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DDP1 is a single-stranded nucleic acid binding protein of Drosophila melanogaster that associates with
pericentric heterochromatin. DDP1 contains 15 consecutive KH domains and is homologous to the highly
conserved vigilin proteins that, in Saccharomyces cerevisiae, are involved in the control of cell ploidy. DDP1 was
identified and purified on the basis of its binding to the pyrimidine-rich C strand of the centromeric Drosophila
dodeca-satellite. Here, the interaction of DDP1 with the dodeca-satellite C strand was analyzed in detail. This
interaction is sequence specific. In particular, a guanine residue which is highly conserved in natural dodeca-
satellite sequences was found to be essential for the efficient binding of DDP1. DDP1 binding was also found
to be strongly influenced by the length and extent of secondary structure of the DNA substrate. Efficient DDP1
binding required a minimal length of about 75 to 100 nucleotides and was facilitated by the lack of secondary
structure of the substrate. DDP1 also showed a significant affinity for the unstructured pyrimidine-rich strand
of the most abundant centromeric Drosophila AAGAG satellite. The stoichiometry of the complexes formed with
the dodeca-satellite C strand suggests that, in DDP1, the 15 consecutive KH domains are organized such that
they define two nucleic acid binding surfaces. These results are discussed in the context of the possible

contribution of DDP1 to heterochromatin organization and function.

DDP1 is a multi-KH-domain protein of Drosophila melano-
gaster that is found associated with pericentric heterochroma-
tin (8). DDP1 contains 15 tandemly organized KH domains
and is homologous to the highly conserved vigilin proteins that
have been found in all eukaryotic organisms analyzed to date,
from yeasts to humans (25, 29, 30, 38). Little is known about
the functions of vigilins. They are up-regulated in rapidly di-
viding cells (29); in yeast, disruption of the corresponding gene
(SCP160) results in cells with increased ploidy, suggesting a
role in chromosome segregation (38). The expression of DDP1
complements a Ascpl60 deletion in yeast (8). The association
of DDP1 with pericentric heterochromatin also suggests a pos-
sible contribution to chromosome segregation. Vigilins could
also play a role in RNA metabolism (12, 17, 19-21). They were
found to bind in vitro the 3’ untranslated regions (UTRs) of
the dystrophin and vitellogenin mRNAs and were proposed to
be responsible for the increased stability of the latter induced
by estrogens (12, 17).

Like the vigilins, DDP1 binds single-stranded nucleic acids
with high affinity and specificity (8). Actually, DDP1 was iden-
tified and isolated on the basis of its interaction with the C
strand of the Drosophila dodeca-satellite, a highly repeated
DNA sequence which is localized to the pericentric hetero-
chromatin on chromosome 3 in D. melanogaster (1, 5, 24). In
polytene chromosomes, the distribution of DDP1 is not con-
strained to the regions containing dodeca-satellite sequences,
being associated as well with other pericentric heterochroma-
tin regions containing no detectable dodeca-satellite sequences
(8). DDP1 is also found at some discrete sites on the euchro-
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matic chromosome arms, colocalizing with heterochromatin
protein 1 (8). The dodeca-satellite has a marked Pu-Py strand
asymmetry which results in one strand, the C strand, being
enriched in pyrimidines and the complementary strand, the G
strand, being enriched in purines. In vitro, the dodeca-satellite
can form altered DNA structures in which the G strand forms
very stable intramolecular hairpins while the complementary C
strand remains unstructured (13). Other centromeric satellites,
such as the abundant Drosophila AAGAG satellite, show sim-
ilar structural properties (6, 7, 14, 27). Formation of these
altered DNA structures could therefore provide an adequate
substrate for the efficient binding of DDP1 to heterochroma-
tin. In vitro, DDP1 was found to bind the unstructured dodeca-
satellite C strand but not the G strand (8, 13).

In this study, we have analyzed in vitro the interaction of
DDP1 with single-stranded nucleic acids. The interaction of
DDP1 with the dodeca-satellite C strand is sequence specific
but is also strongly influenced by the length and extent of
secondary structure of the DNA substrate. DDP1 also shows a
significant affinity for the pyrimidine strand of the Drosophila
AAGAG satellite.

