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ABSTRACT The Polycomb (Pc) gene of Drosophila mela-
nogaster is a member of a large class of genes (Pc group)
required for the segment-specific repression of homeotic selec-
tor genes. Mutations in Pc-group genes show strong posterior
transformations in homozygous embryos resulting from an
ectopic expression of homeotic genes in segments where they
are not supposed to be active. Genetic evidence suggests that Pc
is part of a cellular memory mechanism responsible for the
transmission of the homeotic expression pattern through de-
velopmental time. We have determined the nucleotide sequence
for the genomic DNA of the Pc gene and for cDNAs corre-
sponding to the 2.5-kilobase Pc mRNA. The deduced sequence
of the Pc protein exhibits a homology to the heterochromatin-
associated protein HP1 encoded by the suppressor of position
effect variegation gene Su(var) 205. The homology is confined
to a 37-amino acid domain in the N-terminal part of the two
proteins. Our findings extend to the molecule level the genet-
ically identified parallels between the Pc-group genes and the
modifiers of position effect variegation. This suggests that Pc
could use analogous mechanisms at the level of the higher order
chromatin structure for the stable transmission of a determined
state, as has been proposed for the clonal propagation of
heterochromatin domains.

The metameric organization of the Drosophila embryo is
dependent on the correct spatial expression of the homeotic
genes of the Antennapedia (ANT-C) and Bithorax (BX-C)
complexes (1-3). The Polycomb (Pc) gene together with other
members of the Pc-group genes act formally as repressors of
the homeotic genes (1, 4-6). Homozygous mutants of Pc die
at the end of embryogenesis, showing generally posterior
transformations of head and body structures. This phenotype
has been interpreted as resulting from ectopic expression in
anterior segments of homeotic genes normally expressed
only more posteriorly (1, 4). The negative regulatory function
of Pc on homeotic selector genes is required throughout most
of development: Pc mutants show a maternal effect, and,
zygotically, the Pc gene product is required during the entire
larval period for normal adult development (7-11).

In situ localization of homeotic gene RNAs and proteins
has confirmed that in Pc~ embryos, these genes are ectopi-
cally expressed in segments anterior to their normal domain
of expression (12, 13). However, molecular analyses revealed
that the initial pattern of homeotic gene expression was
normal up to the end of germ band extension; only after this
embryonic stage does the normal pattern degenerate to yield
anterior expression (ref. 14; R.P., unpublished data). Similar
results were obtained for the gene extra sex combs (esc),
another member of the Pc-group genes, where in addition it
could be shown that the delayed effect was not due to the
persistence of the maternal component (15). These results
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suggest that Pc and other Pc-group genes are responsible for
the transmission through the rest of development of the early
homeotic gene pattern determined by the transient expres-
sion of the maternal and segmentation genes.

In Drosophila the phenomenon of position effect variega-
tion points to a mechanism that can stably turn off genes by
heritable features of the chromatin (16). Euchromatic genes
placed next to heterochromatin by chromosomal rearrange-
ments can become inactivated by a spreading effect of the
heterochromatin. The influence of heterochromatin on neigh-
boring euchromatin can occur to a different extent in different
cells. Once established, however, the pattern is stably and
clonally inherited, giving rise to a variegated pattern. Similar
mechanisms seem to effect the inactivation of the X chro-
mosome in mammals (17). Several dominant Drosophila
mutants that enhance or suppress variegation have been
identified (16). Their gene products are thought to be struc-
tural components of heterochromatin. Based on the gene
dose sensitivity of this class of genes, Tartof and colleagues
(18) suggested that their protein products are constituents of
multimeric complexes that spread along the chromosome by
forming concatenated structures. The Pc group of genes and
the family of modifiers of variegation share the property that
their effect on gene inactivation is dose dependent.

In this work we have characterized a gene product of the
Polycomb (Pc) gene.t We show that the major 2.5-kilobase
(kb) mRNA encodes a 390-amino acid (aa) protein and that
this Pc protein contains a domain homologous to one within
a heterochromatin-associated protein of Drosophila (19).
This finding extends the similarities between the Pc-group
genes and the modifiers of variegation to the molecular level,
suggesting that Pc may be involved in the stable transmission
of a determined state by its effects on chromatin structure.

