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ABSTRACT

In Drosophila, PcG complexes provide heritable
transcriptional silencing of target genes. Among
them, the ESC/E(Z) complex is thought to play a role
in the initiation of silencing whereas other com-
plexes such as the PRC1 complex are thought to
maintain it. PcG complexes are thought to be
recruited to DNA through interaction with DNA bind-
ing proteins such as the GAGA factor, but no direct
interactions between the constituents of PcG com-
plexes and the GAGA factor have been reported so
far. The Drosophila corto gene interacts with E(z) as
well as with genes encoding members of mainten-
ance complexes, suggesting that it could play a role
in the transition between the initiation and mainten-
ance of PcG silencing. Moreover, corto also inter-
acts genetically with Trl, which encodes the GAGA
factor, suggesting that it may serve as a mediator in
recruiting PcG complexes. Here, we show that Corto
bears a chromo domain and we provide evidence
for in vivo association of Corto with ESC and with
PC in embryos. Moreover, we show by GST puli-
down and two-hybrid experiments that Corto binds
to E(Z), ESC, PH, SCM and GAGA and co-localizes
with these proteins on a few sites on polytene
chromosomes. These results reinforce the idea that
Corto plays a role in PcG silencing, perhaps by con-
fering target specificity.

INTRODUCTION

The power of Drosophila genetics has permitted the discovery
of genes encoding proteins involved in epigenetic mechanisms
before knowing the molecular structure of chromatin. A
striking example is given by the analysis of mutants that led
Ed Lewis to propose that Polycomb (Pc) encodes a general

repressor of the Bithorax Complex (1). Later on, genetic
screens identified two classes of regulatory factors responsible
for maintaining homeotic (Hox) gene expression throughout
development. These factors are encoded by two groups of
genes: the Polycomb group (PcG) and the trithorax group
(trxG). Genetic data demonstrated an antagonistic role for
PcG and trxG genes: mutations in trxG genes suppress
phenotypes of PcG mutants. The PcG and TrxG proteins were
later on shown to function as multimeric complexes that
regulate Hox gene expression through modulation of the
chromatin structure. In Drosophila, the domains of Hox gene
expression are established early during development by the
gap and pair rule gene products. Then, these domains are
maintained throughout development by the PcG and TrxG
complexes; the TrxG complexes are involved in maintaining
the activation of Hox genes whereas the PcG complexes are
involved in maintaining their silencing outside their expres-
sion domains. The pleiotropic phenotypes of PcG and trxG
Drosophila mutants and the localization of the proteins they
encode at multiple sites on polytene chromosomes were the
first indications that the function of these regulators was not
restricted to the Hox genes. Several non-Hox targets were
further discovered and key genes, such as segmentation genes
or dorso—ventral polarity genes, were shown to be targets for
PcG (2,3) or TrxG (4,5) factors.

The PcG and the TrxG complexes are targeted to appro-
priate genes by regulatory DNA sequences called Polycomb
Response Elements (PREs) and Trithorax Response Elements.
The PREs exhibit autonomous silencing activity and are able
to recruit PcG proteins in vivo (6,7). The first evidence that the
GAGA factor, initially classified as a TrxG factor, was
involved in PRE silencing came from the analysis of the Fab-7
PRE, the silencing activity of which requires the GAGA
binding sites (8). This factor was further shown to be involved
in targeting PcG complexes (9-11). There seems to be a
multiplicity of distinct PcG complexes, yet only two PcG
complexes have been purified from embryonic extracts so far.
The first one, called the ESC/E(Z) complex, contains not only
the PcG proteins ESC and E(Z) but also the histone
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deacetylase dRPD3 and the histone binding protein p55. It is
involved in the early establishment of Hox gene silencing at
the end of segmentation (12-14). A second complex, termed
PRC1 for Polycomb Repressive Complex 1, has been shown to
contain the PcG proteins PC, PH, PSC, dRING1 and SCM as
well as several TAFs (TATA-binding protein Associated
Factors) (15,16).

