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ABSTRACT

The Su(var)205 gene of Drosophila melanogaster
encodes heterochromatin protein 1 (HP1), a protein
located preferentially within B-heterochromatin.
Mutation of this gene has been associated with
dominant suppression of position-effect variegation.
We have cloned and sequenced the gene encoding HP1
from Drosophila virilis, a distantly related species.
Comparison of the predicted amino acid sequence with
Drosophila melanogaster HP1 shows two regions of
strong homology, one near the N-terminus (57/61
amino acids identical) and the other near the C-
terminus (62/68 amino acids identical) of the protein.
Little homology is seen in the 5’ and 3’ untranslated
portions of the gene, as well as in the intronic
sequences, although intron/exon boundaries are
generally conserved. A comparison of the deduced
amino acid sequences of HP1-like proteins from other
species shows that the cores of the N-terminal and C-
terminal domains have been conserved from insects
to mammals. The high degree of conservation suggests
that these N- and C-terminal domains could interact
with other macromolecules in the formation of the
condensed structure of heterochromatin.

INTRODUCTION

In Drosophila, euchromatic genes placed adjacent to
heterochromatin by chromosomal rearrangements may be
inappropriately inactivated in somatic cells by an epistatic process.
The decision to switch the gene off is variable, but once made
is clonally inherited during mitotic growth, giving rise to a
variegated pattern of gene expression. This phenomenon is known
as position-effect variegation (PEV). Almost all Drosophila genes
are susceptible to PEV, the extent of transcriptional inactivation
reflecting proximity to the heterochromatin breakpoint in a given
rearrangement. This ‘spreading effect’ of heterochromatin can
extend over eighty bands on polytene chromosomes or
approximately 1500 kb (1).

The DNA sequence of a gene exhibiting PEV is unaltered, as
shown by recovery of full activity in revertants that place the
gene once again in a euchromatic environment; the inactivation
process reflects the position of the gene within the genome (1).
In theory, PEV might be caused either by under-replication or

loss of DNA, or by changes in the chromatin packaging of the
gene. While it has been shown that under-replication of such gene
sequences can occur in polytene cells, and such under-replication
has been associated in some cases with PEV (2 —3), many results
point to the packaging mechanism as an essential component of
PEV. Inspection of polytene chromosomes suggests that the
euchromatin adjacent to the breakpoint can lose its normal banded
appearance and assume the amorphous structure of G-
heterochromatin, again as a variegating event (4). In several
cases, direct analysis of variegating genes has found no evidence
of under-replication; the cases investigated include rearranged
heat shock genes and eye-color mutants (4—6).

In a stock carrying a variegating locus, second site mutations
can be recovered which suppress or enhance the variegation. It
has been estimated that there may be as many as 150 such
suppressor and/or enhancer loci (7). Among these, a few loci
showing haplo-suppressor/triplo-enhancer effects on PEV in
Drosophila have been identified (4). It has been suggested that
the proteins encoded by these loci may be structural components
of heterochromatin or their modifiers (8,9). One such gene,
Suvar(3)7, encodes a protein with five widely spaced zinc fingers
(10). Another such gene, Su(var)205, encodes a protein
preferentially associated with 3-heterochromatin, heterochromatin
protein 1 (HP1) (11-13).

HP1 was initially identified in D.melanogaster as a 19 kDa
protein present in embryonic nuclei, extractable with 1 -2 M
potassium isothiocyanate (11). Monoclonal antibodies produced
against this protein showed that it is found in polytene
chromosomes preferentially at the chromocenter, which is
composed of the - and pB-heterochromatin of the four
chromosomes. The presence of a D.virilis chromosomal protein
antigenically similar to that of D.melanogaster was established
by immunofluorescent staining of D. virilis polytene chromosomes
with antibodies raised against the D.melanogaster protein (14);
the protein in D.virilis is also associated with the centric
heterochromatin in the polytene chromosomes. The cDNA and
genomic clones encoding this protein in D.melanogaster were
sequenced, and the gene was mapped to cytological position 29A
(11,12), a region where a dominant suppressor of PEV had earlier
been mapped (15). Characterization of the DNA sequences of
known mutations at this locus has confirmed that mutation in the
gene encoding HP1 (including mutations that should result in
reduced amounts of gene product) can result in suppression of
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PEV (12,13). The stoichiometric effects observed suggest that
HP1 might be one of the ‘building blocks’ of heterochromatin
structure.

As an initial step in determining the functionally relevant
domains of the HP1 protein, we have analyzed the evolutionary
divergence of the genes encoding HP1 from two distantly related
Drosophila species, D.melanogaster and D.virilis.
D.melanogaster and D.virilis diverged approximately 40-60
million years ago (16,17). This is sufficiently distant for
unconstrained DNA sequences to have diverged extensively, so
that functionally meaningful elements may be identified by
sequence conservation (18 —24). As presented here, much of the
non-coding DNA sequence upstream, downstream, and within
the introns of the genes encoding HP1 has diverged considerably
between the two species, although the locations of intron/exon
boundaries are generally conserved. Two highly conserved
regions in the coding DNA exist, one in the N-terminal and the
other in the C-terminal portions of the predicted amino acid
sequence of HP1. The high degree of conservation suggests that
these regions could interact with other macromolecules in the
formation of the condensed structure of heterochromatin.

