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Polycomb group (PcG) proteins are responsible for stable repression of homeotic gene expression during
Drosophila melanogaster development. They are thought to stabilize chromatin structure to prevent transcription, though how they do this is unknown. We have established an in vitro system in which the PcG complex
PRC1 and a recombinant PRC1 core complex (PCC) containing only PcG proteins are able to repress
transcription by both RNA polymerase II and by T7 RNA polymerase. We find that assembly of the template
into nucleosomes enhances repression by PRC1 and PCC. The subunit Psc is able to inhibit transcription on
its own. PRC1- and PCC-repressed templates remain accessible to Gal4-VP16 binding, and incubation of the
template with HeLa nuclear extract before the addition of PCC eliminates PCC repression. These results
suggest that PcG proteins do not merely prohibit all transcription machinery from binding the template but
instead likely inhibit specific steps in the transcription reaction.
genes are a number known to be involved in modulating chromatin structure. Most notably, trxG proteins Brahma, Moira,
and Osa are found in a complex in Drosophila that is homologous to the Swi/Snf family of chromatin-remodeling complexes (16, 24, 39). The trxG protein Kismet also shares homology to ATP-dependent chromatin-remodeling proteins
(14). Additionally, the Trithorax protein is found in a complex
with the histone acetyltransferase CBP (4, 42). The system
used to keep homeotic genes active involves chromatin structure and genetically antagonizes the function of PcG genes.
PcG proteins themselves also contain domains that suggest a
role in chromatin structure. The Polycomb protein itself binds
nucleosome cores through a C-terminal domain (8). Polycomb
also contains a chromodomain, a motif also found in a number
of other proteins involved in modifying chromatin structure
(21, 23, 41, 56, 59). The chromodomain of HP1 specifically
recognizes histone H3 tails methylated at lysine 9 (3, 29), while
the chromodomains of MOF (1) and dMi2 (7) have been
shown previously to bind RNA and DNA, respectively. Additionally, the Enhancer of zeste [E(z)] PcG protein contains a
SET domain, which is a histone methyltransferase domain in
the Su(var)3-9 protein (13, 45), and a histone tail-binding domain in Trithorax (25). It thus seems likely that the PcG complexes function via interactions with chromatin.
Accordingly, in one model for PcG gene repression PcG
proteins create a chromatin environment or conformation that
prevents all or part of the transcription machinery from accessing the DNA. This hypothesis has been tested in vivo by
determining the accessibility of PcG-repressed chromatin to
various probes. Transcription of transgenes by T7 RNA polymerase is inhibited when they are inserted into some parts of
the PcG-repressed bithorax homeotic gene complex, but not
others (17). Similarly, binding of the Gal4 activator and Pc to
a transgene containing a PcG targeting element appears to be
mutually exclusive, though it has been examined only at the

For a complex multicellular organism to develop properly, it
must faithfully execute a complex pattern of gene expression
throughout the course of development. Early in Drosophila
melanogaster development, a body pattern is laid down by
homeotic genes, specifying the identity that each body segment
will take in the fully developed organism. The factors that
establish this pattern are expressed only transiently, but it is
essential that the pattern be maintained throughout development. A separate set of factors encoded by the Polycomb group
(PcG) and trithorax group (trxG) genes are responsible for
maintaining homeotic gene expression patterns.
The PcG genes are responsible for repressing gene expression in appropriate areas during the development of the Drosophila embryo (18, 26, 52). In PcG mutant flies homeotic gene
expression patterns are established normally, but as development progresses they are not properly maintained, and homeotic genes are expressed ectopically (30, 51, 55, 58). PcG
proteins appear to repress gene expression at the transcriptional level: when PcG proteins are artificially targeted to
transfected reporter constructs in HeLa cells (11) or to reporter transgenes in Drosophila (34, 44), they repress the expression of those reporters. In both HeLa cells and Drosophila
mRNA levels of PcG-repressed genes are sharply reduced (11,
55, 58).
Genetic evidence suggests that PcG proteins may repress
gene activity through a mechanism that involves chromatin
structure. Screens for suppressors of PcG mutations have identified a class of genes termed the trithorax group, which are
essential for maintaining the activation of homeotic gene expression during development (27, 28), and among this class of
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MATERIALS AND METHODS
Insertion of T7 RNA polymerase start site into 5S array. A PCR strategy was
used to replace the sequence from ⫹55 to ⫹81 after the E4 start site of the
pG5E4 plasmid (57) with the sequence 5⬘TAATACGACTCACTATAGGGAG
ATCT3⬘, which contains a start site for T7 RNA polymerase and a BglII site.
Protein purification. Gal4-VP16 was prepared as described previously (10).