The mechanisms leading to silencing by PcG complexes
have not been elucidated as yet. PcG complexes are supposed
to render chromatin more compact and have been demon-
strated to reduce DNA accessibility (17,18). However, silen-
cing by PcG proteins does not exclude general transcription
factors from promoters (19), and the presence of TAFs in the
PRC1 complex led to the proposal that silencing may be due to
a direct interaction between PcG complexes and the tran-
scription machinery. Furthermore, there is some evidence of a
direct connection between PcG silencing and chromatin
structure. PC interacts with nucleosomal core particles
in vitro (20) and the PRCI1 complex inhibits chromatin
remodeling of nucleosomal arrays (21). One hypothesis is that
complexes would freeze the position of nucleosomes in a
structure that prevents gene activity. The presence of the
histone binding protein p55 together with the histone
deacetylase dRPD3 in the ESC/E(Z) complex suggests that
nucleosome deacetylation may underlie PcG silencing (14).

The corto gene of Drosophila melanogaster, also known as
ccf, has been shown to play a role in chromosome conden-
sation and Hox gene regulation (22,23). Loss-of-function
males exhibit an ectopic sex comb on the second tarsal
segment of the first leg that corresponds to the homeotic
transformation of the first tarsal segment into the second. This
phenotype can be allocated to misregulation of the Hox gene
Sex comb reduced (Scr). Furthermore, corto mutations
enhance the extra sex comb phenotype of some mutants of
the PcG genes Enhancer of zeste [E(z)], multi sex-combs
(mxc), Pc, Polycomb-like (Pcl), polyhomeotic (ph) and Sex-
comb on midleg (Scm), strongly suggesting that corto and
these PcG genes act synergistically in regulating Scr (22,23).
Loss-of-function corto mutants also exhibit post-pronotum
defects that exist in mutants for Trithorax-like (Trl), the gene
that encodes the GAGA factor. This phenotype is enhanced in
double heterozygotes for corto and Trl, suggesting a relation-
ship between corto and Trl in Antennapedia (Antp) regulation
(23). These genetic observations led us to address the question
of Corto belonging to PcG complexes like ESC/E(Z) or PRCI1,
as well as its role in the direct connection between these
complexes and the GAGA factor. In the present report, we
show that Corto is a chromo domain protein. Using inde-
pendent co-immunoprecipitation experiments, we provide
evidence that, in embryos, Corto is associated with ESC, on
the one hand, and with PC, on the other hand. Moreover, by
in vitro binding assays and yeast two-hybrid analysis, we
provide evidence that Corto directly interacts with ESC and
E(Z), directly interacts with PH and SCM, but not with PC,
and also directly interacts with the GAGA factor. Lastly, we
demonstrate, by immunostaining experiments, that Corto
partially co-localizes with ESC, E(Z), PC, PH, SCM and
GAGA on third instar larvae polytene chromosomes. Taken
together, these results strongly suggest that Corto belongs to
PcG complexes that regulate the chromatin structure.

MATERIALS AND METHODS

cDNA and plasmids

The cDNASs corresponding to esc, E(z), Scm and Trl (isoform
519) were purchased from Invitrogen (EST numbers
SD03549, LD30505, LD09463 and LD41963, respectively).
The corto cDNA came from clone NB67 (22), the Pc cDNA
came from plasmid pUHE/PcM-D1.5 (24) and the ph
proximal cDNA (ph-p) came from clone C4-6 (25). Plasmid
constructs are described in the Supplementary Material.
Plasmids pJG-PH, pJG-PHAN and pJG-PHAS, derived from
the ph-p cDNA, were kindly provided by Dr H. Brock (26).

Embryonic extracts and immunoprecipitation assays

Embryos from the hs-LexA-ESC strain (7) were collected
every 4 h, heat shocked for 1 h at 37°C and allowed to recover
for 1 h at 25°C. Embryos from the the o.1T-LexA-PC strain (7)
were collected every 12 h. Nuclear extracts were performed as
described in Soeller et al. (27) except that complete protease
inhibitor cocktail tablets (Roche) were used. The final proteic
solution was dialyzed against incubation buffer (25 mM
HEPES pH 7.6, 100 mM KCl, 0.1 mM EDTA, 10 mM MgCl,,
1 mM DTT, 0.5 mM PMSF, 10% glycerol) for 3 h at 4°C.
Anti-LexA antibodies (Upstate Biotechnology) were cova-
lently linked to protein A—agarose as described in Harlow and
Lane (28). Protein A beads (mock) or protein A-anti-LexA
beads (assay) were washed with 1 ml of incubation buffer then
incubated with embryonic nuclear extract containing 150 pg
of protein in 300 pl of incubation buffer for 3 h at 4°C. The
beads were then washed three times with 1 ml of interaction
buffer for 10 min at 4°C and analyzed by western blot.