MATERIALS AND METHODS

DNAs and RNAs. Table 1 summarizes the different DNAs used in these
experiments. Fragments 42R and 9R were obtained, respectively, from plasmids
pBK6E215 and pBK6E218, which are pBluescript (Stratagene) derivatives car-
rying dodeca-satellite sequences inserted at the unique Spel site (1). The dodeca-
satellite fragments were released by digestion with Spel, and the corresponding
C strands were obtained as described earlier (13). All synthetic oligonucleotides
were purified by denaturing polyacrylamide gel electrophoresis before use. The
DNA concentration was determined by UV spectroscopy as described previously
(15). When needed, DNAs were radioactively labeled by conventional methods.

RNAs were obtained by in vitro transcription with T7 RNA polymerase (Pro-
mega) of plasmids pbsVIT and pbsDYS, which are pBluescript derivatives car-
rying the double-stranded VIT and DYS sequences, respectively (Table 1),
flanked by a Sacl site at the 5" end and an EcoRlI site at the 3" end. Before in vitro
transcription, plasmids were linearized with HindIII. RNA products were visu-
alized on 2% nondenaturing agarose gels, and their concentrations were deter-
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TABLE 1. DNA fragments used in these experiments

DNA fragment

Nucleotide sequence

Fragment 42R“

Fragment 12R" ........ccccoovviiiiiniiiiiiis A CTAGTCCCGTAC TCTGTCCCGTAC TCTGTCCCGTAC TCCGTCTCGTAC TCTGTCCCATAT
TGGTCCCGTAC TGGTCCCGCAC ATGGTCCCGAAC TGGTCCCCTAC TCCGTCCCGTAC
TCGGTCCCGTAC TGATCCCGTAC TAGT

OO IR ...oooooeeoeeeee oo TAGTCCCGTAC TCTGTCCCGTAC TCTGTCCCGTAC TCCGTCTCGTAC TCTGTCCCATAT
TGGTCCCGTAC TGGTCCCGCAC ATGGTCCCGAAC TGGTCCCCTAC

OlO AR ...oooooeeeeeeeeeeeee e CCCGTAC TCTGTCCCGTAC TCCGTCTCGTAC TCTGTCCCATAT TGGT

Oligo 9Rc... ..(TCGGTCCCGTAC),

Oligo 6Rc..... ..{TCGGTCCCGTAC),

Oligo 6RcT”.....
Oligo 6RcTGI1”....

.. TCGGTTTTGTAC),
... TCCGTTTTGTAC),

Oligo 6RCTG2” ... ..(.TCGCTTTTGTAC),

Oligo 6RCTG3P .ooooeeeeeeeeeeseeeese (TCGGTTTTCTAC),

Oligo CTCTT (CTCTT),,

OlO VIT .cooooooeereeeeeeeeeeeessreeeese CTC TAT ATC TCT ATC AAA TGA ATA AGC TGT AAT ATC ACT GAT GAT GAT AAA CTG
ATC TCA ATT TCA AAC CAA ATG TAT ATT ATA CTA TTG TAA ACA ATT CAA TT

[ ITR 03 '€ ACA TTT ACG AAT TAT TTT TTT AAA CTT CAG TTT TAC TGC ATT TTC ACA ACA TAT

CAG ACT TCA CCA AAT ATA TGC CTT ACT ATT GTA TTA TAG TAC TGC TTT AC

“ The nucleotide sequences are presented in blocks corresponding to the dodeca-satellite repeats. See reference 1 for the fragment 42R sequence.
 Nucleotides substituted with respect to the dodeca-satellite C-strand consensus sequence are shown in bold.

mined by UV spectroscopy. Transcripts obtained in this way contained, in addi-
tion to the VIT and DYS sequences, 15 and 12 nucleotides (nt) of unrelated
sequences at their 5" and 3’ ends, respectively.

Proteins. DDP1 was either purified from SL2 nuclear extracts or obtained as
a recombinant by expression in Escherichia coli cells (8). Both proteins behaved
indistinctly in electrophoretic mobility shift assay (EMSA) experiments (8).
12,DDP1 was obtained as a recombinant by the expression in E. coli of the first
651 amino acids of DDP1 by use of the PET29-b expression vector (Novagen).
12DDP1 was produced as a fusion protein carrying a C-terminal His, tag and
purified as DDP1 (8).

EMSA experiments. EMSA experiments were performed as described previ-
ously (8) with ~0.2 ng of radioactively labeled DNA and, when necessary, an
excess of competitor. Competition experiments were always performed at a
protein concentration providing 75 to 97% binding in the absence of any added
competitor. When binding to fragment 42R was studied, complexes were re-
solved on native 4% instead of 5% polyacrylamide gels. For high-resolution
analysis, the protein-DNA complexes were subjected to electrophoresis through
40-cm-long native 5% polyacrylamide gels for 12 h at 150 V. Autoradiographs
were recorded on HyperFilm (Amersham) and analyzed quantitatively on a
Molecular Dynamics laser densitometer. The percent competition was expressed
as the percent binding observed in the presence of competitor DNA relative to
the percent binding obtained in the absence of competitor DNA.

