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DDP1, a single-stranded nucleic acid-binding protein
of Drosophila, associates with pericentric
heterochromatin and is functionally homologous to
the yeast Scp160p, which is involved in the control
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The centromeric dodeca-satellite ofDrosophila forms
altered DNA structures in vitro in which its purine-
rich strand (G-strand) forms stable fold-back
structures, while the complementary C-strand remains
unstructured. In this paper, the purification and char-
acterization of DDP1, a single-stranded DNA-binding
protein of high molecular mass (160 kDa) that specific-
ally binds the unstructured dodeca-satellite C-strand,
is presented. In polytene chromosomes, DDPL1 is found
located at the chromocentre associated with the peri-
centric heterochromatin but its distribution is not
constrained to the dodeca-satellite sequences. DDP1
also localizes to heterochromatin in interphase nuclei
of larval neuroblasts. During embryo development,
DDP1 becomes nuclear after cellularization, when
heterochromatin is fully organized, being also associ-
ated with the condensed mitotic chromosomes. In
addition to its localization at the chromocentre, in
polytene chromosomes, DDP1 is also detected at several
sites in the euchromatic arms co-localizing with the
heterochromatin protein HP1. DDP1 is a multi-KH
domain protein homologous to the yeast Scp160 protein
that is involved in the control of cell ploidy. Expression
of DDP1 complements adscpl60deletion in yeast.
These results are discussed in view of the possible
contribution of DNA structure to the structural organ-
ization of pericentric heterochromatin.

Keywords centromerddrosophiladodeca-satellite/
heterochromatin/ssDNA/vigilins

Introduction

both in humans (Harringtoret al, 1997; Ikenoet al,
1998) and inDrosophila(Murphy and Karpen, 1995; Sun
et al,, 1997). Remarkably, centromeric satellite DNAs are
poorly conserved through evolution and, even within the
same species, different chromosomes contain different
arrays of satellite DNA sequences at the centromere
(reviewed in Choo, 1997). Furthermore, centromeric satel-
lites can also be found at other chromosomal locations
showing no detectable centromere function (Lateal,
1993; Sullivan and Schwartz, 1995), and vice versa, DNA
sequences located outside of the centromere might acquire
centromere activity acting as neo-centromeres (Voullaire
et al, 1993; Sacchiet al, 1996; du Sartet al, 1997;
Williams et al, 1998). These observations suggest that
the primary nucleotide sequence might not be the only
determinant of centromere formation and function.

Centromeres of higher eukaryotes are embedded within
large blocks of heterochromatin and the formation of a
centromere-specific high order chromatin structure, of
largely unknown molecular characteristics, appears to be
essential for centromere function (Zinkowstial., 1991;
Sunkel and Coelho, 1995; S al., 1997). Centromeric
satellites are likely to play a crucial role in the formation of
this high order chromatin structure. Interestingly, although
showing no significant homology at the level of their
nucleotide sequences, many centromeric DNAs share
common structural properties. For instance, several
AT-rich satellites that are frequently found at the centro-
mere of higher eukaryotes (for reviews see Rattner, 1991;
Kalitsis and Choo, 1997), were shown to be intrinsically
curved reflecting common bendability properties
(Martinez-Balba et al,, 1990). Repeated DNAs showing a
marked pu/py strand asymmetry (‘telomere-like’ satellites)
have also been found at the centromere of many ver-
tebrates, insects and plants (Fry and Salser, 1977,
Taparowsky and Gerbi, 1982; Novak, 1984; Mewtal.,
1990; Richardset al, 1991; Abadet al, 1992; Grady
et al, 1992; Alfenito and Birchler, 1993; Carmeeaal,
1993). Several of these telomere-like centromeric satellites
were shown to form altered DNA structures in which the
G-rich strand (G-strand) forms very stable intramolecular
hairpins (Gradyet al, 1992; Catastet al, 1994; Chou
et al, 1994; Ferreret al, 1995; Ortiz-Lombara et al,
1998).

The Drosophiladodeca-satellite (GTACGGGACCGA)

The centromere is a specialized chromosomal structureis @ member of the telomere-like centromeric satellites
which is essential for the accurate segregation of chromo- family. The dodeca-satellite is found at the centromere of
somes during mitosis and meiosis (for a review see Choo, chromosome 3 ifbrosophila melanogasteand of several
1997). In all the species studied to date, with the exception other chromosomes of differeBrosophilaspecies (Abad

of the budding yeasBaccharomyces cerevisjaeentro-

et al, 1992; Carmenat al, 1993). It was shown earlier

meric DNAs are characteristically enriched in highly that the dodeca-satellite G-strand forms very stable fold-
repetitive satellite DNA sequences that, as was recently back structures, stabilized by the formation of tandem
shown, are essential for proper centromere functioning G-A pairs, while the complementary C-strand remains
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basically unstructured (Ferreet al, 1995; Ortiz- A B
Lombarda et al, 1998). In this paper, we describe SL2- NUGLEAR EXTRACT

the purification and characterization of DDP1, a single-

stranded DNA-binding protein of high molecular mass

that binds the unstructured dodeca-satellite C-strand with
high affinity and specificity. DDP1 associates with the

pericentric heterochromatin and is a functional homologue 1
of the yeast Scpl160p, a multi-KH domain protein that is it
involved in the control of cell ploidy (Wintersberget al.,

1995; Weberet al, 1997). !
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Results

Purification and characterization of DDP1, a single- o

stranded DNA binding protein that interacts

specifically with the dodeca-satellite C-strand

As described earlier, a strong dodeca-satellite C-strand-

binding activity is detected in crude nuclear extracts c

obtained from cultured Schneider SiXosophila cells 1 2 3 1234

(Ferreret al,, 1995). The polypeptide responsible for this

binding activity was purified through three chromato- 250

graphic steps (Figure 1A) (see Materials and methods). — m -

Purified fractions, showing a strong binding to the dodeca-

satellite C-strand (Figure 1D), are highly enriched in a 9% —

polypeptide ~160 kDa in molecular mass (Figure 1B),

called DDP1 Drosophila dodeca-satellite-binding pro-

tein 1). DDP1 is responsible for the binding to the dodeca-

satellite C-strand as was demonstrated when the cDNA S . -

encoding DDP1 was cloned (see below). Recombinant

DDP1, expressed iEscherichia coli is recognized by _ - -

specific aDDP1 antiserum (Figure 1C) and shows the Fig. 1. Purification of DDP1. The fractionation scheme used for the
L - - . . purification of DDP1 is shown inAX) (see Materials and methods).

same binding prOpert'_es as the purified protein ObF"’_‘med (B) The protein composition of the pooled positive fractions is shown

from cultured cells (Figure 1D, lanes 1-4). In addition, after each chromatographic step: NE, crude nuclear extract; H, after

the protein complex obtained with the purified fractions the HI-TRAP Blue Sepharose column; PHE, after the hydrophobic

s specifcally recognized byaDDP1 antiserum (not PRy SiBEee o 21 S, e e

shown). The electrophoretic mobility of the DDP1~- molecular weight 250, 98, 64, 50, 36 ar?d 30 kDa from top to bottom.

