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The Polycomb group (PcG) genes are required to maintain homeotic genes in a silenced state during
development in drosophila and mammals and are thought to form several distinct silencing complexes that
maintain homeotic gene repression during development. Mutations in the PcG genes result in developmental
defects and have been implicated in human cancer. Although some PcG protein domains are conserved between
flies and humans, substantial regions of several PcG proteins are divergent and humans contain multiple
versions of each PcG gene. To determine the effects of these changes on the composition and function of a PcG
complex, we have purified a human Polycomb repressive complex from HeLa cells (hWPRC-H) that contains
homologues of PcG proteins found in drosophila embryonic PRC1 (dPRC1). hPRC-H was found to have fewer
components than dPRC1, retaining the PcG core proteins of dPRC1 but lacking most non-PcG proteins.
Preparations of hPRC-H contained either two or three different homologues of most of the core PcG proteins,
including a new Ph homologue we have named HPH3. Despite differences in composition, dPRC1 and hPRC-H
have similar functions: hPRC-H is able to efficiently block remodeling of nucleosomal arrays through a

mechanism that does not block the ability of nucleases to access and cleave the arrays.

The Polycomb group (PcG) genes are essential for mainte-
nance of appropriate expression patterns of developmental
master regulators, such as Hox genes, and thus are essential for
proper development. Changes in expression of PcG proteins
have been associated with cancer, while targeted deletions of
members of this family generally have lethal phenotypes (re-
viewed in reference 20). Two-hybrid and immunoprecipitation
studies have found that the PcG proteins form at least two
large nonoverlapping protein complexes. The first type of com-
plex, known as class I, contains homologues of the drosophila
proteins esc and E(z) (33, 50, 64) and has been shown to
associate with histone deacetylase activity (57, 62). The second
type of complex (class II) includes homologues of Pc, Psc, Ph,
Ring, and Scm (3, 16, 45, 51). No enzymatic activity has been
ascribed to this second group of proteins.

The PcG genes were originally identified in drosophila,
where homozygous mutant embryos exhibited severe homeotic
transformations (reviewed in references 24 and 54). Genetic
analysis of these mutants showed extensive derepression of the
homeotic genes and suggested that they may play a role in
maintenance of silencing. Similarly, targeted deletion of PcG
genes in mice results in homeotic transformation of segment
identity due to delayed ectopic expression of some Hox genes
and is generally lethal (1, 11, 12, 35, 56, 61). The phenotypes of
mice lacking single PcG genes are generally milder then those
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observed in drosophila, at least in part because of the presence
of multiple homologues of each drosophila PcG gene in mam-
mals (Table 1). Disruption of both homologues of Psc (Bmil
and Mel-18), for example, is lethal much earlier in develop-
ment and causes more extreme Hox gene deregulation than
does the disruption of either gene individually (2).

PcG complexes are thought to mediate silencing by creating
a chromatin configuration that is refractory to transcriptional
activation, although the precise mechanisms involved are not
understood (reviewed in references 14, 39, and 55). Genetic
studies identified the Trithorax group (#7xG) genes as suppres-
sors of PcG mutations (reviewed in reference 24). A major
function of #rxG genes appears to be remodeling of chromatin
structure, since several of these genes encode subunits of the
SWI/SNF chromatin remodeling complex (13, 22, 36) and oth-
ers associate with the histone acetyltransferase CBP (38). The
presence of specific domains, such as the chromodomain of Pc,
and immunolocalization studies originally suggested that the
PcG proteins act through effects on chromatin structure. Re-
cent studies that have begun a functional characterization of
these complexes lend support to this view, as PcG complexes
have been reported to deacetylate histone tails and to block
ATP-dependent chromatin remodeling (51, 62). In vivo, these
complexes are targeted to Polycomb and Trithorax response
elements (PRE/TRE). This targeting is separable from the
function of the complex, as artificially targeted complexes are
able to repress transcription in vivo (10, 31). Once the com-
plexes are established on the DNA, they are able to maintain
silenced transcription long after the targeting factors are re-
moved (reviewed in reference 24).