RESULTS AND DISCUSSION

Efficient binding of DDP1 to the dodeca-satellite C strand
depends strongly on the length and lack of secondary structure
of the DNA fragments. The affinity of DDP1 for the dodeca-
satellite C strand depends strongly on the length of the DNA
fragments; efficient interaction requires relatively long binding
sites. As shown in Fig. 1, the affinity of DDP1 for the dodeca-
satellite C strand decreases sharply for fragments shorter than
about 70 nt. Fragments 42R and 12R correspond to the C
strand of naturally occurring dodeca-satellite DNA fragments
containing 42 and 12 repeats, respectively. Oligo 9R and oligo
4R, which were derived from fragment 12R, carry nine and
four repeats, respectively (Table 1). The efficiency of the in-
teraction of DDP1 with these C-strand fragments was deter-
mined through competition experiments. As judged from the
excess of a nonspecific heat-denatured single-stranded E. coli
DNA competitor required to obtain efficient competition, the
affinities of DDP1 for fragment 42R, fragment 12R, and oligo
9R are very similar, but the affinity for oligo 4R is much lower
(Fig. 1A). For oligo 4R, the binding of DDP1 is completely
abolished in the presence of a 50-fold excess (wt/wt) of non-
specific competitor (Fig. 1A, 4R, lane 1), while for the longer
fragments, significant binding is still detected in the presence

of a 2,500- to 3,000-fold excess (Fig. 1A, 42R, 12R, and 9R,
lanes 3). The lower affinity detected for oligo 4R was corrob-
orated when the binding of DDP1 to oligo 9R was competed by
oligo 9R itself or oligo 4R (Fig. 1B). A similar reduced affinity
was observed for DNA fragments also containing four repeats
but spanning different regions of fragment 12R (data not
shown), indicating that this reduced affinity is not directly as-
sociated with the different nucleotide sequences of the frag-
ments used. Consistent with this interpretation, similar results
were obtained when the binding of DDP1 to DNA fragments
carrying nine (oligo 9Rc) and six (oligo 6Rc) repeats of the
C-strand consensus sequence (TCGGTCCCGTAC) was ana-
lyzed (Fig. 1C). These synthetic oligonucleotides differ in
length but not in nucleotide sequence (Table 1). The affinity of
DDP1 for oligo 9Rc is higher than that for oligo 6Rc, as judged
from competition experiments in which the binding of DDP1
to oligo 9Rc was competed by oligo 9Rc and oligo 6Rc (Fig.
1C). Similarly, single-stranded E. coli DNA competed the
binding of DDP1 to oligo 6Rc more efficiently than to oligo
9Rc (data not shown).

Altogether, these results indicate that the binding of DDP1
to the dodeca-satellite C strand requires a minimum length of
between six repeats (72 nt) and nine repeats (104 to 108 nt).
The affinity of DDP1 for DNA fragments above this length
threshold does not increase significantly. A similar length re-
quirement was reported for the binding of the Xenopus vigilin
to nucleic acids (17). The large size of the vigilin binding sites
strongly suggests that their 15 KH domains are actually in-
volved in nucleic acid recognition.

