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The Polycomb group proteins are responsible for long-term repression of a number of genes in Drosophila
melanogaster, including the homeotic genes of the bithorax complex. The Polycomb protein is thought to al-
ter the chromatin structure of its target genes, but there has been little direct evidence for this model. In this
study, the chromatin structure of the bithorax complex was probed with three separate assays for DNA ac-
cessibility: (i) activation of polymerase II (Pol II) transcription by Gal4, (ii) transcription by the bacteriophage
T7 RNA polymerase (T7RNAP), and (iii) FLP-mediated site-specific recombination. All three processes are re-
stricted or blocked in Polycomb-repressed segments. In contrast, control test sites outside of the bithorax com-
plex permitted Gal4, T7TRNAP, and FLP activities throughout the embryo. Several P insertions in the bithorax
complex were tested, providing evidence that the Polycomb-induced effect is widespread over target genes. This
accessibility effect is similar to that seen for SIR silencing in Saccharomyces cerevisiae. In contrast to SIR si-
lencing, however, episomes excised from Polycomb-repressed chromosomal sites do not show an altered super-

helix density.

The homeotic genes of Drosophila melanogaster are found in
two gene clusters, the Antennapedia complex and the bithorax
complex (BX-C). The complexes are large and contain many
enhancers, which act over long distances to drive segment-
specific expression of the homeotic genes (reviewed in refer-
ence 12). The BX-C is divided into at least nine regulatory
domains, each of which is responsible for activating homeotic
gene transcription in a given parasegment (parasegments 5 to
13 [PS5 to -13]). The domains are aligned on the chromosome
in the linear order of the parasegments they affect.

In early embryogenesis, the expression domains of the ho-
meotic genes are established by a group of short-lived regula-
tors, products of the gap and pair-rule genes. These factors
disappear at approximately 5 h into embryogenesis, and con-
trol is transferred to another group of factors, the Polycomb
group (PcG). The PcG acts to maintain the proper segmental
patterns of the target genes, “remembering” the pattern over
many cell division cycles. In PcG mutants, the homeotic genes
are misexpressed and are transcribed in all segments of the
embryo (reviewed in references 38 and 45).

Recent biochemical findings suggest that PcG factors are
found in large multiprotein complexes (34, 44). It is not clear
how these complexes are targeted to DNA sites or how they
maintain repression. However, several pieces of evidence sug-
gest that transcriptional repression by the PcG might mimic the
formation of heterochromatin. The Polycomb protein, the first
PcG factor identified, shares a protein motif, the chromodo-
main, with the heterochromatin-associated factor HP-1 (37).
Like heterochromatic regions, the BX-C appears underrepli-
cated in the polytene chromosomes of the Drosophila salivary
gland (24), a tissue in which the BX-C is transcriptionally
inactive, and is thought to be repressed by the PcG. Numerous
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transgene insertions have been recovered in the BX-C, almost
all of which appear to respond to PcG regulation (3, 30). More-
over, transgenes outside of the BX-C bearing Polycomb re-
sponse elements (PREs) show variegated repression of neigh-
boring reporter genes (9).

While it is clear from these results that the PcG is able to
repress many enhancer-promoter combinations and to act over
long distances, there is little direct evidence for chromatin
modification by the PcG. Indeed, it has been suggested that the
PcG might exert its repressive effect specifically on promoter
regions or by inhibiting promoter-enhancer interactions (5,
39). It has also been postulated, based on in vitro data, that the
PcG might affect chromatin structure indirectly by blocking the
activity of other chromatin remodeling complexes (44), such as
the brahma complex (36). The brahma gene has been identified
as a member of the trithorax group of factors, which act as
genetic antagonists to the PcG (reviewed in reference 22).

PcG-mediated repression shares similarities not only to het-
erochromatic position effects, but also to silencing mediated by
the SIR complex of proteins of Saccharomyces cerevisiae. The
SIR proteins appear to mediate long-range transcriptional re-
pression over the target loci, and transgene insertions into
these loci are invariably silenced (reviewed in reference 14).
The SIR proteins themselves are thought to coat the silenced
regions, and several pieces of experimental evidence suggest
that SIR silencing is associated with an altered chromatin
structure. This evidence includes reduced accessibility of the
transcriptionally repressed DNA (17, 25, 47). There have been
several previous attempts to identify similar PcG-dependent
changes in DNA accessibility. Boivin and Dura (6) tested
changes in DNA accessibility by using Escherichia coli dam
DNA methyltransferase as a probe. Using transgenes contain-
ing a presumptive PRE from the polyhomeotic locus as their
target DNA, they demonstrated ~2-fold changes in the level of
methylation in PcG mutant flies versus wild-type flies. How-
ever, SchloBherr et al. (42) examined endogenous sequences of
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the BX-C for restriction enzyme accessibility and failed to find
any difference. Similarly, in a previous study from this labora-
tory, bacteriophage T7 RNA polymerase (T7RNAP) was used
to probe DNA accessibility in the BX-C, and no sensitivity to
the PcG was seen (29). These studies suggested that if an
accessibility block is imposed by the PcG, it must be incom-
plete or selective.

In this study, we expand our analysis of DNA accessibility in
the BX-C by using Gal4, TTRNAP, and FLP recombinase as
probes. Each assay relies on in situ hybridization to fixed em-
bryos, so that the products can be visualized cell by cell. The
comparison of PcG-repressed and nonrepressed segments pro-
vides an internal control within each animal. By introducing
Gal4, we tested for the ability of a foreign activator to elicit
transcription from the fly’s own polymerase II (Pol II) machin-
ery under PcG-repressed conditions. Similarly, we compared
the ability of a foreign polymerase, TTRNAP, to transcribe in
PcG-repressed versus nonrepressed cells. T7TRNAP has been
used as a tool for recognizing altered chromatin states in yeast
(10), trypanosome (33), and mammalian (19) systems. Al-
though we had previously found no effect of PcG on T7RNAP,
it seemed possible that the PcG might be more effective in
blocking large protein complexes, such as the RNA Pol II
transcription apparatus. Therefore, we created an enlarged
version of T7RNAP, called “Goliath polymerase,” and com-
pared it to the wild-type T7RNAP in its sensitivity to PcG
modification of the DNA. We also tested the ability of the
site-specific recombinase, FLP, to find and synapse its target
sites and to recombine a circular episome out of the chromo-
some. We performed these assays with multiple P element
insertions, spread throughout the BX-C, each of which con-
tains target sites for Gal4, T7RNAP, and FLP. We found
consistent effects by the PcG on all three proteins.

Our observations with the Gal4, TTRNAP, and FLP probes
suggest that the DNA within our P insertions is somehow
altered when the control region surrounding it is actively PcG
repressed. In addition to reduced DNA accessibility, SIR si-
lencing has been shown to correlate in vivo with an altered
topology over the repressed DNA (4, 11). Changes in nucleo-
some density, nucleosome conformation, or the association of
other DNA binding factors can alter the packaging of the
DNA, and all have been shown to have measurable effects on
DNA topology (27, 31, 41). Similarly, PRC1, a purified com-
plex containing a subset of the PcG factors, has been shown to
inhibit SWI/SNF remodeling of chromatin in vitro (44). The
assay used involved visualization of a change in the topology of
a nucleosomal template, because SWI/SNF removed negative
supercoils. Thus, we might expect PcG-repressed DNA of the
BX-C to have a greater negative superhelix density than non-
repressed DNA. In this study, we examined the supercoiling of
PcG target DNA in vivo by a method very similar to that used
with yeast to study SIR silencing. Circular episomes were pro-
duced from our FLP-inducible cassettes in order to trap the
structure of the PcG-modified DNA. In contrast to SIR silenc-
ing, we do not see a difference between the topologies of
PcG-repressed DNA and nonrepressed DNA.

