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We have analyzed the expression pattern of the D1 gene and the localization of its product, the AT hook-
bearing nonhistone chromosomal protein D1, during Drosophila melanogaster development. D1 mRNAs and
protein are maternally contributed, and the protein localizes to discrete foci on the chromosomes of early
embryos. These foci correspond to 1.672- and 1.688-g/cm> AT-rich satellite repeats found in the centromeric
heterochromatin of the X and Y chromosomes and on chromosomes 3 and 4. D1 mRNA levels subsequently
decrease throughout later development, followed by the accumulation of the D1 protein in adult gonads, where
two distributions of D1 can be correlated to different states of gene activity. We show that the EP473 mutation,
a P-element insertion upstream of D1 coding sequences, affects the expression of the D1 gene and results in an
embryonic homozygous lethal phenotype correlated with the depletion of D1 protein during embryogenesis.
Remarkably, decreased levels of D1 mRNA and protein in heterozygous flies lead to the suppression of
position-effect variegation (PEV) of the white gene in the white-mottled (w™#"*) X-chromosome inversion. Our
results identify D1 as a DNA-binding protein of known sequence specificity implicated in PEV. D1 is the
primary factor that binds the centromeric 1.688-g/cm® satellite repeats which are likely involved in white-
mottled variegation. We propose that the AT-hook D1 protein nucleates heterochromatin assembly by recruit-

ing specialized transcriptional repressors and/or proteins involved in chromosome condensation.

In recent years, HMG-I/Y proteins have received consider-
able attention since the identification of their role in promot-
ing the assembly of multiprotein complexes (“enhancesomes”)
involved in transcriptional activation or of functional nucleo-
protein complexes, such as the human immunodeficiency virus
type 1 (HIV-1) preintegration complex. These diverse biolog-
ical functions have been recently reviewed (43). HMG-I/Y,
now referred to as HMGA1la and HMGAT1b and collectively as
HMGA proteins (see reference 43 for nomenclature), interacts
with DNA via repeated AT hook motifs which specifically
recognize AT-rich sequences. This motif, which binds the deep
and narrow minor groove of dA<dT sequences, constitutes a
nonclassical example of a DNA-binding domain which can
recognize a remarkably broad spectrum of sequences based on
structural constraints rather than those imposed by specific
nucleotide arrays (44). The AT hook domain is repeated three
times in members of the HMGA family of mammalian proteins
(44). HMGA1la and HMGAI1D constitute the archetypes for
multi-AT hook (MATH) proteins that were initially character-
ized as a component of alpha-satellite arrays of the African
green monkey (53). In spite of remarkable advances in our
understanding of how HMGA might be implicated in regula-
tory mechanisms affecting gene expression, its localization in
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satellite repeats found in heterochromatin and its role there
have not been analyzed in detail.

A recent survey reported on the existence of upwards of 100
proteins from different species containing the AT-hook DNA-
binding domain (4). Its remarkable evolutionary conservation
and its presence in a large number of different proteins suggest
that it fulfills an important role in targeting varied protein
functional domains to AT-rich sequences of the genome, such
as those found in scaffold-associated regions (SARs) (34), sat-
ellite repeats (35, 36, 53), or upstream gene regulatory regions
(58). It is also found as single or moderately repeated units
associated with other DNA-binding domains (10), including
zinc fingers (7; GenBank accession no. AJ002056 [unpublished
data]). In this case, the AT hook might provide a secondary
association with a neighboring AT-rich sequence, possibly sta-
bilizing an interaction primarily mediated by another DNA-
binding domain.

