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A Human RNA Polymerase II Complex Containing Factors
That Modify Chromatin Structure
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We have isolated a human RNA polymerase II complex that contains chromatin structure remodeling
activity and histone acetyltransferase activity. This complex contains the Srb proteins, the Swi-Snf complex,
and the histone acetyltransferases CBP and PCAF in addition to RNA polymerase II. Notably, the general
transcription factors are absent from this complex. The complex was purified by two different methods: con-
ventional chromatography and affinity chromatography using antibodies directed against CDKS8, the human
homolog of the yeast Srb10 protein. Protein interaction studies demonstrate a direct interaction between RNA
polymerase II and the histone acetyltransferases p300 and PCAF. Importantly, p300 interacts specifically with
the nonphosphorylated, initiation-competent form of RNA polymerase II. In contrast, PCAF interacts with the
elongation-competent, phosphorylated form of RNA polymerase II.

Transcription is a key step at which gene expression is reg-
ulated. The first step of transcription involves the recognition
of promoter DNA sequences and the formation of a transcrip-
tion initiation complex (54). DNA in the cell is associated with
histone proteins to form nucleosomal arrays that are compact-
ed into a highly ordered protein-DNA structure known as
chromatin (32). Chromatin has been shown to be a barrier to
transcription, as well as to most processes requiring access of
proteins to DNA (30, 76). Increasing evidence suggests that
the accessibility of factors to DNA packed into chromatin is an
important event in the regulation of transcription. Activities
that increase the accessibility of proteins to DNA packaged
into chromatin have been characterized (70). The Swi-Snf com-
plex can remodel nucleosome structure to facilitate the access
of DNA-binding proteins to DNA (34, 58). Other nucleosome-
remodeling factors have also been isolated from yeast (RSC [5]),
Drosophila (NURF [69], CHRAC [72], and ACF [24]), and hu-
man (34, 74) cell extracts. The conservation of these machin-
eries emphasizes the importance of their function.

Direct covalent modification of core histones has also been
implicated in the activation of transcription. An increase in his-
tone acetylation correlates with increased levels of transcrip-
tion (18, 22). The finding that well-studied coactivators, such as
Gen5 (4), p300/CBP (3, 53), and TAF,;250 (44), are histone
acetyltransferases is consistent with a role for histone acetyla-
tionin transcriptional activation. Conversely, the finding that his-
tone deacetylases are components of a Sin3 repressor complex
(1,21, 23, 26, 46, 80) also agrees with the observation that histone
acetylation plays a key role in regulating transcription. How-
ever, whether histones are the actual and only targets of these
acetyltransferases and deacetylases remains to be determined.
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Histone acetyltransferases and deacetylases have been dem-
onstrated to interact with sequence-specific transcription fac-
tors (1, 13, 21, 23, 26, 46, 73, 80) and with components of the
general transcription machinery (25, 73). This suggests a model
whereby these activities can be recruited to promoters to alter
the acetylation state of promoter-bound histones. This, in turn,
would increase or decrease promoter accessibility (18).

RNA polymerase II (RNAPII) is a 12-subunit complex in
which the largest subunit contains a carboxy-terminal domain
(CTD) composed of a heptapeptide repeat sequence (YSPTSPS)
ich in amino acids that can be phosphorylated (78). The phos-
phorylation of the CTD is highly regulated and can modulate
the association of proteins with RNAPII (50, 65). The RNAPII
that contains an unphosphorylated CTD (IIA form) is able to
form transcription initiation complexes (10, 14, 39). The elon-
gating RNAPII contains a highly phosphorylated CTD (110
form) (14, 52, 57).

The CTD of RNAPII is essential for viability (2, 79). In
yeast, the cold-sensitive growth phenotype associated with par-
tial truncation of the CTD led to the isolation of the SRB (sup-
pressor of RNA polymerase B) family of genes (51). The Srb
proteins are associated with RNAPII and a subset of general
transcription factors forming an RNAP holoenzyme complex
(31). A similar complex, referred to as the mediator, differing
slightly in polypeptide composition has also been isolated by
using a biochemical approach to search for activities that me-
diate the response to transcriptional activators (29). This com-
plex not only mediates activated transcription but also increases
basal transcription and allows increased phosphorylation of the
CTD. Several independent studies have also suggested negative
roles for the Srb-mediator complex in transcription (7, 20, 33, 66).

Complexes similar to the yeast RNAPII holoenzyme have
been isolated from mammalian cells (9, 40, 56). However, the
mammalian complexes show greater heterogeneity than the
ones derived from yeast. The mammalian complexes contain a
variety of different proteins in addition to Srb homologs and
general transcription factors (GTFs) (9, 40, 56), such as pro-
teins involved in recombination and DNA double-strand break
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repair (40), transcription-coupled repair (71), and RNA pro-
cessing (such as polyadenylation and splicing factors) (43);
elongation factors (56); coactivators mediating the response to
Gal4-VP16 (40, 56), Gal4-SP1 (56), and the human immuno-
deficiency virus type 1 transactivator Tat (12, 68); coactivators
that contain histone acetyltransferase activity such as CBP
(47); the breast cancer tumor suppressor gene product BRCA1
(62); and RNA helicase A (RHA) (48). As it became clear that
chromatin remodeling is an important step in the regulation of
transcription, the existence of RNAPII complexes containing
activities capable of modifying chromatin was predicted. In-
deed, a yeast RNAPII complex associated with the Swi-Snf
chromatin remodeling complex has been reported (75). How-
ever, the existence of this complex has been controversial and
a similar complex has not been detected in mammals.

Here we report the isolation of an RNAPII complex that
contains human Srb proteins and factors that modify chroma-
tin structure, including the Swi-Snf complex and the histone
acetyltransferases CBP and PCAF.

