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Specific targeting of the protein complexes formed by the Polycomb group of proteins is critically required
to maintain the inactive state of a group of developmentally regulated genes. Although the role of DNA binding
proteins in this process has been well established, it is still not understood how these proteins target the
Polycomb complexes specifically to their response elements. Here we show that the grainyhead gene, which
encodes a DNA binding protein, interacts with one such Polycomb response element of the bithorax complex.
Grainyhead binds to this element in vitro. Moreover, grainyhead interacts genetically with pleiohomeotic in a
transgene-based, pairing-dependent silencing assay. Grainyhead also interacts with Pleiohomeotic in vitro,
which facilitates the binding of both proteins to their respective target DNAs. Such interactions between two
DNA binding proteins could provide the basis for the cooperative assembly of a nucleoprotein complex formed
in vitro. Based on these results and the available data, we propose that the role of DNA binding proteins in
Polycomb group-dependent silencing could be described by a model very similar to that of an enhanceosome,
wherein the unique arrangement of protein-protein interaction modules exposed by the cooperatively inter-

acting DNA binding proteins provides targeting specificity.

In Drosophila, the bithorax complex (BX-C) is responsible
for providing the identity of segments posterior to the meso-
thorax. This homeotic gene complex contains only three coding
genes, while the major part of BX-C is arranged into a complex
array of functionally autonomous, segment-specific cis-regula-
tory elements. During early development, the transiently ex-
pressed segmentation gene products establish the active or
inactive states of the cis regulators, which is then maintained by
the trithorax group (trx-G) and the Polycomb group (Pc-G) of
genes, respectively, during the rest of development (31). The
protein products of the #x-G and Pc-G genes are recruited as
distinct protein complexes to the regulatory elements by spe-
cific target sites, called trithorax and Polycomb response ele-
ments (TRE and PRE, respectively) (12, 20, 51, 56).

Among the known PREs, the iab-7 PRE is particularly well
characterized. In transgenic constructs, the iab-7 PRE induces
silencing of reporter genes (23). Silencing is stronger when the
transgene is homozygous, a phenomenon observed with most
PREs and commonly referred to as pairing-sensitive silencing
(PSS) (30). PSS by the iab-7 PRE depends on the products of
Pc-G, as mutations in several members of this group, including
Scm, Pc, Ph, Sce, Psc, z, etc., relieve PSS (10, 23). Five out of
the six above-mentioned genes encode proteins that together
form the functional core of the PRCI1 protein complex,
whereas SCM only substoichiometrically associates with it (18,
49). Transgenic constructs carrying the iab-7 PRE create a new
binding site for PC, PSC, and PH, and PC was also shown to
bind to the iab-7 PRE in vivo and in situ (10, 45). These data
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indicate that a PC-G complex, similar or identical in compo-
sition to PRC1, is targeted to the iab-7 PRE.

PC-G targeting to PREs involves the function of sequence-
specific DNA binding proteins, such as Dorsal Switch Protein 1
(DSP1), C-terminal binding protein (CtBP), Pleiohomeotic
(PHO), GAGA factor (GAF), and Pipsqueak (PSQ), which
interact with GAF and recognize the same sequence motifs
(33, 50). Mutations of these DNA binding proteins interact ge-
netically with PRESs, and most of them can also interact directly
with PC-G proteins (15, 25, 27, 28, 38, 39, 48, 54). Nevertheless,
their multimerized binding sites, or even synthetic combinations
of them, failed to confer repression on marker genes in transgenic
constructs, indicating that association of these DNA binding pro-
teins with Pc-G members might not be sufficiently stable for
generation of efficient silencing (1).

In agreement with this conclusion, DSP1, PHO, GAF, and
PSQ are not subunits of PRC1 (49). The only sequence-specific
DNA binding protein that associates stably with PRC1 is
ZESTE, but unlike PRC1, ZESTE has no mammalian homo-
logue, and even in Drosophila this gene is nonessential (34).
These observations make ZESTE unlikely to be a sole target-
ing factor. Indeed, recent experiments indicated that the func-
tion of ZESTE in PRC1 is rather structural and, at least in
part, independent of its DNA binding ability (42).

ZESTE can also interact with the SWI/SNF chromatin re-
modeling complex (29). Similarly to ZESTE, none of the
above-mentioned DNA binding proteins are dedicated exclu-
sively to Pc-G silencing. For example, PHO, which was char-
acterized genetically as a bona fide member of the Pc-G, can
interact not only with PC and PH but also with BRM, a subunit
of the dSWI/SNF nucleosome remodeling complex (7, 40).
Recruitment of the PC-PH or BRM interaction domain to the
cat reporter gene promoter was shown to repress or activate
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transcription, respectively. However, since in vitro PRC1 in-
hibits chromatin remodeling by SWI/SNF, simultaneous re-
cruitment of PRC1 and SWI/SNF by either PHO or ZESTE is
unlikely to occur in vivo (51). Supporting this conclusion, it was
shown that binding of PC and that of SWI/SNF complexes to
chromatin are mutually exclusive events not only on the iab-7
PRE but throughout the genome (2, 14, 41).

How these known DNA binding proteins can efficiently and
specifically target PC-G complexes to PREs remains an open
question. Here we show that the DNA binding protein Grainy-
head (GRH) is involved in this process. Similarly to ZESTE,
GAF, PSQ, and PHO, Grainyhead alone is insufficient to ef-
ficiently target PC-G complexes, but its specific interaction
with the PHO protein appears to contribute to the specificity of
PC-G targeting.