MATERIALS AND METHODS
D.virilis genomic clone

Drosophila virilis HP1 genomic clones were isolated from a
AEMBL3 D.virilis genomic library (18) using a one kb full-length
Drosophila melanogaster HP1 cDNA (11) as a probe. The probe
was labeled by random priming (25) to an activity of about 108
cpm/pug. Approximately 30,000 plaques were transferred to
Nytran filters (Schleicher and Schuell) using standard methods
(26). The filters were prehybridized in 2 X SSC (1 XSSC, standard
saline citrate, is 0.15 M NaCl/0.015 M sodium citrate, pH 7)
and 0.1% SDS, and then hybridized in 2 XSSC/0.1% SDS/0.1%
Ficoll/0.1% bovine serum albumin/0.1% polyvinylpyrrolidone/
100 mg/ml sonicated salmon sperm DNA with labeled probe at
42°C. Filters were washed at 50°C in 2xSSC/0.1% SDS (26),
and exposed to XAR-5 X-ray film (Kodak) at —80°C with a
Cronex Lightning Plus intensifying screen (DuPont). Eighteen
positive plaques were isolated and rescreened with the same
probe, as above. One strongly hybridizing clone was isolated after
this rescreen, and DNA from this phage was purified using
standard methods (26).

Southern and Northern analysis

Southern analysis using high molecular weight genomic DNA
from D.virilis adult flies (27), and Northern analysis using total
RNA extracted from 30 D.virilis larvae or female adults (28),
were carried out using standard techniques (26). The filters were
prehybridized, and then hybridized with the labeled one kb full
length D.melanogaster HP1 cDNA (11) (at 42°C for the
Southern, 50°C for the Northern), as above. The filters were
washed at 50°C in 2XSSC/0.1% SDS (26), and exposed to X-
ray film.

DNA sequencing and sequence comparisons

Southern blot analysis of restriction digests of DNA from the
isolated AEMBL3 D.virilis clone revealed a 1.4 kb HinC 11
fragment that hybridized with the D.melanogaster HP1 cDNA.
This fragment and other restriction fragments bearing regions
of interest were subcloned into the single-stranded bacteriophage
vectors M13mp18 and M13mp19. Sequencing was done by the
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Figure 1. Restriction map and sequencing strategy for the Drosophila virilis HP1
genomic clone. The top portion of the figure shows the restriction map of the
18 kb Bam H1 fragment isolated from a \EMBL3 D. virilis genomic library, using
the one kb full length D.melanogaster HP1 cDNA (11) as a probe. The bottom
portion of the figure shows the restriction map of the HP1 gene and flanking
DNA, with the regions sequenced represented by the thin arrows. The thick arrow
indicates the RNA transcript, from the experimentally determined transcriptional
start sites to the consensus polyadenylation signal site (30). The thick line represents
the four exons of the HP1 gene. The small numbered lines above and below the
map indicate the relative positions of oligonucleotides used in sequencing.
Oligonucleotide sequences are as follows: 1, 5'-GCGCTAAAATCTGCACAC-3';
2, 5'-GTGTGCAGATTTTAGCGC-3’; 3, 5'-ATAAGATCCTGGCA-3'; 4,
5'-CGCAAGGATGAGGTAAG-3'; 5, 5'-TTAATATGCTGAGAAAAA-3'.

dideoxy chain-termination method (29) with [@->>S]dATP and
Sequenase (United States Biochemical); either the universal M13
primer or synthesized oligonucleotide primers complementary
to sequences within the HP1 gene were used (Figure 1).

The DNA sequences of the genes encoding HP1 from D. virilis
and D.melanogaster (12) were compared using the GCG
programs (Wisconsin Computer Group). Gap weight was set at
5, and length weight was set at 0.3. Four hundred bp regions
(with the highly conserved coding sequences as anchors) were
used to align the upstream, downstream, and intronic sequences.

The deduced amino acid sequences of HP1 from D. virilis and
D.melanogaster (12), and the HP1-like genes from mouse (31),
human (32), and mealybug (33) were compared using the GCG
programs (Wisconsin Computer Group), aligning amino acids
having similar chemical sidechains (34). Each sequence was
compared pairwise, and the optimal arrangement was maximized.
The same program was used to align a portion of the Polycomb
(Pc) protein (35) with the HP1 amino acid sequences.