MATERIALS AND METHODS

Purification of RNAPII complexes. RNAPII complexes were purified as fol-
lows. HeLa cell nuclear extracts (2.3 g) were fractionated on a 500-ml phospho-
cellulose (Sigma) column which was step eluted with buffer C (20 mM Tris-HCI
[pH 7.85], 0.2 mM EDTA, 10 mM B-mercaptoethanol, 10% [vol/vol] glycerol, 0.2
mM phenylmethylsulfonyl fluoride [PMSF]) containing 0.1 M KCI (BC100) (0.8
g of protein), 0.3 M KCI (0.5 g of protein), 0.5 M KClI (0.3 g of protein), and 1.0
M KCI (0.1 g of protein). The 0.5 M KCl eluate was dialyzed against BC100, and
proteins were loaded onto a 50-ml DEAE-cellulose (Whatman) column equili-
brated with BC100. The flowthrough fraction (also referred to as the 0.1 M KClI
cluate; 0.1 g of protein) and the 0.35 M KCI eluates were collected. The 0.35 M
KClI fraction (0.2 g of protein) was dialyzed against BC100 and loaded onto a
40-ml S-Sepharose (Sigma) column equilibrated with BC100. This column was
developed with 20 column volumes of a linear gradient from 0.1 to 0.8 M KCl in
buffer C. Fractions containing RNAPII were pooled and dialyzed against buffer
C containing 500 mM KCl, 0.01% (vol/vol) Triton X-100, 0.05% (vol/vol) Non-
idet P-40 (NP40), and 20% (vol/vol) glycerol. One-sixth of the pool was loaded
onto a CL-4B Sepharose (Pharmacia) gel filtration column (350 ml; 2.5 by 75 cm)
equilibrated in the same buffer. Fractions of 1.2 ml were collected and analyzed
by Western blot and transcription assays. Blue dextran (Sigma), thyroglobulin
(Sigma), and core RNAPII (41) were loaded onto the same column as molecular
weight markers. Fractions containing Swi-Snf subunits were pooled, dialyzed
against BC100, and further chromatographed on a Mono S fast protein liquid
chromatography 5/5 column (Pharmacia). The column was developed with a
10-column-volume linear gradient from 0.1 to 1.0 M KCl in buffer C. Every other
fraction was analyzed by Western blotting and for histone acetyltransferase
activity.

Western blot analysis. Blots were incubated with 3% (wt/vol) nonfat dry milk
for 1 h at room temperature with shaking. Following three washes with TTBS (10
mM Tris-HCl buffer [pH 7.5], 0.2 M NaCl, 0.05% [vol/vol] Tween 20), blots were
incubated with primary antibodies in 0.1% (wt/vol) bovine serum albumin con-
taining TTBS for 2 h at room temperature with gentle agitation. Blots were
washed again with TTBS and incubated with secondary antibodies conjugated to
alkaline phosphatase (Promega) or horseradish peroxidase (Bio-Rad) for 30 min
at room temperature. Blots were washed with TTBS and developed according to
the manufacturer’s protocol (Bio-Rad or Boehringer Mannheim).

Immunoprecipitation. Affinity-purified antibodies (approximately 2 pg) were
incubated with 15 pl of protein A-agarose beads (Repligen) for 30 min at room
temperature. After a washing with buffer E (20 mM Tris-HCI [pH 7.85], 0.2 mM
EDTA, 1 mM dithiothreitol [DTT], 10% [vol/vol] glycerol, 0.2 mM PMSF)
containing 0.1 M KCl and 0.05% (vol/vol) NP-40, 100 pl of the DEAE-cellulose-
bound fraction was incubated with each antibody-bead complex for 5 h. Immu-
noprecipitates were collected by centrifugation and washed four times each with
1 ml of buffer E containing 0.4 M KCI and 0.05% (vol/vol) NP-40. Protein
complexes were eluted from the beads with 20 pl of Laemmli loading buffer (2%
[wt/vol] sodium dodecyl sulfate [SDS], 100 mM DTT, 60 mM Tris-HCI [pH 6.8],
0.001% [wt/vol] bromophenol blue, 10% [vol/vol] glycerol) for Western blot
analysis.

Affinity purification of CDKS8-containing complexes. Affinity purification of
CDKS8-containing complexes was performed with antibodies against CDKS. Af-
finity-purified anti-CDKS8 antibodies were covalently immobilized onto protein
A-agarose beads (=1 mg/ml). Following equilibration in buffer E containing 0.1
M KCI and 0.1% (vol/vol) NP-40, antibody-cross-linked beads (0.5 ml) were
incubated with the DEAE-cellulose-bound fraction (0.35 M KClI eluate; 4 mg of
protein) at 4°C with rotation. After incubation for 2 h, the beads were washed
extensively with buffer E containing 0.7 M KCl and 0.1% (vol/vol) NP-40. Protein
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complexes were eluted from the column with 2.5 ml of 0.2 M glycine, pH 2.5, in
five fractions. Forty microliters of the glycine eluate was used in the silver
staining analysis. The beads were also used directly in functional assays.