Gene targeting studies indicate that at least some biological
functions of PcG genes, such as regulation of Hox gene expres-
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TABLE 1. Class II PcG genes

Drosophila Human Domain Reference(s)

Pc HPC1 (CBX2/M33) Chromodomain 37
HPC2 (CBX4) C terminal 43
HPC3 (CBXS/ 4

rectachrome)

Ph-p HPH1 (EDR1/Rae28) SEP 18

Ph-d HPH2 (EDR2) Zn finger
HPH3 Homology region I  This study

Sem SCMH1 SEP 5,58
SCMH2 Zn finger

Psc Bmil RING finger 6, 41
Mel-18 HTH

dRING  RINGI1 RING finger 29, 43, 48
RNEF2

sion, have been conserved evolutionarily consistent with con-
servation of several protein domains between drosophila and
mammals. However, many of the PcG genes have also diverged
substantially. Furthermore, most of the PcG genes have been
duplicated in mammals and different expression patterns and
biological functions have been described for different homo-
logues. For example, Bmil and Mel-18, the homologues of Psc
(9, 63), are less than one-third of the size of Psc (46 and 50
versus 188 kDa) and appear to have opposite effects on cell
growth (19, 23, 65). These data suggest that mammalian PcG
proteins may interact with different proteins than do drosoph-
ila PcG proteins and may have different activities. Comparing
composition and functions of complexes purified from human
cells to those purified from flies is an important step in inves-
tigating these possibilities.

We have recently described the purification and initial func-
tional characterization of the major class II complex from
drosophila embryos, drosophila embryonic PRC1 (dPRC1)
(45). In parallel with these studies, we have purified and char-
acterized the human counterpart to this complex. A compari-
son of the components and functions of the class II complexes
can reveal core subunits and fundamental activities. We find
that only a subset of proteins are conserved between hPRC-H
(Polycomb repressive complex from HeLa cells) and dPRC1;
most, but not all, of these conserved subunits are PcG genes
that emerged from the original developmental screens. Despite
the different natures of the complexes, dPRC1 and hPRC-H
performed with similar function and efficiency in a variety of
protocols that used nucleosomal arrays as template.

MATERIALS AND METHODS

Generation of FLAG-tagged cell lines and tissue culture. FLAG sequences
were added to the C termini of M33 and Bmil by PCR and cloned into pBABE.
Cell lines were constructed as previously described (53) and grown in Dulbecco
modified Eagle medium plus10% fetal calf serum and 1 mg of puromycin per ml.
Cells were expanded to large volumes at Cellex Biosciences Inc.

Purification of hPRC-H. Nuclear extracts were prepared from 100 liters of
tagged HeLa cells (cell lines M33F-1 and BMI1F-17) as described previously (53)
with 1.5 M KClI for the high-salt extraction buffer. A 50- to 60-mg sample of
undialyzed nuclear extract (5 ml) was diluted in BCN buffer (20 mM HEPES, K*
[pH 7.9], 0.2 mM EDTA, 20% glycerol, 0.1% NP-40, 0.5 mM dithiothreitol, 0.1
mM phenylmethylsulfonyl fluoride) containing 300 mM KCI (BCN300) and
bound to a 5-ml Hi-Trap heparin column (Amersham-Pharmacia) on an AKTA
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fast protein liquid chromatography apparatus (Amersham-Pharmacia). Samples
were washed with 4 column volumes (CV) of BCN300 and eluted with an 8-CV
linear gradient of 300 to 1,000 mM KCI. Fractions from three repeats of this
gradient containing the tagged protein (~350 to 550 mM KCI) were pooled and
bound to 1 ml of M2 agarose beads (Sigma) overnight. The beads were washed
in a column with 20 CV of BCN300 and BCN450, equilibrated with BCN300, and
eluted with 1 mg of FLAG peptide (DYKDDDDK) per ml. For analysis on
cation-exchange columns, M2 columns were equilibrated with BCN200 and
eluted with FLAG/BCN200 directly onto a 1-ml Hi-Trap S column. The S
column was transferred to an AKTA fast protein liquid chromatography appa-
ratus exclusively with PEEK tubing (Upchurch). The column was washed with
5 CV of BCN200, and bound proteins were eluted with a 9-CV linear gradient
of 200 to 500 mM KCI. Fractions were either immediately resolved by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) for immu-
noblot analysis or precipitated with trichloroacetic acid (TCA) for immuno-
blot analysis and silver staining. Yields from this column were approximately
50%.

Estimation of hPRC-H concentration. Concentrations of the M2-purified frac-
tions were determined by the Bradford assay (Bio-Rad) and estimated by silver
staining compared to bovine serum albumin standards. The molecular mass of
the complex was determined by adding up the major bands of the complex as if
they were stoichiometric. The molecular mass of 500 kDa agreed with gel filtra-
tion chromatography estimates generated with a Superose 6 column (Amersham-
Pharmacia) in BCN300. Yields from this column were typically less than 1%
(data not shown). The protein molecular size markers used were blue dextran
(void), thyroglobulin (670 kDa), catalase (230 kDa), and bovine serum albumin
(66 kDa).