Primer extension analysis

To determine the transcriptional start site for the D.virilis HP1
gene, primer extension analysis was performed using end-labeled
synthetic oligonucleotides specific for sequences upstream of the
open reading frame. End-labeling was carried out with T4
polynucleotide kinase (USB) and [y-2P]dATP (26). 10° cpm of
labeled oligonucleotides were added to 10 pg of total RNA from
D.virilis larvae and/or adults. The primer and the RNA were
dried and then dissolved in 20 ul of 40 mM Pipes, pH 6.4/400
mM NaCl/1 mM EDTA/50% formamide (36), placed at 65°C
for one min, and incubated at 37°C for 60 min. Hybridization
products were ethanol precipitated and dissolved in 20 pl reaction
buffer (36) with fresh ultrapure deoxynucleotide triphosphates
and 200 U Moloney murine leukemia virus (M-MuL V) reverse
transcriptase (BRL). The mixture was incubated for 2 hours at
37°C, phenol-chloroform extracted, ethanol precipitated, and the
pellet dissolved in 6 ml of standard loading dye for DNA
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Figure 2. Southern and Northern analyses of the D.virilis HP1 gene (A)
Autoradiograph of a genomic Southern blot of D. virilis high-molecular weight
DNA. Genomic DNA was isolated from adult flies, digested with Sal 1 (lane
1}, HinC Il (lane 2), and Bam HI (lane 3), size fractionated in an agarose gel,
transferred onto a filter, and probed with D. melanogaster HP1 cDNA (11). The
same pattern is seen when the filter is probed with labeled D.virilis DNA fragments
from the genomic HP1 clone (data not shown). (B) Autoradiograph of a Northern
blot of D.virilis RNA. Total RNA from 30 D. virilis larvae (lane 1) or 30 female
adults (lane 2), was size fractronated through a formaldehyde/agarose denaturing
gel. The RNA was transferred onto a filter, and probed with labeled one kb full
length D.melanogaster HP1 cDNA (11). The same pattern is seen when the filter
is probed with labeled D.virilis DNA fragments from the genomic HP1 clone
(data not shown). Size markers (in bp) are indicated for both figures.

sequencing and analyzed on an 8% sequencing gel. The same
results were obtained with RNA from six independent isolations,
and from the use of either larval or adult RNA.

Polymerase chain reaction

To determine whether or not an intron is present in the 5’
untranslated sequence of D.virilis HP1, as exhibited for the gene
encoding HP1 in D.melanogaster (12), first-strand cDNA product
was used as a template for polymerase chain reaction (PCR) (37)
using the oligonucleotides # | and #3, and #2 and #4, as shown
in Figure 3. First-strand cDNA product from D. virilis RNA made
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using oligonucleotide #5 (Figure 3) was gel purified on 2%
agarose; the gel band containing the product was excised, and
the DNA was electrophoresed onto DEAE paper (Schleicher and
Schuell), eluted from the paper, and ethanol precipitated. Two
PCR reactions were carried out on this DNA using pairs of
synthetic oligonucleotides (#1 and #3, and #2 and #4), such
that 200 bp of the 215 bp untranslated upstream region were
included in the analysis. Control experiments under identical
conditions were performed using the cloned D.virilis genomic
HP1 DNA as a template; PCR products from the cDNA and
genomic templates were compared by electrophoresis on a 2%
agarose gel.

RESULTS AND DISCUSSION
Isolation and sequencing of the D.virilis HP1 gene

The D.virilis HP1 gene was recovered from a A\EMBL3 genomic
library of D.virilis using the full-length Drosophila melanogaster
HP1 cDNA as a probe (see Materials and Methods). The regions
of homologous sequence were found to be completely contained
within a 1.4 kb D.virilis HinC 11 fragment (Figure 1). The
D.virilis gene was shown to be single copy by Southern analysis
of restriction enzyme-digested high molecular weight genomic
DNA (Figure 2a). The restriction map of the D.virilis HP1 clone
matched that of genomic DNA from D.virilis. The
D.melanogaster cDNA probe hybridized to a one kb RNA
transcript in a Northern blot of D.virilis RNA from larvae and
adults (Figure 2b). The restriction map and strategy used to
sequence D.virilis HP1 genomic DNA are diagrammed in
Figure 1. All sequencing data were derived from both strands
of the HPI genomic DNA. The DNA sequence of the 1.4 kb
HinC 11 fragment containing the D.virilis HP1 gene, and an
additional 49 bp HinC Il fragment immediately upstream, is
shown in Figure 3. This sequence contains all of the protein-
coding sequences, as well as 405 bp of 5' and 163 bp of 3’
noncoding DNA.