Supercoiling reduction assay. Plasmid chromatin was assembled and purified
as described previously (55). Each reaction mixture (60 wl) contained chromatin
(40 ng; assembled as described in reference 55), topoisomerase I, and 4 mM ATP
in buffer (4 mM MgCl,, 2 mM HEPES buffer [pH 7.5], 1 mM DTT, 20 mM KClI).
The fraction used in the assay was the affinity-purified CDK8 complex (20 .l of
beads), control antibody beads (20 l), or highly purified Swi-Snf complex (Su-
perose 12 fraction; 10 l, 0.4 pg). Reaction mixtures were incubated for 30 min
at 30°C, and reactions were terminated by the addition of 50 pl of stop mixture
(20 mM EDTA [pH 8.0], 0.2 M NaCl, 1% SDS, 0.25 mg of glycogen per ml).
Following treatment with proteinase K for 30 min at 37°C, the DNA was ex-
tracted with phenol-chloroform-isoamyl alcohol (25:24:1), ethanol precipitated,
and resolved by agarose gel electrophoresis. The agarose gel was transferred to
a nitrocellulose membrane for Southern hybridization using a 3?P-end-labeled
probe that hybridizes to the B-galactosidase gene in the backbone plasmid (55).
The DNA topoisomers were visualized by autoradiography.

Histone acetyltransferase assay. The assay was performed in a 50-pl reaction
volume containing 100 mM Tris-HCI buffer (pH 8.0), 8% (vol/vol) glycerol, 1
mM DTT, 1 mM PMSF, 10 uM butyric acid, and 0.1 mM EDTA with 130 nCi
of [*H]acetyl-coenzyme A and 50 pg of calf thymus core histones and incubated
for 30 min at 30°C. Reaction products were spotted onto Whatman P-81 paper,
air dried, extensively washed in 50 mM sodium carbonate buffer (pH 9.1), and
dried. The amount of [*H]acetate incorporated was determined by liquid scin-
tillation counting.

Transcription assays. Transcription reaction mixtures were reconstituted as
described previously (11). Transcription factors were isolated as described in
reference 41.

Protein interaction studies. M2 affinity beads (Kodak; 10 pl) were incubated
for 1 h at 4°C with SF9 cell extracts containing baculovirus-expressed wild-type
or truncated PCAF (77) or p300 (53) polypeptides as indicated. The beads were
then washed extensively with 1 M KCl and 0.1% (vol/vol) NP-40 in buffer E. Prior
to incubation with RNAPII, beads were equilibrated with buffer E containing 0.1
M KCl and 0.1% (vol/vol) NP-40. An RNAPII fraction (1.2 pg; Fig. SA and B)
containing approximately equal amounts of the ITA and IIO forms was mixed
with the beads and incubated at 4°C for 1 h with rotation. The beads were washed
extensively with buffer E containing 0.1 M KClI and 0.1% (vol/vol) NP-40. The
immunoprecipitates were electrophoresed on a 5-to-20%-gradient SDS-poly-
acrylamide gel and analyzed by Western blotting.

RESULTS

Resolution of two RNAPII complexes. In HeLa cell nuclear
extracts, RNAPII exists in large-molecular-weight complexes
(40, 56). We previously reported the purification of an RNA-
PII complex that contains stoichiometric amounts of transcrip-
tion factors IIE and IIF, substoichiometric amounts of human
Srb (hSrb) homologs (Srb7, Srb10, and Srbll), DNA repair
proteins, and limiting amounts of TFIIH (11, 40). This complex
can efficiently initiate transcription upon the addition of TBP,
TFIIB, and TFIIH. Transcription reconstituted with TBP,
TFIIB, TFIIH, and fractions derived from a Sepharose CL-
4B gel filtration column revealed the presence of an RNA-
PII complex with a native molecular mass of approximately
1.5 MDa (11) (Fig. 1A). Interestingly, Western blot analysis
using antibodies raised against the CTD of RNAPII revealed
that a substantial amount of RNAPII eluted with a native
molecular mass greater than 2 MDa (Fig. 1A). This RNAPII
complex may be similar to the larger RNAPII complex de-
tected by glycerol gradient sedimentation analysis in our pre-
vious study (40).

To further characterize this large (>2-MDa)-molecular-
mass RNAPII complex, Western blot analyses using antibodies
against various proteins were performed (Fig. 1A). This com-
plex was devoid of GTFs but contained the hSrb homologs
CDKS (hSrb10), cyclin C (hSrb11), and hSrb7. In yeast, the
Swi-Snf chromatin remodeling complex has been reported to
be a component of an RNAPII holoenzyme complex (75).
Therefore, we analyzed whether subunits of the human Swi-
Snf (74) complex coeluted with RNAPII during gel filtration
chromatography. The previously reported 1.5-MDa RNAPII
complex containing GTFs did not contain human Swi-Snf com-
ponents (fractions 117 to 129). However, the Swi-Snf compo-
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FIG. 1. (A) Resolution of two different RNAPII complexes by Sepharose CL-4B gel filtration chromatography. The upper panel summarizes the Western blot
results shown below. The lower panel shows Western blots of fractions of the Sepharose CL-4B gel filtration column. Blots were probed with antibodies as indicated
at the side of each blot. IIF (RAP74), the RAP74 subunit of TFIIF cycC, cyclin C. Input (1%; IN) and fraction numbers are indicated on the top of the lower panel.
The last row shows the transcription activity of the column fractions obtained by using the adenovirus major late promoter in a system reconstituted with TBP, TFIIB,
and TFIIH. (B) The amount of acetate incorporated into core histones and the protein concentration of each Mono S (see Materials and Methods) column fraction.
(C) Coelution of CBP, PCAF, RNAPII (RPB1), BAF47, cyclin C, and CDKS8 by Mono S ion exchange chromatography. Fractions from a similar Mono S column were
analyzed by Western blotting using antibodies against CBP, PCAF, RPB1, BAF47, cyclin C, and CDKS.

nents BAF190 (Swi2-Snf2) and BAF47 (Snf5) coeluted with
the higher-molecular-weight RNAPII complex (fractions 87 to
108), suggesting the possibility that the Swi-Snf complex and
RNAPII are associated. This Swi-Snf complex and RNAPII ap-
peared to elute with a larger apparent molecular mass than
that reported for core RNAPII (0.6 MDa) and for the Swi-Snf
complex (2 MDa), suggesting that the Swi-Snf complex we have
purified is in association with RNAPII and/or other proteins.
These protein fractions were pooled and further fractionated
on a Mono-S column. We observed cofractionation of RNA-
PII, BAF47, and hSrb polypeptides (Fig. 1C; also, see below).