MATERIALS AND METHODS

Isolation of cDNAs and Sequencing. cDNAs were isolated
from a 3- to 12-hr embryonic lib (E6-38) kindly provided
by L. Kauvar (20). Plaques (2 xrfg) were screened with the
EcoRI-HindIlI fragment encoding most of the Pc gene (Fig.
1). Twelve Pc-specific cDNAs were identified and subcloned
into the pEMBLS8 vector (21). Subclones of the genomic
fragments in pEMBLS, as well as full-length cDNAs, were
prepared for sequencing by generating overlapping, directed
Exo III deletions (22). Sequencing from the single-stranded
DNA clones was performed using the dideoxy method of
Sanger et al. (23). Protein homologies were identified using
the FASTP program on the Swiss-prot (EMBL Nucleotide
Sequence Data Library) and National Biomedical Research
Foundation data bases (24).

In Situ Hybridization. Isolated DNA fragments were la-
beled with digoxigenin-dUTP using the kit and the accom-

Abbreviations: aa, amino acid; ORF, open reading frame.
tThe sequence reported in this paper has been deposited in the
GenBank data base (accession no. X55702).
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Fi1G. 1. Structure of the Pc locus. The Pc locus was cytologically mapped to 78D 7,8. The upper line shows the orientation and the extent
of the genomic DNA with the location of some characteristic restriction enzymes (A, Ava I; B, Bal I; C, Cla I; E, EcoRI; H, HindlIlI; P, Pst
I). The lower part shows the composite structure of the 2.5-kb Pc mRNA, as deduced from the complete sequence of the Pc-12c cDNA, the
partial sequence of the Pc-6c cDNA, the sequence of the genomic DNA (see Fig. 2), and S1 nuclease digestion experiments. The open reading
frame (ORF) is in black and its AUG start and its UGA stop codons are indicated. Some characteristic features of the Pc protein are shown
above. The sequence encoding the chromo box is broken by the 313-base-pair (bp)-long intron. The two homopolymeric stretches of 10 and 8
histidines are indicated by H, and the potential nuclear targeting signals deduced from the protein sequences are marked by asterisks.

panying protocol distributed by Boehringer Mannheim. Nu-
cleotides were incorporated for 3 hr at room temperature
using the ‘‘random primer’’ technique. Fixation, in situ
hybridization, and detection of the nonradioactively labeled
probes followed the method described by Tautz and Pfeifle
(25), with some slight modifications. Young embryos (0-8 hr)
were treated with 100 ug of proteinase K per ml (Boehringer
Mannheim) for 5 min at room temperature. For older em-
bryos (8-12 hr) the same treatment was prolonged to 13 min.
A 1:1200 dilution of the antibody provided by the Boehringer
Mannheim kit was used for the detection of the digoxigenin-
dUTP. Stained embryos were immediately embedded in the
JB-4 medium (Polysciences).

RESULTS

Sequence of the Pc Gene. The Pst I fragment shown in Fig.
1 encompasses the entire Pc gene. We will show elsewhere
that this fragment can rescue lethal Pc alleles when intro-
duced into the genome by P-element transformation (R.P., J.
Lauer, and D.S.H., unpublished data). The Pc gene encodes
a major 2.5-kb mRNA that is transcribed throughout devel-
opment. A minor 2.0-kb mRNA is found in poly(A)* RNA
preparations of unfertilized eggs and early (0-4 hr) embryos.
Another minor 1.0-kb mRNA was found to be expressed in
larval salivary glands (26). We have used the EcoRI-HindIII
fragment in Fig. 1 to screen an embryonic cDNA library (20).
Two cDNAs (Pc-12¢ and Pc-6¢) that represented a full-length
copy of the 2.5-kb mRNA were selected for sequencing. No
cDNAs of the minor mRNA classes were isolated, although
different cDNA libraries from appropriate stages were
screened. Fig. 1 shows the structure of the 2.5-kb mRNA as
determined by comparing the genomic sequence of the 3.7-kb
Pst 1 fragment and the sequence of the full-length cDNAs.
Only one intron separates the smaller 5' exon from the 3’
exon. This arrangement was confirmed by S1 nuclease pro-
tection experiments using various genomic fragments to
protect embryonic poly(A)* RNAs (data not shown). The
cDNA sequence revealed an ORF for a 390-aa (44 kDa)
protein (Fig. 2).