C-strand complex corresponds to that of the major compleX The arrow indicates the position of DDPT)(Western blot analysis

detected in crude nuclear extracts (Figure 1D, lane NE), usingaDDP1 antibodies, obtained as described in Materials and

indicating that DDP1 isthe major C-strand-binding activity methods, of: crude nuclear extract prepared from cultured SL2 cells
present in SL2 cells. (lane 1); total cell extract prepared froBrosophilaembryos (0-2 h)

L - (lane 2) and purified recombinant DDP1 expresse#.toli (lane 3).
DDP1 does not show any S'gmf'cant aﬁ'n'ty for double- The positions of markers of known M (in kDa) is indicateB) (The

stranded DNA. No significant retardation of a 145 bp binding to a 145-base dodeca-satellite C-strand of native DDP1
double-stranded dodeca-satellite DNA fragment was obtained from cultured cells, (lane 4) is compared to that of the
observed at DDP1 concentrations showing strong binding L%Crfenggg‘r?;; g%ﬂ%ﬁﬁ%ﬁﬁaﬁﬂiiﬂi?misplr;inlézn; ’t\:]'z rude
to. th.e C-strand (Figure ZA.’ compare duplex and C-strand). nuclear extract. The binding reactions were performed in the presence
Similar results were obtained with other cloned dodeca- of increasing excess (wiw) of heat-denaturef.ssliDNA: 0 (lanes 1
satellite DNA fragments of slightly different nucleotide and 4); 50 (lane 2); 500 (lane 3) and 1000 (lane NE).
sequences (not shown). The very low affinity of DDP1
for double-stranded DNA was corroborated by competition
experiments (Figure 2B). A significant binding of DDP1 a very low affinity for the dodeca-satellite G-strand.
to the C-strand is detected even in the presence of a largeHowever, as described previously, the single-stranded
3000-fold excess of the unspecific double-stranded DNA dodeca-satellite G-strand has a high tendency to form
competitors, ds.coliDNA or poly(dl-dC). On the contrary,  stable fold-back structures (Ferret al, 1995; Ortiz-
the dodeca-satellite C-strand itself is a very efficient Lombardaet al, 1998) that are likely to strongly influence
competitor. In this case, DDP1 binding is completely DDP1 binding. The specificity of the interaction of DDP1
abolished in the presence of a 50-fold excess of competitorwith the dodeca-satellite C-strand was also analysed
(Figure 2C, C-strand, lane 4). These large differences in through competition experiments using ssM13DNA and
competition efficiency are better reflected when the excessheat-denatured EscoliDNA as unspecific competitors
of competitor required to obtain 50% competition are (Figure 2C). sE.coliDNA competes DDP1 binding less
compared, ~7-fold for the C-strand but3000-fold for efficiently than the C-strand itself, a 500-fold excess of
the double-stranded DNA competitors. s<E.coliDNA being required to obtain 50% competition.
The interaction of DDP1 with the dodeca-satellite Competition by ssM13DNA is also rather inefficient, a
C-strand is specific. As shown in Figure 2A, DDP1 shows 170-fold excess of competitor is required to obtain 50%

aN
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Fig. 2. The interaction of DDP1 with the dodeca-satellitd) (The binding of purified DDP1, obtained from SL2 cells, to a 145 bp double-stranded
dodeca-satellite sequence (DUPLEX) and to the corresponding C-strand (C-strand) and G-strand (G-strand) is analysed by EMSA as a function of
increasing amounts of added proteinglQlanes 1), 0.0&1 (lanes 2), 0.3ul (lanes 3) and 1l (lanes 4). Lane M corresponds to markers of known
molecular mass: 2.17, 1.76, 1.23, 1.03, 0.65, 0.51, 0.45, 0.39, 0.29, 0.23/0.22 and 0.15 kb from top to Bpfidra.&fficiency of competition of
double-strandedt.coli DNA (dsE.coli) and poly(dl-dC) is shown as a function of increasing excess (w/w) of competitor: 0 (lanes 0), 50 (lanes 1),
250 (lanes 2), 1000 (lanes 3) and 3000 (lanes@).The efficiency of competition of the dodeca-satellite C-strand (C-STRAND), heat denatured
E.coli DNA (ssE.coli) and M13ssDNA (ssM13) is shown as a function of increasing excess (w/w) of competitor. C-strand: O (lane 0), 5 (lane 1),
10 (lane 2), 25 (lane 3) and 50 (lane 4)EgDli: 0 (lane 0), 50 (lane 1), 250 (lane 2), 1000 (lane 3) and 3000 (lane 4). ssM13: 0 (lane 0), 5 (lane 1),
10 (lane 2), 25 (lane 3), 50 (lane 4) and 200 (lane B). The efficiency of competition of RNA fragments of random sequence (rpBS) or of the
dodeca-satellite C-strand sequence (rC-strand) is shown as a function of increasing excess (w/w) of competitor: 0 (lane 0), 25 (lanes 1), 100
(lanes 2), 250 (lanes 3) and 500 (lanes 4). Quantitative analysis of the results are shown on the right of each panel where the percentage of
competition is shown as a function of the excess of competitor added.

competition. However, in this case the profile of the but under these conditions, the band corresponding to the
competition is different. At intermediate competitor con- DDP1-DNA complex is very faint and a broad smear
centrations, from 5- to 50-fold excess, a broad band of of higher electrophoretic mobility is detected instead
lower electrophoretic migration than that corresponding (Figure 2C, ssM13, lane 5) indicating that only at this
to the DDP1-C-strand complex is detected (Figure 2C, high concentration can the unspecific competitor efficiently
ssM13, lanes 1-4). This super-shift is not detected in the displace the C-strand from the complex.

absence of DDP1 (not shown), indicating that it does The affinity of DDP1 for RNA was also analysed
not arise from the annealing of the C-strand and the through competition experiments using RNA fragments
ssM13DNA. At these concentrations of ssSM13DNA com- of the dodeca-satellite C-strand sequence (rC-strand) and
petitor, no significant increase in the amount of unbound of random sequence (rpBS) (see Materials and methods)
C-strand is observed indicating that the super-shift corre- (Figure 2D). The affinity of DDP1 for the RNA version
sponds to the formation of a ternary complex of DDP1 of the dodeca-satellite is not significantly different than
and both the C-strand probe and the ssM13DNA compet- for its DNA form. A similar excess of competitor, 7-fold
itor. These results suggest that DDP1 contains multiple for the C-strand and ~10-fold for its RNA version
ssDNA-binding domains capable of binding simultan- (rC-strand), is required to obtain 50% competition. On
eously the C-strand and the ssM13DNA. This hypothesis the other hand, RNA fragments of unrelated sequence
was confirmed when the cDNA coding for DDP1 was compete less efficiently (Figure 2D, rpBS). In this case,
cloned (see below). At higher competitor concentrations, a higher 100-fold excess of competitor is required to reach
200-fold excess, the percentage of free probe is still low 50% competition and significant binding is detected even
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in the presence of a 500-fold excess. Similar results were around division 13 (not shown) when, after cellularization,
obtained when total RNA prepared fromrosophila heterochromatin becomes more conspicuous and the
embryos was used as unspecific competitor (not shown).chromocentre is organized (Mahowald and Hardy, 1985;
These results indicate that the general affinity of DDP1 Edgaret al., 1986; Kellumet al., 1995). Later, at cellular

for RNA is low, similar to its affinity for unspecific  blastula and gastrula stages, DDP1 is found associated with

ssDNAs such as ssM13DNA the chromosomes (Figure 5). In synchronically dividing
blastoderms, nuclei at interphase/prometaphase show a

DDP1 associates with the pericentric rather uniform nucleaoDDP1 reactivity (Figure 5, top),

heterochromatin and co-localizes with HP1 similar to that observed at interphase in larval neuroblasts.