PRC1 was prepared as described previously (49). Approximate molar concentrations were determined by comparison to recombinant PCC preparations by
Western blotting. PCC was prepared as described previously (19). Human Swi/
Snf (hSwi/Snf) was prepared as described previously (51). HeLa nuclear extract
was prepared as described previously (15). HeLa core histones were prepared as
described previously (60). Psc, dRING1, Ph, and Pc were prepared as described
previously (19), except that all were purified from nuclear extracts, and all were
purified by using only an M2 immunoaffinity column, omitting other purification
steps.
Assembly of 5S nucleosomal arrays. Following digestion of pG5E4 with ClaI,
Asp718, and DdeI, 5S array DNA fragments for transcription assays were purified on a Sephacryl S-1000 column in Tris-EDTA. Fractions containing the 5S
array fragment were pooled, ethanol precipitated, and resuspended in TrisEDTA. Nucleosomal templates were assembled by salt dialysis as described
previously (12, 50). Assemblies were analyzed by EcoRI digestion (12) and
agarose gel mobility shift (12, 54).
In vitro transcription. Transcription reactions were carried out essentially as
described previously (36, 54). Twenty nanograms (15.2 fmol) of assembled 5S
nucleosomal array template or unassembled naked 5S array DNA was incubated

with PcG complexes (for PRC1, between 2 and 60 fmol; for PCC, between 11 and
140 fmol) for 15 min at 30°C in 60% BC100 (12 mM HEPES [pH 7.9], 60 mM
KCl, 12% glycerol, 0.12 mM EDTA) supplemented with MgCl2 to 2 mM and
bovine serum albumin (BSA) to 0.5 mg/ml. Gal4-VP16 was added to a concentration determined empirically to optimize transcription, approximately a sixfold
molar excess over Gal4 sites. Gal4-VP16 was bound for 15 min at room temperature in 60% BC100, with 0.2 to 0.7 M ZnCl2 and 2 mM MgCl2. For binding
and remodeling with hSwi/Snf, 200 to 300 ng of affinity-purified Swi/Snf was
added, along with ATP to 1 mM and MgCl2 to 2 mM. hSwi/Snf was incubated
with the template for 30 min at 30°C. Fifty to 100 g of HeLa nuclear extract was
added to the reaction mixture, along with HEPES (pH 7.6) to 22 mM, KCl to 60
mM, MgCl2 to 7 mM, polyvinyl alcohol to 2%, 300 ng of poly(dI-dC) (Roche),
and 20 U of RNasin (Promega). Templates were incubated with HeLa nuclear
extract for 20 min at room temperature. In order-of-addition experiments (Fig.
5), poly(dI-dC) was omitted from the reaction mixture and MgCl2 was added to
2 rather than 7 mM for incubation with HeLa nuclear extract and transcription.
To transcribe the template, nucleoside triphosphates (NTPs) were added to
0.6 mM, and reaction mixtures were incubated at 30°C for 30 min. Final reaction
mixture volumes were between 45 and 60 l. Reactions were stopped with 75 l
of stop solution (6.6 mM EDTA, 66 mM sodium acetate, 3% sodium dodecyl
sulfate, 0.66 mg of tRNA/ml), and reaction mixtures were extracted twice with
phenol-chloroform-isoamyl alcohol (pH 4.7; 125:24:1; Sigma) and ethanol precipitated. Primer extension was performed as described previously (53, 54) with
an oligonucleotide primer corresponding to ⫹86 to ⫹110 after the E4 start site
(36) and Moloney murine leukemia virus reverse transcriptase (Gibco). Primer
extension products were visualized on 8% denaturing polyacrylamide gels and
quantitated with a phosphorimager (Molecular Dynamics).
T7 RNA polymerase transcription. Twenty nanograms of naked DNA or
nucleosomal array templates was incubated with PRC1 or PCC as described for
Pol II transcription. An equal volume of a 1⫻ T7 reaction buffer (New England
Biolabs [NEB]) with 20 U of RNasin, 1 mM (each) NTP, 200 ng of BSA/l, and
0.1 U of T7 RNA polymerase (NEB) was added to the PRC1 or PCC reaction
mixture, and the template was transcribed for 10 min at 37°C. The final reaction
mixture volume was 20 l. The reactions were stopped as for Pol II transcription,
and primer extension was performed as for Pol II transcription. Products were
visualized on 20% denaturing polyacrylamide gels and quantitated with a phosphorimager.
For reactions in which templates were challenged with HhaI, 5S array template
was incubated for 10 min at 37°C in 1⫻ NEB buffer 4 plus 1 mg of BSA/ml with
or without 20 U of HhaI (NEB). From these digestions, aliquots containing 20 ng
of template were added to T7 transcription reaction mixtures with PRC1 as
described above. Primer extension was performed with a primer to ⫹117 to ⫹143
after the E4 start site, and products were visualized on 8% denaturing polyacrylamide gels and quantitated with a phosphorimager.