MATERIALS AND METHODS

Plasmid constructions. Each FRT in the construct illustrated in Fig. 1A is a
48-bp sequence derived from pJFS36 (43). The two tandem 49-bp T7 promoters
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FIG. 1. The P element construct serves as a target for Gal4,
T7RNAP, and FLP. (A) Diagram of the P element. The initial P in-
sertions contain two cassettes, each flanked by directly oriented FRT
sequences. The left cassette contains the rosy transformation marker,
and a “homing fragment,” which targets P elements to the BX-C
chromosome region. The right cassette contains two tandem T7 pro-
moters and a Gal4 activatable UAS-LacZ reporter. (B) Trimmed-
down insertions, which lack the homing/rosy * cassette, were recovered
as rosy” LacZ" individuals following FLP induction in the germ line.
The T7 promoters are poised to transcribe the genomic DNA flanking
the 3’ P end. (C) Expression of FLP recombinase in a whole embryo
results in excision of the T7 promoter/UAS-LacZ cassette from the
chromosome, resulting in formation of a 4.9-kb circular episome in
somatic cells. The T7 promoters are then poised to produce antisense
copies of LacZ RNA.

were cloned by PCR from pT7-7 (kindly provided by Stan Tabor). The UAS
sequence was derived from pUAST (8), and the LacZ reporter was derived from
pCaSpeR-AUG-B-gal (51). The complete T7 promoter/UAS-LacZ cassette was
subcloned into the pCasper-4 transformation vector and transformed into Dro-
sophila to produce the control lines. The miniwhite reporter was removed from
this construct and replaced with the homing fragment/rosy transformation mark-
er cassette from the “homing pigeon” (3) to produce the P element of Fig. 1A.
This P element was used to produce the five BX-C insertions shown in Fig. 2.

The LacZ coding region in the Goliath polymerase fusion gene was recovered
by PCR from the Adh-LacZ gene in PcaSpeR-AUG-B-gal (51) and subcloned
into the EcoRI site of pAR3283 (13), which contains T7 gene 1 with a simian
virus 40 (SV40) T-antigen nuclear localization signal (NLS) at its N terminus.
This creates an in-frame fusion with the sequence N terminus-NLS-B-gal-
T7RNAP-C terminus. This fusion was subcloned into the Drosophila trans-
formation vector Pcasper-HS (50) and the Drosophila transformation vector
pUAST (8). The wild-type UAS T7RNAP construct was engineered in a similar
fashion by subcloning the NLS-T7RNAP gene from pAR3283 into pUAST.
The mutant forms of T7TRNAP, which included the promoter binding mutant
(N748G) (40), the elongation mutant (thumb subdomain A3) (7), and the ter-
mination mutant (A271-2) (26), were subcloned behind the NLS in pAR3283
and subsequently subcloned into pUAST. Full details on the construction of all
vectors are available upon request.

D. melanogaster stocks and crosses. Germ line transformants were made as
previously described (46). Locations of the new P insertions were identified by
inverse PCR with primers in the P element ends (35). To produce trimmed-down
insertions, flies with the initial P insertions were treated with FLP, and rosy™
progeny were collected. These were screened by PCR for retention of the T7
promoter and UAS sequences; less than 1% of the rosy~ candidates had the
desired structure. All crosses were carried out at 25°C. Tests of LacZ patterns in
PcG mutants utilized embryos homozygous for Pc?, Psc’’, and [(429b) and hemi-
zygous for DfIA52, for testing zygotic loss of the Polycomb, Posterior Sex Combs,
pleiohomeotic, and polyhomeotic genes, respectively. For extra sex combs, embryos
lacking both maternal and zygotic product were generated by crossing esc’’/esc?
males and females. To perform the FLP accessibility assays, females containing
a heat shock-inducible source of FLP located on the X chromosome and a heat
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FIG. 2. Five P element insertions were recovered within the BX-C.
Transcription units are marked for the three homeotic genes, Ubx,
abd-A, and Abd-B. Coordinates from the published sequence are
shown (in kilobases). Above the map, control regions for each of the
genes are denoted by brackets, and the large arrows point to the most
anterior parasegments that they regulate in the fly embryo (displayed
with the anterior portion to the left). The sites of insertion of the five
P elements are indicated below the map as triangles. The location of
the original 4X T7 promoters in the bx region (29) is indicated above
the map as a black rectangle. Arrows denote the orientation of the T7
promoters.

shock-inducible source of TTRNAP on the 2nd chromosome were crossed to
males containing the accessibility constructs. The same source of FLP was used
to produce circles for topology experiments in embryos and adults (Table 1). To
generate circles from Polycomb mutant embryos, 70FLP4A, Pc® /TM2 flies were
crossed to either Pc?, p[Mcp] or Pc?, p[Abd-B] recombinant flies. Table 1 lists the
transformant lines used in this paper.

Whole-mount immunolocalization in Drosophila embryos. Whole-mount im-
munolocalization of Goliath polymerase expression patterns was performed as
previously described (21), with mouse anti-B-galactosidase monoclonal antibody
(Promega) as the primary antibody and horseradish peroxidase-conjugated goat
anti-mouse antibody (Bio-Rad) as the secondary antibody. Embryos were dis-
sected as previously described (21) and mounted in Immu-mount (Shandon) for
photography.

RNA in situ analysis of Drosophila embryos. RNA in situ analysis was per-
formed as previously described (15) with the following modifications. Hybridiza-
tions were carried out overnight at 45 to 50°C, and the alkaline phosphatase
detection buffer was prepared with 2-amino-2-methyl-1-propanol (Sigma) in-
stead of Tris-HCI. Digoxigenin-labeled RNA probes were prepared according to
the protocol outlined for the Genius system (Boehringer Mannheim). The lacZ
probe is complementary to 3 kb of LacZ coding sequence. The probe for tran-
scription from p[bx], as well from the 4X T7 promoters, is from a 1.2-kb frag-
ment, representing BX-C sequence coordinates 272,997 to 274,194 (sequence
89E of reference 28). A 1.4-kb fragment representing BX-C sequence 219,410 to
220,834 was used as a probe for transcription from p[bxd]. A 1.4-kb fragment
representing BX-C sequence 125,812 to 127,224 was used as a probe for p[iab-4].
A 1.1-kb fragment representing BX-C sequence 113,733 to 114,900 was used as
a probe for p[Mcp]. A 1.1-kb fragment representing BX-C sequence 48,720 to
49,853 was used as a probe for p[Abd-B]. The circle probe is complementary to
3 kb of the antisense strand of the LacZ coding sequence. To produce a probe
for the promoters on the X chromosome, inverse PCR was performed as previ-
ously described (35) to capture ~370 bp of the genomic sequences immediately
adjacent to the X chromosome control insertion.

As reported previously (29), RNA products transcribed by TTRNAP were
visible following a brief heat shock, but no such products were visible in the
absence of a heat shock, despite constitutive expression of the polymerase.
Transcription by Goliath polymerase similarly required a heat shock. All heat
shocks to induce polymerase activity were carried out at 39°C in glass fly vials
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immersed in a circulating water bath for either 10 min (central nervous system
[CNS] T7RNAP) or 60 min (ubiquitous Gal4-induced TTRNAP and CNS Go-
liath experiments). Embryos were fixed immediately after heat shock. Embryos
were dissected and mounted as described above.

