For Western blot anal-
ysis, samples were subjected to electrophoresis in either 4% or
12.5% SDSyPAGE gels and immunoblotted.
In vitro transcription assays from immunoprecipitates were

performed as in ref. 14 except that the salt was 0.1 M KOAc
instead of 0.06 M KCl.
Transfection and Immunoprecipitation. The 293T cells

were transfected with 10 or 20 mg of plasmid DNA expressing
BRCA1 with the hemagglutinin (HA) tag fused to the amino
terminus (8). Wild-type protein (1,863 amino acids plus the
tag) or truncated mutant (1,852 amino acids plus the tag) were
detected by pulse labeling with [35S]methionine and immuno-
precipitation using anti-HA antibody. For analysis of holoen-
zyme complexes, lysates from transfected cells were prepared
in 0.5 M KOAcy0.25% Nonidet P-40y50 mM Tris-OAc, pH
7.9y10 mM EDTAy1 mM phenylmethylsulfonyl f luoridey10
mM b-glycerophosphatey5 mM NaF. Lysates were either
subjected to SDSyPAGE for evaluation of steady-state levels
or were immunoprecipitated with affinity-purified anti-SRB7
antibody and then subjected to SDSyPAGE. The amount of
recovered protein was analyzed by immunoblotting and prob-
ing with anti-HA tag antibody.

RESULTS
Biochemical Purification of the Holoenzyme and BRCA1.

HeLa whole-cell extract was applied to a Bio-Rex 70 column, and
protein was eluted in increasing concentrations of potassium
acetate. Virtually all of the BRCA1 p220 polypeptide coeluted
with half of the polymerase and virtually all of the human SRB10

homologue cdk8 (Fig. 1a). From the results of multiple repeti-
tions of this experiment, it appeared that '70% of the extract
protein did not bind to the column, 10% was in the 0.3 M peak,
12%was in the 0.6Mprotein peak, and 5%was in the 1.5Mpeak.
There is no quantitative measure of holoenzyme recovery, but,
from Western blotting and measurements of pol II transcription
activity, it appears that the recovery of holoenzyme was nearly

FIG. 1. BRCA1 copurifies with the holoenzyme complex. (a) HeLa
whole-cell extract was chromatographed on Bio-Rex 70 matrix and
step-eluted at 0.3 M, 0.6 M, and 1.5 MKOAc. Protein samples from each
fraction were subjected to SDSyPAGE, and blots were probed with
BRCA1, pol II, and cdk8 antibodies. (b) The Bio-Rex 70 0.6 M fraction
was subjected to centrifugation through a 10–60% sucrose gradient in 0.2
Macetate salt and 0.1%Nonidet P-40. After centrifugation, samples were
collected, analyzed for total protein content, and Western-blotted. Blots
were probed for BRCA1, pol II large subunit, and cdk8. BRCA1 pool A
includes fractions 10–15, and BRCA1 pool B includes fractions 1–3. (c)
Sucrose sedimentation pool A was subjected to metal chelate chroma-
tography. Fractions were eluted with a linear 5–130 mM gradient of
imidazole. The indicated fractions were subjected to immunoblot analysis
and probed with antibodies specific to BRCA1 (Top), pol II large subunit
(Middle), and cdk8 (Bottom).
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100% (data not shown). Thus, the elution of holoenzyme in the
0.6 M protein peak from this ion-exchange column represents an
'8-fold purification.
The 0.6 M Bio-Rex 70 column protein fraction was centri-