DNase I footprinting. 5S array templates were prepared as described above
but were end labeled by Klenow (NEB) treatment. Reactions were performed as
for transcription, with a mixture of labeled and unlabeled templates totaling 40
ng per reaction mixture. After Gal4-VP16 binding, the reaction mixtures were
split, with one 20-ng portion being analyzed for transcription as described above
and the other being further divided and digested with different concentrations of
DNase I. For digestions, DNase I (Promega) was diluted in buffer containing
10% glycerol, 10 mM NaCl, 40 mM Tris (pH 8), and 20 mM CaCl2. Two
microliters was added to each reaction mixture and incubated for exactly 2 min
at room temperature. Reactions were stopped with 4 l of stop solution (100 mM
EDTA, 50 mM Tris [pH 8], 1% sodium dodecyl sulfate, 25% glycerol) plus 20 g
of proteinase K (Sigma), and reaction mixtures were digested for 30 min at 55°C.
Samples were loaded on a 1.5% agarose gel (26 by 12.5 cm, 200-ml volume) in
Tris-borate-EDTA and run at 60 V overnight.

RESULTS
PcG complexes repress transcription by RNA Pol II in vitro.
Because PcG proteins are thought to act through a mechanism
involving chromatin structure, we first asked whether the
PRC1 complex could repress transcription of in vitro-assembled nucleosomal templates. We used a previously characterized chromatin template (22, 36) that allowed us to examine
activator-dependent transcription on chromatin. The template
contains five Gal4 binding sites upstream of the adenovirus E4
promoter and contains repeats of a 5S positioning sequence
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level of immunofluorescence (62). PcG repression also seems
to reduce accessibility to Flp recombinase (17) and dam DNA
methylase (6). Restriction enzymes, however, are able to fully
access PcG-repressed sequences in vivo (48). Like these
probes, all or part of the transcription machinery may be excluded from chromatin by PcG proteins.
Alternatively, PcG proteins might also interact directly with
components of the transcription machinery to repress their
activity. For example, PcG proteins interact with TATA-binding protein (TBP)-associated factor (TAF) proteins of the
TFIID complex (47), and general transcription factors TFIIB,
TFIIF, and TBP are present on PcG-repressed genes in cultured cells (9). However, the functional significance of these
interactions is not clear. It is also possible that PcG proteins
use a combination of both types of mechanisms to repress gene
expression.
To understand how PcG proteins repress gene activity, we
established an in vitro system to study transcriptional repression by PcG complexes. We tested whether a PcG complex
purified from Drosophila embryos, Polycomb repressive complex 1 (PRC1) (49), was able to inhibit transcription in vitro.
PRC1 contains stoichiometric amounts of four PcG proteins,
along with a number of other subunits (47). These include
TAFs, also found in the general transcription factor TFIID.
We also tested a recombinant PRC1 core complex (PCC) (19)
composed of only the four PcG subunits of PRC1.
In this system, PRC1 and PCC both inhibit transcription by
RNA polymerase II (Pol II) and by T7 RNA polymerase.
Interestingly, we find that both PRC1 and PCC inhibit transcription at lower concentrations when the template is assembled into nucleosomes than when it is not. Order-of-addition
experiments also suggest that PCC inhibits a step or steps in
transcription after activator binding. Further, PcG complexes
do not simply render the template inaccessible to all factors—
binding of the activator Gal4-VP16 is not blocked by PRC1 or
PCC. PcG complexes may selectively limit access of DNA
binding factors to the template, repressing transcription by
excluding parts of the transcription machinery.
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flanking the Gal4 sites and E4 promoter (Fig. 1A). This template can be assembled into a regularly spaced linear nucleosomal array by salt dialysis. We have also inserted a promoter
for T7 RNA polymerase downstream of the E4 promoter,
allowing us to measure effects of PRC1 complexes on T7 transcription.
We characterized the template by standard techniques to
verify that salt dialysis had properly assembled a nucleosomal
array (12). Digestion with micrococcal nuclease produced a
ladder characteristic of a regularly spaced nucleosomal array
(Fig. 1B). We determined the degree of saturation of assembly

by digesting the template with EcoRI. Sites for EcoRI are
found in the spacer regions between each 5S positioning sequence of the array template, and so a complete digestion of
the template produces mononucleosome- and dinucleosomesized products. Nonnucleosomal 5S repeats will be visible as an
unshifted band after electrophoresis on an agarose gel (gel
shift). We used array templates assembled to near 100% saturation, typically more than 90% saturated (Fig. 1C). When a
5S array template is assembled into nucleosomes, it also becomes more compacted than the naked DNA, which alters its
mobility on an agarose gel. As has been observed for similar
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FIG. 1. (A) 5S array transcription template. The template is made up of repeats of a 5S nucleosome positioning sequence flanking a region of
390 bp. This region contains five Gal4 binding sites, the adenovirus E4 promoter, and a start site for T7 RNA polymerase. The relative locations
of primers used to visualize RNA transcription products by primer extension are indicated. (B) Micrococcal nuclease (MNase) analysis of 5S
nucleosomal array template. (C) EcoRI digest of 5S array template. Assembled 5S arrays were digested with EcoRI, which cuts between each 5S
repeat, reducing the template to 10 196-bp 5S repeat fragments plus one fragment of 431 bp containing the E4 promoter and Gal4 sites. Saturation
of assembly is assessed by the proportion of nonnucleosomal mononucleosome-sized fragments. The asterisk indicates the uncut template.