Analysis of supercoiled circles. To prepare PcG-repressed DNA from adult
flies, approximately 500 heads were severed by vortexing and sieved through a
710-pm-pore mesh. In a separate experiment, frozen flies were individually
dissected, and their heads, thoraxes, and abdomens were collected separately.
Whole adult flies were used to compare males and females containing the X
chromosome insertion. To prepare genomic DNA from embryos, dechorionated
embryos were ground in embryo grinding buffer (100 mM Tris [pH 8], 50 mM
NaCl, 50 mM EDTA, 1% sodium dodecyl sulfate [SDS], 0.15 mM spermine, 0.5
mM spermidine). Adults were ground in fly grinding buffer (100 mM Tris [pH
9.1], 100 mM NaCl, 200 mM sucrose, 0.5% SDS). An equal volume of preheated
phenol (saturated in 10 mM Tris [pH 8.0]- 1 mM EDTA [TE]) was immediately
added, and samples were vortexed and then incubated at 65°C for >10 min.
Chloroform was added 1:1 with the phenol, and samples were extracted. Samples
were then phenol-chloroform extracted a second time and chloroform extracted
once. Twenty micrograms of DNase-free RNase A was then added, and samples
were incubated briefly at room temperature. DNA was precipitated in a mixture
of 0.5 M NaCl and 12% polyethylene glycol (PEG) 6000 for 1 h at 4°C and
collected by centrifugation. (Less of the DNA was nicked by PEG precipitation
than by ethanol precipitation, although the distribution of topoisomers was the
same with either method.) Pellets were washed in 70% ethanol, dried, and
resuspended in TE. DNA samples were loaded into 1.5% SeaKem LE agarose
gels, supplemented with 2 pg of chloroquine diphosphate (Sigma) per ml. Elec-
trophoresis was performed in 40 mM Tris-acetate (pH 7.5)-1 mM EDTA (TAE)
buffer, also supplemented with 2 pg of chloroquine per ml, at 1.6 V/cm, for about
36 h. Gels were capillary blotted to Magnacharge nylon membranes (Osmonics)
and hybridized at 65°C against a random primed labeled probe representing the
lacZ and SV40 sequences of the episomes. Images were analyzed with a Fujix
PhosphorImager. Fujifilm Image Gauge V3.0 software was used for densitomet-
ric measurement of the areas under supercoiled DNA peaks used for computa-
tion of the average linking numbers.

RESULTS AND DISCUSSION

New P element insertions into the BX-C. We constructed a
P element with target sites for our three accessibility probes
(Fig. 1). First, it carries binding sites for the yeast GAL4 tran-
scriptional activator (GAL4-UAS) next to a minimal TATA-
containing promoter driving a LacZ reporter. We can use
LacZ to monitor Pol II-mediated transcription, with or without
activation. Second, the P element carries two tandem 49-bp T7

TABLE 1. Drosophila lines used in this paper

. Line name or Chromo-  Source or
Name in paper
genotype some reference

p[bx] pHFbx 111 This paper
p[bxd] Full length pHF79A 11T This paper
pliab-4] pHFiab-4 11 This paper
pliab-4] Full length pHF608B 1II This paper
p[Mcp] pHFmcp 11T This paper
p[Abd-B] pHFiab8 111 This paper
X chromosome control ~ pCASFUBT X I This paper
3rd chromosome control pCASFUBT 85A 111 This paper
Ubiquitous Gal4 32B 111 8
4X T7 promoters in bx  sbd, 2X8-1, e 111 29
CNS T7RNAP 4711 11 29
CNS Goliath with 4x pBT733E, sbd, 2X8-1, e 11T This paper

T7 promoters
UAS T7RNAP pUAST7 25A 11 This paper
UAS Goliath pUASBT7 9A 111 This paper
Heat shock-inducible 4710H I 29

T7RNAP
Heat shock-inducible v, w, p[hs70-FLP, ry*]122 I 48

FLP on X
Heat shock-inducible 70FLP4A 111 16

FLP on III
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promoters, oriented toward the outside of the P element. We
can assay initiation and elongation by TTRNAP by looking for
RNA copies of the genomic sequences flanking the 3’ end of
the P element. Finally, the cassette with the T7 promoters and
the lacZ gene is flanked by FRT recombination sites for the
FLP enzyme. Excision of the cassette as a circular episome can
be monitored indirectly by looking for TTRNAP transcription
around the circle (Fig. 1C).

The initial challenge in probing the structure of PcG-re-
pressed DNA is to introduce these P elements into a chromo-
somal region known to be PcG regulated. We have taken ad-
vantage of a fortuitous example of P element homing. A DNA
fragment from the middle of the BX-C targets P elements pref-
erentially to the region of the chromosome from which it orig-
inates (3). This “homing fragment” is included in our P ele-
ment, along with the rosy™ marker for transformation, in a
cassette that is also flanked by FRTs (Fig. 1A). Of 20 inser-
tions generated by germ line transformation, 5 were within the
BX-C. We were concerned that the rosy gene and/or the hom-
ing fragment could influence the structure of the neighboring
DNA. Therefore, we used FLP-mediated recombination in the
germ line to trim four of the five insertions down to 5.6-kb P
elements containing only the T7 promoter/UAS-LacZ cassette
(Fig. 1B). Most of our assays in this paper will focus on the four
trimmed-down insertions (p[bx], p[iab-4], p[Mcp], and p[Abd-
B]) (Fig. 2 and see below).

The new P element insertions are spaced fairly evenly
throughout the homeotic gene cluster (Fig. 2). The most cen-
tromere-proximal insertion lies within the large intron of the
Ubx gene, in the bx (PS5) control region. The most proximal
base of the 8-bp target site repeat is position 274,398 on the
sequence map of Martin et al. (28). A second insertion lies
upstream of the Ubx gene, in the bxd (PS6) control region (at
position 219,568). This insertion lies in the region of the bxd
PRE, the best-defined PcG binding fragment (18). A third
insertion lies within the iab-4 (PS9) control region, upstream of
the abd-A gene (at position 125,800). A fourth insertion lies
within the Mcp boundary region (32) between the iab-4 and
iab-5 control regions (at 113,871). A fifth insertion (at 49,855)
lies 658 bp downstream of the abd-B (class A) gene promoter.

In addition to the BX-C insertions, we generated lines with
our accessibility test construct outside of the BX-C as non-
PcG-regulated controls. These P elements do not contain the
homing fragment and were identified by using the mini-white
gene as a marker. Two of these control lines were used for the
assays in this paper. One is located in the 18D region on the X
chromosome and was mapped by inverse PCR (35) to the first
exon of putative gene CG14200. The T7 promoters are ori-
ented in the opposite direction to that of the putative tran-
script. A second control is located on the third chromosome
and was not mapped. The LacZ reporters in both controls
show no enhancer trap pattern during embryonic development
(see below). Moreover, RNA in situ analysis of the X chromo-
some control with sense and antisense probes to the neighbor-
ing genomic DNA shows no transcription of the region from
potential adjacent promoters during the developmental stages
at which our accessibility assays were performed. (We did not
test for expression during the larval, pupal, or adult stage.)