MS analysis of hPRC-H. Isolation and mass spectrometry (MS)/MS analysis
of the proteins are described in reference 45. The N terminus of the MS-
sequenced polypeptide identified as RING1A matched the sequence found in
the National Center for Biotechnology Information database under accession
number CAC38442. Most of the RING1A sequences in the National Center for
Biotechnology Information database (including accession number Q06587) lack
29 amino acids. The additional sequence of RING1A in hPRC-H extends the
homology among the known RING1 homologues. To identify HPH3, two pep-
tides, (K/R)MQQPQISVYSGSDR and (K/R)SSLLIEQPVK, were BLAST
tested against the full human genome and dbEST. With expressed sequence tags
(ESTs) in the database, we generated a contig that contained both peptides in a
2-kb sequence that mapped to chromosome 3. This contig contained the 3.5-kb
cDNA CSODKO007YJ17 (Research Genetics). This isolate was sequenced redun-
dantly. Four additional cDNAs tested (American Type Culture Collection) were
significantly shorter, and none contained the entirety of the gene. In their cDNA-
containing sections, they were identical to the Research Genetics clone.

Immunoblot assays. The antibodies used in the immunoblot assays were M5
anti-FLAG (Sigma), F6 anti-Bmil (3), anti-RING1A (46), anti-HPH1 (18) anti-
HPC2 (44), anti-SNF2H (7, 26), anti-BRG1 (47), anti-hsp70 (Santa Cruz), anti-
RYBP, anti-E2F6 (59), anti-YY1 (Santa Cruz), anti-ENX, anti-EED (50), anti-
p325 (26), anti-WCRF (7), anti-CtBP (49), anti-TAFII250 (Santa Cruz), and
anti-TBP (Santa Cruz). Proteins were analyzed by standard SDS-7.5 or 8%
PAGE, transferred to Immobilon P membranes, and detected with ECL and
ECL" reagents (Amersham-Pharmacia) in accordance with the manufacturer’s
recommendations.

Activity assays. The dPRCI1, human Swi/Snf, and histones used in activity
assays were prepared as previously described (51). Topological assays were
carried out as previously described (25), with chromatin assembled with heat-
treated Xenopus egg extracts, except that the reaction volume was reduced to 20
pl. The reaction mixtures contained 100 ng of Swi/Snf, ~3 ng of chromatinized
template, 4 pM ATP, and 2 uM MgCl, and were electrophoresed on a 1%
agarose gel. No change in activity was seen when larger amounts of Swi/Snf were
used (data not shown). Assembly and analysis of the 5S array by salt dialysis were
done as previously described, and restriction enzyme assays were preformed
essentially as previously described (15), with 1 ng of labeled array and 9 ng of
HeLa polynucleosomes, as indicated, in 20-pl reaction mixtures. Swi/Snf activity
was determined on the basis of the amounts of cutting in reaction mixtures with
or without Swi/Snf present (see Fig. 4B, lanes 1 and 2). Micrococcal analysis was
performed essentially the same way as the restriction enzyme assay, with 1 ng of
end-labeled array. Mononucleosomes were assembled on a TPT-containing
DNA sequence (47) by salt dialysis, and reactions were performed under con-
ditions identical to those used for the restriction enzyme assays with 200 ng of
Swi/Snf (32).
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FIG. 1. Purification of the hPRC-H complex. (A) Schematic for
fractionation of hPRC-H. (B) class II PcG proteins cofractionate with
FLAG-Bmil and FLAG-M33. Nuclear extract (NE; 10 pg), heparin
peak fraction (Hep. Pk; 4 pg), M2 flowthrough (~3 ng), and M2
elutions from BmilF and M33F lines (50 ng) were visualized with the
indicated antibodies. Most of hPRC-H proteins flow through the M2
column because the tagged proteins are expressed at low levels.
(C) Composition of the hPRC-H complex. M33F and BmilF M2
eluates (25 pg) were separated by SDS-8% PAGE and stained with
silver. Proteins identified by MS sequencing that are present in all of
the extracts tested are identified. Changes in the intensity of the bands
corresponding to HPC2, HPC3, and Bmil between the two complexes
likely represent a replacement of Pc homologues by epitope-tagged
M33 (>) and a change in mobility of epitope-tagged Bmil (<). As-
terisks mark proteins not consistently observed from preparation to
preparation. The values on the left are molecular sizes in kilodaltons.