fuged through a sucrose gradient, and a peak containing
BRCA1, pol II, and cdk8 was identified by Western blotting.
This peak separated from the bulk of the protein was applied
to the gradient (Fig. 1b). These three polypeptides appeared in
two peaks, a major peak in fractions 11–15 (peak A) and a
second peak (peak B) centering on fraction 3. The latter had
an extremely high sedimentation rate and separated from
.99% of the applied protein. Both of these fractions probably
have markedly elevated molecular weights, since a 270-kDa
marker protein sedimented near the top of the gradient (i.e.,
in fractions 23–27; data not shown). The protein in peak A
contained the highest concentrations of polymerase and cdk8
and about 50% of the input BRCA1. Minimal amounts of pol
II and cdk8 were detected in peak B upon prolonged exposure.
Since peak B was relatively low in polymerase and cdk8, this
fraction may represent a BRCA1-containing complex distinct
from the pol II holoenzyme. Further characterization of the
protein in peak B was not pursued. The purification of the
holoenzyme in peak A was about 5-fold, since virtually all of
the holoenzyme was present along with'20%of the recovered
protein in these fractions.
The material from sucrose gradient peak A was then sub-

jected to metal chelate chromatography (Fig. 1c), and BRCA1
and cdk8 again coeluted with the polymerase. Almost all of the
BRCA1 bound to the column, and, upon exposure to a linear
gradient of imidazole, BRCA1 was eluted as a peak in fractions
11 and 12. About 50% of pol II bound to the metal chelate
matrix, and the eluted protein, although present in a greater
number of fractions, also peaked in fractions 11 and 12. All of
the cdk8 bound to the Ni matrix and eluted in two separable
peaks, one of which coincided with the BRCA1 and pol II peak
(Fig. 1c). The resolution of two peaks of cdk8 indicates that the
gradient of imidazole resolved different complexes. None of
these proteins contains a run of histidines. Thus, it is possible
that their binding and elution are determined by strong
interactions with yet other polypeptides in the holoenzyme
complex that contain oligohistidine stretches. Clearly,
BRCA1, pol II, and cdk8 behave as a relatively stable complex,
as determined by cosedimentation in sucrose gradients and
coelution during metal chelate chromatography. Fractions
10–13 from the metal chelate column represent about 9% of
the recovered protein in that experiment, suggesting an 11-fold
purification of the holoenzyme during that step. Thus, after the
three purification steps, there was '400-fold purification of
the holoenzyme. Since there is, as yet, no objective measure of
holoenzyme activity and since each of its components may
exist also in the free state, the calculated 400-fold purification
is meant as an estimate. Several other conventional chromato-
graphic steps were attempted during this phase of the work,
and all resulted in a complete loss of detectable pol II activity,
suggesting either its irreversible binding to the column matrix
or extremely broad elution resulting in subthreshold detection.
BRCA1 Copurification with the Holoenzyme Is Distinct from

Other Transcriptional Activators. The purification scheme was
analyzed for other transcriptional regulators. Bio-Rex 70 and
sucrose gradient protein fractions were analyzed by Western
blotting, in which specific antibodies against a panel of transcrip-
tion factors served as probes (Fig. 2). The 65-kDa YY1 polypep-
tide (20) did concentrate in the 0.6 M fraction, as did the
holoenzyme. However, upon sucrose gradient sedimentation, it
failed to cosediment with either of the two holoenzyme peaks.
Although YY1 was found to be a component of the holoenzyme
by a different purification strategy (15), it did not associate with
this complex when the latter was isolated by this newmethod. The
120-kDa initiator motif binding protein, TFII-I (21), was ob-
served in multiple Bio-Rex 70 fractions, suggesting the existence

of multiple forms of the factor. Less than 25% of it was in the
Bio-Rex 0.6 M fraction, and when this fraction was analyzed by
sucrose gradient sedimentation, TFII-I separated from the
BRCA1–pol II complex. Ninety-five percent of the RelA subunit
of NF-kB was in the flow through of the Bio-Rex 70 column and,
thus, separated from the holoenzyme. The amount of p65 Rel
remaining in the 0.6 M fraction was too low to be detected after
sucrose gradient sedimentation (data not shown). The DNA-
binding transcriptional activator RBP-Jk (22) similarly does not
copurify with the holoenzyme. The upper band of the doublet is
the RBP-Jk, and it is found in the Bio-Rex 70 0.6 M fraction.
However, upon sucrose gradient sedimentation analysis, it was
detected in the low molecular weight fractions (Fig. 2).
It has been reported that hRad51 associates with BRCA1 (8)