While HMGA proteins are highly conserved in vertebrates,
the only known similar MATH protein found in Drosophila
melanogaster is the D1 nonhistone chromosomal protein (2).
D1 was one of the first sequence-specific DNA-binding pro-
teins identified in Drosophila (28) and was reported to be
associated in vitro with the 1.688-g/cm?® satellite IIT (SATIII)
repeats (2, 35) located in the centromeric heterochromatin of
the Drosophila X-chromosome (27). Interestingly, this highly
repeated satellite possesses an alpha-like sequence related to
repeats found in mammalian species, including the African
green monkey satellite that serves as a major binding site for
HMGA proteins (35). Based on this localization, the D1 pro-
tein might thus be the orthologue of HMGA in Drosophila,
where it could be implicated in similar functions. However, few
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studies have addressed the possible role of D1 in this organ-
ism. While its DNA-binding characteristics have been ana-
lyzed (36), its cDNA has been cloned (5), and the protein has
been tentatively localized (1, 2), nothing is known of its devel-
opmental expression profile and of its biological function. Such
studies have been hindered by the lack of mutations affecting
the D1 gene.

Two studies have addressed the localization of D1 in Dro-
sophila polytene chromosomes (1, 2), confirming a predomi-
nant association with heterochromatin but yielding few func-
tional correlates. The precise localization of the protein has
been difficult to ascertain due to the under-replication of sat-
ellite sequences in polytene nuclei. More recently, immunolo-
calization of D1 in embryos showed that it is associated with
chromatin from the earliest stages of development (45). In
vitro binding studies have established specific binding of D1 to
SATIII repeats and to the 1.672-g/cm® AATAT simple-se-
quence satellite I (SATI) repeats (36). Dispersed SATIII-re-
lated sequences are also found in euchromatin (18), and these
sequences could function as potential targets for D1. Thus,
centromeric heterochromatin might serve primarily as a stor-
age site from which, depending on the concentration of the
protein, D1 might be dispatched to a select number of targets
in euchromatin.

Such a potential dual targeting of D1 could reflect different
cellular functions. Its association with alpha-satellite hetero-
chromatin suggests a possible role in long-range chromosome
architecture and/or heterochromatin-mediated transcrip-
tional inactivation. In the case of mammalian HMGA1a/1b, its
localization to alpha-satellite repeats could reflect a similar
function in chromatin structure and function, while its pres-
ence in euchromatin would fit its proposed general role in
transcriptional activation. A dual localization of HMGA and
D1 proteins in both heterochromatin and euchromatin might
thus be attributed to the existence of distinct nuclear subpopu-
lations of these proteins. Such a possibility is in agreement with
our finding that three populations of HMGA1a/1b of distinct
properties exist in mammalian cells (3).

We have recently reported on a role for HMGA1a in general
transcriptional activation in early mouse embryos (8), an effect
directly attributable to the interaction of its three AT hooks
with AT-rich target sequences. Interestingly, HMGAIa is the
progenitor for the MATH-20 protein, a synthetic sequence
containing 20 AT hooks repeated in tandem, which has been
shown to have profound effects on chromosome structure and
dynamics (54) and, more recently, on gene expression. In the
latter case, targeting MATH-20 expression to Drosophila eyes
resulted in a strong suppression of position-effect variegation
(PEV) of the white gene in the white-mottled (w”*") inversion
(23), which places the gene near SATIII repeats (56). More
recently, synthetic polyamides that target the minor grove of
AT-rich sequences with remarkable specificity were shown to
induce gain-of-function phenotypes in Drosophila (29, 30). In
this case, treatment of flies with P9, a molecule specific for
SATI and SATIII sequences, led to a suppression of w"™#
PEV. The suppression of w”*#* PEV by both MATH-20 and P9
could be due to the displacement of an endogenous factor
involved in heterochromatin-mediated repression, thus pro-
moting higher expression levels of the white gene. Because
SATIII DNA repeats are likely to mediate the inactivation of
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the white gene in the w™#

for being this factor.