(D) Mobility shift analysis. Assembled 5S array templates were compared to naked DNA for a mobility shift indicative of template compaction
due to the addition of nucleosomes. (E) Schematic of transcription reaction protocol. RT, room temperature; N.E., nuclear extract. (F) Transcription of the 5S array template is stimulated by hSwi/Snf. Reaction mixtures use 20 ng (⬃15 fmol) of 5S nucleosomal array, with and without
hSwi/Snf and ATP. hSwi/Snf was added to a molar ratio of approximately one per two nucleosomes. Quantitation is relative to ⫹Gal4-VP16–
⫹Swi/Snf lane.
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templates, the 5S array template had greater mobility than did
naked DNA, indicating that it had been properly assembled
into nucleosomes (Fig. 1D).
We sought to establish a system in which hSWI/SNF would
affect transcription, since genetic and biochemical studies suggest that PRC1 might directly counteract SWI/SNF function
(19, 27, 28, 49). Transcription was carried out by a multistep
protocol, sequentially adding the Gal4-VP16 activator, Swi/Snf
complex, and HeLa nuclear extract (Fig. 1E). Previously, it was
reported that the yeast Swi/Snf complex could activate transcription of this nucleosomal template in conjunction with
Gal4-VP16 and that a large part of this activation was ATP

dependent (36). In order to verify that this system retained its
previously reported characteristics when hSwi/Snf complex was
used, we tested the effect of the activator Gal4-VP16 and
hSwi/Snf on transcription of the 5S array template. As has been
previously reported, transcription is stimulated by Gal4-VP16
(Fig. 2A and B), and when the template is nucleosomal, transcription is stimulated by the addition of the hSwi/Snf complex
(Fig. 1F).
Having established a system for activated Pol II transcription
of a chromatin template, we tested the effect of PRC1 on
transcription in this system. When PRC1 was incubated with
the 5S array template before an in vitro transcription reaction,
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FIG. 2. PRC1 and PCC repress transcription on naked and chromatinized templates. PRC1 (A) and PCC (B) were titrated into transcription
reaction mixtures by the same protocol as shown in Fig. 1, including a remodeling step with Swi/Snf and ATP. In both cases, 20 ng of chromatinized
5S template or 20 ng of naked 5S template DNA was used. Reaction mixtures contained 10, 20, and 40 fmol of PRC1 (approximately 0.7:1, 1.3:1,
and 2.7:1 molar ratio to template, respectively) and 11, 23, and 47 fmol of PCC (approximately 0.7:1, 1.5:1, and 3:1 molar ratio to template,
respectively). Exposure time for naked DNA and chromatin reactions was equal for all reactions shown here. Typically, though, transcription on
chromatin is less efficient than transcription on naked DNA. Quantitation is relative to ⫺PcG lane for each. (C) PRC1 and PCC were titrated into
transcription reaction mixtures on naked DNA templates at higher ratios to template. Reactions contained 7.5, 15, and 30 fmol of PRC1 and 5
ng of naked DNA template (approximately 2:1, 4:1, and 8:1 molar ratio to template, respectively) or 47, 94, and 188 fmol of PCC and 20 ng of
naked DNA template (approximately 3:1, 6:1, and 12:1 molar ratio to template, respectively). Quantitation is relative to ⫺PcG lane for each. All
experiments were performed at least three times, and results of representative experiments are shown.
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FIG. 3. Analysis of individual PCC subunits in transcription. The subunits that make up PCC were purified individually and added to in vitro
transcription reaction mixtures. Titrations for each subunit contained 10, 20, and 40 fmol of total protein and 5 ng of 5S nucleosomal array template
(molar ratio of approximately 2.5, 5, and 10 per template, respectively). Also shown is a titration of PCC at these concentrations.