The binding of DDP1 to the dodeca-satellite C strand is
highly sensitive to the extent of secondary structure of the
DNA fragments. The affinity of DDP1 for oligo 9R is signifi-
cantly higher than that for oligo 9Rc, as shown by the larger
excess of single-stranded E. coli DNA required to compete
binding to the former (Fig. 2A) as well as by the greater
efficiency of oligo 9R as a competitor (Fig. 2B). Both DNA
fragments are of similar lengths, containing nine repeats of the
dodeca-satellite C strand that, in the case of oligo 9Rc, are
perfect repetitions of the consensus sequence. The dodeca-
satellite C-strand consensus sequence is slightly palindromic
and, as a consequence, DNA fragments carrying perfect repe-
titions of this sequence form relatively stable fold-back struc-
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tures under the experimental conditions used for DDP1 bind-
ing and EMSA. On the other hand, the repeats of oligo 9R are
not perfect (Table 1) and, as a consequence, oligo 9R does not
show any significant secondary structure. The faster electro-
phoretic mobility of oligo 9Rc than of oligo 9R (Fig. 2A)
reflects the formation of fold-back structures on the former
(27). Similar results were obtained when the affinity of DDP1
for oligo 4R, carrying four imperfect repeats, was compared to
that for oligo 4Rc, carrying four perfect repeats of the C-strand
consensus sequence (data not shown). These results indicate
that the affinity of DDP1 is strongly influenced by the extent of
secondary DNA structure of the substrate. Binding of Xenopus
vigilin to the vitellogenin and dystrophin mRNAs was also
found to be favored by mutations decreasing the degree of
secondary structure of the substrate (17). Interestingly, natural
dodeca-satellite sequences are rarely built by perfect repeti-
tions of the consensus sequence (1, 24). As a consequence, the
C strand of naturally occurring dodeca-satellite fragments
shows in general a very low degree of secondary structure (13,
27) and is therefore a good substrate for DDP1 binding. Ac-
tually, DDP1 showed similar high affinities for several different
naturally occurring C-strand fragments that, under these ex-
perimental conditions, were unstructured (data not shown).
The interaction of DDP1 with the dodeca-satellite C strand
is of high affinity and specificity. The results reported above
indicate that, upon melting, the dodeca-satellite could provide
sufficiently long unstructured DNA fragments for efficient
DDP1 binding. Others have shown that vigilins can also spe-
cifically recognize various single-stranded DNA and RNA se-
quences (10, 12, 17, 37). In particular, the Xenopus vigilin was
shown to specifically interact with sequences of the 3" UTRs of
the Xenopus vitellogenin and human dystrophin mRNAs (12,
17). The question then arises as to what extent the interaction
of DDP1 with the dodeca-satellite is specific. Here, we have
analyzed the relative affinity of DDP1 for the dodeca-satellite
C strand and the vigilin binding sites of the 3’ UTRs of the
vitellogenin and dystrophin mRNAs. Figure 3 shows the inter-
action of DDP1 with synthetic oligonucleotides spanning the
vigilin binding sites of the vitellogenin (oligo VIT) and dystro-
phin (oligo DYS) mRNAs (17). To avoid any length depen-
dence effects, these oligonucleotides were exactly the same
length (104 nt) as oligo 9R (Table 1). As shown in Fig. 3A,
single-stranded E. coli DNA competes the binding of DDP1 to
oligo VIT and oligo DYS much more efficiently than to oligo
9R, indicating a significantly higher affinity for the latter. In
good agreement with these results, binding to oligo 9R occurs
at a protein concentration (2.5 pl) lower than that required for
oligo DYS (6 wl) or oligo VIT (7 pl). Corroborating the lower
affinity of DDP1 for the vigilin binding sites of the vitellogenin
and dystrophin mRNAs, oligo VIT and oligo DYS compete the
binding of DDP1 to oligo 9R very poorly, since no significant
competition is observed even in the presence of a 500-fold
excess of these competitors (Fig. 3B). Similar results were
obtained when the RNA versions of oligo VIT and oligo DYS
were used as competitors (Fig. 3B, rVIT and rDYS). Frag-
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ments rVIT and rDYS appear to compete DDP1 binding bet-
ter than the corresponding DNA versions. However, significant
binding is still observed in the presence of a 2,500-fold excess
of the RNA competitors (Fig. 3B, rDYS and rVIT, lanes 4).
On the other hand, the affinity of DDP1 for the RNA version
of the dodeca-satellite C strand was shown not to be signifi-
cantly different from that for its DNA form (8). These results
show that DDP1 binds the dodeca-satellite C strand with a
higher affinity than the vigilin binding sites of the Xenopus
vitellogenin and human dystrophin mRNAs.