Transcriptional initiation of the D.virilis HP1 gene

Primer extension analysis was used to identify the sites of
transcriptional initiation of the D.virilis HP1 gene. Using
oligonucleotide #3 (Figure 3) as a primer, extension products
of 183 bp, 205 bp, and 450 bp were observed upon extension
with M-MuLV reverse transcriptase (data not shown). The 183
bp and 205 bp products indicate RNA transcripts that would
initiate at the sites shown in Figure 3. Such transcriptional start
sites will produce transcripts initiated at similar distances from
the translational start as those found for the gene encoding
D.melanogaster HP1 (12). However, a major product of 450 bp,
inconsistent with the D.melanogaster transcriptional start sites,
was also found. No transcript of a similar length was seen upon
Northern analysis (Figure 2b) and no products were found when
oligonucleotides further upstream of the first start site were used
for primer extension analysis or as probes for Northern blots.
Therefore, we believe the transcriptional start sites for D. virilis
HP1 are found 321 bp and 342 bp upstream of the translational
start codon (Figure 3). The site 321 bp upstream of the
translational start shows a resemblance to the D.melanogaster
transcription initiation consensus sequence ATCA(G/T)T(C/T)
(38); it is CGCATTC.

The D.virilis gene lacks sequences for the consensus splice
junction (GT-AG) in this upstream region (39), and therefore
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%icgactchttgccattcacccgcttgatttggcattgacattctcgtgttaacgtaaatgcgacatagacgccgaccctgccgcattccttttctaagCaagcggcggcatca 52
nC HinCII -

gttgtaaacgcgcactttt&pttcttgttttgcgtacattcgattgccgctggcagaatattaagagaaaagtgaaaaactqtataataaacagcaactgaaaattaatagtttg 167
-
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2
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GAAGAAAGAGCGTCCCGGCAGCAGCACCAAGGTCAAAGAGACCGGCCGTACCAGTACCACAGCCAGCAACAGCAGCGGCAGCAAARCGGAAATCCGAAGAGCCAGgtaggegacac 857

A
ctcaattgtcectttcatatatatatatgcaatcagatataaatttgtttgatatgtatgtgtgaagaattctatatatgtgaacatgccaagtaataagcaatgtacttcagCTG 972
Eco RI
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GTCCAGCAGGTAGCAAATCAAAGAGAGTCGAGTCTGAGGATACCGGCGATATAGTACCGGCGGGCGGCACTGGATTCGATCGCGGCTTGGAAGCTGAAAAGATACTAGGCGCCTC 1087

D N NGRULTUVFLTIOQUPFP K GVDOQAERMNMVYUZP ST VANV Y KTIZPU QMVYVIRTFY
CGATAATAATGGCCGGCTGACATTCCTTATTCAGTTTAAGGGCGTTGATCAGGCGGAAATGGTGCCATCGACTGTGGCCAACGTTARGATACCTCAAATGGTAATACGCTTCTAT 1202

E E R L 8 W Y 8 DN E D
GAGGAGCGCCTCTCCTGGTATTCGGACAACGAAGATt aagtattgcaggtcccaaatcgtttgttcaaaactaacttttttttctcagcatattaaacattatgtacttttatca 1317

taaaattccaattaataaacatgaactagcctatgttcaaaattgtgtaageggcatctcaaaatgtggacgecatgtgttaac 1401

HinCII

Figure 3. Sequence of the D.virilis HP1 gene and flanking DNA, and the deduced amino acid sequence of the HP1 protein. The predicted protein-coding DNA
sequences are shown by uppercase letters; +1 indicates the first transcriptional start site; bent arrows indicate the transcriptional start sites as determined by primer
extension; the underlined sequence indicates the consensus polyadenylation signal (30). The numbered arrows indicate the synthetic oligonucleotides used with PCR
to search for a possible intron in the upstream untranslated region. Oligonucleotides are numbered at their 5’ ends.

might lack the intron found in the 5’ untranslated leader of the
D.melanogaster gene. To verify this, PCR analysis was utilized.
Oligonucleotide #5 (Figure 3) was used to prime first-strand
cDNA from D.virilis RNA. Oligonucleotide pairs #1 and #3,
and #2 and #4, were used to generate PCR products from this
cDNA and from the genomic D.virilis HP1 clone. PCR products
from the cDNA and genomic templates were identical in length
for both pairs of oligonucleotides (data not shown). Therefore,
unlike D.melanogaster, D.virilis lacks an intron in the noncoding
region of the HP1 gene.

Deduced amino acid sequence and comparison of coding
regions
When the DNA sequences of the genes encoding D.virilis and
D.melanogaster HP1 were aligned and compared, the highest
conservation was found within the coding regions of the two genes
(Figure 4). The D.virilis HP1 protein, like that of
D. melanogaster, is encoded by four exons. The conservation at
the DNA level in the four exons, calculated as percent nucleotide
identity relative to the total number of nucleotides in the
D.melanogaster sequence, is 67.5%, 83.8%,49.6%, and 71.1%
in the first, second, third, and fourth exons, with an overall
identity of 68.6% for the entire coding region.