DDP1 is found associated with polytene chromosomes. But, contrary to what is observed in larval neuroblasts,
When specificdDDP1 antibodies were used to immuno- the condensed mitotic chromosomes show a stedbpP1
localize the protein in polytene chromosomes an intensereactivity at anaphase/telophase (Figure 5, centre), the
signal was detected at the chromocentre (Figure 3A). TheaDDP1 and DAPI signals being highly superimposable.
chromocentre is a special chromosomal structure mainly Similar results were obtained when DDP1 localization
consisting of repeated DNA. In addition to middle repetit- was determined at the gastrula stage (Figure 5, bottom),
ive DNA sequences homologous to different transposable when mitotic domains are established (Foe, 1989). Also
elements, the chromocentre also contains all the highly at this stage, interphase nuclei show a rather uniform
repetitive centromeric satellites, including the dodeca- aDDP1 reactivity and the condensed mitotic chromosomes
satellite, that are, however, underreplicated. As judged by are reactive.
in situ hybridization, the dodeca-satellite is organized into  The chromocentric association of DDP1, a ssDNA-
three to four large blocks that are located in the pericentric binding protein, suggests that the specialized heterochrom-
heterochromatin of chromosome 3 (Figure 3B). DDP1 atin structure of the chromocentre contains regions of
is present at these regions enriched in dodeca-satellitessDNA. Consistent with this hypothesis, when fixed poly-
sequences. However, as seen when individual detachedene chromosomes are treated with DNA polymerase |
chromosomes are analysed, ta®DP1 signal at the  (Poll) a significant nucleotide incorporation is observed
chromocentre spans most of the heterochromatin of chro-at the chromocentre, which becomes labelled, while the
mosome 3, extending beyond the major blocks of dodeca-rest of the chromosome does not (Figure 3D).
satellite, as well as of chromosome 2, which does not
contain detectable amounts of dodeca-satellite sequence®DP1 is a multi-KH domain protein homologous to
(Figure 3B). The possibility that these other chromosomal the yeast Scp160p, which is involved in the
regions could also contain low amounts of dodeca-satellite control of ploidy
sequences, undetectable oy situ hybridization, cannot ~ No N-terminal amino acid sequence could be obtained
be ruled out totally. Nevertheless, these results strongly from the direct analysis of purified DDP1. Two internal
suggest that the distribution of DDP1 at the chromocentre peptides were prepared by proteolytic digestion of the
is not constrained to the dodeca-satellite sequences and thapurified protein with either V8 protease or thrombin. The
DDP1 might also be associated with other heterochromatic N-terminal amino acid sequences of these two peptides
DNAs. In addition to the strongDDPL1 reactivity of the are shown in Table I. Oligonucleotides derived from these
pericentric heterochromatin, sever@DDP1 signals are  sequences were used to amplify a specific DNA fragment
also detected on the chromosome arms (Figure 3A).from a DrosophilacDNA plasmid library that was used
Intriguingly, both at the chromocentre and the euchromatic to screen the same cDNA plasmid library. Several positive
chromosome arms, DDP1 shows a striking co-localization clones were obtained that, when analysed by restriction
with HP1 (Figure 3C), a protein that associates in general mapping and sequencing, were shown to all contain an
with heterochromatin (James and Elgin, 1986; Jagtes, open reading frame (ORF) coding for a polypeptide of
1989; Miklos and Costell, 1990; Belyaew al., 1993; 1301 aa (144 kDa) whose predicted sequence contains the
Plateroet al, 1998). Altogether, these results indicate a two internal DDP1 peptides presented in Table | (Figure 6).
general association of DDP1 with heterochromatin. When this cDNA was expressedhncoli, the recombinant
Metaphase chromosomes from larval neuroblasts showprotein was recognized by specifeDDP1 antibodies
no significantaDDP1 reactivity (not shown). However, (Figure 1C). Furthermore, the recombinant protein binds
interphase nuclei react strongly withDDP1 antibody the dodeca-satellite C-strand with equal affinity and speci-
(Figure 4).aDDP1 staining predominantly shows a uni- ficity as the native protein purified from SL2 cells, giving
form granular pattern (Figure 4A) which, in some cases, rise to a protein—DNA complex of the same electrophoretic
fuses to a single stron@DDP1 spot located at the mobility (Figure 1D). These results indicate that the cDNA
heterochromatin region close to the nuclear membrane,shown in Figure 6 codes for DDP1.
lying beside the strongest DAPI signal corresponding to A sequence homology search showed that DDP1 is
the heterochromatic AT-rich satellites (Figure 4B). As homologous to the multi-KH domain proteins Scp160p
shown in Figure 4C, the overlap between tHeDP1 and from yeast (26% identity) and vigilin, either chicken or
dodeca-satellite signals is only partial. In agreement with human (46 and 47% identity, respectively) (Figure 7A)
the pattern observed in polytene chromosomes, some(McKnight et al, 1992; Schimdtet al, 1992; Plenz
DDP1 locations contain no detectable dodeca-satellite et al, 1994; Wintersbergeret al, 1995). The KH-
sequences. Similarly, some of the dodeca-satellite richdomain is a 65-80aa single-stranded nucleic acid-
regions appear to bind DDP1 poorly. binding motif that was originally identified in the human
Consistent with its association with the chromocentre, RNA-binding protein hnRNP K (Siomiet al, 1993),
during embryo development, DDP1 becomes nuclear atand since then has been found in a number of other
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Fig. 3. DDP1 localization in polytene chromosomeA) (The immunostaining witttDDP1 antiserum is shown. The protein accumulates at the
chromocentre (large arrow) and is also present at multiple euchromatic locations and at the telomere of the chromosome 3 right arm (small arrow).
(B) Sequential immunostaining with tlieDDP1 antibody andn situ hybridization with a probe corresponding to a fragment of the dodeca-satellite
DNA. (C) Simultaneous immunostaining withDDP1 andaHP1 antibodies. In the merged figure, the DDP1 and HP1 immunopatterns were
pseudocoloured in green and red, respectivé@y.If situ labelling by DNA Pol I. The arrows indicate the position of the chromocentre.

proteins sharing the capability to bind single-stranded (-sheet is packed against threehelices on one face
nucleic acids, RNA and/or ssDNA. The KH-domain has (Muscoet al, 1996). Most KH-domain proteins contain
a specific fold in which a stable three-stranded antiparallel a few KH-motifs spaced by regions of variable length
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Fig. 4. DDP1 localization in nuclei from larval neuroblasts. In general, nuclei show a gramDBP1 pattern &), but in some nuclei), a single
strongaDDP1 spot is observed (arrows), which localizes close to the DAPI bright chromocentre spots (arrowheads) as seen in the merged figure.
(C) SequentiabDDP1 immunostaining (arrowheads) aimdsitu hybridization with a dodeca-satellite DNA probe (arrows). In the merged figure, the
DDP1 and dodeca-satellite signals were pseudocoloured in green and red, respectively.

Table I. N-terminal amino acid sequence of two internal peptides
obtained by proteolytic digestion of purified DDP1

Protease M (kDa) Sequence
V8 125 (A/S)AEQYKKISDRISVP(K/S)(K/N)YS
Thrombin 32 KANVRQFMSKHDVHVELPP

to be involved in nucleic acid binding. The twelfth
KH-domain of DDP1 is longer than the rest, such as
in vigilins but not in Scp160p (Figure 7). The structural
organization of DDP1 confirms its strong affinity for
single-stranded nucleic acids.

In yeast, Scp160p is involved in the control of ploidy
(Wintersbergeret al, 1995). Disruption of theSCP160
gene results in cells of decreased viability and increased
number of chromosomes. Expression of Scpl60p in

and sequence. What is peculiar about DDP1, Scpl60pA4scpl60 cells obtained from diploid heterozygous

and vigilins is, on one hand, the high number of KH-
domains they contain—fifteen—and, on the other hand,
their tandem organization (Figure 7). Actually, these
multi-KH domain proteins are formed almost exclusively
by the tandem repetition of the KH-motif, preceded and
followed by relatively short N- and C-terminus regions.
Most of the homology is therefore found in the multi-
KH region. The different KH-domains of DDP1 are
themselves homologous, showing the predicted KH-fold
and containing basically all the residues which are
found conserved in the rest of KH-domains analysed to
date (Figure 7B), and in particular, the two glycine
residues flanking thexl and a2 helices, which appear

SCP16@Ascpl60 strains, but not in haploiddscpl60
strains, rescues the mutant phenotype (Wintersberger
et al, 1995). Figure 8 shows a FACS analysis of the
DNA content of spores from the heterozygous strain
AK303 in which one copy of theSCP160 gene is
deleted by insertion oLEU2. Leu spores, which are
wild type for SCP16Q showed a normal FACS profile
corresponding to a haploid DNA content (Figure 8A),
identical to that of spores obtained from the wild-type
strain  AK300 (not shown). However, Léu spores
carrying the Ascpl60 deletion have a higher DNA
content, mainly double, than wild-type cells (Figure
8B). In Ascpl60cells, the peaks in the FACS analysis
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Fig. 5. DDP1 localization during embryo development. DAPI (left) andDP1 (right) fluorescence is shown for synchronically dividing cellular
blastoderm nuclei at interphase/prometaphase (top) and anaphase/telophase (centre) stages of the mitotic cycle. Nuclei of a mitotic domain at the
gastrula stage are shown at the bottom.