As shown earlier, in Drosophila polytene chromosomes,
DDP1 is found associated with the chromocenter spanning
most of the pericentric heterochromatin (8), colocalizing with
the dodeca-satellite-rich regions on chromosome 3, but also is
present at the pericentric region of chromosome 2, where no
dodeca-satellite sequences are detected; these findings suggest
a possible association of DDP1 with other heterochromatin
sequences. Consistent with this hypothesis, DDP1 also binds in
vitro other centric satellite DNAs with significant affinity. Fig-
ure 4 shows the interaction of DDP1 with oligo CTCTT (Table
1), which corresponds to the pyrimidine-rich strand of the
AAGAG satellite, the most abundant repetitive DNA of Dro-
sophila, which is present at the pericentric region of chromo-
some 2 (23). As judged from the amount of nonspecific single-
stranded E. coli DNA required to efficiently compete DDP1
binding (Fig. 4A), the affinity of DDP1 for oligo CTCTT is
significantly higher than those for oligo 9Rc, oligo VIT, and
oligo DYS, which all have lengths similar to oligo CTCTT.
Similar results were obtained when the efficiency of oligo
CTCTT to compete the binding of DDP1 to oligo 9R was
analyzed (Fig. 4B). However, oligo CTCTT competes DDP1
binding to oligo 9R less efficiently than oligo 9R itself (Fig.
4B); a 5-fold excess of oligo 9R is sufficient to mostly abolish
DDP1 binding, but significant binding is still detected in the
presence of a 500-fold excess of oligo CTCTT. These results
indicate that DDP1 shows a significant affinity for the unstruc-
tured pyrimidine strand of the Drosophila AAGAG satellite,
albeit lower than that for the dodeca-satellite C strand.

The high affinity of DDP1 for the dodeca-satellite C strand
suggests that this interaction is sequence specific. Consistent
with this interpretation, the substitution of part of the dodeca-
satellite sequences of oligo 9R with unrelated DNA sequences
results in a significant decrease in DDP1 binding (data not
shown). To better understand the sequence determinants of
the interaction of DDP1 with the dodeca-satellite C strand, the
binding of DDP1 to oligo 6Rc, which carries six repeats of the
C-strand consensus sequence, and to variants carrying specific
base substitutions was analyzed (Table 1). The affinity of
DDP1 for oligo 6RcT, in which the three central cytosine
residues of each repeat were substituted with thymines (Table
1), is higher than that for oligo 6Rc (Fig. 5SA). This increased
affinity likely reflects the lower degree of secondary structure
of oligo 6RcT. As mentioned above, oligo 6Rc forms relatively
stable fold-back structures to which the central cytosines im-
portantly contribute through the formation of very stable C+ G

FIG. 1. Efficient binding of DDP1 to the dodeca-satellite C strand depends on the length of the DNA substrate. (A) The binding of DDP1 to dodeca-satellite
C-strand DNA fragments of different lengths is shown as a function of increasing amounts of heat-denatured single-stranded (ss) E. coli DNA. The excess quantities
(weight to weight) of competitor used were as follows: panels 42R and 12R, 0 (lanes 0), 150 (lanes 1), 750 (lanes 2), 3,000 (lanes 3), and 9,000 (lanes 4); and panels
9R and 4R, 0 (lanes 0), 50 (lanes 1), 500 (lanes 2), and 2,500 (lanes 3). Quantitative analysis of the results is shown on the right for fragment 42R, fragment 12R, oligo
9R, and oligo 4R. (B) The binding of DDP1 to oligo 9R is shown as a function of increasing amounts of oligo 9R (panel 9R) and oligo 4R (panel 4R). The excess
quantities (weight to weight) of competitor used were as follows: panel 9R, 5 (lane 1), 50 (lane 2), and 500 (lane 3); and panel 4R, 50 (lane 1), 500 (lane 2), and 2,500
(lane 3). Lane 0 shows the binding obtained in the absence of any added competitor. Quantitative analysis of the results is shown on the right for oligo 9R and oligo
4R. (C) The binding of DDP1 to oligo 9Rc is shown as a function of increasing excess quantities (weight to weight) of oligo 9Rc (panel 9Rc) and oligo 6Rc (panel 6Rc):
0 (lane 0), 5 (lanes 1), 50 (lanes 2), and 500 (lanes 3). Quantitative analysis of the results is shown on the right for oligo 9Rc and oligo 6Rc. See Table 1 for a description

of the DNA fragments used in these experiments.
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FIG. 2. Efficient binding of DDP1 to the dodeca-satellite C strand depends on the extent of secondary structure of the DNA substrate. (A) The binding of DDP1
to oligo 9R (panel 9R) and oligo 9Rc (panel 9Rc) is shown as a function of increasing excess quantities (weight to weight) of single-stranded (ss) E. coli DNA: 0 (lanes
0), 25 (lanes 1), 250 (lanes 2), and 1,000 (lanes 3). (B) The binding of DDP1 to oligo 9R is shown as a function of increasing amounts of oligo 9R (panel 9R) and oligo
9Rc (panel 9Rc). Excess quantities (weight to weight) of competitor used were as follows: panel 9R, 5 (lane 1), 50 (lane 2), and 500 (lane 3); and panel 9Rc, 50 (lane
1), 500 (lane 2), and 2,500 (lane 3). Lane 0 shows the binding obtained in the absence of any added competitor. Quantitative analysis of the results are shown to the
right of each panel for oligo 9R and oligo 9Rc. See Table 1 for a description of the DNA fragments used in these experiments.