MATERIALS AND METHODS

Fly work. X-radiation was used to mutagenize isogenized rosy or Ore-R males
that were crossed to Fab-7° females, and the F, generation was screened for
enhancers of the A6-to-A7 transformation. For descriptions of the mutants
mentioned in this paper, see http://flybase.bio.indiana.edu or the appropriate
publications cited later in the text. Preparation of abdominal cuticles was done
according to reference 37.

DNA work. The various DNA fragments used in this study were amplified from
a genomic subclone of the whole Fab-7 region by PCR with the following
primers: P1 (2419), TACCGACTAAGTCCGAGCAG; P2 (2515), CAACTT
CCTTCGTCCGTCGG; P3 (2761), CGCACTGTCGTAGGCACG; P4 (2923),
GTCGGCAATTCGGATTCCCG; P5 (2696), GTTGTGAAGTTCTTGCGA
CG; P6 (2677), CGTCGCAAGAACTTCACAAC; P7 (2563), GTCTGGGCG
ACGACGCAGTC; P8 (2582), GACTGCGTCGTCGCCCAGAC; P9 (2588),
GTCCCTCGAAATTCCTCCGC; P10 (2611), GGGAGCGGAGGAATTTCG
AG; P11 (2867), GCCGAGCTGAAAATGAAGAAC. Molecular coordinates
are given in parentheses according to EMBL X78983.

Transgenic construct I, I, and III were made by insertion of P2-P4, P3-P4, and
P2-P5 fragments into pCasPeR4, respectively (see Fig. 4E). Cloning was verified
by sequencing the relevant portion of the constructs. Constructs were injected
into w’/’® embryos.

Full-length PHO and GRH (NTF-1) cDNAs were gifts from M. Vidal and R.
Tjian, respectively (4, 21). These plasmids were used as templates to produce
radioactively labeled proteins in a T7/T3 coupled reticulocyte lysate system
(Promega). Luciferase cDNA was supplied with the kit.

GRH BJE is a part of the GRH protein which contains the full DNA binding
domain and the C-terminal dimerization domain. This protein was used in in
vitro DNA binding studies and as bait in a glutathione S-transferase (GST)
pulldown assay and is referred to as bacterially expressed GRH in this report.
The pGEX-GRH BJE expression plasmid was a gift from S. Bray (59).

DNA-protein and protein-protein interaction studies. Nuclear extract prepa-
ration and gel mobility shift assays were performed according to reference 39.
With the same amount of nuclear extract (4 to 5 pg in a 10-pl binding reaction
mixture), both qualitative and quantitative features of our experiments are highly
reproducible. Specific competitors were used at a 100-fold molar excess before
the addition of nuclear extract as the last component of the binding reaction
mixture. For the supershifts, 0.5 to 1 pl of the given antibody was added to a
binding reaction mixture after a 0.5-h incubation of probe with nuclear extract
and incubation was continued for another 30 min. Monoclonal GRH and poly-
clonal PHO antibodies were provided by S. Bray and P. Verrijzer, respectively (5,
40). For the experiments presented in Fig. 6, GRH B/E and PHO were expressed
as GST fusion proteins and liberated from the affinity matrix by thrombin cleav-
age. Binding reaction mixtures were incubated on ice for 30 min, and electro-
phoresis was performed in a cold room.

Footprinting reactions were performed in gel shift binding buffer, but less or
no nonspecific competitor was used and the buffer was supplemented with poly-
vinyl alcohol to 2%. It was necessary to use about 30- to 40-fold more DNase I
in binding reaction mixtures where nuclear extract was used to achieve compa-
rable digestion of DNA samples.

For the GST pulldown assay, 1.5 to 2 pg of purified GST or GST-GRH B/E
was bound to 25 ul of glutathione-Sepharose beads and after washing in gel shift
binding buffer radioactively labeled proteins and ethidium bromide to 100 pg/ml
were added. After a few hours of incubation at 4°C, beads were washed thor-
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oughly in binding buffer and bound material was eluted in sodium dodecyl sulfate
sample buffer.

RESULTS

grainyhead interacts with the iab-7 PRE in vivo. The iab-7
PRE lies next to the Fab-7 boundary, a chromatin domain
insulator element between the neighboring iab-6 and iab-7
cis-regulatory domains of BX-C. Fab-7 ensures the functional
autonomy of these cis-regulatory domains, as iab-7 is inactive
in the sixth abdominal segment (A6), where iab-6 is active,
while iab-7 is activated in segment A7. A large set of internal
BX-C deficiencies is available, making this region ideal for
genetic studies (37).

Class II deletions, which remove only the boundary region,
fuse the otherwise intact cis-regulatory elements iab-6 and
iab-7 (Fig. 1F). The consequence of this fusion is that in some
AG6 cells iab-6 is inactivated by iab-7, while in some other A6
cells iab-6 ectopically activates iab-7. As a result, A6 will be-
come a mixture of cell clones with either A5 or A7 identity.
Due to the fact that the Abd-B gene, the expression of which is
controlled by these cis regulators, is haploinsufficient, such
transformations are evident even under heterozygous condi-
tions (Fig. 1A, left side). Class I deletions, which remove both
the Fab-7 boundary and the adjacent iab-7 PRE, transform A6
into a perfect copy of A7 (Fig. 1B, left side), suggesting that in
the case of class II deletions it is the iab-7 PRE that mediates
the inactivation of iab-6 in A6; thus, the inactivation may de-
pend on Pc-G-mediated silencing. Indeed, if a class II deletion
is combined with some, but not all, Pc-G mutations, the result-
ing phenotype is indistinguishable from that of class I deletions
(37). Based on this result, it should be possible to identify
mutations in factors that specifically interact with the iab-7
PRE as enhancers of the phenotype of class II deletions.