Gal4 activation of Pol II transcription is repressed by the
PcG. In the absence of Gal4, the UAS-LacZ reporter in each
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BX-C insertion responds to the neighboring enhancer se-
quences, giving rise to a LacZ expression pattern that is spa-
tially restricted to particular segments (Fig. 3B to E). The
controls show no LacZ expression in the absence of Gal4 (3rd
chromosome control, Fig. 3A [X chromosome control not
shown]). For each of the insertions in the BX-C, LacZ expres-
sion reflects segments in which the segmental control region
surrounding the P insertion is active. The segments lacking
LacZ expression are those in which the region of the insertion
is repressed by the PcG (30). When Gal4 is expressed in con-
trol embryos from a ubiquitous source (line 32B), the LacZ
gene is strongly activated in all segments (3rd chromosome
control, Fig. 3F). In contrast, activation by Gal4 is segmentally
restricted in the BX-C insertions (Fig. 3G to J). Although some
activation occurs in PcG-repressed segments, a far greater
number of cells show a high level of LacZ transcription in
nonrepressed segments. Gal4 does not activate equally in all
cells, even within the nonrepressed segments. Moreover, the
Gal4-activated pattern is not an amplification of the nonacti-
vated pattern. Gal4 appears to be interacting with the neigh-
boring enhancer elements in a complicated fashion. However,
in all cases, Gal4 activation is substantially blocked in PcG-
repressed segments.

The level of transcription from the Abd-B test site appears
significantly lower in the presence of Gal4. This LacZ reporter
lies ~700 bp downstream of the RNA start site for Abd-B and
is in the same orientation as the Abd-B transcript. We suspect
that the nonactivated pattern (Fig. 3E) results from read-
through from the Abd-B promoter, creating an Abd-B-like pat-
tern. Gal4 may bind to the UAS promoter in PS11 to -14,
blocking readthrough from the Abd-B promoter. It may only
succeed in activating high levels of transcription in PS13, in
which the control region surrounding the insertion site is active
and is not PcG repressed. In any case, the activated pattern
better reflects the segmental control region (iab-8) in which the
target is situated.

The p[Mcp] LacZ pattern begins in PS10 in nonactivated
embryos, but starts in PS9 after Gal4 activation. This shift may
be due to disruption of the Mcp boundary element between the
iab-4 and iab-5 segmental domains (20). In fact, p[Mcp] adult
flies show a weak Mcp phenotype (pigmented cuticle on the 4th
abdominal tergite), which is significantly enhanced in flies ex-
pressing Gal4. None of the other lines show any phenotypic
changes in the presence of Gal4.

Pattern changes in PcG mutants. In Polycomb™ (Pc™) mu-
tant embryos, the homeotic genes are turned on inappropri-
ately in anterior segments. Likewise, in Pc~ embryos hosting
our insertions, the LacZ pattern loses its segmental restriction.
The Abd-B reporter shows strong expression throughout the
thoracic and abdominal segments in a Polycomb mutant (Fig.
4D). Again, we suspect this reflects readthrough from the
Abd-B promoter. However, in the bx, iab-4, and Mcp insertion
lines, only a few cells in each segment turn on LacZ (Fig. 4A
to C). In addition, the pattern is changed in posterior seg-
ments, with loss of expression in some cells. We also analyzed
embryos with mutations specific for other PcG members, in-
cluding extra sex combs, Posterior Sex Combs, polyhomeotic, and
pleiohomeotic (see Materials and Methods for genotypes). All
of the mutant embryos gave patterns similar to those of Pc™
embryos (data not shown). We were initially surprised that our
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p[Mcp] p[Abd-B]

FIG. 3. Gal4 is partially blocked by the PcG. (A to E) Enhancer trap patterns in the P insertion lines. RNA in situ hybridizations showing LacZ
expression (in the absence of Gal4) in germ band retracted embryos. (A) A control embryo containing the UAS-LacZ cassette on the 3rd
chromosome outside of the BX-C shows no LacZ expression. (B to E) Trimmed-down insertions p[bx], p[iab-4], p[Mcp], and p[Abd-B],
respectively. The most anterior parasegment in which transcription occurs is marked with a bracket. (F to J) Gal4 activation of LacZ expression.
(F) Gal4 strongly activates LacZ expression throughout the control embryo. (G to J) Gal4 activation in p[bx], p[iab-4], p[Mcp], and p[Abd-B],
respectively. LacZ expression is much weaker or absent in PcG-repressed segments. The anterior-most parasegment in which strong activation of
LacZ transcription occurs is marked with a bracket. All embryos shown in this and subsequent figures are dissected along the dorsal midline and
are displayed as “pelts,” with the anterior oriented toward the top of the page.

insertions did not show widespread transcription in PcG mu-
tant backgrounds. Previously discovered BX-C enhancer traps
had shown strong and widespread misexpression in PcG mu-
tant embryos (30). Most of these enhancer traps were driven by
the Ubx gene promoter (including 1.7 kb of 5" flanking se-
quences), and all included the rosy gene as a reporter. The
strong misexpression observed may have resulted from activa-
tion of enhancer sequences within the P elements. We believe
the weak promoter in our new insertions is completely depen-
dent upon the neighboring homeotic gene enhancers for activ-
ity and thus better reflects the effect of loss of PcG upon these
homeotic gene control regions. We tested other P elements in
the BX-C, which contain only LacZ driven from the P pro-
moter (derived from “homing pigeons” of reference 3). These
behave similarly to our new insertions, showing weak expres-
sion in Pc~ embryos (not shown). These results show that the
loss of the PcG does not, by itself, lead to widespread activa-
tion of the long-distance enhancers in the BX-C. Moreover, it
shows that the PcG affects the activity of these enhancers not
only in repressed segments, but also in transcriptionally active
segments. However, the changes may be indirect, resulting
from pleiotropic effects in the PcG mutants. The loss of the
PcG should cause missexpression of genes other than the ho-

meotics, some of which may be transcription factors capable of
binding to the homeotic control regions.

Gal4 activation was also tested in Pc~ embryos. In all four
insertions tested (Fig. 4E to H), Gal4 strongly activated ex-
pression throughout the thoracic and abdominal segments.
The level of activation drops off in the posterior-most segments
(A6 to A8) for the iab-4 insertion for unknown reasons. The
level of LacZ expression in Polycomb mutants with the Abd-B
insertion is lower in the presence of Gal4 than in its absence,
presumably due to competition between the UAS promoter
and the upstream Abd-B gene promoter. In all of the BX-C
insertions, Gal4 still does not activate transcription in all cells,
as it does in a control (compare Fig. 4E to H to Fig. 3F). The
neighboring BX-C sequences affect the Gal4 activation, result-
ing in a cell-specific pattern repeated in each segment, with the
patterns differing for each LacZ insertion site. Moreover, the
cell specificity of these patterns differs between the PcG mu-
tant and wild-type state (compare Fig. 4E to H to Fig. 3G to J),
even in posterior segments that are transcriptionally active in
the presence of the PcG. Again, indirect effects of the PcG on
the neighboring enhancers are an issue. However, the fact that
Gal4 works more or less equally well in all segments in PcG
mutants likely reflects a change in access or activity of Gal4
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p[Abd-B]

FIG. 4. Polycomb mutant embryos show a weak spread of LacZ expression, but allow Gal4 to activate LacZ transcription throughout the
embryo. All panels show in situ hybridizations to LacZ RNA in germ band retracted embryos. (A to D) Enhancer trap patterns in Polycomb zygotic
null embryos containing the p[bx], p[iab-4], p[Mcp], and p[Abd-B] insertions, respectively. (E to H) Gal4 activation of LacZ transcription in

Polycomb zygotic null embryos.

and, potentially, a change in access of the neighboring en-
hancer sequences to other trans-acting factors. In conjunction
with the T7RNAP and FLP results reported below, this result
supports the model that the PcG is responsible for long-range
chromatin remodeling of these regions.