and that hRad51 is a component of the pol II holoenzyme (15).
As can be seen in the Western blot analysis of Fig. 2, hRad51
was present only in the Bio-Rex 70 flow-through fraction and
was undetectable after gradient sedimentation analysis (data
not shown). Thus, hRad51 is not a component of this holoen-
zyme preparation. As in the case of YY1, hRad51 has been
shown to be a holoenzyme component when purified with
anti-TFIIF monoclonal antibody followed by several chro-
matographic steps (15). It is possible that the difference in
preparation methods is responsible for the different results
observed herein and in the past (15).
hRad51 associates with BRCA1 in vitro and in vivo (8), and

comparison of Figs. 1 and 2 shows that the two major pools of
BRCA1 observed in these experiments did not copurify with
hRad51. The association of BRCA1 and hRad51 appears to be

FIG. 2. Differential purification of other transcription regulators.
(a) The protein fractions from the Bio-Rex 70 chromatographic step
were analyzed for the presence of YY1, TFII-I, the RelA subunit of
NF-kB, RBP-Jk, and hRad51. In each case, the indicated bands were
the only significant bands of their type observed in the whole blot and
migrated at the appropriate position relative to molecular weight
markers. (b) Fractions from the sedimentation analysis of the 0.6 M
Bio-Rex fraction were analyzed for the presence of YY1, TFII-I, and
RBP-Jk. The protein samples were analyzed for the presence of the
RelA subunit of NF-kB and for hRad51, but they were not detected
in these fractions.
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cell cycle dependent, with the resulting complexes being most
abundant during S phase (8). Hence, since the extracts studied
herein were from asynchronous cells, it is possible that these
complexes were insufficiently abundant to be detected because
the cells that were extracted were insufficiently enriched for
those in S phase. Alternatively, BRCA1–Rad51 complexes
may not be stable enough to be detected by the purification
methodology used andyor these complexes contain but a small
fraction of the total quantity of these proteins present in a cell
and were, thus, not apparent in these experiments.
Thus, these data indicate that BRCA1, unlike a series of four

transcription regulating proteins, specifically copurified with
the pol II holoenzyme.
Coimmunopurification of BRCA1 and Holoenzyme. Human

SRB7 (hSRB7) is a component of the holoenzyme, and antibod-
ies to it can specifically coprecipitate the holoenzyme (14).
Immunoprecipitation of the Bio-Rex 0.6 M protein fraction and
Western blot analysis of the precipitated proteins revealed the
presence of BRCA1 in hSRB7 immunoprecipitates (Fig. 3a).
Blocking the anti-hSRB7 immunoprecipitation with the peptide
against which the antibody was raised resulted in the loss of the
BRCA1 band on immunoblots, while a control peptide was
inactive in this regard (Fig. 3b). This demonstrates that the
coprecipitation of BRCA1 by affinity-purified hSRB7 antibody
was specific. Pol CTD antibody (23) served as another negative
control. This antibody binds to the CTD and is known to disrupt
the holoenzyme complex (24). In the experiment shown, it failed
to coprecipitate BRCA1, unlike the hSRB7 antibody. As yet
another negative control, anti-E1A antibody (mAbM73) also
failed to coprecipitate BRCA1 (Fig. 3a, lanes 2 and 3).
Pol II large subunit was coimmunoprecipitated by antibod-

ies raised against hSRB7 and BRCA1 (Fig. 3c). Coimmuno-
precipitation of the pol II large subunit by hSRB7 antibody was
blocked by preincubation with the relevant antigenic peptide
but not a control peptide (Fig. 3d). The yields of pol II in the
three different immunoprecipitates shown in Fig. 3c were all
different. This difference in yield may reflect the different
avidities of each antibody andyor differences in stoichiometry
of a given subunit. For example, although BRCA1 appears to
be a component of the holoenzyme, it may only be present in
a subpopulation of the holoenzyme.