RESULTS

Purification of hPRC-H. To purify a mammalian class II
PcG complex, we tagged the murine PcG genes for M33 and
Bmil at their C termini with the FLAG epitope. Proteins were
expressed with a retroviral vector in HeLa cells that have been
used extensively for biochemical characterization of com-
plexes. To avoid potential artifactual associations that might
result from overexpression of tagged proteins, complexes were
purified from cell lines in which the tagged M33 or Bmil
protein was expressed at less then 25% of the untagged en-
dogenous protein, as indicated by immunoblotting (data not
shown). Nuclear extracts from these cell lines were subjected
to a two-step purification to isolate proteins complexed with
the FLAG-tagged protein (Fig. 1A). More than 80% of the
tagged proteins eluted from a heparin column at 0.4 M salt.
Western analysis showed that HPH1, Bmil, and RING1A co-
fractionated with tagged M33. Fractions containing the FLAG-
tagged protein were bound to an anti-FLAG affinity column,
washed extensively, and eluted with FLAG peptide. The ma-
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jority of the endogenous class II PcG proteins flowed through
the affinity column, consistent with the low levels of expression
of the tagged protein. High-stringency washes (0.6 or 1 M KCl)
lowered the overall yield but did not alter the relative stoichi-
ometry of the subunits, as shown by Western blotting and silver
staining (data not shown). This procedure resulted in approx-
imately 30 to 50% yields of the tagged proteins and purification
of the complex 5,000- to 10,000-fold, as judged by quantifica-
tion of immunoblots.

Immunoblot assays were performed on fractions containing
the tagged proteins. Bmil, HPC2, HPH1, and RING1A were
all detected in significant amounts in both the M33- and Bmil-
based complexes (Fig. 1B). We name this complex hPRC-H.
Importantly, class I PcG proteins EED and ENX were not
detected in significant quantities. This agrees with previous
data (33, 51, 64) suggesting that the two classes form distinct
and biochemically separable complexes. Comparison of silver-
stained gels of hPRC-H purified from Bmil- and M33-tagged
lines showed very similar banding patterns, with the expected
exception of the tagged component and their endogenous
paralogs (Fig. 1C, arrowheads indicating tagged protein).

PcG proteins constitute most of hPRC-H. To identify the
components of hPRC-H, we performed MS analyses of the
polypeptides isolated from the complex. Purified fractions
from M33-tagged cells were separated by SDS-PAGE, and 15
distinct bands were isolated. Peptides from these bands were
identified with multidimensional MS, and searches of data-
bases were performed to identify the proteins. Nine of 12
identified bands (excluding the tagged proteins) were identi-
fied as PcG genes, including BMI1, RING1A, RINGIB,
HPHI1, HPH2, HPC2, HPC3, and SCMHI1 (Fig. 1B). Multiple
homologues of the Polycomb protein copurified with the M33-
tagged line, suggesting that different Pc homologues may co-
exist in individual complexes.

One prominent band (135 kDa) was not found in any non-
redundant protein database. Two peptide sequences identified
from it by matrix-assisted laser desorption ionization-time of
flight MS and electrospray ionization-trandem mass spectrom-
etry were used to search the human EST database. On the
basis of several contiguous EST sequences, we obtained an
apparent full-length ¢cDNA (Research Genetics) containing
both MS-sequenced peptides. This cDNA encodes a putative
931-amino-acid protein that is similar to other mammalian
homologues of drosophila Ph. We therefore named this novel
gene HPH3. HPH3 contains the conserved SEP domain, Zinc
finger, and homology region I previously described (3) and has
similar degrees of homology to both HPH1 and HPH2 (Fig.
2A). The N-terminal region of HPH3 has significant degrees of
similarity to HPH1 (Fig. 2C). This homology extends to murine
Ph2 but is not found in the drosophila polyhomeotic genes.

As anticipated from previous studies, one band was identi-
fied as HSP70. HSC4 (a drosophila HSP70) was identified as a
component of dPRC1 (45). HSC4 shows genetic interactions
with PcG genes (30), and HSP70 from SF9 cells appears to
copurify in stoichiometric amounts with fly PcG proteins when
they are overexpressed with baculovirus vectors (15). These
genetic and biochemical interactions are consistent with a bi-
ological role for HSP70 in PcG function. However, HSP70 is
an abundant protein and further studies are needed to rule out
an artifactual association. Similarly, we identified B-tubulin, an
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FIG. 2. HPH3 is a new PH homologue. (A) Phylogenetic tree of known PH homologues. (B) Domain architecture of HPH proteins. I,
homology domain I; Zn, zinc finger; SEP, SEP domain/homology domain II; III, novel homology domain. The values above the sequences refer
to percent identity. (C) ClustalW alignment of homology domain III. Sequences identical to HPH3 are highlighted in black. Similar sequences (3

distance units with PAM 62 matrix) are highlighted in gray.

abundant protein that is frequently a contaminant in prepara-
tions of nuclear proteins. Considerably more characterization
is needed to determine the biological relevance of tubulin to
hPRC-H function.