Transcription by T7RNAP is partially blocked by the PcG.
To test whether or not the PcG affects transcription by TTRNAP,
we crossed the fly lines containing the new T7 promoter inser-
tions to a source of TTRNAP that is constitutively expressed in
cells of the CNS (29). Transcription by T7RNAP of the geno-
mic sequences abutting the T7 promoter insertions was visu-
alized by RNA in situ analysis of embryos (Fig. 5). As reported
previously (29), brief treatment of the embryos at 37 to 39°C is
required to see T7RNAP transcripts, perhaps due to increased
transcript stability.

The CNS-T7RNAP efficiently transcribes the DNA neigh-
boring the X chromosome control, resulting in a repeating
pattern of RNA products in PS3 to -14 (Fig. 5A). This occurs
despite the lack of endogenous transcription in this region. The
pattern of the TTRNAP RNA products in this embryo mimics
the pattern of expression of the polymerase, as visualized by

anti-T7RNAP antibody (see Fig. 6C of reference 29). In con-
trast, in the BX-C insertions, a repeating pattern of transcrip-
tion by T7TRNAP is present only in the segments not blocked by
PcG repression. In the more anterior segments (as well as the
posterior-most segments) repressed by the PcG, only a subset
of the polymerase-positive cells are marked by the TTRNAP
transcription product. T7TRNAP appears to be blocked in a
random subset of cells, a pattern reminiscent of the variegated
repression induced upon the miniwhite gene in transgenic con-
structs containing PREs (9). Since TTRNAP is capable of tran-
scription without any Drosophila transcription factors, the
block to transcription suggests that TTRNAP is unable to bind
to its promoters and/or progress along PcG-repressed DNA.
Discordance with prior T7 assays. A previous publication
from this laboratory reported that TTRNAP was not affected
by the PcG, as assayed by transcription from an insertion in the
bx region containing four T7 promoters (29). Our repeats of
that experiment verify the prior results. There are several dif-
ferences between the present and previous experiments, which
may explain the different outcomes. Each of our five new
insertions contains only two T7 promoters, whereas most of the
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FIG. 5. Transcription by T7TRNAP is partially blocked by the PcG
at multiple sites within the BX-C. RNA in situ hybridizations in germ
band retracted embryos. All embryos contained a source of TTRNAP,
which is expressed in the CNS. (A) The control is an embryo contain-
ing a P element with the T7 promoter/UAS-LacZ cassette inserted on
the X chromosome. T7TRNAP produces a transcript in the cells of the
CNS from PS3 to -14, mirroring the expression pattern of the poly-
merase. (B to F) Transcription by TTRNAP in the BX-C insertions. In
panels C and D, the initial full-length P elements were used, and in
panels B, E, and F, the trimmed-down forms were used. The anterior-
most parasegment in which the control region is active is indicated for
each embryo. In the anterior segments repressed by the PcG, TTRNAP
produces a transcript in only a subset of the polymerase-producing cells.

work in the previous study was performed on a single, four-
promoter insertion. The probe used for RNA in situ analysis in
the previous study included sequences immediately down-
stream of the promoters. In our study, the probe sequences
begin ~300 bp downstream of the transcription start site, since
the polymerase must transcribe through FRT and 3" P se-
quences before reaching the neighboring genomic DNA. The
most significant difference may be the context of the T7 pro-
moters. Although our new bx insertion line is located close to
the position of the T7 promoter insertion described by McCall
and Bender (29), it is possible that the ~250 bp between the
two insertions is enough to cause differences in the behaviors
of the T7 promoters. It is also quite possible that the UAS-
TATA Pol II promoter in our new insertions affects the neigh-
boring T7 promoters. However, as is illustrated below, we do
detect an accessibility effect on the simple T7 promoter target
(29) by an enlarged version of TTRNAP, and so the PcG block
cannot be solely an effect of a nearby Pol II promoter. We have
also found that following prolonged expression of TTRNAP,
no PcG block to T7TRNAP transcription is apparent (see Fig. 6
and 7). Clearly the PcG block to T7 transcription is partial and
is sensitive to assay conditions.

An enlarged version of T7RNAP is more sensitive to PcG
repression. To test whether size matters to the PcG, we made
T7RNAP larger by fusing it to B-galactosidase. This fusion
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protein forms a tight tetramer that is ~860 kDa in size, over
eight times the size of wild-type T7RNAP, but still substan-
tially smaller than the Pol II holoenzyme. We call this fusion
protein “Goliath polymerase” (Fig. 6A).

We introduced Goliath polymerase into flies and recovered
an insertion on the 3rd chromosome, which expresses the poly-
merase constitutively in the CNS (Fig. 6B). We assayed the
ability of Goliath polymerase to transcribe from the 4X T7
promoter insertion described by McCall and Bender (29),
which is located in the bx control region (Fig. 2). Transcription
by CNS Goliath polymerase was only visible in recombinant

Goliath RNAP
(Bgal-T7RNAP fusion)

FIG. 6. An enlarged polymerase is more sensitive to PcG repres-
sion. (A) Drawing comparing wild-type T7RNAP and Goliath poly-
merase. (B) Pattern of Goliath polymerase protein in the CNS Goliath
line in a germ band retracted embryo. The location of Goliath poly-
merase was detected with a monoclonal antibody to (-galactosidase.
PS5, the anterior limit of bx enhancer activity, is indicated with a
bracket. (C) Transcription by Goliath polymerase on the 4X T7 pro-
moters in the bx control region in a germ band retracted embryo.
Transcription by Goliath is blocked anterior to PS5. (D) Transcription
by Goliath polymerase in an extra sex combs mutant embryo (esc?/esc’’,
maternal and zygotic null). The repression in anterior segments is lost.
(E to H) T7TRNAP versus Goliath polymerase as shown by expression
of the polymerases with the Gal4-UAS system. A ubiquitous Gal4
source (line 32B) was used to drive polymerase expression. All em-
bryos are in the germ band extended stage. (E) Goliath polymerase
protein pattern marked with an antibody to B-galactosidase. (F) Tran-
scription by TTRNAP on the 4X T7 promoters in the bx control region.
Transcription appears unaffected by the PcG. (G) Transcription by
Goliath polymerase. Transcription is repressed by the PcG anterior to
PSS. (H) Transcription by Goliath polymerase in a Polycomb mutant
(zygotic null). Repression in the anterior segments is lost.
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lines containing the source of Goliath polymerase and the T7
promoters on the same chromosome. Either two copies of the
CNS Goliath polymerase source or homozygosity of the T7
promoter insertions was necessary to achieve high enough lev-
els of transcription.

Transcription by Goliath polymerase appears to be blocked
in most of the cells in PcG-repressed segments (Fig. 6C). This
block is dependent upon the PcG, as demonstrated by repeat-
ing the experiment in an animal that lacks the Extra Sex Combs
protein. In these PcG mutant embryos, Goliath polymerase
transcribes equally well in all segments (Fig. 6D). We also tested
CNS Goliath polymerase on the new p[bx] and p[Abd-B] in-
sertions, again with both the source and the target homozy-
gous. Goliath polymerase transcription from these promoters
is weak, but tightly restricted to the appropriate segments of
the CNS (data not shown).