Accordingly, we performed several X-ray mutagenesis screen-
ings with the class I1 allele Fab-7°. Among the enhancer mutants,
one complementation group, represented by five alleles in our
collection, is described here. Two alleles are associated with a
cytologically visible breakpoint in 54F, and deficiency mapping
placed the locus between the proximal breakpoints of the Pcll1b
and Pcl7b deletions. Previously, four complementation groups
were isolated within this interval (6). Noncomplementation with
alleles of one of the four complementation groups showed that we
isolated new mutant alleles of the previously described gene
grainyhead (grh) (6). The previously isolated grh alleles, includ-
ing the molecularly characterized amorphic allele B37, are also
strong Fab-7° enhancers, indicating that loss-of-function gri
mutations affect the function of the iab-7 PRE (Fig. 1A).

Surprisingly, subsequent analysis revealed that the pheno-
types of not only class II deficiencies, but those of class I
deficiencies, such as Fab-7/, are also enhanced by gri alleles
(Fig. 1B). Nevertheless, the last result does not conflict with a
possible role for grh in the iab-7 PRE. Earlier studies showed
that class IIT deficiencies (which remove the iab-7 PRE only)
also enhance the phenotype of both class I and class II defi-
ciencies, suggesting, in accordance with the PSS phenomenon,
that in situ the two iab-7 PREs interact with each other. This
hypothesis is further supported by the observation that the
class III deficiencies show a gain-of-function phenotype under
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FIG. 1. grainyhead interacts with the iab-7 PRE. (A to D) Abdom-
inal cuticle preparations of adult male flies carrying internal BX-C
deletions in the wild-type (left side of each panel) or grh”®?” mutant
(right side of each panel) background. The BX-C deletions are Fab-77/+
(A), Fab-7'/+ (B), Fab-7*/Fab-7° (C), and Fab-7'/Fab-7' Abd-B"'°
(D). The numbered arrows show the relevant abdominal segments. A7
normally does not have a visible tergite, and the size reduction of the
Ab tergite indicates a partial transformation toward an A7 identity of
this segment. Increasing reduction of the tergite size indicates increas-
ingly stronger transformation. (E) grainyhead interaction with the
iab-75% deletion can be also detected even though the boundary
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hemizygous or homozygous, but not under heterozygous, con-
ditions (37).

In order to definitely prove that grh acts on the iab-7 PRE
and not on the Fab-7 boundary, we tested grh®3” in a homozy-
gous Fab-7° background, where the boundary is deleted in
both chromosomes. Tergite clones in A6 of Fab-7° homozy-
gous flies are tiny but still discernible. In a grh®” background,
this phenotype was further enhanced, resulting in complete
loss of A6 tergites (Fig. 1C). This shows that the sequence
required for GRH to play a role in the ectopic inactivation of
iab-6 is not deleted in Fab-7°. To test the effect of grh muta-
tions on a homozygous class I allele, we used the Fab-7'/Fab-7"
Abd-B"'° background. The reason for using this mutant com-
bination is that homozygous class I alleles transform A6 into a
perfect copy of A7, resulting in complete absence of the A6
tergite in males. However, in this mutant combination, due to
the presence of a point mutation in 4bd-B, the regulator ca-
pacity of the cis fusion element is lost on the Abd-B”'® chro-
mosome, resulting in visible, similar-size tergites in the A6 and
A7 segments (52). This phenotype was not changed in a grh®3”
background, showing that all of the sequence that requires
GRH is removed by this class I deletion (Fig. 1D). The fact
that grh is epistatic over a class I, but not over a class II,
deficiency clearly indicates that GRH acts on the iab-7 PRE.

This interpretation also predicts that gri should interact
genetically with other Bx-C deficiencies deleting the iab-7
PRE, even if the boundary remains intact. The iab-75% deletion
removes only the iab-7 cis-regulatory region, while it leaves the
Fab-7 boundary unaffected. As anticipated, the loss-of-func-
tion phenotype of heterozygous iab-75% flies is suppressed in
the grh®?” background (Fig. 1E). A genetic combination of a
PRE deletion with iab-75% gave essentially the same result,
while the combination of iab-75% with the class I allele Fab-7"
resulted in a strikingly different phenotype (Fig. 1E) (52).
These results also support the view that the genetic interaction
of grh with Fab-7 mutations is fully attributable to the require-
ment of GRH for proper functioning of the iab-7 PRE.

We do not detect any homeotic transformation in flies het-
erozygous for grh mutations. This is in contrast to many (but
not all) Pc-G gene mutations, which often have weak, domi-
nant homeotic phenotypes such as extra sex combs on the
second and third legs. Moreover, mutant gri alleles do not
show strong genetic interactions with other Pc-G mutations
tested, including alleles of most members of the PRC1 com-
plex. In this respect, the Sce gene, which encodes the PRC1
subunit RING, is a notable exception (19, 22). While only a few
Sce’/+ males have sex combs on their posterior legs, we ob-
served extra sex combs on the second and third legs of nearly
all male flies with the genotype Sce’/+ grh®7/+ (Fig. 2).

Lack of a dominant homeotic phenotype and interaction
with Sce’ also characterize the mutations of the Pc-G gene

function remains unaffected by this deletion. Note that the phenotype
of grh®37jiab-75% transheterozygous flies is very similar to that of class
M1/iab-75% flies, while it is markedly different from that of the Fab-7'/
iab-75% combination. (F) Schematic representation of BX-C mutants.
For exact molecular coordinates, see reference 37. The Fab-7 bound-
ary and the iab-7 PRE are represented by boxes.