pairs. Changing the three central cytosine residues to thymines
prevents these base-pairing interactions and, therefore, the
formation of the fold-back structures. The lower electro-
phoretic mobility of oligo 6RcT than of oligo 6Rc reflects the
lack of secondary structure of the former (Fig. 5A).
Significant effects are observed when specific base substitu-
tions are incorporated into the sequence of oligo 6RcT (Fig.
5B). A slight decrease in DDP1 affinity is observed when either
the first or the third guanine residue of each repeat is changed
to a cytosine, oligo 6RcTG1 or oligo 6RcTG3, respectively
(Fig. 5B). However, when the second guanine is substituted by

a cytosine, oligo 6RcTG2, the affinity of DDP1 decreases
strongly (Fig. 5B). It must be noted that, according to their
electrophoretic behavior, none of these three base substitu-
tions has a significant effect on the extent of secondary struc-
ture of the corresponding DNA fragments. Interestingly, this
second guanine residue is highly conserved in natural dodeca-
satellite sequences (1, 24), being present in about 96% of all
the repeats analyzed. In comparison, the first and third gua-
nine residues mentioned above are less well conserved, being
present in about 80 to 85% of the repeats. These results indi-
cate that specific residues which are highly conserved in natu-
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See Table 1 for a description of the DNA fragments used in these experiments.

rally occurring sequences contribute importantly to the inter-
action of DDP1 with the dodeca-satellite C strand.
Altogether, these results show that, although DDP1 binds in
vitro a variety of different substrates, its interaction with the
dodeca-satellite C strand is of the highest affinity. Sequence-
specific interactions importantly contribute to the efficient
binding of DDP1 to the dodeca-satellite C strand. It is known
that nucleic acid recognition by the KH fold is, to some extent,
sequence specific and that homologous KH domains of slightly
different amino acid sequences show different nucleic acid
binding preferences in vitro (3, 4, 10, 17, 19, 31, 32, 37). It is
therefore likely that the lower affinity of DDP1 for the rest of
the single-stranded nucleic acids tested here reflects less favor-
able sequence-specific interactions. However, sequence-spe-
cific interactions are not the only factor governing the efficient
binding of DDP1 or vigilins in general to single-stranded nu-
cleic acids. As shown here and elsewhere (17), both the length
and the degree of secondary structure of the substrate also
have a strong influence on the binding of vigilins. Actually, the
affinity of DDP1 for oligo 9Rc, which contains nine repeats of
the C-strand consensus sequence and is structured, is not sig-
nificantly different from that for oligo VIT or oligo DYS. This
finding suggests that DNA sequences other than the dodeca-

satellite C strand could also be recognized by vigilins, provided
that they are sufficiently long and unstructured. The localiza-
tion of DDP1 at the pericentric heterochromatin on chromo-
some 2 of Drosophila, together with its significant affinity for
the pyrimidine strand of the AAGAG satellite, suggests that
this DNA could also be a substrate for DDP1 binding in vivo.
Our results do not exclude at all the possibility that vigilins
could also bind in vivo specific RNAs. Increasing evidence
suggests that RNA binding proteins, such as hnRNP K, also
play a role in DNA metabolism (26, 28, 33-36). The mecha-
nisms regulating in vivo the binding of these proteins to their
different possible target nucleic acids are still largely unknown.

A model for the interaction of DDP1 with the dodeca-satel-
lite C strand. Determination of the stoichiometry of the inter-
action of DDP1 with the dodeca-satellite C strand suggests
that DDP1 contains two independent nucleic acid binding sur-
faces. When DDP1 is bound to DNA fragments of the dodeca-
satellite C strand in the presence of increasing protein concen-
trations, the formation of complexes accommodating more
than one protein molecule is observed. Figure 6A shows the
determination of the stoichiometry of the complexes formed
with various C-strand fragments. For these experiments, the
binding of ,,DDPI, a shorter protein construct that carries
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FIG. 4. DDP1 binds the pyrimidine-rich strand of the Drosophila AAGAG
satellite. (A) The binding of DDP1 to oligo CTCTT is shown as a function of
increasing excess quantities (weight to weight) of single-stranded (ss) E. coli
DNA: 0 (lane 0), 25 (lane 1), 250 (lane 2), and 1,000 (lane 3). (B) The binding
of DDP1 to oligo 9R is shown as a function of increasing excess quantities
(weight to weight) of oligo CTCTT: 0 (lane 0), 5 (lane 1), 50 (lane 2), and 500
(lane 3). Quantitative analysis of the results is shown to the right of each panel
for oligo CTCTT. The results obtained with oligo 9R (A), oligo 9Rc (2), oligo
DYS (O), and oligo VIT (@), taken from Fig. 2 and 3, are included for compar-
ison. See Table 1 for a description of the DNA fragments used in these exper-
iments.