Amino acid sequences were deduced from the coding regions
of the D.virilis and D.melanogaster genes, and these sequences

were aligned to optimize amino acid identities (Figure 5). The
predicted D.virilis HP1 protein is 213 amino acids long, seven
amino acids longer than the D.melanogaster protein. The overall
identity at the amino acid level is 77% between the Drosophila
species, and the similarity is 83% when conservative substitutions
are included. Similar levels of conservation have been described
for the genes en (19), hunchback (22), period (40), and parts
of Ubx (41), all essential genes. All alleles of the gene encoding
HP1 are both dominant suppressors of PEV and recessive lethals;
clearly its product is functionally important.

The deduced products of HP1-like genes from mouse (31),
human (32), and mealybug (33) were aligned and compared to
the HP1 protein of Drosophila. A second HP1-like gene product,
identical to one of the mouse gene products, has been reported
in humans (31). The non-Drosophila amino acid sequences share
a 30—45% identity with their Drosophila counterparts, with two
regions of high homology (Figure 5). One region is a 61-amino
acid domain near the C-terminal end of the HP1-like proteins
that shows 28% identity among all HPIl-like proteins
characterized to date, with conservative replacements accounting
for another 18%. Using only the HP1 proteins of D.virilis and
D.melanogaster, this region can be extended to 68 amino acids,
which share a 91% identity. The second conserved region near
the N-terminal end of the protein is a 46-amino acid domain
showing a 52% identity among all of the HPI1-like proteins
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461 gcagGTGGAGTACTATCTGAARTGGRAGGGCTATCCCGARRCTGAGRRCACGTGGGAGCCGGAGARCARTCTCGACTGCCAGGATCTTATCCAGCRGTAC 560 O. aelanogaster

“
o
=t

622 GﬁGCTGRGTCGCRRGﬁRTGRGg(nagtcgtg...dnttlg.......gtacagt(g(l\lgtauatcgtttactl\aclucygalt(c.ccalgcugGCC 711 D, virllls
HE 0 LR reeeenenin | i LEHELREE ! I He o i 11
561 GRGGCGAGCCGCARGGATGAGgtaagt gaagtacaatgegatgecaagtacagtigtgettgetaggatttecctttacatetegtiteggtecgtagGRG 660 D. melanagaster

712 ARTGCGGCRGCCTCTTCCTCTTCGTCCTCTTCGARGARRGAGCGTCCCGGCRGCRGCRCCARGGTCRRAGAGAC . . .CGGCCGTACCAGTACCACRGCCA 807 D. virllle
o HEOTRERE T T R A ireeer et 1 i N T RN I B B A
661 ARGTCRGCCGCE..o.vvvnurervase. TCCARGARGGRTCGACCCAGCAGCAGCGCCAAGGCCARGGARACTCARGGRCGCGCCRGCAGTTC.GACG 741 0. melanagaster

808 GCRACAGCRGCGGCAGCARRCGGAAATCCGARGAGC. ..CRGgtagge........ga.. . cacct.cgattgtecttte. . .ata........tata,. 879 0. virlile
[IRRRRERR] Pt e b n B (AR AR A I R I R 1R}
742 TCCACAGCA.....AGCARGCGRRAGTCCGAAGARCCARACRGgtaagetatggoatgagtgtacctacaaatat. .tttetgtatacanattggtataac 834 D. melanogaster

880 .............. ..tatatgeaat..cagatat............. . 000tttgt tt, gatatgta........tgtgt......gaagaattcta 930 0. virille
(AR R Y N R Y (IR O O R AR N [RY e
835 gatagtcatcacctacaatatccactggeatitatttgeecttttegtcaaaattgtattcacatatgtatetcaaattttgtecticgecaagaatggea 93¢ D, melanogaster

93 t...........atatg.....tg.......0acatge,..caagtaatoa.. . gcaatgtact..teagC¥G6T. ., .ccvvvveevsae . .CCAGCA 980 D. wvirilis
! (B 1] (R AR T B A RN NN O R N O I I It ot
935 tgcgcaagaaaaagatggtetttgeaat aacagaatgeatctottacacaattgecactgtattaattactigtttttattttatttatitagCGCCCTCT 1034 0. melanogaster

9681 GGTAGCARATCARA......GAGAGTCGRGTCTGAG. ..GATACCGGCGATATAGTACCG. .6CGGGCGGCACTGGATTCGATCGCGGCTTGGARGCTGA 1069 D. virllle
et I I T Y e LR gy e n
1035 GGCARTARATCARRACGTACCACAGRTGCG. . .GRGCRGGACALC. ... ... .ATTCCCGTTTCAGGATCTACCGGATTCGATCGCGGCCTGGRGGCCGR 1123 D. melanogaster

1070 RAAGATACTAGGCGCCTCCGATARTAATGGCCGGCTGACATTCCTTATTCAGTTTAAGGGCGTTGATCAGGCGGRRATGGTGCCATCGACTGTGGCCARC 1169 D. virllls
PERRED 0 00 DRVARRRE TRRRRDRTRND BVRRRRRRRNE VRVRRRET V0 VRRRE 00 0 3 R En el a0 1 ininen
1124 AARGATCTTGGGTGCCTCCGACARTAATGGCCGCCTGACATTCCTCATTCAGTTCAARGGCGTGGACCARGCAGRAATGGTGCCCTCCTCAGTGGCCART 1223 D. melanogaster