BRCA1 Is Associated with Transcriptionally Active pol II,
TFIIF, TFIIE, and TFIIH. The transcription activity of
BRCA1-containing holoenzyme complexes was evaluated by
assaying for the presence of pol II activity in anti-BRCA1
immunoprecipitates. The Bio-Rex column fractions enriched
in holoenzyme were incubated with a panel of antibodies in the
presence of protein A-agarose. The washed immunoprecipi-
tates were then added to transcription reaction mixtures that
contained each of the basal transcription factors (TBP, TFIIB,
TFIIF, TFIIE, TFIIH) and a G-less cassette template that had
been relaxed by topoisomerase I. No pol II was added to this
mixture. As can be seen in Fig. 4a, antibodies against hSRB7,
pol CTD, and BRCA1 coprecipitated polymerase activity. The
BRCA1 monoclonal antibodies used were raised against three
distinct antigenic domains, mAb SG11 against a carboxyl-
terminal peptide, mAb AP16 against a carboxyl-terminal
glutathione S-transferase fusion protein, and mAb MS13
against an amino-terminal glutathione S-transferase fusion
protein (25). As shown in Fig. 4a, three antibodies to different

FIG. 3. BRCA1 coimmunopurifies with the holoenzyme. The 0.6 M
column fraction from the Bio-Rex 70 column was immunoprecipitated
with a panel of affinity-purified polyclonal or monoclonal antibodies
indicated above each lane in a and c. The pol II antibody (23) is directed
at the CTD of the large subunit and disrupts the SRB interaction with the
core polymerase (24). In a, the immunoprecipitates were developed with
anti-BRCA1 antibody (mAb MS110). In b, the hSRB7 immunoprecipi-
tation was repeated but was competed with specific antigenic peptide
(lane 2) or with control peptide (lane 3) and probed with mAb MS110.
In c, proteins purified by the same immunoprecipitating antibodies as in
a were probed with antibody to the large subunit of pol II, and the pol II
polypeptide is indicated. In d, the anti-hSRB7 immunoprecipitation of pol
II was performed in the absence and presence (lane 2) of antigenic
peptide and the blot was probed with pol II antibody.

FIG. 4. Immunoisolation of BRCA1 copurifies pol II and basal
transcription factors. The Bio-Rex 70 0.6 M fraction (20 mg) was
immunoprecipitated with the indicated antibodies, and transcription
assays were performed on the washed beads. (a) Transcription assays
contained each of the basal transcription factors except pol II.
Antibodies to hSRB7 (lane 1), pol CTD (lane 2), adenovirus E1A
protein (lane 3), BRCA1 carboxyl-terminal peptide (mAb SG11; lane
4), BRCA1 amino-terminal fragment (mAb MS13; lane 5), BRCA1
carboxyl-terminal fragment (mAb AP16; lane 6), simian virus 40 large
tumor antigen (lane 7), and transcription factor E2F4 (lane 8) were
used. (b) Transcription assays as in a were repeated with mAb SG11
(anti-BRCA1), and antibody binding was competed with 20 mg of
antigenic peptide (lane 2) or 20 mg of control peptide (lane 3). (c) The
basal factor composition of the proteins present in immunoprecipitates
was assayed by supplying all basal factors except the indicated factor
noted above each lane. The purified factors were analyzed (Top), and
the film exposure time is the same time as in subsequent panels. When
a band appears in a given lane, it means that the immunoprecipitate
contains the basal activity identified above that lane. Polymerase was
not separately added to transcription reactions from immunoprecipi-
tates. Thus, for any transcription to occur, an immunoprecipitate must
contain pol II as well as the indicated basal factor.
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epitopes of BRCA1 reproducibly coimmunoprecipitated poly-
merase activity.
As controls, antibodies to E1A, the simian virus 40 large tumor

antigen, or transcription factor E2F4 failed to coprecipitate
polymerase activity.Moreover, mAb SG11 failed to coprecipitate
polymerase activity when preincubated with its cognate epitope
containing peptide (Fig. 4b). This demonstrates the specificity of
the anti-BRCA1 coprecipitation of pol II.
A hallmark of the pol II holoenzyme is that it contains not