In order to compare Goliath polymerase and normal TTRNAP
more directly, we constructed fly lines that contain Gal4-induc-
ible expression constructs of either TTRNAP or Goliath poly-
merase. This permitted us to express the polymerases in a
variety of patterns and at comparable levels. Figure 6E shows
the expression pattern of the polymerases when crossed to the
32B Gal4 driver, which is described as a ubiquitous Gal4
source (8). Under these conditions, as assayed from the 4X T7
promoter insertion, no block to transcription by T7RNAP is
apparent (Fig. 6F). Transcription by Goliath polymerase, in
contrast, is still strongly reduced in segments that are repressed
by the PcG (Fig. 6G). The restriction disappears in an embryo
lacking the Polycomb protein (Fig. 6H). We did not test the
Gal4-inducible polymerases on any of the new lines, since
these insertions contain Gal4 binding sites immediately up-
stream of the T7 promoters. Binding of Gal4 to these sites
might influence the chromatin structure of the T7 promoters.

The segmental restriction of transcription by Goliath poly-
merase disappears in germ band retracted (stages 13 to 14) and
older embryos (data not shown). However, Western analysis
shows that a subset of Goliath polymerase (expressed under
Gal4 induction) becomes clipped. Clipped forms are visible
even in early embryos, but more clipped forms appear to ac-
cumulate in older embryos. Some of these are likely to be a
functional polymerase, with only a small C-terminal fragment
of B-galactosidase peptide remaining attached. Such a fusion
would no longer be able to form tetramers and would be
expected to behave like its wild-type counterpart. Wild-type
T7RNAP, when expressed at high levels, is not inhibited by the
PcG (Fig. 6F).

Although we favor the model that Goliath polymerase is
more sensitive to PcG repression because of its size, it is
possibly more sensitive because it is a less effective polymerase
than native T7RNAP. Northern analysis of T7RNAP tran-
scripts in embryos (0 to 24 h) shows a broad distribution of
RNA products with an average transcript size of ~1.5 kb
(ranging up to ~5 kb). Transcripts made by Goliath polymer-
ase have a similar size distribution, but are ~10X lower in
abundance. It is possible, however, that a difference in size
distribution of the transcripts is masked by a contribution of
products of the clipped fusion protein.

To test the notion that crippled polymerases are differen-
tially sensitive to PcG represion, we obtained three mutated T7
polymerases that were defective for promoter binding, elonga-
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tion, and progression through pause sites, respectively (see Ma-
terials and Methods). All three forms were introduced into
flies under Gal4 control. Based on in vitro comparisons, we
expected the mutant forms to equal or exceed the activity of
Goliath polymerase (data not shown). The TTRNAP defective
in progression through pause sites worked equally well in all
segments. Unfortunately, we could not detect transcription in
flies by either the promoter binding or elongation mutant poly-
merases and were therefore unable to test their sensitivities to
PcG repression.

FLP-mediated recombination is blocked by Polycomb. The
cassette containing the UAS-LacZ reporter and T7 promoters
is flanked by FRTs oriented as direct repeats. Introduction of
FLP recombinase into the somatic tissues of the embryo allows
the excision of this cassette from the chromosome into a 4.9-kb
circular episome (Fig. 1C). The T7 promoters on this episome
are now poised to transcribe around the circle, producing an-
tisense copies of LacZ. If FLP recombination is blocked, no
episome is formed, and the T7 promoters remain in the chro-
mosome, poised to transcribe the flanking genomic DNA. We
therefore introduced both a source of FLP and a source of
T7RNAP into our trimmed-down insertion lines, to assay for
FLP activity cell by cell (Fig. 7). We performed cRNA in situ
hybridizations with the flanking chromosomal DNA as probe
to highlight cells in which FLP failed to excise the cassette (Fig.
7F to J) and a probe to antisense LacZ to highlight cells in
which circles were present (Fig. 7K to O).

To perform the FLP accessibility experiment, we used both
a heat shock-inducible source of FLP and a heat shock-induc-
ible source of TTRNAP. Embryos were heat shocked for 1 h at
36.5°C to produce FLP and T7RNAP. They were then incu-
bated for 1 h at room temperature to permit FLP activity. The
embryos were then heat shocked a second time at 39°C for 1 h
to allow T7TRNAP products to accumulate. Under these con-
ditions, no segmental bias is apparent in TTRNAP’s ability to
transcribe from its promoters, either in control embryos (X
chromosome control, Fig. 7A) or in the BX-C test lines, which
lack FLP (flanking probe, Fig. 7B to E). None of the lines
showed any signal with the circle probe in the absence of FLP
induction. In control embryos with FLP, circles are produced
from the majority of cells, even though there is no endogenous
transcription across the site of the control insertion (compare
flanking probe, Fig. 7F, to circle probe, Fig. 7K). Analysis of
the 3rd chromosome control with the circle probe showed that
it behaved similarly (data not shown). There is no segmental
bias in circle formation from control lines.

In contrast, FLP activity is blocked from the BX-C insertions
in a segment-specific fashion. The effect is most obvious on the
iab-4 and Mcp insertions. For both of these insertions, the
chromosomal probe, which highlights cells in which FLP fails
to work, selectively marks the anterior segments in which the
PcG is expected to repress the DNA (Fig. 7H and I). The circle
probe selectively marks the complementary posterior seg-
ments, in which the PcG is not expected to repress the DNA
(Fig. 7M and N). Interestingly, the transitions in the staining
patterns are apparent one parasegment ahead of the expected
PcG restrictions (as determined by the LacZ enhancer trap
patterns of Fig. 3). This suggests that a change in the chromatin
structure may be graded with only partial repression of DNA
regions at the edges of the PcG-repressed domain.
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pliab-4] p[Mcp] p[Abd-B]
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Cassette in Chromosome
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Cassette in Circle

FIG. 7. FLP recombinase is partially blocked by the PcG. RNA in situ hybridizations were used to distinguish T7 promoters in the chromosome
or in FLP-induced circles in germ band retracted embryos. (A to E) Control embryos lacking FLP. RNA probes detect transcription of flanking
genomic sequences from the T7 promoters in the P insertions. In the absence of FLP, all T7 promoter cassettes remain in the chromosome and
are poised to transcribe the flanking genomic DNA. Under these assay conditions, no segmental bias in transcription by T7TRNAP is apparent in
any of the fly lines. (F to J) Transcription of chromosome sequences by TTRNAP marks cells in which FLP has failed to access its FRT target sites,
which flank the T7 promoter/UAS-LacZ cassette. (F) FLP efficiently excises the cassette from the majority of the cells in a control line, in which
the cassette is located on the X chromosome. (G to J) In the BX-C insertion lines, FLP fails to excise the cassette in many cells in PcG-repressed
segments. The block to circle formation appears to occur one parasegment anterior to the block to Pol II transcription. The posterior-most
parasegment in which chromosomal transcription is strong is marked with a bracket. (K to O) Transcription of antisense LacZ RNA by TTRNAP
marks cells in which FLP has succeeded in producing a circular episome. (K) Circles are visible in most cells in the control embryo. (L to O) A
greater number of circles are visible in non-PcG-repressed segments in the BX-C insertion lines. The anterior-most parasegment in which robust
circle formation is visible is marked with a bracket.
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In the bx insertion, FLP restriction is less complete. Using
the chromosomal probe to highlight cells in which FLP fails to
work, PS3 is selectively highlighted (Fig. 7G). Again, this is one
parasegment ahead of that expected; the bx enhancer drives
expression of the LacZ reporter beginning in PS5. Many bx
embryos show widespread FLP activity assayed by the circle
probe (data not shown). However, the majority of the embryos
show a clear bias with the circle probe (Fig. 7L), although this
pattern is not strictly complementary to that of the chromo-
somal probe. PS4 and -5 are labeled most strongly, followed by
PS3, followed by the abdominal parasegments. This does cor-
respond with the levels of transcription from the LacZ reporter
(Fig. 3B), which is higher in PS5 and -6 than it is in more
posterior parasegments. However, the pattern of FLP activity
is shifted one segment ahead of the LacZ pattern.