only the first seven KH domains of DDP1, was also analyzed.
The maximum number of protein molecules that can be incor-
porated into the complex depends on the length of the DNA
fragment and the size of the protein construct (Table 2). For
instance, the shortest, oligo 6Rc, accommodates only one
DDP1 but two ,,DDP1 molecules, while fragment 12R can
accommodate up to two DDP1 or four ,,DDP1 molecules
(Fig. 6A). From these data, the number of protein KH do-
mains per dodeca-satellite repeat involved in the interaction
can be estimated (Table 2). In all cases, the stoichiometry of
the complexes closely corresponds to two KH domains per
dodeca-satellite repeat. This estimate is less precise for com-
plexes formed with oligo 9R and oligo 9Rc. These DNA frag-
ments can accommodate up to two DDP1 molecules; however,
even at very high protein concentrations, only a small percent-
age of complexes contains two DDP1 molecules (Fig. 6A),

MoL. CELL. BIOL.

indicating that the second DDP1 molecule enters the complex
with great difficulty. Therefore, in these cases, the actual stoi-
chiometry of the complexes will be somewhere between those
of the complexes containing one and two DDP1 molecules, 1.7
and 3.3 KH domains per DNA repeat, respectively. Similarly,
fragment 42R accommodates at least eight ; ,DDP1 molecules.
However, in this case, complexes of higher stoichiometry are
also formed, but they could not be resolved electrophoretically
(Fig. 6A). These results indicate that the interaction of DDP1
with the dodeca-satellite C strand occurs at a defined stoichi-
ometry of approximately two KH domains per DNA repeat.

Two possible models can account for these results. Either
each DNA repeat is recognized by two KH domains (Fig. 6B,
top) or, alternatively, each KH domain binds one DNA repeat,
but the organization of the KH domains is such that there are
two nucleic acid binding surfaces in the protein (Fig. 6B, bot-
tom). This second possibility appears more likely. First, al-
though it is not precisely known how many bases are directly
involved in the interaction with a single KH domain, it appears
unlikely that a dodeca-satellite C-strand repeat which is only 11
to 12 nt long would be sufficiently long to accommodate two
relatively large KH domains. In this respect, it is interesting to
note that the shortest sequence known to be bound by a single
KH domain is 15 nt long (4). Second, the binding of two KH
domains to a single dodeca-satellite C-strand repeat would
necessarily imply that each of the two KH domains recognizes
a different nucleotide sequence; therefore, equivalent protein-
DNA interactions would take place only at every other KH
domain of DDP1. However, given the repetitive character of
both substrates, it appears more likely that each KH domain
would maintain equivalent molecular interactions with the do-
deca-satellite C strand. Furthermore, if DDP1 contained two
nucleic acid binding surfaces, a second DNA fragment could
be accommodated in the complexes formed with short DNA
fragments but not in those formed with large fragments. Con-
sistent with this hypothesis, the complexes formed with oligo
6Rc and oligo 9Rc which, under routine EMSA conditions,
behave as a single molecular species containing only one
DDP1 molecule, are resolved into two closely migrating spe-
cies when subjected to a longer electrophoretic run (Fig. 6C,
9Rc and 6Rc). On the other hand, under these high-resolution
EMSA conditions, only a single complex is observed with frag-
ment 12R (Fig. 6C, 12R). All these considerations strongly
suggest that DDP1 contains two nucleic acid binding surfaces.
Interestingly, in crystals of the KH3 domain of Nova-1 or
Nova-2, the lattice is composed of symmetric tetramers of
independent KH domains that define two opposite nucleic acid
binding surfaces and two different protein-protein interfaces
(22).