1170 GTTAAGATACCTCARATGGTARTACGCTTCTATGAGGAGCGCCTCTCCTGGTATTCGGACARCGARGATta. . .agt. ..., .ottgecaggteccan... 1257 D. virllls
O O N O N O RN NN OO NN A O N RN N AR NN N O AR AR N I B ey 1 n
1224 GRARARATTCCACGARTGGTRATCCACTTCTACGAAGRGCGCCTATCATGGTACTCTGATARTGAAGAT L Gdacagttggatcategaaagagegaaaaa 1323 0. melanogaster

1258 ,otcgtttgtte....... ..800a¢ta. . .actt. . . ttttttete. . i i iiiiiiieie e e. . agca, . tattaa. ..., 0catt, 1303 D, virllls
[IRERE IR AN mrnooan Wit i [N BN RN nn

1324 goocgattatacotttaacgacedottacecacttagaattatagetectigeagacgetitecacoaccacccagaccaactettaaggeatcggactttt 1423 D. melanogaster

1304 ........0tgtac...............ttLtatcataa, . datteccaattgatagocatgaoct............ agcctotgt . tcoaaatigtgt 1365 D, virllls
i LN O O e N RO LN SN A A N e i
1424 ttccotacotgtecogoglcogtgletgtotttatgotanccotittegotonsotasonasaacetittatictgetggogectatotoagtoactitttot 1523 O, selonogoster

1366 oagcggeat....ctcaa.......aatgtg.gacgccatgtgttaac 1401 D, virllle
e tHn [EIN R et
1524 ttgcgocttgttgetcaacggtcaggatatgacgegecatatgetga. 1570 0. welanogaster

Figure 4 Sequence comparison of the genes encoding HP1 in D.virilis and D.melanogaster. The sequences for D.virilis are displayed above those of D.melanogaster
(12, ]. Eissenberg, persopal communication). Symbols and numbering are as used in Figure 3. The two dark bars over the sequence indicate the two strongly homologous
regions (the upper bar is broken by an intron), and the square brackets delineate the intron in the upstream untranslated sequence of the D.melanogaster gene.

020Z YoJB\ Z0 UO Jasn Aleigi auioips| 10 [ooyos AlsieAiun uoibuiysepn Aq 964£8£2/2909/22/0Z//0BNSqe-8o1le/leu/woo dnoolwepeoe//:sdiy woly pepeojumod



6072 Nucleic Acids Research, 1992, Vol. 20, No. 22

[ I R . - e .

1 10 20 30 40 50 60 70 80 90
Dv HP1: MGKKTDNPET NNAS-SGAEE EEEEYAVEKI LDRRVRK-GK VEYYLKWKGY AETENTWEPE GNLDCQDLIQ QYEL-SRK-D EANAAASSSS
Dm HP1: MGKKIDNPES SAKV-SDAEE EEEEYAVEKI IDRRVRK-GK VEYYLKWKGY PETENTWEPE NNLDCQDLIQ QYEA-SRK-D EEKSAA--~--
Mm M31: MGKKQ~-N--K -KKVEEVLEE EEEEYVVEKV LDRRVVK-GK VEYLLKWKGE SDEDNTWEPE ENLDCPDLIA E-FLQSQK-- ~-e=-=e-o--
Mm M32: MGKKQ-N-GK SKKVEE-AEP --EEFVVEKV LDRRVVN-GK VEYFLKWKGF TDADNTWEPE ENLDCPELI- EDFLNSQK-= -===veee--
Hsa HP1: MGKKT-~--K ~RTADSSSSE DEEEYVVEKV LDRRVVK-GQ VEYLLKWKGF SEEHNTWEPE KNLDCPELIS E-FMKKYK-- ---c-cee--
Pc hetl: Mecommmene cae SGSGS~-- EEEEYVVEKI IDKRTVN-GK VQYFLKWKGY DESENTWEPH ENLECPELIA EFERKWEKKQ EEKKNA----
Pc het2: M--r~mcmce wee SDELVPA VEEEFIVEKI LDKRTEPDGS VRYLLKWKGY GDEDNTWEPP ENMDCEDLLE EFEKKLSK~= -=--c-ceceo
HP1 Consensus: Mgkk n s ee eeEEyvVEKL 1DrRvvk Gk VeY LKWKG¥ e NTWEPe eNldegLI e % s K

v
Dm Polycomb: YAAEKI IQKRVKK-GV VEYRVKWKGW NQRYNTWEPE VNILDRRLID IYE-QTNK
HP1/Pc Consensus: y VEKi ldrRv k-Gk VeY 1KWKG NTWEPe Nldc LI e @ K
-