To confirm that these proteins are robustly associated, we
subjected the complex to further fractionation. Purified M33-
based complex was applied to a Hi-Trap S column and eluted
with a shallow 200 to 500 mM KCI gradient. Proteins in the
eluted fractions were followed by silver staining when their
characteristic migration allowed clear identification (Fig. 3B)
or by Western analysis (Fig. 3A). Each of the class II PcG
proteins and HSP70 continued to cofractionate on this column,
eluting at 400 mM KCI. None of the bands detectable by silver
staining (Fig. 3B) fractionated away from the complex. We
concluded that the majority of proteins in hPRC-H are known
members of the mammalian PcG gene family.

Other proteins associated with hPRC-H. It is possible that
the hPRC-H fractions we have characterized represent not a
single complex but rather a mixture of several highly related
complexes. This has previously been seen with the mammalian
SWI/SNF family of complexes. The SWI/SNF family of com-
plexes has members that contain a core of BRG1 and certain
BAF proteins but differ in whether they contain BAF180,
Sin3a, or BAF250 (34, 52, 60, 66). These distinct complexes are
difficult to separate, presumably because they have so many

shared components and are so large that the small differences
in composition do not lead to differences in fractionation.
Drosophila PcG proteins have been proposed to reside in
distinct complexes that change during development (41), and
mammalian PcG proteins change in relative abundance in dif-
ferent tissues (27). It is anticipated, therefore, that the com-
position of mammalian class II PcG complexes will not be
static. Thus, proteins that interact with only a subset of the
hPRC-H complexes would be expected to be substoichiomet-
ric.

A band in hPRC-H preparations that stained lightly with
colloidal Coomassie stain and silver, and thus was inferred to
be substoichiometric, was identified as SCMHI. Interestingly,
the drosophila homologue Scm is found in substoichiometric
amounts in dPRCI1. Thus, the association of this protein with
class II PcG complexes in small amounts is conserved between
drosophila and humans, suggesting that a subset of PRC com-
plexes might contain Scm.

Previously, yeast two-hybrid and immunoprecipitation anal-
yses identified several transcriptional repressors that interact
with class II PcG proteins in mammals. These include CtBP,
RYBP, and two sequence-specific DNA binding factors, YY1
and E2F6, that appear to associate with the class II proteins via
RYBP (17, 59). YY1 is homologous to the drosophila PcG
protein Pleiohomeotic (Pho) and has been shown to interact
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FIG. 3. Further fractionation of the hPRC-H complex. (A) Immu-
noblot of 25 pl (~5%) of each HiTrap-S fraction visualized with the
indicated antibody. For SNF2H and YY1, 250 wl was TCA precipi-
tated prior to analysis. (B) Silver staining of HiTrap-S fractions. Frac-
tions (250 wl) were TCA precipitated and separated by SDS-7.5%
PAGE.

with the class I PcG complex proteins (41, 42). YY1 was not
detected in bands at the appropriate molecular mass in
hPRC-H preparations that contain HPC2 and HSP70. How-
ever, fragments of YY1 were detected by MS analysis at an
unexpected molecular mass (~46 kDa, compared to 68 kDa
for intact YY1). Fractions of hPRC-H obtained by Hi-Trap S
chromatography were precipitated and tested for the presence
of YY1, RYBP, and E2F6. Intact YY1 was detected cofrac-
tionating with hPRC-H (Fig. 3A). RYBP and E2F6 were de-
tected with the available antisera in neither the M2 fractions
nor the precipitated Hi-Trap fractions. Most of these proteins
are not associated with the complex (Fig. 1B and data not
shown).