Coimmunoprecipitation of the Swi-Snf complex. The pres-
ence of the Swi-Snf complex in an RNAPII complex has been
controversial, identified by one laboratory (75) but not by
another (45). Therefore, we further investigated the putative
association of this chromatin remodeling factor with the RNA-
PII holoenzyme by coimmunoprecipitation studies. Immuno-
precipitation was performed under highly stringent conditions
(0.4 M KCl, 0.05% NP-40) with antibodies against two hSrb
proteins. Antibodies against hSrb10 (CDKS8) and hSrb7 coim-
munoprecipitated RNAPII, as expected (Fig. 2A). Important-
ly, these antibodies also immunoprecipitated the Swi-Snf com-
plex as detected in a Western blot analysis using antibodies
against the BAF47 subunit of the remodeling complex (Fig. 2A).
The immunoprecipitation observed was specific, as control an-

tibodies were not capable of coimmunoprecipitating any of the
components of the RNAPII complex. This result is consistent
with the coelution of RNAPII, hSrbs, and the Swi-Snf complex on
multiple chromatographic steps as shown above. Although the
stoichiometry of the Swi-Snf complex within the RNAPII com-
plex has not been carefully analyzed, we believe, based on mul-
tiple chromatographic steps, that only a subpopulation of the
Swi-Snf complex is associated with the RNAPII complex.
Affinity purification of CDKS8 (hSrb10)-cyclin C (hSrb11)
containing the Swi-Snf complex. Because it is difficult to main-
tain the integrity of large-molecular-weight complexes during
multiple chromatographic steps, we devised an affinity purifi-
cation scheme to isolate the large RNAPII complex. Since our
goal was to analyze whether the Swi-Snf complex was associ-
ated with the RNAPII complex by an approach different from
that described above, antibodies to one of the Srb polypep-
tides, CDK8 (hSrb10), were used in the affinity purification
procedure. The rationale behind choosing human Srb10 for the
affinity purification step was based on the copurification and
coimmunoprecipitation studies described above, as well as the
regulation of the yeast SUC2 gene, which revealed a genetic in-
teraction between Srb10 (and other components of the RNA-
PII holoenzyme complex) and the Swi-Snf complex (7, 66).
Interestingly, we observed that CDKS8 (hSrb10) exists in
multiple complexes in HeLa cell nuclear extracts (60). Upon
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FIG. 2. (A) Western blot analysis of the immunoprecipitates using antibodies
against CDKS8 and hSrb7. Immunoprecipitates (IP) of anti-CDKS (lane 2), anti-
Srb7 (lane 3), and control (lanes 4 and 5) antibodies and 10% of the input pro-
tein fraction (lane 1) were analyzed by SDS-5 to 12% PAGE. The Western blots
were probed for CBP/p300 and RNAPII (top panel), PCAF (middle panel), and
Swi-Snf component BAF47 (bottom panel). (B) Western blot analysis of the
immunoprecipitates using antibodies against histone acetyltransferases PCAF
and CBP. Immunoprecipitates of anti-CTD (lane 2), anti-PCAF (lane 3), anti-
CBP (lane 4), and control (lane 5) antibodies and 10% of the input protein frac-
tion (lane 1) were analyzed by SDS-5 to 12% PAGE and Western blot analysis.
The Western blots were probed for CBP/p300 (top panel), PCAF (second panel),
RNAPII (third panel), and Swi-Snf component BAF47 (bottom panel).

fractionation of HeLa cell nuclear extracts on a phosphocellu-
lose column, the majority of CDKS8 and its regulatory subunit,
cyclin C (hSrb11), eluted in the 0.1 to 0.3 and 0.3 to 0.5 M KCl
fractions (Fig. 3A). The 0.3 to 0.5 M KClI eluate contains most
of the GTFs as well as RNAPII and the Swi-Snf complex (Fig.
3A). Therefore, this material was further fractionated on a
DEAE-cellulose column. Most of the RNAPII, GTFs, and the
Swi-Snf complex bound to this column (Fig. 3A), whereas
approximately half of the CDKS8-cyclin C complex was found in
the flowthrough fraction (see Materials and Methods and the
legend to Fig. 3A). The DEAE-cellulose-bound fraction was
used as the input sample for affinity chromatography. The
affinity purification procedure isolated a CDKS8 complex con-
taining Swi-Snf subunits (BAF190, BAF170, BAF155, BAF60,
and BAF47), cyclin C, hSrb7, and limiting amounts of RNA-
PII, as judged by Western blot analysis (Fig. 3B). This complex
was specifically associated with CDKS, since none of these
polypeptides were retained by the control antibody column
(Fig. 3B, lane 4). This affinity-purified complex lacks GTFs (Fig.
3B and data not shown), reminiscent of the larger RNAPII
complex purified by conventional chromatography. This was
the case even under conditions where lower-concentration salt
washes were used in the affinity purification step and RNAPII
was more abundant in the complex (data not shown).