are broader than in wild-type cells indicating that the Discussion

actual DNA content per cell is more variable 4scp160

cells. Expression of DDP1 rescues this mutant phenotype.Here we have shown that DDP1, a nouetosophila
The abnormal FACS profile oflscp160cells was not single-stranded nucleic acid-binding protein, is found
observed in spores containing the pYES-DDP1 plasmid associated with pericentric heterochromatin both in
when germinated in galactose to allow expression of polytene chromosomes and interphase nuclei from
DDP1. Under these conditions, Leuspores have a larval neuroblasts. Like other heterochromatin associated
normal DNA content, showing a FACS profile very proteins, such as HP1 and SU(VAR)3-7 (Kellwh al,
similar to that corresponding to wild-type cells (Figure 1995; Cleard et al, 1997), DDP1 becomes nuclear only
8C). These results indicate that DDP1 is functionally at the cellular blastula stage when heterochromatin is
homologous to Scpl60p. fully organized (Mahowald and Hardy, 1985; Edgar
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et al, 1986; Kellum et al, 1995). The presence of heterochromatin associated proteins, does not show any
DDP1 in the condensed metaphase chromosomes couldsignificant nucleic acid-binding activity. These results
not be unambiguously demonstrated. On one hand, nosuggest that DDP1 may play a general role in organizing
significantaDDP1 reactivity was detected in metaphase chromosomal domains. DDP1 might be involved in the
chromosomes from larval neuroblasts. But on the other formation of heterochromatin by recognizing specific
hand, at cellular blastula and gastrula stages condensedeatures on the DNA (i.e. the formation of ssDNA),
mitotic chromosomes are strongly reactive witbDP1 and perhaps facilitating the recruitment of additional
antibodies, suggesting that the lack of reactivity observed protein factors.

in mitotic chromosomes from larval neuroblasts could  The structural organization of DDP1, with 15 consecut-
arise from a lack of accessibility to the antibody. In ive KH-domains, strongly indicates that protein—nucleic
polytene chromosomes, DDP1 is also found at severalacid interactions are the major determinants of the
sites in the euchromatic arms mostly co-localizing chromosomal association of DDP1. Several indications
with HP1, a protein that, like many of the known suggest that binding of DDP1 to chromosomes probably

1 GA TCT CTA TTT GOU ADG TTC GOT CAT GTT CAT TCA CAT TTT ACT TOO AGT OCA CAC CCA AGT TAT CAA ACT OCA TTT OOGT CAA ADOQ AGA OTA AAC TOO GCC GOA TTT TTT OCGA TTT TAC
130 AQT ACC TOT ACT OTA AAC GAC TTO OAA COA AAA ADOD ACT TTT CTC TTT TTT TAA GTA ATS CAA GCA GCR GCA GTG ATG GAG GARA ACT AAC AAC GCA ACT ACC ATC GAG CAG CAG OO0C ATC
1 met gln ala ala ala val met glu glu thr asn asn ala thr thr ile glu gln gln pro ile
240 GCT OTC ATT AAT GGC CAA OAC CAG OTG GOC AAC GAD CAG CAR OCA TOC TOG OCA ACT TCA GTG GOC ADG COC ACT AGT ACC ACT AGC OOC GGR ACT GOC AAT OCC ACR OCC GOC TTT AGC
22 ala leu ile asn gly gln glu gln val ala asn glu gln gln pro ser ser pro thr sar val ala thr pro thr sar thr thr ser gly gly thr gly asn ala thr pro ala phe #er
360 TAC GAC GAC CTO TTT OO0 0OC CTO OO0 OOC AAC ACT TOG GOT CAR TCG CAR TOC GGA GOT TOC GOT TOS ACT CTA GOT COT OTG ACG AGT TCC CAR AAR ACT CAT ATT OTG CAT OTT oOC
#3 tyr asp asp leu phe pre ala leu pro ala asn thr ser ala gln ser gln ser gly ala ser gly ser thr leu ala arg val thr ser ser gln lys thr his ile val his wval “
480 TGO ARG GAG OGO AMG TCC ACG GAG TOG GAG ARG TTT GGC GAA OOC GAG TCG ARG OGT ATT TOC CAG CAG ATC ACC ARG GRG ACC GGA OCA CAG ATC GAG ATT OTC AGC GGC RAG RAC CAG
m— thr glu sar glu lys pha gly glu gly glu ser lys arg ile cys gln gln ile thr lys glu thr gly ala gln ile glu ile val sar gly lys asn gln
600 TOG OTG ACC TTC TG ATT AAG GGC ARG CAG AGC GRG CTG CTC GAT OOC OOC OOT ARG ATT CTT ATO OOC TTC TOC ACT CAG GOC AGT COG CAG OTS ACC OTT OCT OGG GAS CAC TTC oGO
142 ser leu thr phe leu ile lys gly lye gln ser glu leu leu asp ala arg arg lyw ile leu met gly phe ser thr gln ala ser arg gln wal thi val pro arg glu his phe arg
720 GTC ATC CTC GGC AAG GGT GGC CAA OGG OTG OGC GAA ATC GAG COT OTT ACT GO3 AC3 COC ATC AAC ATC OOC AGC CAG AGC GAT GAG AOC OAD TTT ATC ACO ATT OCC GGA ACC AAG GAD
182 wval ile lau gly lys gly gly gin arg leu arg glu ile glu arg val thr ala thr arg ile asn ile pro ser gln ser asp glu ser glu phe ile thr ile ala gly thr lys gl
B40 GOT ATT GOC CAG GOC GAG CAG GAG ATC OGT CAG CTG TCA OCC OQAD CAD TAC AAZ ARD TCA TOZ GAC O3C ATC ACDT OTO OOC ARA OTT TAC CAT OCOC TTC ATC OTO O3C OOC TAC AGT GAG

222 gly ile ala gln ala glu gln glu ile In leu ser ala glu gin Eyr Ivs [ve Fer ser arg ile the val pre 1 vall tyr his pro phe ile val gly pro tyr ser glu
AAC CTA AAT AAG OTG CAG GAD GAD ACC GGC GOT AGG ATC ARC GTG CCG CCO CAG CAG OTT CAG ARG GAC ORG ATC OTC ATC TOG GOC GAG AAG GAC OO0 OTC OCA OO0 OCR AAG RAG
283 asn leu asn lys leu gln glu glu cthr gly ala arg ile asm val pro pre gin gln wval gln lys asp glu ile val ile ser gly plu lys asp ala val ala ala ala lys lys
1080 GTG GAG GOC ATT TAC AAD GAT ATO OAA ARG ARG TGC TCT ACC GTC AGT GTG GAG GTA GCT ANG CCC ARG CAC CGA TAT GTC ATT GOT COG AAG GOC TCC ACC ATC GOT GAG ATT CAG

val glu ala ils tyr lys asp met glu RNEAETRNGEIEIERURIEE NG S EFNNESS| yx val ila gly pro lys gly ser thr ila ala glu ila leu gin

TTG TG
ser
GAk
glu
TG
ser
coco
pra
ARG
1y=
T
]
ARG
1y=
ATT
ile
OTT
val
ocT
ala
AAC
asn

Fit8

ACC GGT GTG TCT GQTA QA0 ATO COT OOC AAT GAC TOC ©OC TOG GAG ACG ATC ACT TTG COT OO0 OO0 CAA OTG OCT TTG GOA ART GOC CTA ACT OTT OTC TAC CAR AAG TCU