The results reported here and elsewhere (8) indicate that
DDP1 is a single-stranded DNA binding protein whose affinity
for double-stranded DNA is extremely low. Therefore, the
association of DDP1 with heterochromatin suggests that this
specialized chromosomal structure contains regions of single-
stranded DNA that could be recognized by DDP1. The for-
mation of single-stranded DNA at heterochromatin blocks
could originate from their characteristic enrichment on highly
repetitive satellite DNA sequences, which is likely to promote
strand slippage events during DNA replication. In this respect,
the dodeca-satellite, like general satellites showing Pu-Py
strand asymmetry, appear especially suited for the binding of
DDP1 or vigilins in general, since its two strands show drasti-
cally different structural properties (6, 7, 13, 14, 27). The pyri-
midine-rich strand could remain unstructured, providing long
single-stranded DNA stretches, as required for efficient DDP1
binding. On the other hand, the high tendency of the purine-
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FIG. 5. Specific residues contribute importantly to the binding of DDP1 to the dodeca-satellite C strand. (A) The binding of DDP1 to oligo 6Rc (panel 6Rc) and
oligo 6RcT (panel 6RcT) is shown as a function of increasing excess quantities (weight to weight) of single-stranded (ss) E. coli DNA: 0 (lanes 0), 10 (lanes 1), 50 (lanes
2), and 200 (lanes 3). Quantitative analysis of the results is shown on the right for oligo 6Rc and oligo 6RcT. (B) The binding of DDP1 to oligo 6RcT (panel 6RcT),
oligo 6RcTG1 (panel 6RcTG1), oligo 6RcTG2 (panel 6RcTG2), and oligo 6RcTG3 (panel 6RcTG3) is shown as a function of increasing excess quantities (weight to
weight) of single-stranded E. coli DNA: 0 (lanes 0), 20 (lanes 1), 40 (lanes 2), 100 (lanes 3), 200 (lanes 4), and 400 (lanes 5). Quantitative analysis of the results is shown
below for oligo 6RcT, oligo 6RcTG1, oligo 6RcTG2, and oligo 6RcTG3. See Table 1 for a description of the DNA fragments used in these experiments.
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rich strand to form intramolecular fold-back structures could
help prevent reannealing of the two complementary strands.
Mechanisms involving specific protein-DNA interactions could
stabilize, propagate, or even induce the formation of single-
stranded DNA at heterochromatin. DDP1 could play such a

TABLE 2. Stoichiometry of the complexes of DDP1 with C-strand
fragments of different lengths

No. of:

DNA fragment Dodeca DDP1 1-DDP1

repeats molecules” molecules”
Oligo 6Rc 6 1(2.5) 2(2.3)
Oligo 9R 9 1(1.7)-2 (3.3) 3(23)
Oligo 9Rc 9 1(1.7)-2(3.3) 3(33)
Fragment 12R 12 2(25) 4(2.3)
Fragment 42R 42 6(2.1) >8(>1.3)

“ The number of KH domains per dodeca-satellite repeat is shown in paren-
theses. DDP1 and ;,,DDP1 contain 15 and 7 KH domains, respectively.
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FIG. 6. Determination of the stoichiometry of the DDP1-C-strand com-
plexes. (A) The binding of DDP1 and ,,DDP1 to oligo 6Rc (panels 6Rc), oligo
9Rc (panels 9Rc), oligo 9R (panels 9R), fragment 12R (panels 12R), and frag-
ment 42R (panels 42R) is presented as a function of increasing protein concen-
trations: a threefold-higher protein concentration was used in lanes 2 than in
lanes 1. The arrowheads indicate protein-DNA complexes of increasing stoichi-
ometry. The position of the free DNA probe is indicated by zero. (B) Possible
models for the interaction of DDP1 with the dodeca-satellite C strand (see the
text for details). (C) High-resolution EMSA of the complexes containing one
DDP1 molecule formed with fragment 12R (lane 12R), oligo 9Rc (lane 9Rc),
and oligo 6Rc (lane 6Rc).

role(s). DDP1 could also contribute to some of the character-
istic properties of heterochromatin. Heterochromatin appears
to be involved in homologous as well as ectopic chromosome
pairing both at the centromeric regions and throughout the
chromosome (2, 9, 11, 16, 18). In Drosophila, the frequent
association of the bw” locus with the centric heterochromatin
of chromosome 2 or the clustering of different heterochroma-
tin regions to form the chromocenter likely involves hetero-
chromatin-mediated pairing events (9, 11). The possibility that
DDP1 contains two nucleic acid binding surfaces suggests a
potential contribution to heterochromatin pairing. A single
DDP1 molecule could bind noncontiguous single-stranded
DNA stretches, linking together heterochromatin regions of
the same chromosome or of sister chromosomes and thereby
contributing to chromosome pairing and/or cohesion.
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