GST pull-down assays

In vitro transcription/translation assays were performed using
the appropriate RNA polymerase, the TNT® coupled reticu-
locyte lysate system (Promega) and [*S]methionine as
indicated by the manufacturer. As PC contains only two
methionines, the protein obtained by the transcription/trans-
lation reaction showed very low specific activity. Then, PC
was produced in bacteria from plasmid pUHE/PcM-D1.5 and
GST pull-down results were analyzed by western blot.
Aliquots of 50 pl of beads coated with GST or GST-Corto
fusion proteins containing ~1 Ug of protein were incubated in
1 ml of interaction buffer [40 mM HEPES pH 7.5, 100 mM
KCl, 5 mM MgCl,, 0.2 mM EDTA, 1 mM DTT, 0.5% Igepal,
1 mM AEBSF, 0.5% protease inhibitors for bacterial extracts
(Sigma), 3% BSA] with 10 pl of the translation mixtures. The
beads were then washed four times in 1 ml of incubation
buffer without BSA while progressively increasing the KCl
concentration to 400 mM and submitted to PAGE.

Two-hybrid methods

Interaction mating assays were performed by mating, on yeast
extract/peptone/dextrose plates, bait and prey carrier haploid
strains that had been previously grown on selective medium
(29). The mated diploids were then replicated on selective
medium containing either dextrose or galactose/raffinose with
or without leucine. After 24 h, the plates with leucine were
overlaid with 10 ml of X-gal agarose (0.5 M Na,HPO,
pH 7.5, 0.2% SDS, 10% dimethylformamide, 0.1% X-gal, 1%



agarose) to check the activity of the LacZ reporter gene. X-gal
and leucine tests both gave the same results except for yeasts
containing pEG-Corto, which never grow on medium without
leucine. Thus, only the X-gal assays are presented here.
Plasmids pJG4-5, which encodes the B42 activation domain,
and pEG202, which encodes the LexA DNA binding domain,
were used as negative controls. Plasmids pB42AD-T, which
encodes a B42 activation domain/SV40 large T-antigen fusion
protein, and pLexAS5S3, which encodes a LexA/murine p53
fusion protein, were used as positive controls (30).

Antibodies and immunolocalization on polytene
chromosomes

Squashes of third instar larvae salivary glands and immuno-
staining were performed as described by Cavalli (http://
www.igh.cnrs.fr/equip/cavalli/link.labgoodies.html). The w!!/8
strain was used for these assays except for immunolocalization
of ESC, where the hs-LexA-ESC strain was used. In that case,
larvae were repetitively heat shocked for 2 h at 37°C for
the 3 days preceding the experiment. Polyclonal antibodies
against the GST-C127/203 fusion protein were raised in the rat
and stored at —20°C. They were used at a 1:40 dilution. Anti-
PC (24), anti-PH (31), anti-SCM (32) and anti-E(Z) (33) were
used at a 1:40 dilution and anti-GAGA (a generous gift from
Dr P. B. Becker) at a 1:150 dilution. Anti-LexA was used at a
1:200 dilution. The secondary antibodies Alexa Fluor® 594
goat anti-rabbit IgG (H+L) conjugate and Alexa Fluor® 488
goat anti-rat IgG (H+L) conjugate ‘highly cross adsorb’
(Molecular Probes) were used at a 1:1000 dilution.