342 leu thr gly val ser val glu met pro pro asn asp ser pro ser glu thr ile thr leu arg gly pro gln val ala leu gly asn ala leu thr val val tyr gln lys ser
GTC AAG TCT GTG OAG ATC AAT OO0 OCA CAT TGO ATC CAC AAA TAT GTG ATC GOT OGC AAG GOG GCC AAC ATG AAG CAG CTG GAG GAG GAC TGC CCCT AAC GTG AAT GTG AAT TGO

val lys sar wval glu ile asn ala ala hiz erp (la his lys tyr val ila gly arg Iys gly ala asn met lys gln lsw gle gle asp cys pro asn val asn val asn cys
GAC ARG ATC AAG OTG GAG OOA GAT CCC GAG AAC GTT GAC AGG GCT OTA GCC TAC TTG TCC GAA ATC ATC ARA AAC TAC GAG GAG ARC TTC ACA TTC OAD OTD ATD ACT OTT AAT
asp lys ile lys leu glu gly asp pre glu asn val asp arg ala val ala tyr leu ser glu ile ile lys asn tyr glu glu asn phe thr phe glu val met thr wal asn
1560 TAC TAC AAG CAC ATC ATC GGT AAG GOT GOA GOC ARC GTA ART CTG AMG GAT GAA CTG ARG OTT AAC ATT AAC ATC GAXA GAC COC GAG OOC CAD AAT AAC ATC OOT ATC GAG
eyT

RAG

Iys

oo

ERTEFALE

one
eyr lys his fla ile gly lys ala gly ala asn val asn arg leu lys asp glu leu Iys val asn ile asn ile glu glu arg glu gly gln asn asn ile arg ile glu
GAG (GA GTA OGG CAG GO0G CAG CTT GAA TTA CRA GAR ARR ATC GAC AAM CTO GAM ARC ORA ARA TCO ARG GAT OTG ATC ATC OAC COC COT CTC CAT COT ATT ATC OOk
ile
ACK

g
§

[
=
o

asp lys leu glu asn glu lys ser lys asp val ile ile asp arg arg leu his arg ser ile ile gly
ATC ACT ATA CCT ACO CCC CAG GAG AAC ACC GAT ATT OTG AAC CTG ODC GOIA CCC AAD OAT GTO QAC
asp ile val Iys lew arg gly pro lys glu asp val asp
TTC CAC AAD TTC OTT ATC OOC AAQ OOC OCT AAC ATC
phe his lys phe val ile gly lys gly ala asn ila
AT
dy=
Qac

glu gly wval arg glo ala glo leu glu leu gln glu lys i
ARG

E

GAG GTU ARG GAC CGC TAC
ile thr ile pro thr pre gln glu asa thr
GRA TOO TOS OAC ATT ATC OAD 07O OTC ATC TTT AMD CAD
his ile ile glu val pro ile phe lys gln
00T GG OOT GQAC ACT AAC OAM OT3 ATC OTC ATT ACT 0OC
632 ile arg asp gla thr lys ile asp leu asp che asn gld val ile val ile thr gly Iys glu asa val leu glu ala Iys arg ila gla
2160 CAA AAC OAZ GAC ATT GTC ACC GAG GAG COC AMD TAC TAC AAC TCA ATC ATC GOC ACT GO0 AAA OTC ATC TOC TOG ATC ATG GAA TGC GOT
#63 gln asn glu asp ila wval thr glu glu val gln ile pro pro lys btyr tyr asn ser ile ile gly thr gly gly lys leu ile ser ser ile met glu eys gly
2I80 TCT ATC ARG AGC GAC TOC ARG AGC OAT ATT COC OOT CCOC AAD GAC OAT OTO GAGD AAC OCT AAD OTT CAD CTA TTO OAD CT3 G0C GAA 0BG CAG
702 wor ile lyw ser asp ser lys ser asp val thr ile arg gly pro lys asp asp val glu lys ala lys val gln leu lec glu leu ala glu arg gln
3400 TCT TTT ACC OGC OOC AAD CAD CAA CAC ©TG ATC OGC AMG AAT GGC GCT TCT ATC OGT AAG ATT OGC GAT GCC ACT GGT GOC OGC ATC TTC OCT
742 wer phe thr arg ala lys gln gln his lau ile gly lys asn gly ala ser ile arg lys ile arg asp ala thr gly ala arg ile phe pro
3530 OAD OAC ACT GTG ATC ACC ATC ATT AGC GTA AN AND OCC OOT GAG CAG CTG GAG OOG ATC ATC AAG GAD TGC GAC GAA GTA GAR GOT GAG T
#ar val lys lys ala arg giu gin leu glu ala lls ile lys glu cys asp glu val
ATC CTG CAC COC ATT TOC GAG GAG TGO GGC GGC GTG ATG ATC TCC TTC COC OGT GTC ATC ARC TOC GAT ARG
ile leu his arg ile ser glu glu cys gly gly wal met ile ser phe pro arg wval ile asn ser asp lys
OGO ATC GAG GAG ATC OTC GOT GAT OTG GAA GOG CAG AOT AOT ATC GAG GTG GTG ATT CRG OOT CAT CAT OGC
arg ils glu glu fle val ala asp leu glu ala gln thr thr ile glu val wal ile pro gln arg his his arg
GAG TTC GAT OT0 CAG ATC AAG TTC OCT GAT OGT GAT GOC AOC GAR CCC OTC GAG GOT OTG ACC ARC GGA GOC AGC
glu phe asp val gln ile lys phe pro asp arg asp ala thr glu pro val glu gly leu thr asn gly gly ser
GTA GAG ANG GAA GOC GAA CAG GAG OOG OTT OGT CAG TGO GAT GTT ATC CGA ATC ACG GGC AGA ATT GAG AAG TGO
val glu lys glu ala glu gin glu pro val arg gin cys asp val ile arg ils thr gly arg ile glu lys cys
ATC GAG TTO TOO OT0 OCT TTC GAC CTC CAT COT ACC ATC ATC GGA OO0 OOGC GOT GOC AAT GTG OGT CAG TTT ATG TCC
leu leu asp leu ile glu leu ser val pro phe asp leu his arg thr ile ile gly pro arg IEJ'E ala asn val acy gln phe met lId
CAC GTA GAS CTG OCA OCT AGT GAG CTT AAG TCO GAT GTC ATC ARG OTC TGC 00T ACO CCC OCT 0OC OTC OCC GAG GOC 0OC GAA O0CG CTG GTG ARA ATG ATT GAG GAT
1073 his val his wal glu leu ro ser glu leu Iye ser asp val ile lys val cys gly thr pre ala arg val ala glu ala arg glu ala leu wval lys met ile glu asp

OGT GAG OGC TOC TTT GTT CTC CAG OTC GAC OTA GAT ACT GAA TTC CAT TOG AAD CTT ATT OOT OGT AAT 0OC OCT OTO ATT AAC AAD CTG OOT OCC
arg glu lsu arg ser phe val lou gln val asp val asp thr glu phe his ser Iys leu ile gly arg asn gly ala val ile asn Iys leu arg ala

853
]

(=4
542 gly glu lys ile arg glu val lys asp arg tyr
19320 CAC ARG GAT CTT ARG CTG GTC ARG GAG ATT
582 his lys asp lys lau val lys glu ile
2040 ATT COC GAT CAG ACT AAR ATT GAT CTG

8

1

“q
=
a
g
=3
5
a
a
"
[}
a
"
o
=

AAD GAQ AAC OTO CTC QA3 300 AMD COT ATC CAA

8id
g

283

§YEYESE

bR

g
g
A
8
g

b
"
B
)
]
H
B
3
ig
=
=

5
3
i
3

LEE
TEIR
gids
d
£k
F3RE

§
i3k

782 glu asp thr glu gly glu E
2640 OTC OAT OCC
823 val asp pro
2760 GTG ACH ATC
862 val thr ile
2880 ACC ATC ATO
§02 thr ile met
3000 GGA GAG AAT
543 gly glu asn
3130 GAG GOC OaoC

#4832 glu ala ala

L)
=
=
L]
e
=

val ile thr ile ile gly
CAC AAG CAC TTC GTO aCC
iw lyws his phe val ala
AAD OAC TOC ATA QAA
lys asp cys ile glu
OCA TTT AAG OTT CAA
gly phe lys wval gla
AAT GAK 3OC CAD GQAD
azn glu gly gln glu