SNF2H, a member of the Swi2/Snf2 family of ATP-depen-
dent chromatin-remodeling factors and a homologue of the
drosophila ISWI protein, was also detected in the purified
fractions. Comparative Western analysis of SNF2H with
RINGI1A, HPC2, and Bmil showed that levels of SNF2H var-
ied significantly from preparation to preparation; even prepa-
rations with relatively high levels contained substoichiometric
amounts of SNF2H relative to HPH3, as judged by the inten-
sity of colloidal Coomassie staining (data not shown). These
levels represent only a small portion of the cellular SNF2H
(Fig. 1B). We were unable to detect either p325 or WCRF-180
by immunoblotting, suggesting that hPRC-H does not contain
appreciable amounts of the RSF (26) or WCRF (7) complex,
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both of which contain SNF2H. When TCA-precipitated sam-
ples obtained by Hi-Trap S chromatography were analyzed by
immunoblotting, the substoichiometric amounts of SNF2H co-
fractionated with hPRC-H components (Fig. 3A). Together,
these data demonstrate that SCM, YY1, and SNF2H can be
seen at substoichiometric levels that maintain cofractionation
with major hPRC-H components after immunoaffinity and Hi-
Trap S fractionation. These proteins are therefore candidates
for association with a subset of hPRC-H complexes, and fur-
ther analysis is required to assess the potential function of
these proteins within hPRC-H.

hPRC-H specifically inhibits Swi/Snf remodeling of nucleo-
somal arrays. The mechanism of PcG repression of transcrip-
tion in vivo is unknown. However, genetically, it is clear that
PcG proteins act antagonistically to trxG-encoded proteins. We
previously took advantage of this to develop in vitro assays for
dPRC1 by examining its ability to inhibit the activities of the
trxG-related human complex Swi/Snf (51). To determine
whether this activity was conserved in the mammalian PcG
complex despite the changes in the primary sequence and
composition of the complex, we investigated whether hPRC-H
is also able to inhibit Swi/Snf-dependent remodeling of nucleo-
somal templates with a variety of assays.

We first examined the ability of hPRC-H to inhibit Swi/Snf-
dependent remodeling on linear nucleosomal arrays (Fig. 4A).
In vitro and in vivo, the presence of nucleosomes can reduce
the accessibility of restriction endonucleases (40). Addition of
Swi/Snf to nucleosomal templates can increase restriction en-
zyme access in an ATP-dependent manner (28). Embryonic
dPRCI is able to block this Swi/Snf-induced increase in restric-
tion enzyme cutting on a polynucleosomal template (15). We
tested whether hPRC-H is also able to analogously block Swi/
Snf-stimulated restriction enzyme access with a chromatinized
template containing two unpositioned nucleosomes flanked on
each side by five nucleosomes positioned by repeats of the
Xenopus 5SS nucleosomal positioning sequence. hPRC-H
blocked Swi/Snf-stimulated cutting by Hhal in a manner sim-
ilar to that of dPRCI1. Furthermore, this inhibition was con-
centration dependent (Fig. 4B). On the basis of calculations of
hPRC-H concentration with an estimated size of 500 kDa (see
Materials and Methods), hPRC-H tagged on either the Bmil
or the M33 subunit and dPRC1 have similar specific activities
and both can block Swi/Snf activity at concentrations lower
than one PRC per nucleosome (Fig. 4C). The inhibition of
Swi/Snf-stimulated cutting is strongly reduced when hPRC-H
is not preincubated with the template (data not shown).

In addition to increasing the access of restriction enzymes to
nucleosomal templates in vitro, Swi/Snf has also been shown to
alter the topology of the DNA on closed circular plasmids in
the presence of topoisomerase I (25). Previously, dPRC1 was
shown to block these topological changes induced by Swi/Snf.
We tested the effect of hPRC-H in this assay by preincubating
the template with hPRC-H for 15 min and then allowing it to
react with Swi/Snf. Increasing amounts of hPRC-H blocked the
ability of Swi/Snf to form remodeled products (Fig. 4D, lanes
3 to 6). Taken together, the restriction enzyme assay and to-
pological data suggest that hPRC-H, like dPRC1, can inhibit
chromatin remodeling by Swi/Snf.