only polymerase but also certain other basal transcription
factors. In one report, TFIIE and TFIIH were associated with
the complex (14). In other reports, TFIIF, TFIIE, and TFIIH
(15) or all of the basal factors (13) were associated with the
holoenzyme. It is possible that, in vivo, the holoenzyme
associates with all of these basal factors, but during biochem-
ical purification, some of these activities are lost.
We, thus, asked which of these basal factors, if any, copu-

rified with BRCA1. In preparation for that test, highly purified
pol II and five purified basal factors were mixed and found to
generate significant RNA synthesis on a suitable template (Fig.
4c Top). In addition, the presence and importance of each of
the basal factors in the mixture was assayed by leaving that
factor out of the transcription reaction and asking whether
RNA synthesis had occurred. Hence, five of the six factors were
included in each subsequent reaction mixture. Thus, in lane 2,
every factor except TBP was present. In lane 3, all factors
except TFIIB were included. In the last lane, pol II was
omitted. The results show that the purified basal factors were
relatively free of cross-contamination, since only with all
present was there effective RNA synthesis.
These reagents were then used to assay for the presence of

a given basal factor in the hSRB7 and BRCA1 immunopre-
cipitates. In these latter two cases, purified pol II was omitted

in all lanes as well as the indicated factor. Thus, for transcrip-
tion activity to be present, the immunoprecipitate must con-
tain substantial pol II and the tested basal factor. Moreover,
data were from gels autoradiographed for the same time to
insure comparability of results.
An hSRB7 immunoprecipitate (Fig. 4c Middle) revealed

transcription activity in the absence of added TFIIF, TFIIE,
TFIIH, and TFIID, indicating that these factors were likely
present in the hSRB7 immune complexes. TFIIB activity was
also present in hSRB7 immunoprecipitates, but at low level.
BRCA1 antibodies to three different epitopes coprecipi-

tated transcription activity when TFIIF, TFIIE, and TFIIH
were omitted, implying that these factors were present in the
immune complex (Fig. 4c Bottom and data not shown). Thus,
like hSRB7 in the holoenzyme complex, BRCA1 appears to
interact with RNA pol II and the basal transcription factors
TFIIF, TFIIE, and TFIIH.
Association of Wild-Type BRCA1 with Holoenzyme in Cells.

Whether a clinically significant BRCA1 mutation affects ho-
loenzyme binding was also tested. Of the mutations in BRCA1
observed in affected families, 90% result in carboxyl-terminal
truncations of various sizes; the smallest deletion being 11
residues (3). Epitope-tagged BRCA1 bearing a mutation that
truncates the 1,863-amino acid protein by 11 residues from the
carboxyl terminus was synthesized in 293T cells. Cell lysates
were prepared from the transfected cells, and holoenzyme was
precipitated with antibody against hSRB7, as described in Fig.
3. The mutant BRCA1 species coprecipitated with the ho-
loenzyme less efficiently than the wild type (Fig. 5a). As a
measure of the efficiency of transfection, wild-type andmutant
BRCA1 were each synthesized at the same rate as determined
by pulse labeling (Fig. 5b). In comparing wild-type and mutant
BRCA1 protein steady-state levels, Fig. 5c, lanes 1 and 4,