PRC1 and PCC repress transcription by T7 RNA polymerase. PRC1 and PCC could block any number of steps in the
transcription reaction. Pol II transcription is a highly complex
process requiring many protein factors and many steps (35, 46,
61): binding of activators; recruitment of general transcription
factors, RNA Pol II, and other cofactors into a preinitiation
complex; initiation of Pol II; and elongation through the template. To determine whether PcG complexes repress transcription by interfering with a reaction step unique to RNA Pol II
transcription, we tested the effect of PcG complexes on transcription by T7 RNA polymerase. Transcription by T7 RNA
polymerase is a relatively simple process: T7 polymerase is a
single-subunit polymerase that directly recognizes a specific
DNA sequence and requires no other factors to transcribe a
chromatin template. Additionally, T7 polymerase has been
used previously as a probe of chromatin accessibility for PcGrepressed regions in vivo (17, 31).
We tested the ability of PRC1 and PCC to repress transcription by T7 RNA polymerase in vitro on both nucleosomal and
naked templates (Fig. 4A). As is observed with RNA Pol II
transcription, PRC1 and PCC both efficiently inhibit transcription by T7 RNA polymerase on chromatin templates (Fig. 4B
and C), and inhibition of transcription on chromatin templates
was more efficient than was inhibition on naked DNA (Fig. 4B
and C). The concentrations of PcG complexes needed to repress T7 transcription were also similar to those needed to
repress transcription by Pol II.
Since T7 RNA polymerase transcription of naked DNA is
highly efficient, T7 transcription from a chromatin template
might come from a small minority of unassembled templates in
the reaction. If this were the case, then PRC1 might repress
transcription at a lower concentration in these reactions because the concentration of transcribed templates is lower. To
confirm that PRC1 represses transcription from templates that
are nucleosomal at the promoter region, we challenged nucleosomal templates with a restriction enzyme before transcription by T7 RNA polymerase (33). When a nucleosome
covers the unique HhaI site (Fig. 1A), the template is protected from digestion by the restriction enzyme and remains
full length. However, templates that do not have a nucleosome
covering the HhaI site will be cut, and transcription from these
cut templates will not be visible by primer extension with a
primer downstream of the HhaI site. Challenging the template
with HhaI, then, will eliminate visible transcription from any
residual naked templates. It will also eliminate visible transcription from any fully or partially assembled templates that
happen not to have a nucleosome positioned over the HhaI
site, leaving signal only from templates for which the HhaI site
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it was able to efficiently repress transcription of the nucleosomal template (Fig. 2A). PRC1 was able to inhibit transcription
at low molar ratios to template (approximately one PRC1 per
template).
To determine whether repression by PRC1 was an activity of
its PcG subunits, we tested whether a highly pure recombinant
PCC could also inhibit transcription in vitro. In addition to
PcG proteins, PRC1 contains many other subunits that are
involved in transcription and might regulate transcriptional
repression by PRC1 (47). Most notably, PRC1 contains TAFs,
which are also found in the general transcription factor TFIID,
the yeast SAGA histone acetyltransferase complex (20), and
the human PCAF complex (37). PCC is a stable complex of
only the core PcG subunits of the PRC1 complex—Polycomb,
Polyhomeotic, Posterior Sex Combs, and dRING1. PCC was
also able to inhibit transcription on a nucleosomal template
(Fig. 2B). Like PRC1, PCC inhibited transcription at a low
ratio to template (approximately five PCCs per template).
These experiments demonstrate that the core complex alone
can repress transcription, though a higher molar ratio to template than that for PRC1 is needed.
Numerous studies have suggested that PcG complexes in
general, and PRC1 in particular, act on chromatin to create a
repressed state (18, 43, 52). Thus, PRC1 might collaborate with
nucleosome structure to efficiently repress transcription. To
determine whether PRC1 required a nucleosomal template to
repress transcription, we compared transcription in the presence of either PRC1 or PCC on nucleosomal templates to
transcription on naked DNA templates (Fig. 2). Both PRC1
and PCC repress transcription from naked DNA, but repression is less efficient than transcription on a nucleosomal template. Typically, a four- to sixfold-greater concentration of
PRC1 or PCC was needed to see similar repression of a naked
template. Thus, both PRC1 and PCC are able to repress transcription on naked templates. However, assembling the templates into nucleosomes increases the efficiency of repression.
To determine if any of the four PcG proteins that make up
PCC are active on their own, we tested each of the subunits
individually for the ability to repress transcription (Fig. 3).
Purified Pc, dRING1, Ph, and Psc were incubated with a nucleosomal array template before an in vitro transcription reaction at ratios to template for which PCC is active. The Psc
protein alone was able to inhibit transcription approximately as
efficiently as PCC. Ph also was able to inhibit transcription, but
to a lesser degree. Pc and dRING1 had no activity at these
concentrations. We conclude that Psc efficiently inhibits transcription outside the context of PCC and that Ph can also
inhibit transcription on its own, but to a lesser extent.