RESULTS
Structural analysis of Corto

No significant similarity between Corto and known proteins
could be detected by BLAST or PSI-BLAST. We performed a
two-dimensional hydrophobic cluster analysis to reveal
globular domains that might represent functional domains
(34). Three main hydrophobic cores were detected, located at
positions 127-203, 418-455 and 480-550, respectively
(Fig. 1A). Structural comparison of these domains with
protein folds from the Brookhaven Protein Databank were
carried out using the Bioinformatics Tools Server (35). While
no obvious similarities were observed between the two
C-terminal globular domains and known proteins, the most
N-terminal domain (amino acids 127-203) exhibited similar-
ities with the chromo (chromatin organization modifier)
domains of the mouse modifier protein 1 (MoMOD1) (PDB
accession code lapO) (36) and the Schizosaccharomyces
pombe Clr4 protein (PDB accession code 1gb6z) (37).
MoMODI1 and Clr4 are homologous to the heterochromatin
associated protein 1 (HP1) and the SU(VAR)3-9 protein of
Drosophila, respectively. Both proteins have been shown to be
involved in repression of gene expression in heterochromatin
(38,39). A putative three-dimensional structure of the Corto
domain was obtained with MODELLER, a program for
comparative modeling (40), using the MoMODI1 chromo
domain as a template (Fig. 1B). This suggests that this domain
exhibits a typical chromo domain structure composed of three
B-sheets followed by one o-helix. Alignment of the primary
sequences of the Corto 127/203 domain and the chromo
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domains of human HP1o, MoMOD1, Drosophila HP1, Crl4,
Drosophila SU(VAR)3-9, mouse Polycomb protein M33 and
Drosophila Polycomb protein PC supports this hypothesis
(Fig. 10).

The chromo domain and the C-terminal domain of
Corto mediate self-association

Self-association of Corto was first checked by GST pull-down
assay. We observed that the labeled full-length Corto protein
binds weakly to the chromo domain (amino acids 127-203)
and more strongly to the whole protein (Fig. 2A). Under the
same experimental conditions, the GST control beads did not
retain any radioactivity.

To test further if Corto is able to make multimers, we
carried out two-hybrid experiments in yeast. We observed that
the LacZ reporter gene was strongly activated in diploids
expressing both B42-Corto and LexA-Corto on galactose/
raffinose medium (Fig. 2B). This result leads us to conclude
that Corto is able to make multimers in yeast. To clarify the
position of the contacts between Corto molecules, we
subcloned the regions corresponding to amino acids 1-324,
to the chromo domain (amino acids 127-203) and to the
C-terminal globular domain (amino acids 440-550) in
pEG202 in-frame with LexA. A weak activation of the LacZ
reporter was observed when B42-Corto was co-expressed with
LexA-C1/324. Moreover, we observed a strong activation of
the LacZ reporter gene in diploids co-expressing B42-Corto
and LexA-C127/203 or B42-Corto and LexA-C440/550.
These results show that at least two domains, i.e. the chromo
domain and the C-terminal domain, are involved in Corto
dimerization.

Corto co-immunoprecipitates with ESC and with PC

The fact that Corto belongs to PcG complexes was checked by
co-immunoprecipitation experiments. As the rat anti-Corto
antibodies did not immunoprecipitate Corto, we used the
hs-LexA-ESC and LexA-PC strains. We prepared nuclear
extracts from 0—4 h heat-shocked embryos of the hs-LexA-
ESC strain and performed co-immunoprecipitation experi-
ments using anti-LexA antibodies (Fig. 3A). We observed that
the anti-LexA antibodies precipitated Corto indicating that, in
early embryos, Corto is included in a complex containing
ESC. We further tested the fact that Corto belongs to a PC-
containing complex using overnight nuclear extract from
embryos from the ol T-LexA-PC strain by immunoprecipit-
ation (Fig. 3B). We observed that the anti-LexA antibodies
precipitated Corto, indicating that in these embryos there is a
complex containing both PC and Corto.

These results suggest that in the embryo, Corto belongs at
least transiently to an ESC complex that may be the PcG
initiation complex and also to a PC complex that may be the
PRC1 complex. This is in agreement with our previous
observations of genetic interactions between corto and some
members of these complexes (23). Hence, we performed
assays for direct interaction between Corto and these proteins.