VoL. 26, 2006

A gl BN CN§

*&‘ v
"
| 1 . Y M i
ﬂ I ‘:-_'(
f 4 f
% I3 i
f s B
» 5 A
D E

’;._ e fh \
) p ?

,}\ ;‘. )

ﬁ # 2

4‘*}’ WP 'j A

FIG. 2. grainyhead interacts genetically with Sex combs extra (Sce).
The first, second, and third legs of wild-type (A to C) and grh®7/+ Sce’/+
(D to F) male flies are shown. Arrows point to sex combs, whose presence
on the second and third legs indicate partial transformation of the respec-
tive thoracic segments (T2 and T3) into a T1 identity, which is a charac-
teristic phenotype of certain Pc-G alleles and allele combinations (8). The
average number of legs having at least one sex comb tooth is 2.2 in Sce’
heterozygous male flies (n = 177) and 5.4 in gh®7/+ Sce’/+ trans-
heterozygous males (n = 220). We have never observed ectopic sex combs
on grh heterozygous flies.

pleiohomeotic (pho) (8). The similarity between gri and pho is
further strengthened by the finding that pho alleles also en-
hance the phenotype of both Fab-7?/+ and Fab-7'/+ (data not
shown).

GRH interacts with the iab-7 PRE in vitro. GRH, also
known as NTF-1 and Elf-1, was originally characterized as a
transcription factor involved in transcriptional activation by
TFIID through direct interaction with the subunits TAF60 and
TAF150 (11). In addition, GRH was also shown to physically
interact with RING, a subunit of PRC1 in both Drosophila and
humans (57). Drosophila and mammalian RING is encoded by
a Pc-G gene, linking GRH to Pc-G silencing (16, 19, 22). It is
therefore possible that GRH plays a role in the silencing func-
tion of the iab-7 PRE by directly binding and recruiting the
silencing complex to it. However, another trivial possibility is
that grh act as a positive regulator of Pc-G genes and therefore
contributes to iab-7 PRE-mediated silencing only indirectly.

To distinguish between these two possibilities, we used
DNase I footprinting in order to test if the bacterially ex-
pressed GRH protein can bind to the iab-7 PRE in vitro. These
experiments led to the identification of one binding site, FP1,
which was also protected when nuclear extract was used as a
protein source (Fig. 3A to C). In gel shift experiments with
nuclear extract, the formation of two complexes was detected
on this binding site and both were recognized by anti-GRH
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antibody, supporting the idea that the FP1 binding activity
corresponds to GRH (Fig. 3D).

We found a second DNA sequence within the iab-7 PRE
with some degree of similarity to FP1 (Table 1). Interestingly,
this sequence, named FP3, was not protected against DNase I
cleavage by the bacterially expressed GRH protein but was
clearly protected when nuclear extract was used (FP3 in Fig.
3B and C). Nevertheless, an oligonucleotide corresponding to
the FP3 sequence was faintly shifted by the bacterially ex-
pressed GRH protein in a gel shift assay, indicating that this
sequence can serve as a weak binding site for GRH (Fig. 3E).

We surmised that cooperative interaction with an another
binding activity may facilitate the binding of GRH to its oth-
erwise weak FP3 site when nuclear extract is used. In the case
of such a short-range interaction, an altered DNase I cleavage
pattern is expected between the binding sites of the coopera-
tive partners in footprinting experiments as a result of looping
of the intervening DNA (24). Such an effect was indeed ob-
served between FP3 and another binding site, FP2, and also
between FP1 and FP2 (marked by brackets in Fig. 3B and C).

We tested the contribution of the FP2 site to FP3 binding in
gel shift assays by using different subfragments of the DNA
used for the footprinting experiments (these subfragments are
referred to by the binding sites they carry; a more detailed
description is given in Fig. 3I and Materials and Methods).
GRH binding to FP3 and FP3-FP2 was clearly detected with
nuclear extract (Fig. 3F and G). The shifts observed with these
FP3-containing probes could be competed by the nonoverlap-
ping GRH binding site FP1, indicating that these protein-DNA
complexes are indeed the consequences of GRH binding. Im-
portantly, the upper GRH-specific shift in Fig. 3G was de-
tected only with probes that also contain the FP2 site, indicat-
ing a context-dependent interaction between this binding
activity and FP3 (compare Fig. 3F and G). As could be antic-
ipated from the presumed cooperativity, FP3 alone was a much
weaker competitor of this shift than FP3-FP2 (Fig. 3G). Co-
operativity between FP2 and FP1 was also observed, but a
contribution of FP2 to the strength of GRH binding was less
evident (data not shown). These results support the notion that
FP2 has a role in GRH binding.