To test this hypothesis, we implemented a systematic study
of D1 expression and localization during Drosophila develop-
ment, seeking functional correlates that might relate it to het-
erochromatin-mediated effects on transcription. We report
here that D1, a maternally contributed protein, is indeed pri-
marily associated with SATI and SATIII heterochromatin
throughout the cell cycle during embryonic and larval stages
and is essential to Drosophila development. In support of the
hypothesis that D1 associated with X-chromosome SATIII re-
peats might be the factor primarily responsible for the PEV
observed in the w”*#* inversion, we show that the EP473 P-
element insertion affects the expression of the D1 gene and
results in the suppression of w”* PEV.

inversion, D1 is a prime candidate

MATERIALS AND METHODS

Fly strains and culture. Flies were grown at 22°C on standard cornmeal-
glucose-yeast medium. An OregonR laboratory stock was used as a wild-type
control strain. The balanced EP(3)0473/TM3Twist(LacZ) fly strain, designated
EP473 in this study, was obtained from the Rorth EP collection (48). A stock of
EP473 heterozygotes balanced over TM3 or TM6b was crossed to wild-type flies.
The resulting F, progeny were allowed to mate and yielded F, flies, of which one
quarter were EP473 homozygous embryos which failed to develop. These were
analyzed from 1 to 4 days after the hatching of the F, wild-type and heterozygous
progeny (see Fig. 2). Alternatively, EP473 stocks were allowed to mate, yielding
viable heterozygotes and nonviable homozygous progeny carrying two TM3 bal-
ancer chromosomes or two EP473 alleles. The latter were recovered by forced
hatching in bleach as described in the text, and their identities were confirmed by
B-galactosidase staining (see below).

To make a P-element construct carrying the D1 gene under the control of the
hsp70 promoter, the D1 ¢cDNA was inserted in the multiple cloning site of a
pINDY vector carrying a mini-white marker provided by L. Seroude (51). A D1
c¢DNA encoding a truncated form of the protein lacking the 66 C-terminal amino
acids, D1AE, was similarly cloned into pINDY. The DNA sequence encompass-
ing the D1 genomic region (GenBank accession number DMU56393) is that
reported by Glover et al. (unpublished data). Sequence information for the
EP473 insertion (accession number AQ02S091) was obtained from Janos Szi-
donya (Szeged, Hungary). The D1 cDNA sequence used to construct D1 trans-
genes was according to GenBank sequence accession number JO472S. A white™
laboratory strain was used as recipient for injections. P-element-mediated germ
line transformation was done using standard procedures (49). For each con-
struct, multiple independent lines were established, and the chromosomal loca-
tion of the transgene was determined by standard genetic analysis using balancer
chromosomes. Expression of the D1 or DI1AE transgenes on the X chromosome
and on chromosome 2, respectively, was induced by two 1-h heat shocks (37°C)
during early pupation of flies cultured at 18°C.

The w”# inversion [In(I)wm*'] was used to score the effects of the EP473
insertion and of D1 transgenes on white expression. Eye pigments from 5-day-old
female flies were extracted and measured as previously described (23), using
samples of 30 heads from at least three independent crosses. Pigment values
contributed by the mini-white gene carried by one of the parents were subtracted
from the value measured in the progeny. Results were subjected to the x? test
and the differences shown in Fig. 7 were statistically significant (P < 0.05). We
found no effect of the TM3 balancer chromosome on the phenotype of w™# flies
under the conditions used (data not shown). The eye colors of the parents were
also measured with or without prior heat shock, yielding no significant difference
in eye color. Photographs were taken using Leica MZFLIII binoculars equipped
with a Spot Insight Color charge-coupled device (CCD) camera. Partial rescues
were performed after recovery of EP473 homozygotes from EP473/TM6b (tubby)
heterozygotes carrying a heat shock-inducible D1 transgene on the X chromo-
some. EP473/EP473 embryos were grown at 22°C with two daily 1-h heat shocks
or continuously at 30°C, yielding larvae beyond the normal late embryonic stage
of lethality. Non-fubby larvae were never recovered from stocks that did not carry
the HS-D1 transgene.