Characteristics of the Pc Protein. The 390-aa Pc protein
shows a high content of charged amino acids [basic (H, K, R)
20%, acidic (D, E) 15%] scattered over the entire protein. An
overall dense distribution of polar amino acids results in a
strong tendency toward large hydrophilic domains in hydro-
phobicity plots (28). Two striking homopolymeric stretches
of 10 and 8 histidines are found in the middle of the protein.
Considering that histidine can change its charge via small
differences in physiological pH, these domains could have
dramatic effects on the tertiary structure of the protein. The
Pc protein has been shown to be a nuclear protein (26). Three

potential nuclear targeting sequences underlined in Fig. 2
may be responsible for this localization.

A comparison of the Pc protein sequence with different
protein data bases did not reveal a homology to functionally
characterized protein domains. The only significant homol-
ogy, excluding those due to the histidine repeats, was to the
HP1 protein (formerly C1A9) encoded by the suppressor of
variegation gene Su(var) 205 (19, 29). This homology is
restricted to a stretch of 37 aa in the N-terminal portion of
both proteins (Figs. 1-3). Since the two similar domains
occur in two proteins that are involved in the organization of
the chromatin we have named this the ‘‘chromo domain’’
(chromatin gorganization modifier). The 111 bp encoding the
chromo domain is called the ‘‘chromo box.”’ Fig. 3 shows
that the two chromo domains are to 65% identical over their
37 aa, with conservative replacements accounting for another
19%. No other significant similarities between the two pro-
teins were found in the remaining sequences.

Distribution of the Pc Transcripts. Two genomic fragments
EcoRI-Ava I and Ava I-HindIII (Fig. 1) were used separately
to detect the distribution of the Pc transcripts in embryos.
Both fragments showed the same pattern in all stages tested.
Northern analysis as well as in situ hybridizations showed
that Pc transcripts are most abundant in unfertilized eggs and
early cleavage stage embryos, when the Pc mRNA is homo-
geneously distributed (data not shown). At blastoderm stages
Pc transcripts are still essentially uniformly distributed,
though less staining is evident at the anterior and posterior
poles (Fig. 4). Pc transcripts are found in almost all cells and
tissues throughout gastrulation and organogenesis though at
a much lower level than in early syncytial stages. In late
stages Pc transcripts are predominantly expressed in the
central nervous system (data not shown).

DISCUSSION

Mutations in the Pc gene show a very complex phenotype
with multiple transformations seen in all segments affecting
all homeotic genes of the two complexes. Transformations in
embryonic and imaginal tissue can be directed posteriorly as
well as anteriorly (4, 9, 30). This complexity of the Pc
phenotype does not seem to be encoded in the organization
of the gene. Its structure is relatively simple and its regulatory
domain cannot be very extensive, considering that the 3.7-kb
Pst 1 fragment (Fig. 1) is sufficient to rescue the lethality
associated with the Pc mutation and that this fragment has
only 750 bp of upstream sequences. The simple ubiquitous
expression pattern of the Pc transcripts found during em-
bryogenesis might be the result of this small regulatory
region. The highest levels of transcripts were detected in very
early, nuclear cleavage stage embryos and appear to have
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GTCGGCCACTCCTTCACTACCTACCTACCTGAGCTTTCGGCGCTCTTGTGCTTTCTCACA 60
CTCTCTCCCGCACTTTCTCTCCCTCTTGAGGATGTGGCATTTGAAGAGTTCGAAGAGGGT 120
AACTAGTTCAGTTGTAATCAAGTTAATTATCAAACTTAATTGAATAGGAATATGGGGCGA 180
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F1G. 2. (Figure continues on the opposite page.)