Corto binds to ESC and E(Z), two members of the PcG
initiation complex

We first performed GST pull-down assays to check the
interactions between Corto and ESC and between Corto and
E(Z). As shown in Figure 4B, both full-length Corto and the



2876 Nucleic Acids Research, 2003, Vol. 31, No. 11

-ear

Corte (135-203)
hHPlalpha (15-80)
MoMOD1 (12-79)

HP1 (21-82)

crld (1-69)

SU(VAR) 3-9 (211-278)
M33 (1-76

FC (21-50)

bbbk aaaaaaaaaaaa MoMOD1

Figure 1. Structure of the Corto protein. (A) Hydrophobic cluster analysis plot (reviewed in 34) of Corto (Swiss-Prot identity code P41046). The clusters of
hydrophobic residues are shown. The symbols used in the plot are: open square, threonine; dotted square, serine; diamond, glycine; star, proline. The three
main globular domains, located at positions 127-203, 418-455 and 480-550, are framed. (B) Putative Corto chromo domain three-dimensional structure as
obtained with MODELLER using the MoMOD1 chromo domain (PDB identity code lap0) as a template. (C) Alignment of the N-terminal globular domain
of Corto and the chromo domains of human HP1o (P45973), mouse modifier protein 1 (MoMOD1) (PDB identity code 1ap0), D.melanogaster HP1 (P05205),
S.pombe Clr4 protein (060016), D.melanogaster SU(VAR)3-9 (P45975), mouse M33 (P30658) and D.melanogaster PC (P26017). Identical amino acids
between Corto and the other sequences are on a blue blackground, similar ones on a gray background, hydrophobic residues in dark gray and charged residues
in light gray. Positions of the secondary structures (b for B-sheets and a for a-helix), as experimentally determined for MoMODI1 (36), are indicated below

the alignment.

u LB“-CLIE'Z‘

Figure 2. Self-association of Corto. (A) GST pull-down experiments: bind-
ing of 3%S-labeled Corto to GST, GST-C127/203 and GST-Corto as revealed
by autoradiography. (B) Two-hybrid experiments. Fusion proteins indicated
horizontally (the negative control B42, B42AD-T, which binds to LexA-53,
and B42-Corto) were expressed in the RFY206 strain (MATa). Fusion
proteins indicated vertically (the negative control LexA, LexA-53, LexA-
C127/203, LexA-C440/550 and LexA-Corto) were expressed in the RFY231
(MATo) strain that contains the LacZ reporter plasmid pSH18-34 (top).
LexA-C1/324 was expressed in the EGY48SHASpe (MATo) strain which
contains an endogenous LacZ gene (bottom). Strains were mated on appro-
priate medium and the activity of LacZ in the diploid yeasts was checked as
described in Materials and Methods.

Corto chromo domain (amino acids 127-203) retained 33S-
labeled ESC and E(Z). We concluded that both proteins were
able to bind to Corto in vitro via its chromo domain.

To extend these results, we subcloned the full-length ESC
coding region in pJG4-5 and tested its ability to bind to Corto

in yeast. The ESC protein (425 amino acids) is composed of
seven WD repeats spanning the C-terminal 355 residues (12).
We observed that co-expression of B42-ESC and LexA-Corto
strongly activates the LacZ reporter gene (Fig. 4C). We also
observed activation of LacZ when co-expressing B42-ESC
and LexA-C1/324, but no activation could be detected when
co-expressing B42-ESC and LexA-C107/203 or LexA-C440/
550. These results confirmed that ESC contacts Corto in its
N-terminal half. Nevertheless, in contrast to GST pull-down
experiments, the chromo domain by itself is not sufficient to
provide interaction. To further confirm the binding of ESC to
Corto, we used the pJG-ESC* construct, in which esc displays
two point mutations leading to the substitution of two amino
acids in the second WD repeat (E125G and L142F). We
observed that B42-ESC* did not interact with any of the
LexA-Corto proteins. This result clearly shows that the
structure adopted by the WD repeat motif is necessary for
the binding of ESC to Corto. Interestingly, point mutations in
the second WD repeat of the human ESC homolog EED also
disrupts its interaction with the human E(Z) homolog EZH2
(41).

We also checked the interactions between Corto and E(Z)
by yeast two-hybrid experiments (Fig. 4C). E(Z) is a 760
amino acid protein characterized by the presence of a highly
conserved domain called the SET domain [for SU(VAR)3-9,
E(Z), Trithorax] at the C-terminal end (Fig. 4A). This domain,
initially identified at the C-terminal ends of these three
proteins in Drosophila, mediates protein—protein interactions
(reviewed in 42). The full E(Z) coding region as well as
fragments corresponding to the N-terminal half of E(Z)
(amino acids 1-315), to the C-terminal half of E(Z) (amino
acids 315-760) and to the SET domain alone were subcloned
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Figure 3. Co-immunoprecipitation of LexA-ESC or LexA-PC and Corto. Nuclear extracts of heat-shocked 0—4 h embryos from the hs-LexA-ESC strain (A) or
overnight embryos of the ot1T-LexA-PC strain (B) were immunoprecipitated with anti-LexA beads (LexA IP) or with beads containing no antibody (Mock
IP). Western blots were revealed with anti-LexA or with anti-Corto antibodies as indicated.