With the FP3-FP2-FP1 subfragment as a probe, only one
shift was observed. This shift could also be competed by the
FP1 and FP3 subfragments, indicating that this single shift is
still the consequence of GRH binding (Fig. 3H). It is also clear
that FP3 is a weaker competitor than FP1, in agreement with
the finding that FP3 is a lower-affinity binding site for GRH.
Weak, if any, competition was observed with an oligonucleo-
tide overlapping only the FP2 site (data not shown). Neverthe-
less, in concert with the hypothesis that FP2 cooperates with
GRH, in the presence of the FP2 site, both FP3 and FP1
compete better for this single shift. This effect was more prom-
inent on the competing ability of the FP3 site (Fig. 3H). Sig-
nificantly, none of the subfragments of the FP3-FP2-FP1 frag-
ment competed as well as FP3-FP2-FP1 itself, indicating that
GRH binding to this fragment is stronger than that to any of its
subfragments. This suggests another level of cooperation.
GRH can form homodimers, which was shown to increase the
affinity of GRH for its binding sites, and we also suspect that
dimerization is required for further stabilization of the com-
plex formed on the FP3-FP2-FP1 fragment (4, 59). However,
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TABLE 1. Alignment of FP1 and FP3 sites with known
GRH binding sites (17, 58)

Name Sequence

FPL ettt CACAATCCTGTTTTTT
FP3. ...GCATTTTTTTTGTTTTTG
Ftz .. TGATTCGGTATCGAAA
Ftz II.... GGGAGCTGTTTTTTCC
Ftz I11a. TCGGATGGTTTTATAT
Ftz I1Ib .... AATAAGGGTGTAGAGT
Ftz IV... CTTTCTGGTTTTGCAG
Ubx....... CAATCTGGTTTTGAGC
Ddc be-1.. GAAACCGGTTAT

DAC DE-2 e TGAACCGGTCCTGCGG

the stretch of DNA between the FP3 and FP1 GRH binding
sites is short, and cooperative interactions would require loop-
ing of the intervening sequences, which has energy constraints.
Looping of a short stretch of DNA would need the aid of DNA
binding proteins to bend it (62). As the FP2 site is about
halfway between the GRH binding sites, FP1 and FP3, the
function of this unidentified protein may not only cooperate
with single GRH sites but also promote their interaction by
DNA bending. Addressing these possibilities directly would
require identification of the FP2 binding factor.

Eukaryotic DNA binding proteins usually recognize short,
often degenerated sequence motifs. Thus, for a protein like
GRH, tens of thousands of nonfunctional binding sites, which
may be called pseudosites, are expected to occur in the Dro-
sophila genome. However, the experiments presented above
indicate that several levels of cooperativity are required for
efficient in vitro binding of GRH to the iab-7 PRE. This result
would not be expected in the case of a pseudosite and supports
the hypothesis that GRH plays a direct role, unrelated to its
function as a transcription factor, in the functioning of the
iab-7 PRE.

grh interacts genetically with pho in transgenic constructs.
In order to further substantiate that GRH binds to the iab-7
PRE in vivo, we have generated transgenic constructs carrying
various iab-7 PRE fragments upstream of the mini-white re-
porter gene and examined the influence of the gr7%’” mutant
background on pairing-dependent silencing (Fig. 4). We used
three constructs for this purpose, a type I construct containing
the in vitro GRH binding sites along with the GAF/PSQ,
DSP1, and PHO consensus sites; a type II construct containing
the GAF/PSQ, DSP1, and PHO consensus sites but lacking the
GRH binding sites; and a type III construct containing only the
GRH binding sites (Fig. 4E).

The type I transgenic construct responds to the dosage of
grh, as the eye color of four out of the eight examined homozy-
gous pairing-sensitive (PS) lines became darker in the grh®”
background (Fig. 4A). Transformant lines containing the type
II construct, although frequently PS, do not respond to the
presence of grh®37, as revealed by comparing the eye colors of
grh®7/+ type 1l/type 11 and +/+ type Il/type 11 flies (seven PS
lines were tested). Since reduction of the GRH dosage could
influence reporter gene expression only when the GRH bind-
ing sites were present in the construct, we concluded that these
sites also bind GRH in vivo. We established 39 homozygous
viable transformant lines of type III construct, but none of
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them were PS (Fig. 4C). This led us to conclude that, like other
binding sites occurring in PREs, GRH sites on their own are
insufficient to generate PSS (1).

An inherent limitation of the transgenic approach is that
both the silencing and the expression of the reporter gene
could be subject to genomic position effects. Nevertheless, it is
noteworthy that the overall degree of silencing observed in
type II lines was considerably lower compared to that of type I
lines (compare Fig. 4A, B, and C). This may indicate that the
contribution of GRH to silencing in type I lines is to promote
the stability of the binding of another silencing factor. This is
supported by the effect of the double-mutant combination
pho’/+ grh®37/+ on the eye color of some of the type I trans-
formant lines. As shown in Fig. 4D, grh®?” alone has no effect
on this particular line while pho’ derepresses the transgene
only weakly. By contrast, the eye color is much darker in the
double-mutant combination, suggesting that GRH and PHO
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FIG. 4. Transgenic constructs carrying iab-7 PRE fragments inter-
act genetically with gri. (A) A typical homozygous type I transformant
line that responds to grh®”. Note that in a wild-type background the
reporter gene is completely repressed. Such strong silencing was ob-
served in 7 out of the 22 established PS lines. (B) In the case of PS lines
carrying a type II construct, the reporter gene is never completely
silenced. (C) Type III transformant lines show no signs of pairing
sensitivity. (D) In this type I transformant line, neither gri®” nor pho’
caused a dramatic change in the eye color of the homozygous trans-
gene. However, in the double-mutant background significant derepres-
sion of the reporter gene is evident, indicating synergism between grh
and pho. (E) Schematic representation of the transgenic constructs.
The boxes represent binding sites for DNA binding proteins. Molec-
ular coordinates are given according to EMBL X78983. The number of
PS versus homozygous (hom.) viable lines obtained for each construct
is indicated on the right.
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Probe: FP1

FIG. 5. A highly cooperative nucleoprotein complex is formed on
the iab-7 PRE in vitro. (A) Schematic representation of probes and
subfragments. Binding sites for DNA binding proteins are represented
by boxes. Molecular coordinates are given in parentheses according to
EMBL X78983. These subfragments are referred to by their proximal
and distal binding sites throughout. (B) When the FP3-PHO2 template
is used in gel shift experiments, almost all of the probe is bound and
the resulting complex is highly resistant to competition either by the
single binding site FP1 or even by the GAF/PSQ-PHO?2 subfragment,
indicating cooperative assembly of a protein complex. (C) Signs of
cooperativity are still evident, although to a lesser extent, when the
FP1-PHO2 template is used. Further truncation of this probe to re-
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are not only involved in the silencing process but, at least in the
case of this particular transgene, interact cooperatively.