Silver staining of the affinity-purified complex revealed the
presence of multiple polypeptides, some of which were iden-
tified as CDKS, cyclin C, and hSrb7 (Fig. 3C). Importantly,
when the migration of the polypeptides in the affinity-purified
complex was compared to that of a purified human Swi-Snf
complex by SDS-polyacrylamide gel electrophoresis (SDS-
PAGE), multiple common polypeptides were observed (Fig.
3C). This result is in agreement with the Western blot analysis
demonstrating the presence of Swi-Snf polypeptides in the
CDKS affinity-purified complex (Fig. 3B). The presence of the
Swi-Snf polypeptides in this complex appears to be specific and
solely mediated through protein-protein interactions because
of the following experimental evidence. (i) Fractionation of the
DEAE-cellulose flowthrough fraction by CDKS affinity chro-
matography resulted in the purification of a complex of ap-
proximately 20 polypeptides, most of which were common to
the complex described above, yet the Swi-Snf subunits were ab-
sent (Fig. 4A and data not shown). (ii) Treatment of the CDKS8
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affinity-purified complex with high concentrations of ethidium
bromide (400 wg/ml) (35) did not affect the association of the
Swi-Snf subunits (Fig. 4B, lane + EtBr). (iii) Concentrations of
heparin (16 pg/ml) that abolish nonspecific protein-DNA in-
teractions did not affect the integrity of the complex (Fig. 4B,
lane + Heparin) lane 5). (iv) However, treatment with 0.1%
Sarkosyl disrupted all interactions between CDKS8 and other
components of the complex without affecting the antigen-an-
tibody interaction (Fig. 4B, lane + Sarkosyl; silver stain, data
not shown). This implies that Swi-Snf, cyclin C, and hSrb7 are
not bound to the affinity matrix nonspecifically but rather are
tethered to the matrix through interactions with CDKS itself or
components of the CDK8 complex. Thus, using three different
approaches, conventional chromatography (Fig. 1), coimmu-
noprecipitation (Fig. 2), and affinity chromatography (Fig. 3),
we have demonstrated an association of the Swi-Snf complex
with polypeptides known to be subunits of the RNAPII ho-
loenzyme, namely hSrb7, hSrb10, and hSrb11.

The affinity-purified CDKS8 complex remodels chromatin
structure. We next analyzed whether the Swi-Snf complex
present in the Srbl0-containing complex was functional by a
plasmid linking number reduction assay. This assay measures
the reduction in plasmid linking number in the presence of
topoisomerase I that results from a loss of nucleosomes or an
alteration of nucleosome structure. The addition of a purified
Swi-Snf complex to a chromatinized plasmid resulted in a grad-
ual reduction in the superhelicity of the plasmid compared to
that of a plasmid incubated with buffer alone (Fig. 4C, com-
pare lanes 1 and 2). When the CDKS affinity-purified complex
was added to the assay mixture, a pattern similar to that ob-
served with purified Swi-Snf complex was observed. The amounts
of Swi-Snf added to the reaction mixtures were similar and
were normalized by using BAF47 Western blot units. The super-
coiling reduction activity observed was specific to the CDK8-
containing complex, as the control antibodies (lane 3) treated
in the same manner did not contain such activity. This result
demonstrates that the CDKS8-containing complex is active in
chromatin remodeling.

The RNAPII complex contains histone acetyltransferase ac-
tivity. Another activity that can increase chromatin accessibil-
ity is the modification of histones by acetylation. Previous stud-
ies have reported the presence of CBP within an RNAPII
complex (47). Since the complex characterized above contains
at least one nucleosome-remodeling activity, we investigated
whether histone acetyltransferase activity was also present in
the complex. Histone acetyltransferase activity coeluted with
the large RNAPII complex in both the gel filtration (data not
shown) and Mono-S (Fig. 1B) columns described above. We
used Western blot analysis to identify the putative acetyltrans-
ferase polypeptides. We found that the histone acetyltransfer-
ases p300/CBP (the antibodies used in the Western blot anal-
ysis do not distinguish between CBP and p300) and PCAF (77)
coeluted with RNAPII, Srb proteins, and the Swi-Snf complex
(Fig. 1C). Another histone acetyltransferase, human Gen5 (6,
77), that contains extensive homology with PCAF in the cata-
lytic domain but that lacks the p300/CBP binding domain (77),
was separated in earlier chromatographic steps and, therefore,
was not present in the RNAPII complex (data not shown).

To further analyze the association of p300/CBP and PCAF
with the RNAPII complex, we performed coimmunoprecipita-
tion experiments using different antibodies. Antibodies against
hSrb7 and hSrbl0 (CDKS) specifically immunoprecipitated
p300/CBP and PCAF (Fig. 2A). Using antibodies against the two
histone acetyltransferases detected above, we observed a coim-
munoprecipitation of RNAPII and Swi-Snf (Fig. 2B). The immu-
noprecipitation was specific because the control antibodies failed
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FIG. 3. (A) Western blot analysis of the fractions derived from phosphocellulose and DEAE-cellulose columns. Western blots of eluates of 0.1 (0.18 mg of protein
per ml), 0.3 (0.12 mg of protein per ml), 0.5 (0.08 mg of protein per ml), and 1.0 M KCI (0.16 mg of protein per ml) from a phosphocellulose column (left panel) and
0.1 (0.03 mg of protein per ml) and 0.35 M KCI (0.18 mg of protein per ml) eluates of the DEAE-cellulose column (right panel) derived from the phosphocellulose
0.5 M KClI fraction are shown (see Materials and Methods). Each eluate (20 pl) was loaded on an SDS-5 to 20% polyacrylamide gel for Western blot analysis. Each
blot was analyzed for CDKS, cyclin C (cyc C), hSrb7, BAF190, BAF47, the largest subunit of RNAPII (RPB1), the 89-kDa subunit of TFITH (ERCC3) (TFIIH p89),
the large subunit of TFIIF (RAP74), the small subunit of TFIIE (p34), TFIIB, and the histone acetyltransferases CBP and PCAF. (B) Affinity-purified CDK8 complex
contains hSrb proteins, Swi-Snf subunits (BAFs), and substoichiometric amounts of RNAPII but not GTFs, the corepressor DRAPI, or the coactivator PC4. Western
blots of input (I), flowthrough (FT), and eluate (Elute) of anti-CDKS8 (CDKS col) and control antibody (con. col) columns are shown. Blots were probed for BAF190,
BAF170, BAF155, BAF60, BAF47, CDKS, cyclin C, hSrb7, RPBI1, TFIIF (RAP74), TFIIH (p62), TFIIE (p56), TBP, TFIIB, DRAPI, and PC4. (C) A silver-stained
SDS-polyacrylamide gel containing the affinity-purified CDK8 complex and the Swi-Snf complex shows multiple common polypeptides. A silver-stained gel containing
affinity-purified CDKS8 complex (left) and Swi-Snf complex (right) was aligned to show common polypeptides (>29 kDa). Another silver-stained gel containing bands
from 29 to 10 kDa showing polypeptides derived from the affinity-purified CDK8 complex is at the bottom of the left lane. Polypeptides were identified by Western
blot analysis as indicated. Other polypeptides in this fraction which are common to the polypeptides present in the DEAE-cellulose flowthrough fraction-derived
affinity-purified CDK8 complex were identified by microsequencing (67a).