§E&E
§EBSE
§EER
85
338z

i5E
B
%
i
o)
-]

+8
&3
-

8
§
g

g 3
ATBEALAIERERSE
g

I
I
3
B
&
)
(3

it
HiE

L]
=
=
L3
=
w
L3
1
[ -4
&

g
i
d
3
g
3

a5 E
L

£

ala asp arg ala

848

GAG
glu

J4ED QAT CAC GAT GTC ATC ATT CoG OCT RAG OG5 GAT GAR OCC AAT GAC OGC ATC ATC TCT ATC ACC OOC TAC CAG OOC AAT OO0 OAOQ OCA OCT OOC GAT OCC ATC CTA OAG ATT GTT OGO
1103 asp his asp val ile ile ser pro pro lys arg asp glu pro asn asp arg ile ile ser ile thr gly tyt gln ala asn ala glu als als arg asp ala fle Iey glu ile wval giy
3600 GAC COC GAG ACA CTT CAT OGC GAG GTT ATC GAG ATT GAT ARA OGC ATC CAC CCC CAC CTC ATT GGC CAA CGC DGR OGC ACC ATT OGO AAG ATC ATC GAG GAT AAT AAD OTG AAC ATC AAD
1142 asp pro glu thr lau his arg glu val ila glu ila asp SRS SSRGS (1o ile glu asp asn lys val asn ile lys
3720 TTC TCA GOT GAT GAT GAC RAC COC RAT TOG ATC TTC ATC ACT OOC AAM ATA GAD GQAC OTT OQAD AAC OTC AN GAD TTO CTC TTC OOC ATS OCT CAD OAC TAC GAQ OOT GAC TAC TTO GAT
11#2 phe ser ala asp asp asp asn pro asn ser ile phe ile ser gly lys ile glu asp val glu aso val ly® glu leu led phe gly met ala glu asp C¥r glu arg asp tyr leu asp
3840 AAC OTO OO0 ATA GOG 005 OCA ACG ATT GGT GOC TTC CTA ACT OOT CAJ 00T TCT 0OA TOC GAT O0C GCA OOT O0C ADC GAD AAC OGA TTC OTC ATC AAR GAC GCA OO0G TGG GAG AAG CAA
1222 asn val ala ile ala pro pro thr ils giy ala phe leu thr gly gln gly ser gly ser asp ala ala gly ala ser glu asn gly phe wval ile lys asp ala pro trp glu lys gla
3960 AAD CAD OCC AAN AAC CTG ACT GOG OCC AAC ACT CAS TCO CAJ GQAQ GAC TTC CCO CAC TTC OCT OCT OGC 033 OCT CD0 OTG OOC TOC ACO OCT ATC ACT TOC OTG TOG GGC CUC AAA AAC
1362 lys gln ala lyw asn leu thr ala pro asn thr gln ser gln glu asp phe pro his phe als als gly gly ala pro val ala ser the pre ile thr ser val trp gly pro lys aan
4080 TAA OTO CAT COG GCT GAS TGT CCC GAT COC CAZ CAG TAD CAO CAA TAC TAC AAD TOO 000 TGC GDC 000 GAT O30 AGC TGO AGA TO3 ACC AGO AGC TO3 AGC AGA AGC TGG AMC TGG AN
1302 sTOF

4300 TTO AAT TOO ATT ATC GO0 CAA TGA GOO GCA GAC CAJ OO0 CAD TOG TOC GOA CAT CTC TTT AGT OGA AMA CTA GTO TCA ARA ATA ATO GTA TAD OTT OTC TOC CAG GAG CTT TTC TAD ARC
43320 GCA ATT TGT GCA GGT TAR TAG AAA ACG ACT ATT TTT GTA TGA TTT GAT ACA QGA TCA ATC AAA CAC ACA AMA ACC CAC ACT CAC ACA CAA CGA CAC ATA CAC ATG CTC ACA CAT ATO AMAA
4440 TTG CAT TTA TAC AAC ATA TAS AAT ACT AGA ATC OAA ACA GAC AAT TGA CCA DOC CTT CAG TTC OGT TOC OOG ATG TOT TGO OCA AAC COC GGC CAC TTT ATA TAT AAA ARA CAC TTA ATT
4560 OCC AAT TTC TTT TTA TAT AAC TTC TTC ATT CTT CAT TGO AAC ACA TAA TAT TCT AAT TAQ TTC AMD CTC CCT ARA AOT ARG CAO AMA OTT CAOD CAA AAT O30T TTO TTA ATT GAA TTA ARA
4680 CTG ACT AGC GAM GCA COT TCA AOA ACT AAT GTA ATT TTA AGC ATA AAR TGT TAR TTA TTT ACA TTT ACC TTC TAT CTA ©OC OO0 GTT TTG ATT ACA COCA TAC TCR ATT TTC OTA TTC GOA
4800 ATT TCC ATT TTA ACT CTT COC AAT TAA GTG ATG ATT ATT ATG ATT TAT OOC AAA OTA AAT OTT AMA TOA ADD TTC ATT OTA TTG TAC AAA COT TTC TTA OOT TOC 000 OO0 AGA GTG GAA
4930 GTG GAG ACO GO0 ATT TAT TTA AAC AOC AAN TAT ARA OCT TAC CTA AAT TTA ATA ACT ATA TTT ©OC GCA OOBC OTG CTC OTG OTC ©TA CTC COCT AAT OCT TR GOG TTC TAC CAT ACA CAC
S040 AGC CAT GAT ACA GAA COCC GAR AAR CAC ACR CAC ACA CAC NCC GAC TCT OTT CAC ATT TCA AAA TOA OTA TOO ACA TTT TAA TTT TOT OCA ATC CCC TTG ATT TAT ATT AkA TTG TTT TOG
S160 ACT TAT GTT TTIC CAC TTA AAT AAT TTT CTT TOC GOU GOG GTG TAR ATT GTC AAM AGC ARG TAA ARG ATT TGG ARC TCT TOC AGT ACT TTG TAC GAG TAT OGG GTG ATG OTT TTT CAG TTT
8280 TCT CAA CTC TAC ACT GOG CAR TAT CTG ACA GTT GAA ACA CAR AGT ATA AGA AAA ATT ATT AAT TTT TTA CTA TTA CTA TTC AAT AAA AAC AAA ARR OCA TAT AAR ACC RAT ARA AAT OGT
5400 AMA CGA AAM AAM AAK AAR

Fig. 6. Nucleotide and predicted amino acid sequence of the cDNA encoding DDP1. The deduced aa sequence begins at the first ATG codon of the
ORF. Boxes indicate the positions corresponding to the two internal peptides whose sequence was determined experimentally from native purified
DDP1 obtained from cultured cells (Table ). Regions in grey correspond to putative nuclear localization signals (DDBJ/EMBL/GenBank accession
No. DS38396/97961).
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ssDNA at pericentric heterochromatin in Drosophila

A B  Ascpi6o C  Ascp160+ DDP1

343
181
272

Count
Count
Count

= = - 91

B 1@24 B 1824 ® T {e2d

Fig. 8. Expression of DDP1 rescuesdscpl60deletion in yeast. FACS analysis are presented for a'Lspore, carrying alscp160deletion,
obtained from the heterozygo@®&CP1604scpl60strain AK303 that was transformed, as indicated under Materials and methods, with a plasmid
expressing DDP1Q) or not B). (A) The FACS analysis corresponding to a wild-type L&CP160spore from AK303 strain.