FIG. 5. Deletion of 10 amino acid resi-
dues from the carboxyl terminus of BRCA1
results in reduced association with holoen-
zyme. The 293T cells were transfected with
10 mg (odd numbered lanes) or 20 mg (even
numbered lanes) of plasmid expressing
BRCA1 genes fused to the HA tag on the
amino terminus. (a) Mutant BRCA1 (lanes 3
and 4) revealed a reduced association with
the holoenzyme. Lysates prepared from
transfected cells were immunoprecipitated
with affinity-purified anti-hSRB7 antibody
and subjected to SDSyPAGE, and the im-
munoblot was stained with anti-HA anti-
body. (b) Wild-type and mutant BRCA1
were equally well synthesized in transfected
cells. Samples treated in parallel with the
experiment in a were pulse-labeled with
[35S]methionine-containing medium. Ly-
sates were prepared and immunoprecipi-
tated with the anti-HA antibody and sub-
jected to SDSyPAGE. (c) Steady-state levels
of transfected protein were determined by
subjecting lysates of the transfected cells
used in (a) to SDSyPAGE and then immu-
noblotting and probing for the HA tag.
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revealed similar levels of wild-type and mutant HA-BRCA1 in
the lysates, and yet only the wild-type associated significantly
with the hSRB7-containing complex (Fig. 5, compare a, lanes
1 and 4, with c, lanes 1 and 4). These results suggest that in cells,
BRCA1 associates with the pol II holoenzyme and that the
carboxyl-terminal 11 amino acid residues of BRCA1 are
important for holoenzyme binding.

DISCUSSION

Intact BRCA1 is a component of the RNA pol II holoenzyme in
HeLa cell extracts. This has been shown by (i) copurification of
a significant fraction (50%) of the BRCA1 in the cell with a
complex containing pol II and the SRB10 homologue Cdk8; (ii)
by coimmunopurification of BRCA1, hSRB7, pol II, TFIIF,
TFIIE, and TFIIH; and (iii) by association of epitope-tagged
wild-type BRCA1 with the hSRB7-containing complex in cells.
The significance of these observations arises from the fact that
full-length BRCA1 can be captured in close association with a set
of vital components of the cellular transcription machinery. Thus
with the observations that a carboxyl-terminal segment of
BRCA1 has overt transcription activation function (6, 7), that a
BRCA1 mutant lacking 11 carboxyl-terminal residues failed to
associate with the holoenzyme, and that other holoenzyme
components fused to dedicatedDNA binding domains also act as
transcriptional activators in vivo (10, 26), it seems fair to conclude
that at least one innate function of BRCA1 is to affect the
expression of one or more genes at the level of transcription.
Indeed, although earlier results on the transactivation function of
a severely truncated species of BRCA1 left open this possibility,
the demonstration of the relatively tight association of intact
BRCA1 and the holoenzyme lends credibility to the notion that
BRCA1 normally affects transcription. How, if at all, this relates
to its recently imputed role in the maintenance of genome
integrity and the enaction of double-strand break repair and
homologous recombination (8) is a mystery. Nevertheless, one
can imagine a circumstance in which a protein that participates in
one or more checkpoint control functions acts, at least in part, by
controlling the expression of certain genes whose products do the
work of checkpoint activation. p53 is such a protein, and like
BRCA1, it too is the product of a tumor suppressor gene.
Many transcription factors, when fused to the GAL4 DNA

binding domain, can activate transcription. However, this does
not mean that they are all components of the holoenzyme. For
example, two of the factors tested in Fig. 2, YY1 and RelA,
regulate transcription by contacting p300 (27) andyor CREB
binding protein (CBP; ref. 28), two key transcriptional coac-
tivators. CBP is a component of the holoenzyme (29); YY1 and
RelA are not, as shown herein. Thus, not all transcription
activation proteins that contact the holoenzyme copurify with
it. BRCA1 might, then, be viewed as a member of a different
class of transcription activator proteins, because it is a stable
component of the pol II holoenzyme.
For CBP, the activation of transcription by phospho-CREB

appears to depend upon an interaction of CREB with CBP in
the holoenzyme and also of a glutamine rich domain in CREB
with TFIID (29). CBP, and its homologue, p300, serve to
coactivate multiple transcription activators involved in regu-
lated transcription reactions, including STAT2, nuclear hor-
mone receptors, and NF-kB (28, 30–32), suggesting that these
transcription activators contact p300yCBP, which, in turn,
brings the holoenzyme into play. One wonders whether
BRCA1 functions in an analogous or complementary manner,
serving as a bridging protein between a regulator of transcrip-
tion and the holoenzyme.
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