GRH interacts with PHO in vitro. In order to establish that
GRH and PHO cooperate in vitro, we employed the gel shift
assay with a fragment in which the FP3-FP2-FP1 sites were
present along with the GAF/PSQ, DSP1, and PHO consensus
sites (Fig. SA). Two signs of cooperativity are evident: (i) in the
presence of the same amount of nuclear extract used in the gel
shift experiments described above, almost all of this probe
DNA is complexed, leaving only a small amount unbound, and
(ii) the resulting DNA-protein complex is refractory to com-
petition by subfragments of the probe DNA (Fig. 5B; compare
the competition ability, for example, of a single FP1 site in the
gel shift experiments presented in Fig. 3F and G with that
shown in Fig. 5B). With a shorter probe that lacks the FP3 and
FP2 sites, relatively high-affinity binding was still observed,
although cooperativity is less spectacular in this case (Fig. 5C).
Deleting either the FP1 or the distal PHO site from the probe
fragment resulted in an apparent loss of cooperative binding
(Fig. 5D and E). These experiments indicate that the presence
of various binding sites on the longer DNA probes facilitates
and reinforces interactions in such a way that a more stable
complex is formed.

In another set of gel shift experiments, we used the FP1 site
as a probe and detected the formation of two GRH-specific
shifts with nuclear extract (Fig. 3D). Of these two shifts, the
upper one was recognized by both anti-GRH and anti-PHO
antibodies (Fig. 5F). This result clearly indicates that GRH
and PHO are components of the same complex. We tested if
the two proteins can interact with each other directly in a
pulldown experiment. PHO binding to the GST-GRH, but not
to the GST, matrix was evident, demonstrating that these pro-
teins can interact directly (Fig. 5G). Since this interaction is
conserved from Drosophila to humans, it is very likely that their
interaction domains, not yet identified, are also conserved (47).

Interaction of GRH and PHO increases affinity for their
binding sites. To see the functional consequence of the GRH-
PHO interaction, we tested the binding of bacterially expressed
GRH to its binding site in the presence of increasing amounts
of bacterially expressed PHO. A GRH-PHO complex was
clearly observed, along with a concomitant decrease in the
unbound probe DNA, indicating that binding of PHO to GRH
increases its affinity for DNA (Fig. 6A). In a reciprocal exper-
iment, we tested the effect of GRH on PHO binding to its
DNA target. Once again, the sharp decrease in the amount of
free DNA indicated that GRH increases the affinity of PHO

move the FP1 or the PHO?2 site results in loss of cooperative binding
(panels D and E, respectively). (F) The protein complex formed on the
FP1 GRH site is supershifted by both anti-GRH and anti PHO, indi-
cating that GRH and PHO are members of the same protein complex.
Supershifts are indicated by asterisks. The effect of deoxycholate
(DOC) is also shown; this detergent eliminated the upper, but not the
lower, shift at a concentration of 0.1%, indicating that the upper shift
is the result of a detergent-sensitive protein-protein interaction. (G) In
a GST pulldown experiment, PHO interacts with GRH. GRH ho-
modimerization (4, 59) was used as a positive and luciferase (LUC) as
a negative control for binding. PHO binds to the GST-GRH matrix but
not to GST alone.
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FIG. 6. Mutual enhancement of DNA binding between PHO and
GRH. (A) A constant amount of GRH is titrated in the presence of
increasing amounts of PHO. The probe fragments used here cover the
FP3 and FP1 sites but lack the PHO sites (see also Fig. 4E). GRH-
PHO complexes are marked by arrowheads. (B) Binding of a constant
amount of PHO in the presence of increasing amounts of GRH to a
probe which contains only the PHO sites without the FP3 and FP1 sites
(see Fig. 4E). A discrete PHO-GRH complex was not detected. Nev-
ertheless, cooperativity can be deduced from the decreasing amount of
free DNA, which faithfully reflects the original equilibrium situation
even if the specific complexes dissociate during electrophoresis. The
amount of free DNA quantified by a PhosphorImager is shown below
each lane as a percentage of the input DNA. The amounts of GRH
and PHO are marked as relative units above the lanes.

for its binding sites (Fig. 6B). Interestingly, a concomitant
increase in a discrete PHO-GRH complex was not observed in
this experiment. Instead, we observed a smear above the dis-
crete PHO-specific shifts in the simultaneous presence of
GRH, indicating that the PHO-GRH-specific complex is un-
stable and gradually dissociates during electrophoresis.

If GRH and PHO mutually increase each other’s ability to
bind DNA, their effect would be expected to be more promi-
nent when a probe containing their binding sites in cis is used
(62). Contrary to this expectation, we were unable to convinc-
ingly reproduce cooperative binding in vitro with such DNA
probes and bacterially expressed GRH and PHO (data not
shown). Conceivably, the DNA between the GRH and PHO
binding sites prevents the expected interaction. Thus, GRH-
PHO interaction is very likely to be necessary but insufficient to
recapitulate the cooperative assembly observed when nuclear
extract is used, and other, as yet unidentified, proteins may be
involved in this process.