occurs via ssDNA recognition. On one hand, DDP1 these observations suggest that binding of DDP1 to
does not localize to regions enriched in RNA; no the dodeca-satellite C-strand is largely conformational
oaDDP1 signal is observed at the nucleolus or associateddependent and support the hypothesis that DDP1 could
to the rRNA gene cluster or other intensively transcribed also bind ssDNA fragments other that the dodeca-
regions. On the contrary, a strorgDDP1 reactivity, satellite C-strand. Actually, though with lower affinity,
which is resistant to RNase A treatment (not shown), DDP1 can also bind the pyrimidine strand of the
is found at the chromocentre, a region particularly poor AAGAG satellite (A.Corts and F.Azom, in preparation)
in actively transcribed genes. In addition, the strongest that, being present at the pericentric heterochromatin of
DDP1-RNA interaction we have detected was with chromosome 2 (Lohet al, 1993; Platercet al., 1998),
RNAs of the dodeca-satellite C-strand sequence that areis also capable of forming altered DNA structures in
not likely ever to be synthesizeth vivo, since the which the pyrimidine strand is single-stranded (Ortiz-
dodeca-satellite is not actively transcribed. However, we Lombarda et al, 1998). The Drosophila pericentric
cannot totally exclude the possibility that DDP1 would heterochromatin is also rich in different types of
interact with specific heterochromatin associated RNAs. transposable elements (Pimpinekit al, 1995; Sun
The association of RNA species with specific chromatin et al, 1997) that could also contribute to DDP1 binding.
structures has been demonstrated in some cases, sucActually, DDP1 is abundant at th@-heterochromatin
as in the inactive X chromosome of vertebrates (reviewed that is highly enriched on these repetitive elements.
in Brockdorff, 1998). Interestingly, as for the dodeca-satellite, the LTRs of
The chromosomal distribution of DDP1 is not some retrotransposons were found to form hairpin
constrained to the regions rich in dodeca-satellite structures (Slama-Schwodt al, 1998).
sequences suggesting that DDP1 can also recognize The presence of DDP1 and it situ labelling
other DNA sequences. The affinity of DDP1 for the suggest that, at least at some stage of the cell cycle,
dodeca-satellite C-strand depends on its nucleotide pericentric heterochromatin contains regions of ssDNA.
sequence but is largely influenced by the extent The presence of ssDNA at these regions could reflect
of secondary structure of the DNA substrate, being the formation of altered DNA structures such as those
significantly reduced in C-strand DNA fragments capable proposed for theédrosophila dodeca-satellite and several
of folding into secondary structures (A.Casteand other centromeric satellites, in which the purine-strand
F.Azorfin, in preparation). Likewise, base substitutions folds into very stable intramolecular hairpins leaving
that reduce the degree of secondary structure of thethe complementary pyrimidine-strand single-stranded
DNA fragments result in a stronger interaction (A.Certe (Grady et al, 1992; Catastiet al, 1994; Chouet al,
and F.Azom, in preparation). Nucleic acid recognition 1994; Ferreret al, 1995; Ortiz-Lombard et al,, 1998).
by other multi-KH domain proteins was found to DDP1 could play an important role on the induction
be little sequence-specific, showing a similar strong and/or stabilization of these altered DNA structures.
dependence on the extent of secondary structure of theHowever, it is unlikely that the whole of the dodeca-
substrate (Kanamost al, 1998). Moreover, homologous satellite sequences would exist as ssDNA. On the
KH-domains of slight different amino acid sequences contrary, formation of ssDNA at these regions would
show remarkable different nucleic acid-binding prefer- likely be a local event involving only relatively short
encesin vitro (Dejgaard and Leffers, 1996). Altogether, stretches. Actually, the lack of DDP1 binding at some

Fig. 7. (A) Sequence comparison of DDP1 with the yeast Scp160p and the chicken (Ch-vig) and human (Hu-vig) vigilins. Residues present in at

least three of the sequences are shaded black. Residues present in only two sequences with at least one similar residue in another sequence or being
similar in at least three sequences are shaded grey. Numbers on top indicate the first residue of each of the consecutive KH-domains. Numbers on
the right indicate the corresponding aa resid@). $equence comparison of the 15 consecutive KH-domains of DDP1. Residues which are present in

at least 12 or 10 domains are shaded black or dark grey, respectively. Light grey indicate similar residues when present in at least 10 domains. The
consensus KH-domain sequence and the corresponding predicted secondary structure are indicated on the bottom.
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dodeca-satellite regions might reflect this circumstance.

DNA replication could also drive the formation of
ssDNA. In this respect, it is interesting to note that
HP1 was also shown to co-localize with the origin
recognition complex ofDrosophila (DMORC2) (Pak
et al, 1997). Therefore, it is possible that some of the
chromosomal locations of DDP1 would reflect the
presence of regions of ssDNA occurring at origins of
replication. In the case of the pericentric heterochromatin,
this possibility appears unlikely since the amount of
DmORC2 present at the chromocentre is low and
constrained to the-heterochromatin (Pakt al, 1997).
On the contrary, DDP1 is also abundant at the
B-heterochromatin.

DDP1 is homologous to the yeast Scpl60p, chicken
and human vigilins (McKnightet al, 1992; Schimdt
et al, 1992; Plenzet al, 1994; Wintersbergeet al,
1995). Vigilins constitute a family of highly conserved
single-stranded nucleic acid-binding proteins present in
all eukaryotes analysed to date. The function(s) of
vigilins is only poorly understood. It was shown that
the Xenopusvigilin binds in vitro the 3 UTR of the
vitellogenin mMRNA and was proposed to increase its

stability in response to estrogens (Dodson and Shapiro,

1997). Binding of vigilin to the human dystrophin
MRNA was also demonstrated vitro (Kanamoriet al,,
1998). However, determination of the intracellular targets
and functions of this family of proteins remains elusive.
Vigilins are upregulated in rapidly dividing cells (Plenz
et al, 1994), and in yeast, disruption of tHeCP160

gene showed a phenotype related to the control of cell

ploidy (Wintersbergeret al, 1995). The association of

DDP1 with pericentric heterochromatin points towards
the possibility that some of the functions of vigilins

would take place at the chromosomal level contributing,
in higher eukaryotes, to the structural and functional
organization of the centric heterochromatin.

Recent results strongly indicate that satellite DNAs
are important functional elements of the centromere
(Harringtonet al, 1997; Sunet al, 1997; Ikenoet al,
1998). In particular, the centromere of tBg1187 mini-
chromosome ofDrosophilg the only higher eukaryotic
centromere characterized at high resolution, is primarily
composed of two different satellite DNAs, the AT-rich
AATAT-satellite and the ‘telomere-like’ AAGAG satellite

(Sun et al, 1997). This sequence organization appears

heterochromatin. The formation of this centromere-
specific structure might be regulated epigenetically
(Karpen and Allshire, 1997; Murphy and Karpen, 1998;
Wiens and Sorger, 1998). It should be noted that the
formation of an altered DNA structure is in itself an

epigenetic phenomena since, for any DNA sequence,
the regular double-stranded B-form is the preferred
structural conformation. Once such an altered DNA
conformation is established it could easily propagate
through successive rounds of replication provided persist-
ence of the corresponding stabilizing factors.

Materials and methods

DNAs and RNAs

Plasmid pBK6E215 has been described elsewhere (Aad, 1992).

It is a pBluescript derivative carrying a 145-bp dodeca-satellite
sequence inserted at the unig$pé site of pBluescript KS. The
individual dodeca-satellite strands were purified by electrophoresis as
described earlier (Ferreret al, 1995). Poly(dl-dC) (Boehringer
Mannheim), ssM13 DNA (New England Biolabs) artticoli DNA
(Sigma) were used as DNA competitoisscherichia coliDNA was
sonicated to an average length of ~200 bp anB.cdDNA was
prepared by heat denaturation at 90°C for 4 min and quickly cooling
on ice. DNA concentration was determined by UV spectroscopy.
RNAs used as competitors were obtained iby vitro transcription

with T7 RNA polymerase (Promega) of plasmid pBK6E215 (rC-strand
fragments) or pBluescript (rpBS fragments). Befdamevitro transcrip-

tion, plasmids were linearized with appropriate restriction endonucleases
to obtain transcripts ~200 (rC-strand) or ~330 bases long (rpBS).
Transcripts were analysed by agarose electrophoresis and the concentra-
tion determined by UV spectroscopy.