to immunoprecipitate any polypeptides. More importantly, an-
tibodies against the CTD of the largest subunit of RNAPII
immunoprecipitated RNAPII but abolished the coimmuno-
precipitation of p300/CBP, PCAF, and Swi-Snf. This result sug-
gested that these proteins are tethered, directly or indirectly, to
the RNAPII complex through interactions involving the CTD
which are disrupted (competed) by the anti-CTD antibodies.
p300 and PCAF directly interact with different forms of
RNAPII. Previous studies have indicated that CBP is a com-
ponent of the human RNAPII complex and that its association
with RNAPII is mediated by RHA (48). We sought to expand
these studies to analyze the specificity and directness of the in-
teraction between RNAPII and the p300/CBP-associated fac-
tor, PCAF, by coimmunoprecipitation experiments. We ana-
lyzed whether truncated and full-length PCAF proteins could
interact with core RNAPIIL. More importantly, we sought to de
termine whether histone acetyltransferases p300 and PCAF
could interact with both the initiation-competent nonphos-
phorylated and elongation-competent phosphorylated forms of
RNAPII. Antibodies against the tag that is fused to the N termi-
nus of each of the recombinant proteins were used in immuno-
precipitation experiments with different forms of RNAPII. The
silver staining of an SDS-polyacrylamide gel demonstrates the
purity of the core RNAPII used in these experiments (Fig. 5A).
Western blot analyses showed that only full-length PCAF can

efficiently interact with RNAPII (Fig. 5C). Significantly, PCAF
interacts with the phosphorylated, elongating form of RNAPII
(Fig. 5C). In contrast to data published by others, we observed
a direct interaction between RNAPII and p300 (Fig. 5D). The
C terminus of p300 was sufficient for this direct interaction.
Moreover, p300 directly and specifically immunoprecipitated
the nonphosphorylated form of RNAPII. No interaction with
the phosphorylated form of RNAPII could be detected (Fig.
5D). The interaction between p300 and RNAPII was not me-
diated by RHA, since the RNAPII used in these experiments
was free of contaminating RHA as determined by silver stain-
ing (Fig. 5SA) and Western blot analysis (Fig. 5B). However,
our studies do not rule out the possibility that RHA can en-
hance the interaction between CBP and RNAPII. Our results
demonstrate that PCAF and p300 can interact directly with
RNAPII. Although PCAF does not interact with the initiating
form of RNAPII, it is possible that PCAF is brought into the
preinitiation complex through an interaction with p300.

DISCUSSION

We have isolated an RNAPII complex containing factors
that modify chromatin structure. Analysis of a gel filtration
column reveals the existence of at least two different popula-
tions of RNAPII. The first elutes at approximately 1.5 MDa
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FIG. 4. (A) Comparison of Western blots of affinity-purified CDK8 complexes isolated from the DEAE-cellulose flow-through (Elute DE FT) and DEAE-cellulose-
bound (Elute DE Bound) fractions. (B) Heparin or ethidium bromide does not disrupt the interaction of the components of the complex. Western blots of CDKS8
complex affinity purified in the absence (second lane from left) or the presence of ethidium bromide (lane + EtBr), heparin (lane + Heparin), and Sarkosyl (lane +
Sarkosyl) and input (lane 1; 1%) are shown. Either ethidium bromide (400 pg/ml), heparin (16 wg/ml), or sarkosyl (0.1%) was added as indicated to the DEAE-
cellulose-bound fraction during the incubation with the antibody column as well as during the washes. (C) The affinity-purified CDK8 complex alters the linking number
of reconstituted plasmid chromatin. Buffer (lane 1), highly purified Swi-Snf (Superose 6 column fraction; lane 2), the control antibody fraction (lane 3), and the
affinity-purified CDK8 complex (lane 4) were incubated with plasmid reconstituted into chromatin in vitro (see Materials and Methods). Plasmid DNA was extracted
and analyzed for a change in linking number.

and contains GTFs and Srb homologs, while the second elutes transcription, or whether they are subassemblies of a larger

at approximately 4 MDa and contains the Swi-Snf complex, Srb
homologs, and histone acetyltransferases PCAF and p300/
CBP. Whether these two RNAPII complexes are functionally
distinct and carry out the transcription of different subsets of

complex remains to be answered.