DISCUSSION

Genome-wide prediction indicated that the occurrence of
the same limited set of consensus motifs can fairly accurately
predict the PRE function of a DNA sequence (46). This ob-
servation suggests that many, if not all, PREs use the same set
of DNA binding proteins. One of the frequently occurring
consensus sequences within PREs is a poly-T motif. Many,
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although not all, GRH binding sites are T rich, and our studies
indicate that at least in some cases the poly-T consensus se-
quence may be a binding site for this protein. However, like
other DNA binding proteins involved in PRE function, GRH
alone cannot explain the specificity of targeting, since its func-
tion is not limited to PREs. In other contexts, GRH acts as a
transcriptional activator (11). The fact that an array of distinct
sequence motifs is required to accurately predict PREs prob-
ably means that there is no single major targeting activity.
Indeed, in the case of the engrailed PRE it was demonstrated
that all binding sites of DNA binding proteins are equally
important for silencing activity (1). Identification of GRH as a
PRE-related DNA binding protein and, in particular, its coop-
erative interaction with another member of this group both in
vivo and in vitro may help in understanding the targeting of
PC-G to PREs during development.

Recently, a cooperative interaction between GAF and PHO
has been demonstrated (35). In contrast to the case of GRH
and PHO, cooperation between GAF and PHO is independent
of the physical interaction between the two proteins and re-
quires a nucleosomal context. Although the physical basis of
this cooperative interaction is not understood, it also suggests
that cooperativity may be an important principle in the orga-
nization of nucleoprotein assembly at PREs.

Plurality and diversity of components but unity of purpose.
What could be the impact of cooperativity on PC-G targeting?
Theoretically, one of the most significant problems encoun-
tered by a DNA binding protein is the huge excess of potential
binding sites in the genome, including both functional sites and
pseudosites. It can be assumed that if any of the DNA binding
proteins involved in targeting are present in limited amounts in
the nucleus, then their binding occurs only at the highest-
affinity sites, where a combination of certain binding sites fa-
cilitates their cooperative binding. Several observations con-
tradict this simple model. First, if the amount of these DNA
binding proteins were limited, their mutations would be ex-
pected to result in strong haploinsufficient phenotypes, which
is not the case. Second, studies on the DNA binding proteins
EVE, FTZ, and GAF demonstrated that in vivo they also bind
to genes that are not controlled by them. These functionally
irrelevant sequences may represent pseudosites, and the rela-
tively low level of binding at these sites may indicate a low
binding affinity (44, 61). Thus, it appears that restricted binding
site occupancy of DNA binding proteins is not necessary for
specificity in gene regulation. Likewise, even though the DNA
binding proteins present on PREs may bind to nonfunctional
sites, it is likely that the functionally relevant high-affinity sites
are distinguished from pseudosites in vivo by the unique ar-
rangement of distinct, stably bound cooperative partners.
However, although in our model of targeting of PRC1 to the
iab-7 PRE, cooperativity at the level of the DNA binding
proteins is critically required for binding stability, by itself it is
insufficient to provide the required specificity of the targeting
process (Fig. 7A).

In contrast to the DNA binding components, other constit-
uents of the silencing complex appear to be limiting factors.
This is suggested by the fact that most Pc-G genes were iden-
tified either on the basis of their characteristic haploinsufficient
phenotypes or on the basis of their dominant genetic interac-
tion with other known Pc-G members (8). The number of
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FIG. 7. (A) Model of PRCI1 targeting to iab-7 PRE. For simplicity,
similar DNA binding proteins are circled and treated as single target-
ing domains. Cooperative interactions between DNA binding proteins
and subunits of PRCI are indicated by arrows. These interactions are
described in the text and in references 15, 38, 40, 48, and 57. Based on
the available data, the interaction of GAF with PRCI1 subunits requires
the adaptor proteins LOLA-LIKE and CORTO (38, 48). The possible
roles of other proteins, such as RYBP and CtBP, should also be
considered (3, 21, 54). The putative GAF-PHO interaction would
require a nucleosomal context (35). TFIID can interact with GRH
(11), whereas SWI/SNF can interact with PHO (40). Therefore, it
would be conceivable that these two complexes can also be recruited to
the iab-7 PRE. According to our model, however, stable recruitment of
TFIID and SWI/SNF is unlikely to occur because their binding is not
supported by other interacting modules in the context of the iab-7
PRE. (B) Locations of binding sites for regulatory proteins within the
largest iab-7 PRE fragment used in this study are shown. Closed boxes
indicate footprinted sequences. The boundaries of the FP3, FP2, and
FP1 footprints are derived from experiments with nuclear extract, and
the FP1 site was also verified by using purified protein. Protection of
the GAF/PSQ motif was detected with nuclear extract (data not
shown; 39). Consensus sites for the PHO, ZESTE, and DSP1 proteins
are indicated by open boxes (14, 15, 39).

potential PRE sequences is also relatively small, as a genome-
wide survey estimated it to be not more than a few hundred in
Drosophila (46). This brings us to the question of how the
abundant DNA binding proteins link the limited amount of
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PC-G complexes to the low-frequency target sites with high
specificity.