266 Developmental Biology: Paro and Hogness

Proc. Natl. Acad. Sci. USA 88 (1991)

AAACCGTGCARCAARCCTGGCTATCAACCAGAAACAGCCGCTTACTCCTCTTTCGCCGCGT 2160

K P C N NILATINAG QI KOQU®PULTU®PUL S P R

GCCCTTCCGCCGCGCTTCTGGCTGCCGGCCARATGCAACATATCCARCCGGGTGGTGATC 2220
S N R V Vv I

A L P P R F WL P A KUCNTI

ACAGACGTCACCGTAAACCTGGAGACCGTTACCATACGCGAGTGCAAGACGGAGCGCGGG 2280
T D VTVNZLETV VTTIT® RETCTI KTETRSG

FiG. 2. Nucleotide sequence of the
Pc gene and amino acid sequence of the
Pc protein. The genomic sequence of
the Pst I fragment encoding the entire
Pc gene is shown. The sequence starts
at the first nucleotide after the restric-
tion enzyme cut and ends at the last
nucleotide before the restriction en-

ITTITTCGTGAGCGCGACATGAAAGGCGATTCGTCGCCAGTAGCTTGAGCTTCGACCCAR 2340 ZYMe cut. The sequence that corre-

F F R ERDMTZEKTGTD S S P V A

TATAATATCCAGTAAATATCATCAATCTGCGTTGGGTTAAATTAAACATTAGGAGTAAGG 3600

sponds to the Pc-12c cDNA is under-

lined. Partial sequencing of the Pc-6¢

cDNA showed the same structure as
2400 Pc-12c, except for the starting nucleo-
2460 tide, which was displaced by two nu-
2520 cleotides to position +735 and a shorter

poly(A)* tail. The two overlapping
2580 poly(A) signals at positions +3473 and
2640  +3478 are shaded. The ORF is shown
2700 by the deduced Pc protein sequence.
2760 The starting methionine codon is posi-
2820 tioned at +842. Using the Framescan
2g8g( Program of Staden and McLachlan (27)

and a set of standard D. melanogaster
2940  codon usages (K. Burtis and D.S.H.),
3000 the indicated ORF exhibited a typical
3060 D. melanogaster bias. The chromo do-
3120 main defined by the homology to the
3180 HP1 protein encoded by the Su(var) 205
3240 M€ is boxed. The three potential nu-

clear targeting signals are underlined.
3300  The last signal is followed by the first
3360 histidine repeat between +1555 and
A 3420 +1584. The second shorter histidine
% 3480 repeat is located between +1633 and
3540 +1656. The Pc protein contains six
potential sites for N-linked glycosyla-
tion at positions +887 (aa 16), +1381

TACACGAATCCGCTAGTTTGTACACGGGTCTATATGTCGAGGTCTATGTTAAGGCGGTCT 3660 (an76), +1696 (aa 181), +1741 (aa 196),

CATAAAGGCCGGTACCTATTCATGAAGGAGTTGATGATAAGGCGCCACTGCA 3712

been deposited during oogenesis (R.P., J. Lauer,and D.S.H.,
unpublished data). At cellular blastoderm the Pc transcripts
are expressed in all cells of the embryo, though slightly less
expression is visible toward the poles. Also at later embry-
onic stages transcripts are essentially homogeneously dis-
tributed, but present in a much lower amount than in early
stages. At no stage do we see any evidence for a graded
distribution in the anterior-posterior axis of the Pc transcript,
as had been proposed for a regulatory function of Pc (1). Our
findings suggest that Pc does not exercise its complex role in
the homeotic expression pattern by being transcribed in a
complicated spatial pattern. Rather, it would appear that Pc
is needed by every cell and only its interaction with other
more segment- or tissue-specific factors results in the differ-
ential regulation of the homeotic genes. Lack of Pc gene
product would then disturb a large network of interacting
gene products, leading to the multiple effects that are seen in
Pc™ phenotypes. In addition, the complex phenotype also
results from the sum of multiple, cross-regulatory interac-
tions of ectopically expressed transcription factors, in par-
ticular those of the Antennapedia (ANT-C) and Bithorax
(BX-C).