The Abd-B insertion also shows a reproducible bias in FLP
activity, as assayed by the chromosomal probe; labeling is
largely excluded from the posterior-most segments (PS11 to
-13) (Fig. 7J). Many of the Abd-B insert embryos showed
widespread FLP activity as assayed by the circle probe (data
not shown). Some, however, showed a bias in circle formation
in the posterior-most segments (PS11 to -13), as is illustrated in
Fig. 70. In general, FLP activity showed less segmental bias in
the bx and Abd-B insertions than in the iab-4 and Mcp inser-
tions. This is possibly because the former reside within actively
transcribed regions of the homeotic genes, whereas the latter
reside outside of the homeotic transcripts. The chromosomal
probe shows a clearer segmental bias than the circle probe for
all four insertion sites. An FLP target site lies immediately
downstream of the T7 promoters. FLP binding alone may
block transcription of the neighboring chromosomal sequences
by T7RNAP. The circle probe, in contrast, should only pro-
duce a signal if FLP has both bound and recombined the DNA.
If FLP binds the DNA in most of the nonrepressed cells but
only produces a circle in a subset of these cells, we might
observe a difference between the results with the chromosomal
versus circle probes.

The fact that the FLP recombinase, a yeast protein with no
role in transcription, is selectively blocked in a segment-specific
manner from BX-C insertions, but not from control insertions,
further suggests that the DNA structure of the BX-C is altered
in PcG-repressed segments. This result is similar to that re-
ported in reference 1, in which a strong inhibition of FLP
recombination was observed at target sites located near centric
heterochromatin.

The reduced accessibility of PcG-repressed DNA is not as-
sociated with a change in DNA supercoiling. We compared the
superhelix density of PcG-repressed and nonrepressed DNAs
by using our FLP cassettes to produce extrachromosomal epi-
somes. We crossed our accessibility test lines to a heat shock-
inducible source of FLP recombinase, induced FLP activity,
and then collected total genomic DNA, which should include
newly excised circles (Fig. 1C). This DNA was subjected to gel
electrophoresis in the presence of chloroquine, which resolves
supercoiled circles into a ladder of distict bands. Adjacent
rungs of the ladder differ by a single superhelical turn, and the
topoisomers of the circles describe a Gaussian distribution.
Chloroquine gels were Southern blotted and probed with the
lacZ sequences contained within our FLP-inducible cassette
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FIG. 8. PcG repression is not associated with altered DNA super-
coiling. Circular episomes produced from the FLP cassettes were sub-
ject to electrophoresis through agarose gels supplemented with 2 g of
chloroquine per ml. Under these conditions, more negatively super-
coiled DNA has a faster mobility. The gels were Southern blotted and
probed with lacZ sequence. (A) Total genomic DNA was prepared
from adult fly heads, either immediately following a 1-h heat shock
treatment to induce FLP activity (60") or following 1 h of heat shock
plus 2 h of recovery at room temperature (180"). All of the circles
produced in the p[bx], p[iab-4], p[Mcp], and p[Abd-B] lines come from
PcG-repressed DNA. The control is the 3rd chromosome insertion,
which is not PcG repressed. The average linking number is approxi-
mately the same for all lanes. The locations of the unexcised DNA
remaining in the chromosome (ch) and of nicked circles (nc) are
marked with arrows. The average linking number for the sample in the
first lane is indicated with an arrowhead (see Materials and Methods).
(B) Total genomic DNA was prepared from whole embryos following
1 h of heat shock plus a half-hour of recovery at room temperature to
induce FLP activity. This DNA was subjected to chloroquine gel and
Southern blot analyses as described above. Circles produced from the
p[Mcp] line with wild-type PcG activity are compared to circles pro-
duced from p[Mcp] and p[Abd-B] lines, which are null for the Poly-
comb protein. The loss of PcG repression does not alter the topology
of the DNA in these regions.

(Fig. 8). By this technique, a reproducible change in linking
number as small as 1 can be seen.

We first asked whether PcG repression was maintained on
newly excised circles. We examined the lacZ expression pat-
terns in embryos with our insertions following FLP induction.
LacZ expression patterns were similar before and after circle
formation, but the patterns were weaker following FLP induc-
tion (data not shown). Likewise, similar patterns of lacZ were
seen after Gal4 activation in the presence or absence of FLP.
Again, the level of transcription was somewhat lower following
circle formation. Thus, there is no evidence for loss of PcG
repression due to circle formation; if anything, circles may
become silenced in cells where the transgene was active in the
chromosome. Ahmad and Golic (1) have shown that circles
excised from heterochromatic locations become transcription-
ally active. Their assay monitored changes in white gene ex-
pression in the adult eye, following FLP induction several days
earlier, during larval or pupal development. Our results show
that activation of the circles in embryos does not occur within
the 3-h window of our experiments.

We then used chloroquine gel analysis to examine circles
produced from whole embryos, to compare the topology of our
BX-C insertions to control insertions. The greatest difference
in the average linking number (ALK) between any pair of
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samples was less than 0.5 superhelical turns (data not shown).
Thus, we do not believe there was a significant difference in the
topology of circles collected from our control lines, as com-
pared to any of our BX-C insertions. We expect the circles
produced from the BX-C insertions were derived from a mix-
ture of both PcG-repressed and nonrepressed segments. More-
over, we may have enriched for circles generated in nonre-
pressed segments, since FLP is partially inhibited by PcG
repression (Fig. 7). In any case, this DNA is neither more
negatively nor more positively supercoiled than the control.

In order to generate circles exclusively from PcG-repressed
DNA, we induced FLP activity in adult flies and prepared
DNA from fly heads, where the entire BX-C should be inac-
tive. As a control, we also prepared circles from the 3rd chro-
mosome insertion outside the BX-C (Fig. 8A). The greatest
difference observed between samples produced by 1 h of FLP
induction was a ALK of 0.7, between the control and the
p[Mcp] line. The p[Mcp] line was less negatively supercoiled,
which is a change opposite to the direction which we would
expect, but we doubt this is a significant change. We do see a
greater abundance of circles produced from control fly heads
than from BX-C insertion fly heads (compare the first two
lanes of Fig. 8A to the rest). This is in agreement with our
observation that PcG repression partially inhibits FLP recom-
bination in embryos (Fig. 7). However, FLP appears to over-
come PcG repression with time, ultimately resulting in the
recovery of many circles from PcG-repressed DNA. This is in
agreement with results reported in yeast, where it was shown
that the rate of excision by a recombinase is slower on silenced
DNA, but that ultimately the same level of recombination is
achieved on both silenced and nonsilenced DNA (2).