91 100 110 120 130 140 150 160 170 180
Dv HP1: SSSKKERPGS STKVKET-GR TSTTASNSSG SKRKSEEPAG PAG--SKSKR V~E-SE-DTG DIVP-AGGTG FDRGWEAEKI LGASDNNGRL
Dm HP1: ~-~SKKDRPSS SAKAKETQGR ASS--STSTA SKRKSEEPTA PSG--NKSKR TTD-AEQDT- -I1-PVSGSTG FDRGLEAEKI LGASDNNGRL
Mm M31: = = —ememmeeeo - T-AHET~w= c-oa- DKSEG GKRKADSDSE DKGEESKPKK KKEESE~--- -- KPR----G FARGLEPERI IGATDSSGEL
Mm M32: == emceemeeea - A-GKE~wme «wcowaw K-DG TKRKSLSDSE -S$-DDSKSKK KRD-A-AD-- --KPR----G FARGLDPERI IGATDSSGEL
Hsa HPl: = = ~cccmcmmen o KMKE-GEN NKPR-EKSES NKRKSNF-SN -SADDIKSKK KREQS-ND-- -IA-R----G FERGLEPEKI IGATDSCGDL
Pc hetl: -=-=-RKLKISS EDDAKE-~== =K-=-=K-== =KKRSTEP-- ~—c=-- VKAQP KVE----- T~ --~NKLN--G FERGLKPERI IGATDTSGEL
Pc het2: —--PKKRRKRI IEPDDDGDSR RQSNESESSI GSNTIAHQRK PKKSHGSESR KSSTVSNNCS SNVKVS---D FDRYVPSE-I LGVTKVGGSL
HP1 Consensus: k ke ks krks ksk k e d P g F RglepE I ‘}Gatd GL

S —_— - e .

181 190 200 210 220
Dv HP1: TFLIQFKGVD QAEMVPSTVA NVKIPOMVIR FYEERLSWYS 213 aa; 23.5 xD
Dm HP1: TFLIQFKGVD QAEMVPSSVA NEKIPRMVIH FYEERLSWYS 206 aa; 23.2 kD
Mm M31: MFLMKWKNSD EADLVPAKEA NVKCPQVV1IS FYEERLTWHS YPSED~-DDK-~ KD-DKN 185 aa; 21.4 kD
Mm M32: MFLMKWKDSD EADLVLAKEA NMKCPQIVIA FYEERLTWHS CPFDEAQ--- ------ 173 aa; 19.8 kD
Hsa HP1: MFLMKWKDTD EADLVLAKEA NVKCPQIVIA FYEERLTWHA YP-EDAENKE KETAKS 191 aa; 22.2 kD
Pc hetl: MFLMKWEGTD EADLVRSVDA RTKCPQLIIE FYEKHLTWNN -ASED--NK- -~---- 173 aa; 20.2 kD
Pc het2: KFLMKWEGIE RATFVLAKEA NIVCPQLVID YYESRLQLFD -P-=-=== KM R----- 194 aa; 22.4 xD
HP1 Consensus: mFLmkwkg d eAdlV akeA n kcPq vl fYEerLtw s p ed k

Figure 5. Comparisons of deduced amino acid sequences from the HP1 genes of D.virilis and D.melanogaster, the HP1-like genes of mouse, human, and mealybug,
and the Polycomb gene of D.melanogaster. The deduced amino acid sequences of HP1 from D.virilis and D.melanogaster (12), and the HP1-like genes from mouse

(31), human (32), and mealybug (33), are compared, along with a portion of the

Polycomb (Pc) protein (35). Gaps in sequence alignments are indicated by dashes.

An HPI1 consensus sequence was deduced; uppercase letters indicate fully conserved amino acids, lowercase letters indicate conservation in 4 out of 7 sequences,
and a doublet of lowercase letters indicates a choice of two amino acids at this location (where the distribution is 3/7 versus 4/7). The HP1/Pc consensus sequence

was also deduced over the region of greatest identity between the two proteins.

It extends 16 residues longer than the homologous domain discussed by Paro and

Hogness (35). Bold uppercase letters indicate Pc residues identical to amino acids in the HP1 consensus, and lowercase letters indicate conservation 1n 5 out of

8 sequences (bold type representing those residues found in Pc). The dark bars

indicate the two strongly homologous regions among all of the HP1-like proteins

studied to date, and the dashed bars indicate the further extensions of these regions shared between the HP1 proteins of D.melanogaster and D.virilis.

characterized thus far, with conservative replacements accounting
for another 20%. Using only the HP1 proteins of D.virilis and
D.melanogaster, this region can be extended to 61 amino acids,
which share a 93% identity.