Three different RNAPII complexes have been isolated from
yeast (7). Koleske and Young isolated the so-called RNAPII
holoenzyme complex by using antibodies against different Srb

genes, whether they are species engaged in different steps of polypeptides and Western blot analyses (31). This RNAPII com-
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FIG. 5. (A) Silver-stained gel of core RNAPII containing the phosphorylated (IIo) and nonphosphorylated (Ila) forms of the large subunit that was used in the
interaction experiments shown in panels C and D. (B) Western blot analysis reveals the absence of RHA in the RNAPII preparation used in the interaction experiments.
Lane 1 shows a Western blot of a crude fraction containing RHA, and lane 2 shows a Western blot of the RNAPII (50% of input) preparation used in the interaction
studies. Blots were analyzed for RHA and subsequently reprobed for the largest subunit of RNAPII (IIa and ITo). (C) PCAF directly interacts with the phosphorylated
form of RNAPII. Different deletion mutant polypeptides of PCAF (77) were immobilized on beads through their N-terminal FLAG tags and were incubated with a
mixture of phosphorylated and nonphosphorylated forms of RNAPII (I; 10% of input). Immunoprecipitates (IP) were extensively washed as described in Materials and
Methods and were analyzed by Western blotting using anti-CTD antibodies (top gel) and anti-FLAG antibodies (bottom gel). The diagram above the blots shows the
different deletion PCAF proteins that were used in the assay. WT, wild type. (D) p300 directly interacts with the nonphosphorylated form of RNAPII through its
C-terminal domain. Experiments were performed as described for panel C. The diagram at the top illustrates the different truncated p300 proteins (53) used. The top
blot shows the results of Western blotting with anti-CTD and anti-FLAG antibodies; the bottom blot shows the results of Western blotting with anti-FLAG antibodies.
IgG, immunoglobulin G.



VoL. 18, 1998

plex contains the entire set of Srbs (Srb2 and Srb4 to Srb11)
and most of the GTFs, except TBP and TFIIE. By contrast,
Kim and coworkers (29) isolated the mediator complex by us-
ing a functional transcription assay analyzing for factors that
mediate the response to transcription activation. The mediator
is free of RNAPII and contains Srb2, Srb4 to Srb7, Rox3 (19),
Galll, Sin4, Rgrl (37), and other polypeptides referred to as
Meds (36, 45). This complex is devoid of Srb8 to Srbll. Inter-
estingly, disruption of the SIN4 gene or a truncation of the
RGRI1 gene allowed the resolution of the mediator into two
subcomplexes. One subcomplex is composed of Galll, Sin4,
Rgrl, and Med3 (37, 45), whereas the other subcomplex func-
tionally resembles the mediator but lacks Galll, Sin4, Rgrl,
and Med3 (7). A third RNAPII complex has been described by
Shi and coworkers (63). This complex appears to be function-
ally different from those described by Young and Kornberg as
it lacks Srb and Med polypeptides but contains Pafl, Cdc73,
Cecrl, and Hprl (8, 63).

The kinase-cyclin pair CDKS8-cyclin C is the human homolog
of the yeast Srb10-Srb11 complex (38). Previous studies have
demonstrated the existence of different CDKS-cyclin C com-
plexes in human cells (60). In agreement with these previous
observations, we have chromatographically separated different
CDKS8-containing complexes. Immunoaffinity purification us-
ing antibodies against CDKS8 demonstrated a tight association
of the CDKS8-cyclin C complex with the Swi-Snf complex as
well as with hSrb7 and other polypeptides. This affinity-purified
complex contains a substoichiometric amount of RNAPII. While
this represents the first report of such a complex in mammalian
cells, Wilson and coworkers demonstrated a physical and func-
tional association between the Swi-Snf complex and the yeast
RNAPII holoenzyme complex (75). However, apparently con-
tradictory studies have been reported by Myers and coworkers,
who found that the Swi-Snf complex is absent from a purified
mediator complex (45). The studies of Carlson and coworkers
analyzing the regulation of the SUC2 gene, together with our
findings reported here may provide an explanation to the ap-
parent paradox between the studies of Young and Kornberg.
Neigeborn and Carlson identified the SNF family of genes based
on their requirement for SUC2 expression (49). A subset of the
SNF genes encode subunits of the Swi-Snf complex (SNF2,
SNF5, SNF6, and SNF11), whereas SNF1 encodes a protein ki-
nase. Components of the RNAPII holoenzyme complex were
isolated as suppressors of snfl mutations (SSN) (33, 66). The SSN
genes encoding components of the RNAPII complex include
SSN2 (SRBY), SSN3 (SRB10), SSN4 (SIN4), SSN5 (SRBS),
SSN7 (ROX3), and SSNS (SRB11) and are negative regulators
of transcription (7, 20). Kornberg and colleagues isolated the
mediator complex as an activity that mediates the response to
activators by using a functional reconstituted transcription sys-
tem. Therefore, this may have resulted in the purification of
a complex lacking the negative regulator Srb8 to Srb11. The
RNAPII complex isolated by Young and coworkers was puri-
fied by using antibodies against different Srb polypeptides in
Western blot analyses. The findings presented here suggest
that the Swi-Snf complex is tethered to the RNAPII complex
through interactions mediated by the CDKS-cyclin C-contain-
ing complex. Thus, it is possible that the RNAPII complex is a
dynamic entity composed of subcomplexes. One subcomplex is
the mediator, which is involved in positive regulation; another
subcomplex is composed of Sin4, Rgrl, Galll, and Med3 (37),
and another subcomplex includes Srb8 to Srb11 (7). Our stud-
ies suggest that the Swi-Snf complex is tethered to the RNAPII
complex via an Srb10-Srb11-containing complex. Importantly,
we have recently isolated a CDKS8-containing complex similar
to the one described in these studies but devoid of the Swi-Snf
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polypeptides. This complex was derived from the DEAE-cel-
lulose flowthrough fraction described in the legend for Fig. 3A
and functions to inhibit the response to transcriptional activa-
tors (67a). However, a large population of Swi-Snf complexes
appears to be devoid of CDKS, judged by coimmunoprecipi-
tation and chromatographic studies.