In yeast, SIR silencing and corresponding topology differ-
ences on episomes break down over time (4, 11). We examined
circles collected immediately after 1 h of FLP induction, or
after an additional 2-h room temperature incubation. Circles
accumulate due to continued FLP activity over this time
course. Circles may be slightly more positively supercoiled on
average at the later time point, but again, the differences are
small. The largest change occurred in the control line, with a
ALK of 0.7. The p[bx] showed a ALK of 0.6, while the rest of
the BX-C insertions showed changes smaller than 0.5 super-
coil. (Fig. 8A).

We also compared circles prepared from different segments
of the fly. Flies containing the 3rd chromosome control or the
p[Mcp] or p[Abd-B] inserts were heat shocked to produce FLP
circles, frozen, and then dissected into heads, thoraxes, and
abdomens. Most or all of the DNA from the heads and tho-
raxes of the p[Mcp] and p[Abd-B] lines should be PcG re-
pressed, while only a fraction of the cells in the abdomen
should be PcG repressed. There was no significant difference in
the supercoiling of circles between segments or between fly
lines. (The greatest change was between the heads and abdo-
mens of the control line [ALK of 0.5; data not shown].)

We also compared the topology of circles derived from wild-
type embryos or Polycomb mutant embryos. We prepared re-
combinant fly lines containing a source of FLP on the same
chromosome as a null allele for the Polycomb gene (Pc’). We
also prepared recombinant 3rd chromosomes containing our
BX-C insertions and the Pc” allele. A cross between these lines
produces a population of embryos in which only the Polycomb-
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null homozygotes will produce circles. We prepared circles
from wild-type embryos with the p[Mcp] insertion and from
Pc-null embryos with either the p[Mcp] or p[Abd-B] insertion.
Note that segmental restriction of lacZ is lost in the absence of
the PcG for both the p[Mcp] and p[Abd-B] insertions, but that
lacZ is transcribed in fewer cells in Pc?, p[Mcp] embryos (Fig.
4C), whereas transcription is activated in many more cells in
Pc?, p[Abd-B] embryos (Fig. 4D). Despite these changes, we
see no difference in the topology of circles from wild-type or Pc
mutant embryos (ALK less than 0.5; Fig. 8B). We also com-
pared circles prepared from adult males versus adult females
containing the X chromosome control insertions, to see if a
change in DNA supercoiling might be associated with dosage
compensation of the male X chromosome. Again, we could not
detect any difference (data not shown).

In the experiments on SIR-silenced DNA in yeast, the link-
ing number change observed was proportional to the size of
the circle (4). A 4.3-kb circle derived from SIR-repressed DNA
contained, on average, five more negative supercoils than non-
repressed DNA from the same location. Thus, a comparable
modification on our 4.9-kb circles would be expected to create
a linking number change of >5. It is possible that the structure
of the DNA is perturbed upon circle formation in flies. How-
ever, there is no reason to believe that FLP-mediated recom-
bination in flies should be any more disruptive to chromatin
structure than it is in yeast. We heat shocked our fly lines to
produce FLP. However, Cheng, et al. (11) analyzed circles
formed at a variety of temperatures, as high as 37°C, and saw
similar differences in topology at all temperatures. Moreover,
we see inhibition of our accessibility probes following heat
shock, suggesting that PcG repression is unaffected. The sim-
plest interpretation is that supercoiling of DNA is not measur-
ably altered in the presence or absence of the PcG.

Concluding remarks. Our accessibility assays show that PcG
repression blocks the activities of the Gal4 activator, the FLP
recombinase, and two forms of TTRNAP. At least for FLP and
T7RNAP, there should be no specific interactions between our
probe proteins and any Drosophila proteins involved in tran-
scription, and thus, the segment-specific differences in their
activities should reflect differences in their ability to access the
DNA. Our assays do not address the precise cause of the block.
The inhibition of Gal4 could reflect a block to binding or to
activation. The inhibition of the T7 polymerases could reflect a
block to binding or to progression of the polymerase along the
DNA template. The inhibition of FLP could reflect a block to
binding or to recombination by the enzyme. Since all three
enzymes are affected by the PcG, a block to binding for all
three proteins seems the most simple explanation. Regardless
of the exact nature of the block, it seems clear that there is a
structural difference to PcG-repressed DNA. We note that the
two control lines used in this paper were both transcriptionally
silent in the absence of Gal4, but both allowed access to Gal4,
T7RNAP, Goliath polymerase, and FLP throughout the em-
bryo. If the controls represent a “typical” chromatin configu-
ration, our results suggest that PcG-repressed DNA is less
accessible than average. This suggests that the PcG does not
simply prevent positive chromatin remodeling complexes from
targeting the DNA.

The accessibility differences were seen at five different sites
with the BX-C, which lie in very different contexts (one in a
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promoter, another in a boundary, a third in an intron, etc.). We
note that our p[bx], p[bxd], p[iab-4], and p[Mcp] sites all lie in
the vicinity of Polycomb binding regions, as defined by the
cross-linking studies of Strutt et al. (49). However, our p[Abd-
B] does not lie in a PRE by this criterion, or any other crite-
rion. Since it is downstream of a promoter, we might expect it
to be more accessible than other sites in the BX-C. p[Abd-B],
however, behaves similarly to our other BX-C insertions. We
note that homing does not target P insertions exclusively to
suspected PcG binding sites (3). Moreover, PcG-mediated re-
pression of lacZ transcription has been seen for many other
insertions in the BX-C, distant from suspected sites of PcG
binding (3, 30). The combined results of our five accessibility
test sites suggest that the PcG induces a reduction in accessi-
bility over large, contiguous stretches of DNA. It might do so
directly by coating the chromosome or indirectly through mod-
ification of nucleosomes. The fact that TTRNAP appears more
sensitive to PcG repression in our UAS-TATA-containing cas-
sette than it was on simple insertions (via gene conversion) of
the T7 promoter (29) may suggest that PcG repression may not
function equivalently at all sites in the BX-C. Moreover, our
results do not preclude the possibility that the large, multipro-
tein PcG complex plays multiple roles, perhaps mediating pro-
moter-specific effects in addition to a more widespread chro-
matin effect. Our results with Goliath polymerase on the
simple T7 promoter insertion, however, argue that the PcG
must interact with sequences far from Pol II promoter regions.

The increased sensitivity of the Goliath polymerase suggests
that the block created by the PcG may be more effective against
larger molecules or complexes. Large activation complexes,
like the SWI-SNF complex, are obvious candidates for Poly-
comb targets. Indeed, Shao et al. (44) demonstrated in vitro
that the PRC1 complex, containing Polycomb, blocks chroma-
tin remodeling by a mammalian SWI-SNF complex. Their as-
say measured changes in the supercoiling of a circular DNA
template. SWI-SNF has been shown capable of creating an
average ALK of ~+0.32 per nucleosome in vitro (23). Simi-
larly, SIR silencing has been shown to be associated with a
ALK as large as ~—0.36 per nucleosome, assuming 1 nucleo-
some per 216 bp of DNA (4). Our 4.9-kb circles are expected
to accommodate ~22 nucleosomes. If chromatin remodeling
were limited to one or a few nucleosomes encompassing the
promoter region of our constructs, we might not detect a change
in superhelix density. It is clear, however, that widespread
nucleosome remodeling, akin to that seen with the SIR com-
plex in vivo or, indeed, with SWI-SNF in vitro, cannot account
for the segment-specific accessibility differences of the DNA of
the BX-C.
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