One explanation for the previous data is that hPRC-H non-
specifically restricts the accessibility of the template to both
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FIG. 4. Activity of the hPRC-H complex. (A) Map of the 5S array used in the restriction enzyme and MNase assays. The Hhal site is indicated.
(B) Restriction enzyme assay (REA). One nanogram (8 fmol) of nucleosomes was preincubated with increasing amounts of dPRC1 or hPRC-H
from M33- and Bmil-tagged lines. Lanes: 1, no-Swi/Snf control; 2, Swi/Snf (100 ng) only; 3 to 6, ~0.4, 1.2, 4, and 12 fmol of hPRC-H (M33); 7
to 10, ~1.2, 3.6, 12, and 36 fmol of hPRC-H (Bmil). The percentage of template cut by Hhal is indicated under each lane. (C) Quantification of
inhibition of remodeling. Same as panel B but with 80 fmol of nucleosomes. The amount (nanograms) of PRC added was calculated by Bradford
analysis and comparative silver staining. Molar amounts were determined with an estimate of 500 kDa as the mass of hPRC-H (see Materials and
Methods). Half-maximal repression occurs at ratios of hPRC-H to nucleosomes of approximately 1:8. Est. mol, estimated number of moles.
(D) Topological assay. Nucleosomal plasmids were preincubated with hPRC-H for 15 min before being challenged with 100 ng of Swi/Snf and 4
U of topoisomerase I. Remodeled templates are visualized as slower-migrating topoisomers. Increasing amounts of hPRC-H increase the
inhibition of Swi/Snf remodeling. Lanes: 1, no-Swi/Snf control; 2, Swi/Snf only; 3 to 6, titration of M33F hPRC-H as in panel B. R, relaxed; *, linear;

S, fully negatively supercoiled.

topoisomerases and restriction enzymes. To evaluate this pos-
sibility, we tested the effect of hPRC-H on template digestion
by micrococcal nuclease (MNase), which cleaves preferentially
in the linker region, creating a defined nucleosomal ladder.
Incubation of end-labeled 5S array with Swi/Snf has previously
been shown to cause randomization of the normally well-
spaced MNase digestion pattern of nucleosomes (21) (Fig. 5A,
compare lanes 1 to 4 to lanes 5 to 8, respectively). Preincuba-
tion of the template with hPRC-H or dPRCI1 (15) prevented
Swi/Snf from randomizing the array (lanes 9 to 16). In these
reaction mixtures, only a slight decrease in MNase sensitivity
was observed, suggesting that hPRC-H blocks Swi/Snf-depen-
dent remodeling but not MNase access.

The requirement for preincubation of hPRC-H with the tem-
plate suggests that hPRC-H acts by binding to the chromatinized
template, as has been seen with recombinant subunits (15). To
rule out the possibility that hPRC-H inhibits SWI/SNF directly,
we examined the ability of the human complex to inhibit remod-

eling of mononucleosomes instead of nucleosomal arrays. Similar
to what is seen on the arrays, remodeling of the mononucleosome
by Swi/Snf increases restriction enzyme access (28, 32). hPRC-H
is unable to block Swi/Snf activity on the mononucleosome (Fig.
5B) under conditions in which remodeling is inhibited on nucleo-
somal arrays included as an internal control (data not shown).
This implies that hPRC-H does not directly affect SWI/SNF ac-
tivity and suggests that hPRC-H requires a chromatin template
larger then a mononucleosome in order to inhibit Swi/Snf remod-
eling. This behavior is similar to that previously seen with dPRCI.

DISCUSSION

A comparison of the composition and activity of hPRC-H
with dPRC1 leads to he proposal that class II PcG complexes
have an evolutionarily conserved core group of subunits with
conserved function. The human complex contains homologues
of drosophila Pc, Ph, Psc, and dRING and also shares with
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FIG. 5. hPRC-H activity is specific to polynucleosomal templates.
(A) hPRC-H inhibits Swi/Snf without disrupting nucleosome position.
End-labeled 5S arrays were treated as described in the legend to Fig.
4B, except that Hhal was not added. Following incubation of the
templates with Swi/Snf, increasing amounts of MNase were added to
each reaction mixture. Lanes: 1 to 4, control template; 5 to 8, 25 fmol
of Swi/Snf; 9 to 12, same as lanes 5 to 8 with ~12 fmol of hPRC-H; 13
to 16, with ~12 fmol of dPRCI1. All reaction mixtures are from the
same experiment; nucleosome positions align when samples are ana-
lyzed side by side (data not shown). (B) hPRC-H does not block
Swi/Snf remodeling on mononucleosomes. Internally labeled TPT
mononucleosomes (1 ng) (47) were incubated as described in the
legend to Fig. 4B with 200 ng of Swi/Snf and PstI. Amounts of hPRC-H
(M33) and dPRCI1 are ~1.2, 4, and 12 fmol.

dPRCI1 the apparent association with HSP70 and substoichio-
metric amounts of Scm. The human complex does not have
robust interactions with many other proteins that are tightly
associated with dPRC1, such as TAF proteins. The conserved
core proteins appear to be sufficient to bestow conserved func-
tion: both dPRC1 and hPRC-H inhibit remodeling by Swi/Snf
at ratios of less then one PRC per nucleosome (Fig. 4). Both
complexes do not significantly alter nucleosomal position or
access of nucleases to nucleosomal arrays, suggesting that both
complexes preferentially inhibit remodeling without making
the template inaccessible. This activity might be a key compo-
nent of the mechanism of class IT PcG complexes.