An important point that must be addressed is the relative
abundance of the different RNAPII complexes in the cell. This is
difficult to address experimentally, because upon cell disruption
the majority of RNAPII (>90%) is found in the insoluble nuclear
pellet (41). Extraction of RNAPII from this fraction requires
sonication in high-ionic-strength buffer, which disrupts any large
RNAPII complexes. Indeed, we and others have previously puri-
fied the core RNAPII from this insoluble protein fraction (39, 41,
61). By contrast, we find that the small proportion of RNAPII
that remains in the soluble protein fraction upon cell disruption
(the nuclear extract) is associated with other proteins in high-
molecular-weight complexes (40). We have thus far purified two
such RNAPII complexes, one containing GTFs and the other lack-
ing GTFs, but containing the Swi-Snf complex. Based on yields
from purification, we estimate that the former complex is more
abundant. We also note that the complex we have purified by im-
munoaffinity chromatography using CDKS antibodies contains
only a small amount of RNAPII. This observation is in agreement
with those of Kornberg and colleagues, who isolated a mediator
complex containing a limiting amount of RNAPII (15, 27, 28, 45).

The large RNAPII complex was also found to contain two or
three histone acetyltransferases, p300 and/or CBP and PCAF.
CBP and PCAF have been previously shown to interact with
multiple transcriptional activators in various coactivator com-
plexes. During multiple chromatographic procedures, we ob-
served a large population of CBP and PCAF in other com-
plexes. Whether these complexes contain RNAPII or other
components of the RNAPII complex has not been determined.
Interestingly, thus far no yeast RNAPII complex has been
shown to contain histone acetyltransferase activity. In yeast,
GCNS5, a component of a coactivator complex (adapter), con-
tains histone acetyltransferase activity. GCNS exists in multi-
meric complexes termed ADA (17, 42) and SAGA (Spt-Ada-
GenS acetyltransferase) (17), which have been separated from
the RNAPII complex. Two human GenS homologs, hGenS and
PCAF, have been isolated. Human Gcen5 was found not to
cofractionate with the human RNAPII complexes. There are
other nuclear histone acetyltransferases in yeast (59), and it is
therefore possible that some may exist in association with the
RNAPII holoenzyme complex. In support of this idea are
recent experiments demonstrating that recruitment of the
RNAPII holoenzyme complex to the PHOS promoter is suffi-
cient for the displacement of four positioned nucleosomes
(16). Importantly, expression of the PHOS promoter is inde-
pendent of the Swi-Snf chromatin remodeling complex (16).
Therefore, displacement of the four nucleosomes is unlikely to
be mediated by the Swi-Snf complex, and it is possible that the
RNAPII complex includes histone acetyltransferases or other
nucleosome remodeling activities. The actual mechanism re-
mains to be elucidated. These experiments demonstrate, how-
ever, that recruitment of the RNAPII holoenzyme complex is
sufficient to remove four positioned nucleosomes at the PHOS
promoter in vivo and reveals a functional association of the
RNAPII complex with chromatin remodeling activities.

In these studies we have also analyzed the nature of the in-
teraction between RNAPII and the histone acetyltransferases.
Our studies revealed that p300 and PCAF interact directly with
RNAPII. Using a recombinant glutathione S-transferase-CBP
truncated polypeptide, others observed a requirement for
RHA for the interaction between CBP and RNAPII (48). The
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discrepancy between the two studies may be due to the differ-
ent truncated proteins used. The studies of others used a small-
er version of CBP, and it is possible that the RNAPII-interact-
ing domain was removed. However, in support of the studies of
Nakajimo and coworkers (48), we have found RHA in our
RNAPII complexes (data not shown).

Importantly, we found that each of the acetyltransferases
interacts with a different form of RNAPII. p300 was found to
interact with the nonphosphorylated form of RNAPII, which is
the initiation-competent form of the enzyme. By contrast,
PCAF was found to interact with the phosphorylated, elonga-
tion-competent form of RNAPII. This suggests that the RNA-
PII complex may be loaded onto the promoter through inter-
actions mediated by p300 or CBP. These two polypeptides
have been shown to interact, in addition to RNAPII, with
GTFs, a large number of different sequence-specific DNA-
binding proteins, and coactivators (25, 64, 73). p300 or CBP or
both are common components of different signal transduction
pathways (25). It is possible that upon “activation” of p300/
CBP, this large polypeptide interacts with the RNAPII com-
plex. This newly formed complex would contain sequence-
specific DNA-binding proteins (those interacting with p300/
CBP) and would recruit chromatin remodeling activity and
histone acetyltransferase activity to specific genes thereby fa-
cilitating DNA binding. Once the full preinitiation complex is
formed, RNAPII can initiate transcription. Upon phosphory-
lation of the CTD, the interactions between RNAPII and fac-
tors are disrupted. Only interactions that tolerate this transi-
tion or that interact specifically with the phosphorylated form
of RNAPII will remain associated with the elongating poly-
merase (67). This transition may allow PCAF to be transferred
from p300/CBP to RNAPII during elongation where it can
acetylate nucleosomal histones along the body of the gene.
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ADDENDUM

Results similar to those reported here were reported by
Neish et al. (49a) following submission of the manuscript.
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