The structure of the 2.0-kb and 1.0-kb Pc mRNA s has not
yet been determined. Their function during development
would appear, however, to be minor. In contrast to the 2.5-kb
mRNA, the 2.0-kb transcript is strictly maternally expressed
(R.P., J. Lauer, and D.S.H., unpublished data). Genetic
experiments have shown that the lack of the maternal Pc
component can be rescued by a wild-type paternal gene,

+1999 (aa 282), and +2208 (aa 348).

resulting in normally developed embryos (8, 10). The 1.0-kb
transcript has so far been found only in one particular tissue,
the larval salivary glands (26).

The amino acid sequence of the Pc protein encoded by the
2.5-kb mRNA revealed several distinct features. The high
content of polar amino acids gives the protein a very strong
hydrophilic appearance in calculated hydrophobicity plots
Three potential nuclear targeting signals are localized in the
N-terminal half of the protein (31). The two long histidine
repeats in the middle of the protein are an addition to the
many different homopolymeric stretches found in other
Drosophila nuclear proteins, which also includes the similar
histidine-rich paired repeat (32). It is still an open question
what specific functions, if any, these repeats encode. The

26YAAEKI IQKRVKKGVVEYRVKWKGWNQRYNTWEPEVN52

2‘YI\VEKI Z[DRRVRKGKVEYYIli.KWKGYPE'I.'EN’.I.'WEPENN60

Fic. 3. Homologous domains between the Pc protein and the
HP1 (C1A9) protein (Pc is the upper sequence). The homology
extends over 37 aa between residues 26 and 62 in the Pc protein and
residues 24 and 60 in the HP1 (C1A9) protein (19). Identical residues
are marked with two dots, whereas conservative changes are marked
by one dot. The chromo domain is defined by a 65% (24/37) amino
acid identity and 7/37 conservative changes. The potential nuclear
targeting signal is conserved in both proteins and is underlined. The
position of the intron separating the coding sequence of the chromo
box in Pc and Su(var) 205 is shown by the arrowhead.
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Fi1G. 4. Distribution of Pc transcripts. Whole-mount wild-type
embryo at the syncytial blastoderm stage (stage 4) hybridized with a
digoxigenin-labeled Pc probe (Ava I-HindIll in Fig. 1). Anterior is to
the left and dorsal is to the top. The focus is on the middle of the
embryo. Pc transcripts are distributed essentially homogeneously
over the entire embryo.

most striking feature in the sequence of the Pc protein,
however, is the homology to the HP1 protein encoded by the
suppressor of variegation Su(var) 205. This homology is
confined to a 37-aa region defining the chromo domain. The
313-bp intron of the Pc gene splits the chromo box, encoding
this domain just after the coding sequences for the first
potential nuclear targeting signal. It is interesting to note that
the position of the intron in the HP1 chromo box is in
approximately the same position (Fig. 3). The potential
nuclear targeting signal of the chromo domain appears to be
conserved in both proteins (Fig. 3). The function of these
chromo domains, defined in this work by their homology, is
unknown since functional domains have not been identified
in either protein. It will be interesting to see whethér the
chromo domain is retained in other Drosophila proteins, or
even in other organisms, and to determine the functional
relatedness of such proteins.

The molecular relationship that we find between a Pc-
group gene and a gene of the Su(var) class could point to a
common mechanism of gene regulation. The HP1 protein is
associated with heterochromatin (19).. The finding that it is
encoded by the Su(var) 205 gene suggests that it is a com-
ponent of the multimeric complexés proposed to be involved
in the packaging and in the clonal heritability of heterochro-
matic chromosomal domains. Polycomb together with other
proteins of the Pc group miglit use similar mechanisms for the
stable transmission of a determined state of a cell, as defined
by its specific set of expressed determinants (i.e., homeotic
transcription factors) (33). This process of cellular memory
could use heterochromatin-like multimeric domains to keep
homeotic selector genes repressed in regions of the embryo
where they weré not activated by the early maternal and
segmentation genes. The homeotic expression pattern locked
into such a stable conformation of chromatin would be
maintained through the rest of development by the same
heritable features used by the heterochromatin. It will be of
interest to define the functional role of the chromo domain
within such a chromatin complex and to see whether it gives
us a molecular handle to isolate other components involved
in the phenomenon of cellular memory.
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