One major difference between the human and drosophila
complexes is the presence of multiple homologues of most of
the core proteins in the complex. There are two possible ex-
planations for this result. First, there might be single com-
plexes that contain multiple paralogs of every protein. This
possibility is supported by the identification, by both immuno-
blotting and MS, of HPC2 and HPC3 in fractions purified with
tagged M33 (MPC1). Alternatively, there may be multiple
highly related complexes that contain single PcG homologues.
This possibility is supported by the apparent varied stoichiom-
etry (as judged by Coomassie staining intensity) of the PcG
proteins in the complex (Fig. 1) and the significant substoichio-
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metry of SCMHI. The latter hypothesis would help explain a
function for some of the specificity seen by the different PcG
proteins, such as the binding of CtBP preferentially to HPC2
rather then HPC1 (49). These differences in domains may lead
to differential targeting of complexes. Multiple highly related
complexes are also seen in other chromatin-modifying factors,
such as the Swi/Snf family of complexes (34, 52, 60, 66).

PRC composition is likely to be regulated in both a cell type
and developmental manner. Contrary to hPRC-H, dPRCI1 as-
sociates with stoichiometric amounts of Zeste, most members
of the TFIID family, and about a half dozen other non-PcG
proteins (45). No members of the TFIID family were found in
detectable amounts associated with hPRC-H (data not shown),
and mammals have no known Zeste homolog. On the basis of
the data in Fig. 4, the role these proteins play in blocking
chromatin remodeling appears to be minimal under the con-
ditions that have been tested. This is consistent with the hy-
pothesis that these additional proteins may be involved, in-
stead, in targeting of the complex to specific genes, in
stabilizing the association of dPRC1 with template, or in pro-
viding additional enzymatic activities. The presence of stoichi-
ometric amounts of non-PcG proteins in the dPRC1 complex
may be related to the embryonic state of the extract when there
is a transition between establishment of a repressed state on
target genes and formation of a structure that can maintain
that repressed state. In addition, at early stages of develop-
ment, repression must be maintained during rapid cycles of
replication, which might require a particularly robust mecha-
nism. It remains formally possible that the association of the
TAF proteins with dPRC1 occurred during extract preparation
and does not reflect an association that is mechanistically sig-
nificant; however, data from in vivo colocalization studies sup-
port the notion that these proteins interact in drosophila em-
bryos (8). While there are already data demonstrating changes
in the composition of class II PcG complexes during drosophila
and human development, further work on the nature and func-
tional consequences of these changes will be important in
explaining the developmental role of these complexes. The
identification of core subunits in the PRC family of complexes
should allow dissection of the roles of other subunits in chang-
ing the capabilities of this family of complexes to maintain a
repressed state across the lifetime of an organism.

The importance of the core of the PcG complex in its bio-
chemical activity has recently been demonstrated by studies
that have shown that a reconstituted core complex containing
four drosophila PcG proteins (Pc, Psc, Ph, and dRING1) has
many of the same functions as the complete dPRC1 complex
(15). The experiments reported here extend these studies in
two important ways. First, we show that a complex exists in
HeLa cells that is similar to the reconstituted drosophila core
complex in that it is primarily made up of the human homo-
logues of the four core dPRC1 proteins. This suggests that this
core complex plays a biologically significant role. Second, the
observation (Fig. 4 and 5) that hPRC-H and dPRC1 have
similar abilities to inhibit chromatin remodeling shows that, in
vitro, this function is conserved despite limited sequence con-
servation between the human and drosophila PcG proteins.
This parallels in vivo experiments in which addition of M33 was
able to complement a Pc mutation in the fly (31). The obser-
vation that hPRC-H and dPRCI1 have similar activities there-
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fore supports the argument that these activities are an impor-
tant aspect of PcG function.

Given the large differences in composition between the hu-
man and drosophila complexes and the additional PcG homo-
logues in humans, it is tempting to speculate on the possible
role of the differences. While both organisms use the Polycomb
proteins to maintain repression of the Hox genes, mammalian
PcG proteins also play key roles in other systems, including the
immune system (61). The composition of the complex changes
across development as the expression pattern of the paralogs
varies. This suggests that hPRC may act more dynamically than
its drosophila counterpart. We hypothesize that this variation
in composition could lead to changes in targeting of the same
biochemical mechanism, leading to distinct biological func-
tions.
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