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the hypothesis that in vitro repression results not from an
interaction with the transcriptional machinery but from an
interaction between the PcG complexes and the template.
Preincubation of a template with HeLa nuclear extract precludes repression by PCC. Having established conditions under which we could observe repression by PcG complexes, we
asked whether PcG complexes generally inhibit all steps in
transcription, or only certain steps. If particular steps are inhibited, then allowing that step to proceed before adding PcG
proteins to the reaction might preclude repression. To test this,
we changed the order in which components were added to the
transcription reaction. These reactions have four steps (Fig.
1E): (i) binding of Gal4-VP16, (ii) remodeling with Swi/Snf,
(iii) incubation with HeLa nuclear extract to form a preinitiation complex, and (iv) transcription after the addition of NTPs.
We tested whether PCC could inhibit transcription when
added before each of these steps.
When PCC was added to the reaction after Gal4-VP16, it
was still able to repress transcription as actively as if added
FIG. 4. PRC1 and PCC repress transcription by T7 RNA polymerase. (A) Schematic of reaction protocol for transcription with T7 RNA
polymerase. (B and C) PRC1 (B) and PCC (C) were titrated into T7
transcription reaction mixtures. As with Pol II transcription reactions,
20 ng (⬃15 fmol) of assembled 5S array or 20 ng of unassembled 5S
array DNA was used in each reaction. Reaction mixtures contained
2.5, 5, 10, and 20 fmol of PRC1 and 17.5, 35, 70, and 140 fmol of PCC.
Quantitation is relative to ⫺PcG lane for each.

is protected. We observed that PRC1 was able to repress transcription of HhaI-challenged templates and unchallenged templates to nearly identical levels (Fig. 5), implying that repression of nucleosomal templates was not due to a difference in
the concentration of naked templates in the reactions but reflected transcription of nucleosomal templates.
From these experiments we conclude that PRC1 and PCC
repress transcription by T7 RNA polymerase and that this
repression is chromatin specific to the same degree as is repression of Pol II. Repression of T7 transcription and Pol II
transcription required similar ratios of PcG complexes to template. Taken together, these observations are consistent with

FIG. 6. PCC inhibits transcription when added before HeLa nuclear extract. The order of addition of reaction components was
changed as noted. Reactions used 20 ng of 5S nucleosomal array
template. PCC was titrated under each reaction protocol (24, 47.5, and
95 fmol). Quantitation is normalized to ⫺PCC lane for each protocol.
The transcription signal was sometimes stronger for the PCC-last protocol (fourfold in this case). This may reflect differences in the time
that the template was incubated with HeLa nuclear extract (N.E.)
before transcription in this protocol.
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FIG. 5. PRC1 efficiently represses templates challenged with HhaI.
5S array templates were cut with HhaI before incubation with PRC1
and then transcribed with T7 RNA polymerase. Templates that were
nucleosomal at the HhaI site adjacent to the T7 start site were protected from digestion, while any residual naked templates were digested. Since transcription was initiated more often from templates in
which the T7 start site was unprotected, digesting the template with
HhaI resulted in a ninefold drop in transcription. Primer extension
with the primer used for these reactions gave two products of approximately the expected size. The primer may have recognized two adjacent sequences. Quantitation of transcription products is relative to
⫺PRC1 lane for each set of reactions.
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DISCUSSION
We have established an in vitro system responsive to PcG
complexes in order to study PcG repression. We find that, in

this system, both PRC1 purified from Drosophila embryos and
recombinant PCC are able to repress transcription by Pol II
and T7 RNA polymerase and that Psc, a subunit of PCC, is
able to efficiently repress Pol II transcription on its own, while
the other subunits of PCC cannot. PRC1 and PCC appear to
repress transcription via an interaction with the transcription
template, and they collaborate with nucleosomes to enhance
repression when the template is nucleosomal. Notably, though,
we find that PcG repression in vitro is not the result of a
general block to all DNA binding factors or a prohibitive
interaction between the template or the transcription machinery and PcG proteins. The activator Gal4-VP16 is able to bind
the template even when transcription is repressed by PRC1 or
PCC, and incubation of the template with HeLa nuclear extract prevents repression by PCC.