The first clue comes from studies showing that all of the PRE
DNA binding proteins have the ability to interact with various
PC-G proteins that are all subunits of the same preformed pro-
tein complex, PRC1 (summarized in Fig. 7A). These interactions
appear to be weak by themselves, as illustrated by the fact that
although the occurrence of these interactions can be demon-
strated by using short protocols like immunoprecipitation, the
resulting complexes do not survive nonequilibrium methods used
for traditional biochemical purification of protein complexes. The
consequence of the cooperativity at the level of DNA binding
proteins is that the otherwise weak interaction surfaces are inte-
grated into a stable composite surface that can serve as a high-
affinity docking site for the limited amount of PRC1 complex. In
our model, this second level of cooperativity would provide tar-
geting specificity.

Notably, the same DNA binding proteins involved in PC-G
targeting can separately participate in weak interactions with
various other protein complexes involved in processes unre-
lated to, or the opposite of, Pc-G-dependent silencing, such as
TFIID-dependent transcription or chromatin remodeling by
SWI/SNF (11, 40). Based on the available data, interaction
surfaces of any such complex are not shared by these DNA
binding proteins, and according to our model, their concerted
recruitment to PREs is unlikely. Also, in agreement with the
experimental data, this model predicts that in the absence of
DNA none of the DNA binding proteins will be able to interact
stably with the complex to be recruited. The integration of
several weak protein-protein interaction modules into a single
entity is a prerequisite for the complex to dock on chromatin
(Fig. 7A).

It has been shown that transcription through the iab-7 PRE
displaces PC-G proteins and results in concomitant recruit-
ment of the TRX and BRM proteins (10, 14, 26). Thus, iab-7
PRE appears to be a switchable element and the potential, for
example, of PHO to interact with protein partners having a
function that is the opposite of PC-G silencing might be real-
ized under certain circumstances. There is insufficient data to
explain the mechanism underlying this switch. One possibility
is that binding of some DNA binding proteins to DNA or to
their interacting partners is modified by posttranslational mod-
ifications, as it was shown in the case of the human homologue
of Grh (60). According to our model, even the modification of
a single actor (e.g., GRH) can radically influence the overall
assembly configuration of the targeting complex and might be
responsible for the dynamic nature of the iab-7 PRE.

Similarity to the targeting of transcriptional activator com-
plexes. Our model shows remarkable similarity to the func-
tional and structural organization of enhanceosomes (9). For
example, multimerization of the binding sites of any of the
DNA binding proteins involved in beta interferon (IFN-B)
enhanceosome formation does not reproduce faithfully the
virus inducibility of the intact enhancer. Instead, these syn-
thetic enhancers respond promiscuously to inducers that are
normally not involved in regulation of the IFN-B gene. The
molecular basis of the selective inducer response of the enhan-
ceosome is established by the following cooperative interac-
tions. First, in their original context, the mutually cooperative
interactions at the level of DNA binding proteins promote
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binding stability. Second, on the resulting spatially arranged
protein surface, each DNA binding protein contributes to the
recruitment of a protein complex through interactions with one
of its subunits (36, 55). We conclude that the integration of
different, hierarchical levels of cooperativity could be a general
principle in the targeting of protein complexes to chromatin.

The validity of the enhanceosome model has already been
demonstrated by in vitro reassembly of the IFN- enhance-
osome with well-defined recombinant components (32). In
vitro studies with a nucleosomal template have provided valu-
able insights into the role of PRC1 in regulation of the chro-
matin structure (18, 51). However, in this experimental system
the excess of PRC1 and nonspecific DNA binding of PRCI1
complex members overcomes the problem of targeting. Our
initial attempt to reconstitute cooperativity at the level of DNA
binding proteins failed, possibly because the simultaneous
presence of several other DNA binding proteins is required for
cooperative assembly. Until these components of PREs are
identified, it is likely that PC-G targeting cannot be faithfully
reconstituted in vitro. The identification of as-yet-unknown
DNA binding protein components of PREs, together with
the conceptual framework presented here, will hopefully
facilitate these studies.

Direct versus indirect targeting. Recent results showed that
in vivo stable recruitment of PC to the Ubx PRE critically
depends on the presence of the E(Z) protein (63). E(Z) is a
member of a PC-G complex, which is distinct from PRCI, and
possesses histone methyltransferase activity (13, 20, 43). These
findings led to a model wherein, upon binding of the EZ
complex, its enzymatic activity could provide the mark for the
specific targeting of PRCI1. Hence, recruiting of PRC1 would
only indirectly depend on sequence-specific DNA binding pro-
teins, as they primarily act as recruiters of the E(Z) complex,
but not PRC1 (63). Contrary to the predictions of this model,
we found that although mutations in PRC1 complex members
are similarly strong dominant enhancers of the Fab-7° pheno-
type as grh and pho, amorphic E(z) alleles in heterozygous
condition are not (our unpublished data). Thus, our results
indicate a rather intimate link between these DNA binding
proteins and PRC1 complex members. However, it is still
possible that in a nucleosomal context the histone mark
could provide an additional constituent for binding whose
presence can be critical in vivo in certain tissues. Certain
PC-G group members have a tissue-specific phenotype, and
GRH is also not ubiquitously expressed, which supports this
notion (5, 6, 53).

Alternatively, a histone mark might be critical for mainte-
nance of the repressed state through cell divisions but may not
be required for targeting in resting cells. Here it should be
noted that the proliferation rate of the imaginal disk and cul-
tured cells used in the study described in reference 63 is dif-
ferent from that of histoblasts, wherefrom abdominal tergites
are derived, a difference that may affect the outcome of exper-
iments and conclusions profoundly. Taken together, it is pos-
sible that the two models may describe different aspects of
Pc-G silencing or different targeting strategies used by different
PREs, and they should be treated as complementary, and not
concurrent, models.
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