in pJG4-5Y. No activation of the LacZ reporter gene was
observed when B42-E(Z) and LexA-Corto were co-expressed.
Moreover, no activation of LacZ was observed when
co-expressing B42-E(Z)SET or B42-E(Z)315-760 with any
of the LexA-Corto fusions. In contrast, co-expression of B42-
E(Z)1/315 and LexA-Corto strongly activated the LacZ
reporter gene, showing that the N-terminal half of E(Z)
strongly interacts with Corto. Furthermore, co-expression of
B42-E(Z)1/315 and LexA-C1/324, LexA-C127/203 or LexA-
C440/550 also activated the LacZ reporter gene. These results
corroborate the GST pull-down experiment results and
strongly suggest that the N-terminal half of E(Z) directly
interacts with Corto not only at the level of the chromo domain
but also at the level of its C-terminal end.

Corto binds to some members of the PRC1 maintenance
complex

We also tested for direct binding of Corto to some members of
the PRC1 maintenance complex, i.e. PC, PH and SCM, by
GST pull-down experiments. As shown in Figure 5B, PC was
not retained either on the GST-C127/203 or on the GST-Corto
beads, PH was strongly retained on the GST-C127/203 and
GST-Corto beads, and SCM was weakly retained on the GST-
C127/203 beads and strongly retained on the GST-Corto
beads. These results suggest that Corto does not directly
interact with PC but directly interacts with PH and SCM.

Two-hybrid experiments were then performed to confirm
these results. PC is a 390 amino acid protein with a chromo
domain located between positions 26 and 84 (Fig. 5A). The
full coding region was subcloned in pJG4-5 and introduced in
yeast. The co-expression of B42-PC and LexA-Corto, LexA-
C1/324, LexA-C127/203 or LexA-C440/550 never led to
activation of the LacZ reporter. These results corroborate the
GST pull-down experiments and suggest that Corto does not
directly interact with PC.

Interactions between PH and Corto were also examined by
two-hybrid experiments (Fig. 5C). PH is a large protein (1589
amino acids) characterized by a SAM domain (Sterile Alpha

Motif), a protein—protein interaction motif present in a wide
variety of proteins and involved in many biological processes
(26). This 165 amino acid domain is located at the C-terminal
end of the protein (Fig. 5A). B42-PH is a fusion of the full-
length PH protein with B42 whereas B42-PHAN is deleted
from the SAM domain and B42-PHAS retains only amino
acids 1-522. B42-PH and B42-PHAN never led to activation
of LacZ in the presence of any of the LexA-Corto fusion
proteins. In contrast, co-expression of B42-PHAS and LexA-
Corto or LexA-C1/324 led to activation of the reporter. No
activation was observed when co-expressing B42-PHAS and
LexA-C127/203 or LexA-C440/550. Then, two-hybrid assays
did not reveal any contact between PH and the chromo domain
of the Corto protein. From two-hybrid and GST pull-down
assays, we can deduce that the N-terminal half of Corto binds
to the N-terminal half of PH.

Interactions between Corto and SCM were also examined
by two-hybrid experiments (Fig. 5C). Like PH, SCM
possesses a SAM domain at its C-terminal end. The full Scm
coding region was subcloned in pJG4-5Y and introduced into
yeast. The LacZ reporter was strongly activated when co-
expressing B42-SCM and LexA-Corto, LexA-C1/324, LexA-
C127/203 or LexA-C440/550. These results corroborate the
GST pull-down experiments and clearly allow us to conclude
that Corto contacts SCM via two regions, i.e. the chromo
domain and the C-terminal domain.