These results are consistent with the hypothesis that an interaction with the template is primarily responsible for PcG
repression, rather than an interaction with the general transcription machinery. PRC1 represses transcription of both
RNA Pol II and T7 RNA polymerase, and repression of both
of these polymerases is quantitatively similar, suggesting that
repression requires neither a specific interaction with either
polymerase nor one with eukaryotic transcription factors. In
addition, the enhancement of repression that we observe for
Pol II transcription on a chromatin template in comparison to
naked DNA is also quite similar to the enhancement that we
observe with T7 transcription. Since T7 transcription does not
involve activators or any of the general transcription factors
required for Pol II transcription, it seems unlikely that PRC1
represses transcription predominantly by interacting with or
sequestering these factors. The simplest way to explain how
PRC1 and PCC behave in this system is that they interact with
the template to block steps required for transcription
Though this study indicates that PcG complexes are capable
of repressing transcription in vitro through an interaction between the PcG complexes and the template, it is still unknown
whether interactions with the general machinery also play a
role in PcG repression. Indeed, the finding that PRC1 contains
a number of TAF proteins (47), which are also a part of the
TFIID complex, raises the possibility of interactions between
PRC1 and general factors at the promoter. However, PCC,
which contains only PcG proteins, is sufficient for repression in
this system, implying that the TAF subunits of PRC1 are not
essential for the repression observed here. The TAF subunits
may be involved in targeting PcG activity, since TAF proteins
are capable of interacting with promoter sequences and with
transcription factors (2).
We have found that the Psc subunit of PCC has substantial
activity as a single protein, suggesting that Psc may be central
to the mechanism of transcriptional repression by PcG complexes. This is in accord with previous results that show that
Psc on its own is sufficient to inhibit chromatin remodeling by
Swi/Snf in vitro (19) and raises the possibility that a template
interaction mediated mainly by Psc is responsible for both of
these in vitro activities. The Ph subunit also has a small amount
of activity on its own, which is consistent with in vivo studies
that have also indicated that Psc and Ph may be central to the
mechanism of repression. When Psc and its homolog Su(z)2, or
Ph, are removed from imaginal disk clones by recombination,
homeotic gene expression is disrupted more quickly and to a
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before Gal4-VP16 (Fig. 6). When PCC was added to the reaction after incubation of the template with Gal4 and with
Swi/Snf and ATP, it also was able to inhibit transcription as
actively as if added at the beginning of the reaction (Fig. 6).
However, when PCC was added to the reaction after the
preinitiation complex formation step, it was unable to repress
transcription (Fig. 6). We conclude that PCC must be preincubated with the transcription template before HeLa nuclear
extract to repress transcription. First, this experiment demonstrates that the presence of PCC in the test tube is not inherently incompatible with transcription. It is thus unlikely that
PCC simply removes transcription machinery or the template
from solution or that a contaminant in the PCC preparation
poisons the reaction or degrades a reaction component. Importantly, this also suggests that PCC might specifically block a
step in transcription that occurs during the HeLa nuclear extract incubation, such as preinitiation complex formation.
PRC1 and PCC do not block Gal4-VP16 binding. The results
of order-of-addition experiments are consistent with PCC preventing one or more components of the transcriptional machinery from binding to the template. If this is the case, then
PCC might prevent all of the proteins necessary for transcription from binding the template, or it might exclude only particular proteins. To determine whether one of these factors
could access a template repressed by PcG proteins, we used
DNase I footprinting to test directly whether PRC1 and PCC
can block Gal4-VP16 from binding the template.
Transcription reaction mixtures with end-labeled 5S array
templates were split after a preincubation with PRC1 or PCC
followed by a Gal4 binding step. A portion of the reaction
mixture was carried through the full transcription protocol.
PRC1 and PCC were able to efficiently repress transcription
where added (Fig. 7B). The other portion of each reaction
mixture was digested with DNase I, producing a distinct footprint at the Gal4 binding sites when Gal4-VP16 was bound to
the template (38) (Fig. 7A).
In the absence of PcG proteins, the Gal4-VP16 footprint
indicates that the five Gal4 sites are occupied. PRC1 or PCC
alone does not change the DNase I digestion pattern of the
array template and does not produce a footprint, though the
template becomes more sensitive to DNase when PRC1 or
PCC is added (see also reference 19). When Gal4-VP16 is
added after PRC1 or PCC, a footprint is still present at the
Gal4 binding sites, showing that Gal4-VP16 is still able to bind
the template in the presence of PRC1 or PCC. In these reactions, then, PCC and PRC1 were able to repress transcription
on templates that were bound by Gal4-VP16.
From these experiments we conclude that PRC1 and PCC
do not repress transcription in vitro by preventing Gal4-VP16
from accessing a chromatin template. Chromatin incubated
with these complexes is permissive for binding of a particular
factor but is refractory to one or more subsequent steps in the
transcription reaction. Thus, PRC1 and PCC repression are not
the result of nonspecific competition with all DNA binding proteins but are specific to certain steps in the transcription reaction.
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greater extent than it is when other PcG genes including Pc are
removed (5). The other subunits of PCC that do not appear to
inhibit transcription might function primarily in other aspects
of repression that are not limiting in this assay, such as the
targeting of complexes to specific genes.