Purification and characterization of DDP1

DDP1 was purified from Schneider SL2 crude nuclear extracts (Figure
1A). Cells, grown to a density of 43810° cells/ml, were harvested

by centrifugation and lysed by freeze—thawing three times in a small
volume of phosphate-buffered saline (PBS) (2 ml of PBS per ml of
pellet). Nuclei were then recovered and nuclear extracts were prepared
according to Digmanet al. (1983), dialysed against buffer D
[0.1M KCI, 0.2mM EDTA pH8, 20 mM HEPES pH7.9, 0.1 mM
phenylmethylsulfonyl fluoride (PMSF), 0.5 mM dithiothreitol (DTT),
20% glycerol] and stored at —80°C. Nuclear extracts were then
fractionated by FPLC (Pharmacia) through a Pharmacia HI-TRAP
Blue Sepharose pseudoaffinity column eluted with a 0.1-2M KCI
linear gradient in buffer D. Fractions were analysed by EMSA (see
below). Positive fractions, eluting at around 1.35 M KCI concentration,
were pooled and concentrated by centrifugation through Millipore
Biomax-5K Ultrafree filters. After concentration samples were brought
to 2.5 M KCI and fractionated through a Pharmacia Phenyl-Superose
hydrophobic column eluted with a 2-1 M KCI linear gradient in
buffer D. Positive fractions eluting at 1.75M KCI were desalted in

to be common to many higher eukaryotic centromeres pharmacia HI-TRAP desalting columns and fractionated through a

(reviewed in Choo, 1997) and is also present in

RESOURCE-Q anionic exchange column eluted with a 0.1-0.8 M

Schizosaccharomyces pomimewhich a central AT-rich
region is flanked by repetitive elements of which the
K"IK repeats, which contain 22 copies of the telomere-
like motif TGGAAA (Takahashiet al, 1992), are

essential for proper chromosome segregation (Clarke
et al, 1993). These observations suggest that centromere

might share a common structural organization in which
AT-rich and telomere-like satellites cooperate in the
formation of a specific heterochromatin structure to
which centromere function appears to be linked (Zinkow-
ski et al, 1991; Sunkel and Coelho, 1999)rosophila

centromeres are rich in transposable elements (Pimpinelli

et al, 1995; Sunet al, 1997) that are also likely to
contribute to the structural organization of the pericentric
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KCI concentration and was purified almost to homogeneity (Figure 1B).
For microsequencing, internal peptides were obtained by proteolytic
digestion of purified DDP1 with either V8 protease or bovine thrombin
(Calbiochem). Peptides were resolved by SDS-PAGE and transferred
to a PVDF membrane. Most prominent peptides were cut out from
the filters and subjected to microsequencing by the EDMAN method

in a Beckman LF3000 automatic microsequencer.

S

Obtention of aDDP1 antibodies

For the obtention of polyclonabtDDP1 antibodies, higly enriched
fractions (RESOURCE-Q positive fractions) were subjected to SDS—
PAGE and the band corresponding to DDP1 was cut and blended.
Antibodies were raised in mice. The specificity of tleeDDP1
antiserum is high, recognizing a single polypeptide of the same
electrophoretic mobility as purified DDP1 in crude nuclear extracts
obtained from cultured SL2 cells anDrosophila embryos (Figure
1D), or adult flies (not shown). In some cases, a second faint band



of lower molecular weight could also be detected which is likely to
arise from the proteolytic degradation of DDP1.

EMSA experiments

For the EMSA experiments, ~1 ng of radioactively labelled DNA,
prepared as described above, was incubated for 20 min at 4°C with
different amounts of nuclear extract or purified DDP1 in a buffer
containing 250 mM NaCl, 1 mM EDTA, 10mM Tris, 10 mM
-mercaptoethanol, 0.1% Triton X-100 (v/v), 4% glycerol, pH7.5.
When competition experiments were performed, both labelled and
competitor DNA were added to the reaction mixture prior to the
addition of the protein. Formation of protein-DNA complexes was
visualized by gel electrophoresis in 5% polyacrylamide non-denaturing
gels run in 0.X TBE.

Immunostaining experiments

For the immunostaining of polytene chromosomes, salivary glands
were dissected from third instar larvae in saline physiological solution,
transferred in a drop of fixative (45% acetic acid, 2% formaldehyde)
for 10 min and squashed. Larval brains from third instar larvae were
also dissected in saline physiological solution and, before fixation,
were incubated in hipotonic solution (0.5% sodium citrate) for 10 min.
Slides were frozen in liquid nitrogen, washed once in PBS after
flipping off the coverslip, immersed in PBS, 1% Triton X-100 for
10 min and then in PBS with dried nonfat milk for 30 min. Preparations
were incubated overnight at 4°C wittDDP1 antiserum at 1:400
dilution in PBS, 1% bovine serum albumin (BSA), washed three
times in PBS, and incubated for 30 min at room temperature with
secondary antibody (FITC-anti-mouse in PBS, 1% BSA), washed
three times in PBS, stained with DAPI (0.0§/ml) and mounted in
anti-fading medium. For the sequential immunolabelling wathDP1
antibody andin situ hybridization with dodeca-satellite DNA in some
of the preparations the coverslip was gently removed after microscope
observation and the slides were washed five times in PBS for 5 min
each, dehydrated in absolute ethanol for 3 min and air-dried for
2 days at room temperature or overnight at 37°C. The preparations
were then processed for fluorescennesitu hybridization (FISH) as
described in Gattet al. (1994). For the double immunostaining with
aDDP1 andaHP1 antibodies, the preparations were made according
to the procedure described in Jamess al. (1989). For DNA Pol |
labelling of polytene chromosomes, after freezing in liquid nitrogen,
slides were washed once in PBS, treated for 10 min at 37°C with
1 mg/ml of proteinase K, washed twice in PBS and subjected to nick
translation for 30 min at room temperature with 5 U/ml of DNA Pol |
and 0.04 mM of the fluorescent nucleotide Cy3-dUTP in NT buffer
(50 mM Tris—HCI pH 7.9, 5mM MgG, 50 mg/ml BSA, 10 mM
B-mercaptoethanol) containing 0.15 mM dATP, dCTP and dGTP, and
0.01 mM dTTP.

ssDNA at pericentric heterochromatin in Drosophila

coding sequence was cloned in a pET29-b expression vector (Novagen)
and expressed in BL21 cells according to standard protocols as a
fusion protein carrying a C-terminal Higag. The recombinant protein
was purified in a Nit-NTA column (Qiagen), washed with 20 mM
imidazol and eluted with 100 mM imidazol.

Yeast experiments

Complementation of the yeasflscpl60 deletion by DDP1 was
performed essentially as described elsewhere (Wintersbege,
1995). Diploid strains AK300 NJATe/a ade2-1/ ade2-1 trpl-1/trpl-1
leu2-3,112/leu2-3,112  his3-11,15/his3-11,15 ura3/ura3 SCP160/
SCP160 and AK303 (isogenic to AK303, busCP160/scp160::LEY2
were kindly supplied by Dr Wintersberger. Both strains were
transformed by the lithium acetate method (Sherman, 1991) with the
plasmid pYES-DDP1, a derivative of pYES2 (Invitrogen) which
expresses the DDP1 coding sequence under the GAL1-10 promoter.
Transformants were sporulated and dissected as described elsewhere
(Sherman and Hicks, 1991). Spores were isolated in a Tetrad
Dissection Microscope (Micro Video Instruments, Inc., Avon, MA)
after digesting the ascus wall with Lyticase (Sigma). Spores were
germinated in YEP-galactose (Sherman, 1991) to allow expression of
DDP1. DNA contents of relevant clones (both parental and spores)
were measured at late exponential phase by flux cytometry (FACS)
in a Coulter Epics Elite cytometer (Serveischis, Universitat de
Barcelona, Spain) with a blue argon laser (488 nm, 15mW).
Fluorescence was detected at 665-685 nm.
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