This N-terminal conserved region overlaps a motif shared by
HP1 and the Polycomb protein; this motif has been called the
‘chromo domain’ (chromatin modification organizer) (31).
Because this designation implies a function not yet established,
we prefer the term ‘HP1/Pc box’. This region is a 37 amino acid
domain in the D.melanogaster HP1 protein that is 65% identical
with a domain of the Polycomb protein, with conservative
replacements accounting for another 19% (35). More recently,
this conserved domain was extended to 48 amino acids to take
into account the analysis of Pc mutant alleles (42). We have
extended the HP1/Pc box to 52 amino acids to account fully for
all homology between the Polycomb protein and all of the
HP1-like proteins studied thus far (Figure 5). The Polycomb
protein, working with other gene products, serves as a repressor
of some of the homeotic genes (43); it has been suggested that
these proteins are responsible for the maintenance of the limited

pattern of expression of these homeotic genes throughout
development (35). The conservation of this HP1/Pc box suggests
that HP1 and the Polycomb protein may use analogous
mechanisms for the stable transmission of a determined state at
the level of higher order chromatin structure.

The amino acid sequences of the HP1 proteins share other
distinct features. All are very hydrophilic (33 —40%) in nature,
with a basic:acidic amino acid ratio of 1:1.2—1:1.3. These
charged amino acids seem to alternate in blocks of basic residues
and acidic residues along the entire protein (Figure 6); this may
be important for the function of HP1. All of the HPI proteins,
but not the Polycomb protein, have a glutamic acid-rich region
immediately upstream of the HP1/Pc box. One feature that is
unique to the D.virilis protein is a stretch of seven serine residues
immediately downstream of the HP1/Pc box.

Comparison of upstream and intron sequences

Interspecies comparisons of non-protein-coding sequences have
aided in the identification of important cis-regulatory DNA
sequences in several Drosophila genes (18,19,40,44—46).
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Figure 6. Comparison of the deduced amino acid sequences of the Drosophila
HP1 proteins and their charge distributions. The amino acid sequences deduced
from the D.virilis and D.melanogaster genes (12) are aligned. Minus signs above
the amino acid sequence indicate acidic residues, plus signs indicate basic restdues,
and the circles represent highly hydrophobic residues. Charged amino acids
alternate in blocks of acidic residues and blocks of basic residues along the entire
protein, hydrophobic amino acids also appear to be grouped.

However, there is little sequence homology in the DNA upstream
of the coding sequences of the HP1 genes from D.virilis and
D.melanogaster. Although the nucleotides around the translational
start codon and the first few amino acids of the open reading
frame are conserved, there is little sequence homology in the
non-coding sequences found immediately upstream of the
transcriptional start sites, even at a gap weight of 1.0 and/or a
length weight of 0.06.

Intron/exon splice sites for D. virilis HP1 were determined by
comparison with the D.melanogaster gene and with the consensus
splice signal sequence [(C/T)T(A/G)A(T/C)] for Drosophila
genes (47). A putative splice signal found within the first intron
is an exact fit to the consensus (CTAAT), while those within
the second and third introns show a close resemblance (TTACT
and GTAAT). The overall sequence conservation of the introns
is very low; it can be estimated at 39%. The intron sequences
and sizes have diverged substantially. The DNA sequences at
half of the splice sites, however, are conserved, specifically the
splice junctions of the first intron and the 5’ splice sites of the
second and third introns (Figure 4). The lack of conservation
of the 3’ sites of the second and third introns is surprising since
splice site sequences are usually well conserved between genes
of the two species (22,23). Sequence comparison with
D.melanogaster intron/exon boundaries for the third intron in
the coding sequence suggests that the D.virilis boundaries may
be shifted by one codon (Figure 4). A similar shift in the
boundaries of the first intron was reported in the initial
comparison of the genes encoding HP1 and Polycomb (35).

Conclusions

We have shown that HP1 is a highly conserved protein,
particularly in two regions near the N-terminal and the C-terminal
ends. One can conjecture that many conserved motifs are
necessary for the function of a structural heterochromatin protein
such as HPI. Since neither HP1 (T. C. James, personal
communication) nor the Polycomb protein (48) appears to bind
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to DNA directly, the HP1/Pc box is unlikely to be involved in
protein-DNA interactions. Possible functions for either of the two
conserved motifs in HP1 are as a nuclear-targeting signal, a
domain necessary for the repressor activity of heterochromatin,
or a protein-binding domain providing interaction with other
heterochromatin-specific protein(s), possibly including a DNA-
binding protein.

It has been suggested that 20—30 dominant suppressors of
position-effect variegation exist (8), many of which could be
structural proteins of heterochromatin. Two HP1-like proteins
have been inferred for mouse (31), human (31 —32), and mealy
bug (33) from cDNA sequences. Probing a Southern blot of a
restriction digest of genomic DNA from plants or animals using
the HP1 sequence from the HP1/Pc box reveals multiple
fragments (2 —10) with homology (31). It is tempting to suggest
that there might be other proteins containing this motif, perhaps
involved in packaging other sets of genes. We are currently
screening, using a variety of DNA techniques, to determine
whether or not other proteins sharing this conserved region and
common functions can be identified.
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