Importantly, the proposed interaction between PcG complexes and the transcription template does not seem to constitute an absolute and nonspecific block to all other DNA binding factors. PcG proteins exclude some factors from the
template—they inhibit hSwi/Snf binding and remodeling of a
PcG-repressed nucleosomal template in vitro (19, 49). On the
other hand, Gal4-VP16 is able to bind to the template in

reactions where transcription is inhibited. This is also consistent with previous experiments, which showed that templates
bound by PRC1 or PCC are open to digestion by micrococcal
nuclease, restriction enzymes, and DNase (19, 49). Thus, repression of transcription is not simply the result of general
competition between PRC1 or PCC and all DNA binding factors for access to the template.
Our experiments comparing naked DNA and nucleosomal
transcription templates provide some evidence that nucleosomes may enhance repression by PcG proteins. It has been
proposed elsewhere that PcG and trxG may lock chromatin
into particular states, which they are then able to maintain
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FIG. 7. PRC1 and PCC do not inhibit transcription by blocking the binding of Gal4-VP16. Transcription reaction mixtures containing
end-labeled 5S nucleosomal array templates were split, with one portion being analyzed by DNase I footprinting (A) and the other portion being
analyzed for transcription (B). Regions that became DNase I hypersensitive upon Gal4 binding are indicated with asterisks, and the region of
protection is indicated by the bracket. Reaction mixtures containing PRC1 or PCC used fourfold-lower DNase I concentrations than did the
reaction mixtures without PcG complexes (6.25, 12.5, and 25 mU for reaction mixtures with PcG complexes and 25, 50, and 100 mU for reaction
mixtures without PcG complexes). Reaction mixtures used 116 fmol of PCC, 150 fmol of PRC1, and 50 ng of 5S array template (3:1 and 4:1 molar
ratios, respectively).
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bition of remodeling plays in transcriptional repression by PcG
complexes.
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stably throughout development (18, 40, 52). trxG proteins such
as those in the Brahma chromatin-remodeling complex appear
to be responsible for establishing an “open” structure that
permits gene expression. Conversely, PcG proteins may repress transcription by creating a “closed” chromatin structure
that is refractory to transcription. PRC1 and PCC repress transcription quite efficiently in this assay, perhaps reflecting the
ability to form a specialized structure that is selectively repressive to protein-DNA interactions. PRC1 and PCC also repress
transcription more efficiently on nucleosomal array templates
than on naked DNA templates, which might indicate that nucleosomes participate in the interaction between PcG proteins
and the template. However, it is important that PRC1 and
PCC also repress transcription on naked DNA templates. Interactions between PcG proteins and naked DNA may be
important to PcG repression—for instance, the iab-7 PcG response element of Drosophila contains a DNase I-hypersensitive site that can function as a silencing element (32).
Because PcG complexes appear not to block binding of an
activator in vitro, they are most likely inhibiting a different step
in transcription. Templates that have been preincubated with
HeLa nuclear extract cannot be inhibited by PCC, indicating
that PcG complexes might not block transcription at the elongation level either. This study raises the possibility that PRC1
and PCC might inhibit transcription by instead blocking some
or all of the general transcription machinery and thus might
repress transcription by interfering with the formation of the
preinitiation complex. Chromatin immunoprecipitation studies
with cultured cells have suggested that TBP, TFIIF, and TFIIB
are present at PcG-repressed genes even when these genes are
repressed, and so it is possible that PcG-repressed chromatin is
accessible to a subset of general factors (9). It remains to be
seen whether PcG complexes block the association of any or all
general transcription factors with the template or whether only
certain general transcription factors are able to access the
promoter in vitro.
PRC1 and PCC are able to prevent hSwi/Snf from remodeling chromatin templates (19, 49), and this activity might be
an important component of the mechanism of transcriptional
repression by PcG complexes. However, it is not possible to
determine the precise role that inhibition of remodeling plays
in this system, since HeLa nuclear extract contains multiple
remodeling activities and since the role of remodeling in activating transcription of this template is not completely defined.
Chromatin remodeling removes barriers imposed by nucleosomes to any number of steps in transcription, and so it is
possible that inhibiting remodeling is sufficient to inhibit transcription. It is also possible, however, that PcG proteins also
directly block steps in transcription, such as binding of the
general machinery, transcript initiation, or transcript elongation. This hypothesis is supported by the finding that PcG
proteins are able to inhibit transcription on naked DNA, where
SWI/SNF has no effect on transcription. In remodeling assays
preincubation of the template with Swi/Snf is sufficient to prevent repression by PcG complexes, but in transcription assays
preincubation with Swi/Snf has little effect on PCC activity.
This suggests that PCC might be able to repress transcription
by blocking other steps in transcription or by blocking later
remodeling events. Further studies using better-defined systems will be necessary to determine the precise role that inhi-
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