Corto binds to the GAGA factor

Since we had previously observed genetic interactions
between corto and Trl (Trl encodes the GAGA factor), we
then tested direct interactions between Corto and GAGA. GST
pull-down experiments showed that GAGA was retained on
GST-C127/203 and GST-Corto beads while it was not
retained on control GST beads, suggesting that Corto interacts
with GAGA at the level of the chromo domain (Fig. 6B).
Interactions between Corto and GAGA were also analyzed
by two-hybrid experiments (Fig. 6C). The B42-GAGA fusion
protein inhibits yeast growth. Nevertheless, we could observe
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(C) Two-hybrid experiments. Mating was performed as described in Figure 2.

LexA-C1/324

an activation of LacZ when co-expressing B42-GAGA and
LexA-Corto or LexA-C1/324. No activation was observed
while co-expressing B42-GAGA and LexA-C127/203 or
LexA-C440/550. Binding of GAGA to the chromo domain,
although suggested by GST pull-down assays, could not be
shown by two-hybrid assays. This may be due to the need for a
larger domain. The GAGA protein contains a BTB/POZ
domain (BR-C, Tramtrack, Bab, Pox virus, Zinc finger), a

characteristic domain that mediates homomeric or hetero-
meric dimerization (Fig. 6A) (43,44). We further subcloned
this domain in pJG4-5Y to test its binding to Corto. We
observed that the co-expression of B42-GAGABTB with
LexA-Corto or LexA-C1/324 activated LacZ whereas its co-
expression with LexA-C127/203 or LexA-C440/550 did not
activate LacZ. These results lead us to conclude that the
N-terminal half of Corto directly interacts with the BTB/POZ
domain of GAGA.

Corto co-localizes with PcG proteins and GAGA at a
few sites on polytene chromosomes

The Corto protein was previously shown to bind to polytene
chromosome arms at many loci and to co-localize partially
with PSC (22). Although PSC shares many sites with PH and
PC, which completely co-localize, about 50 sites are not
shared by PSC and PC/PH (25,45). To extend the binding
experiments in vivo, we wanted to determine whether Corto
co-localizes with some other PcG proteins and with the GAGA
factor. We immunodetected Corto and these proteins simul-
taneously on third instar larvae polytene chromosomes. As
ESC is not expressed in larvae, we used the transgenic strain
hs-LexA-ESC to artificially produce the protein in salivary
glands. As shown in Figure 7, Corto binding sites coincide
with a fraction of the ESC, E(Z), PC/PH, SCM and GAGA
binding sites.

DISCUSSION

Previous studies have suggested that Corto acts as a chromatin
structure modulator involved in PcG silencing (22,23). The
present results provide molecular evidence supporting the fact
that this protein exhibits a chromo domain shared with some
chromatin binding proteins, participates in PcG complexes
and directly contacts some PcG proteins as well as the GAGA
factor.

Structural comparison with protein folds from the
Brookhaven Protein Databank and primary sequence align-
ments help us to propose that the region of the Corto protein
located between residues 127 and 203 is a chromo domain. A
previous analysis of the whole D.melanogaster genome by
primary sequence comparison had listed 13 chromo domain
proteins, which did not include Corto (46). Our result
illustrates the power of structural comparisons and lets us
foresee that the chromo domain may be more widely
represented among Drosophila proteins than previously
thought. Chromo domains are conserved domains found in a
variety of proteins associated with gene silencing, such as the
heterochromatic protein 1 (HP1), SU(VAR)3-9 or the PcG
protein PC. These domains are supposed to mediate protein—
protein interactions. Consistent with this are our findings that
some of the interactions reported here involve the Corto
chromo domain. Furthermore, in vitro binding analysis and
two-hybrid experiments show that this domain of the Corto
protein self-associates, another general property of chromo
domains (47).

To gain insight into the molecular mechanism responsible
for genetic interactions between corto and some PcG genes,
we first tested whether Corto is involved in PcG complexes
and showed by co-immunoprecipitation that, in the embryo,
Corto is a constituent of both a complex containing ESC and a
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in-frame with B42 in pJG4-5. The PC chromo domain (CH) is located at the N-terminal end of the protein and the SAM motifs of PH and SCM are located
at the C-terminal ends of these proteins. (B) GST pull-down experiments: binding of PC, PH and SCM to GST, GST-C127/203 and GST-Corto. PC was
produced in bacteria and the GST pull-down assays were revealed with anti-PC antibodies; 3°S-labeled PH or SCM were produced by in vitro transcription/
translation and the GST pull-down assays were revealed by autoradiography. (C) Two-hybrid experiments. Mating was performed as described in Figure 2.

complex containing PC. Then, we tested Corto for direct
interaction with members of the PcG initiation complex [i.e.
ESC and E(Z)], with members of the PRCI maintenance
complex (i.e. PC, PH and SCM) and with the GAGA factor.
The whole Corto protein directly interacts with all these
proteins except PC. The chromo domain is clearly involved in
the interaction with E(Z) and SCM. For the two latter proteins,

a strong interaction was also observed with the C-terminal
domain of Corto. These results and previous genetic data (23)
strongly suggest that Corto is functionally associated in
multimeric complexes with these proteins.

Although ESC is expressed at high levels during early
embryogenesis and at only very low levels in imaginal discs,
E(Z), like Corto, is expressed all through development. E(Z)
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has indeed been shown to fulfill two functions in Drosophila:
an early function linked to ESC in the initiation of PcG
silencing and a late function in maintaining PcG repression.
This observation led Ng et al. (48) to propose that E(Z) would
have an as yet undiscovered proteic partner that would replace
ESC in the ESC-E(Z) complex at late developmental stages.
As Corto binds to the N-terminal end of E(Z) as does ESC
(49), competition between Corto and ESC for binding to E(Z)
may occur to favor the transition between initiation and
maintenance complexes. Another PcG protein, PCL, has been
shown to associate with E(Z) and ESC in embryos, indicating
PCL as another candidate for this function (50). Genetic
interactions between corto and Pcl (23) as well as GST pull-
down results indicating that PCL binds to Corto (data not
shown) are in favor of a ESC-E(Z)-PCL-Corto complex that
plays a transient role in PcG silencing.

A maintenance complex, PRC1, containing PC, PH, SCM,
PSC and other proteins was identified in embryos (15,16), and
genetic interactions, co-localizations on polytene chromo-
somes and in vivo recruitment to transgenes suggest that these
proteins are also functionally associated during the larval and
pupal stages. The present study shows that Corto directly
interacts with two members of the PRCI1 maintenance
complex, PH and SCM. It also shows that Corto, although
exhibiting about 200 binding sites on polytene chromosomes,
shares only a few of them with these PcG protein binding sites.
Salivary gland cells are terminally differentiated and may be
extreme examples of the maintenance stage in chromatin
structure. Thus, it is possible that Corto and these proteins
share more targets in other tissues. However, this supports the
hypothesis that multiple PcG complexes of different compos-
itions regulate different target genes (51) and leads us to
propose that Corto joins transiently to the PRC1 complex,
perhaps confering target specificity.

In agreement with genetic interactions between corfo and
Trl, the gene encoding the GAGA factor, we have also
demonstrated a direct interaction of Corto with GAGA. This
interaction was further confirmed by co-localization on a few
sites on polytene chromosomes. Although originally described
as a transcriptional activator, GAGA is also involved in PcG
silencing: it has been shown to bind to multiple sites in PREs
and to be involved in a PcG complex containing PC, PH and
PSC in embryos (7). However, direct interactions between
GAGA and these proteins have never been reported. Our
results suggest that Corto might be a transient mediator in
recruiting such PcG complexes at PREs. SAP18, a polypeptide
associated with the Sin3-HDAC co-repressor complex, was
also shown to directly interact with GAGA via a region that
encompasses the BTB domain (52). SAP18S, like Corto, co-
localizes with GAGA at only a few sites on polytene
chromosomes (52). This suggests that recruitment of specific
repressor complexes at GAGA binding sites through BTB
domain binding proteins like SAP18 or Corto might be a
general mechanism in PcG silencing. The transcriptional
activity of GAGA was assigned to its C-terminal glutamine-
rich domain (53), but its BTB domain, which mediates self-
oligomerization, has been shown to be necessary for efficient
binding to natural target promoters (54). A speculative model
in which DNA-bound GAGA molecules form oligomers
through association of their BTB domain and bent DNA has
been proposed (54). Considering this model, association of
other proteins, such as Corto, to the BTB domain might result
in partial disruption of the GAGA oligomers and might drive
the promoter into a repressed rather than into an activated
state.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at NAR Online.
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