Northern blot analysis. Messenger RNAs were purified from each develop-
mental stage shown in Fig. 1 by using the Straight A’s mRNA isolation system
(Novagen). Samples containing 2 g of poly(A)™ RNA were separated on a 1%
agarose/formaldehyde gel and transferred onto a Hybond N filter (Amersham).
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FIG. 1. Developmental expression profile of the D1 gene. (A) Diagrams representing the primary structures of the 11-kDa HMGA1a and the
37-kDa D1 proteins. HMGA proteins contain three AT hooks (I, II, and III) represented by boxes with a hook and a short acidic C-terminal
domain (black box). An 11-amino-acid insert generated by alternative splicing of the HMGA mRNA is absent in HMGA1b and present in
HMGA1a. The AT hook-like sequences of D1 (5) are numbered from 1 to 10 and are represented by boxes with hooks for full-length or near
full-length motifs and by gray boxes for shorter sequences containing the conserved GRP core motif. Acidic C-terminal domains are represented
by filled boxes. The corresponding AT hook sequences are shown below the map and can be used to extrapolate a D1 AT hook consensus. The
sequence of the human HMGA AT hook consensus is also shown. (B) poly(A)" mRNA from flies at various developmental stages was hybridized
to labeled D1 and RPL17 probes which detect 1.6- and 0.9-kb bands, respectively. poly(A)" mRNA was purified from 0- to 2-h embryos (lane 1),
0- to 10-h embryos (lane 2), 10- to 20-h embryos (lane 3), first-, second-, and third-instar larvae (lanes 4 to 6, respectively), pupae (lane 7), adult
males (lane 8), adult females (lane 9), and dissected ovaries (lane 10). (C) Western blot of protein extracts prepared from Kc cells (lane 1) or 0-
to 20-h embryos (lane 2) probed with an antibody raised against the D1 protein.

The blot was hybridized to the 3?P-labeled D1 whole cDNA or to the RPL17
probe (42) as previously described (31).

Western blotting, immunostaining, and in situ hybridization. A rabbit poly-
clonal antibody was raised against the recombinant D1 protein and affinity
purified against a preparation of recombinant DIAE. Nuclei from Kc tissue-
culture Drosophila cells and protein extracts from whole embryos or first-instar
larvae were separated by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) on a 7.5 to 15% acrylamide gradient gel and transferred
onto a Hybond C-super membrane (Amersham). Filters were blocked for 1 h in
5% nonfat milk in TBS and incubated overnight at 4°C with the affinity-purified
primary antibody at a 1:100 dilution in 2% nonfat milk-0.05% Tween 20 in TBS.
The secondary antibody was an alkaline phosphatase-conjugated anti-rabbit an-
tibody (Promega) used at a dilution of 1:5,000.

In situ D1 immunostaining was performed on embryos, dissected larvae, and
adult gonads, fixing for 20 min in 4% formaldehyde according to standard

procedures. After a 1-h preincubation in PAT (phosphate-buffered saline [PBS],
1% bovine serum albumin [BSA], 0.1% Triton X-100), the primary antibody
(anti-D1; 1:200 dilution) was added and incubation was allowed to proceed
overnight at 4°C in the same buffer. Two different procedures were used to reveal
the primary antibody. For peroxidase staining, biotinylated anti-rabbit antibodies
and related reagents were purchased from Vector Laboratories. For immuno-
fluorescence staining, fluorescein isothiocyanate (FITC)- or tetramthyl rhoda-
mine isocyanate (TRITC)-coupled anti-rabbit antibodies (Sigma) were used at a
dilution of 1:5,000. DNA was detected by propidium iodide staining (10 pg/ml)
in the last wash following RNase treatment (1 mg/ml in PBS for 2 h at 37°C) or
with DAPI (4',6'-diamidino-2-phenylindole) added to the final mounting me-
dium at 50 ng/ml. Staining with fluorescein-labeled olygopyrrole Lex9F (30) was
performed in solution P (PBS containing 1 mM MgCl, and 0.1% Triton X-100)
for 10 min at room temperature at a final concentration of 200 nM. Samples were
then washed five times in solution P before mounting in the presence of DAPI.
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A 1-kb cDNA corresponding to the D1-coding region cloned in the pBSKS
vector was linearized with HindIII and transcribed with T7 RNA polymerase to
generate a digoxigenin-labeled antisense RNA probe. EP473 flies were aged for
10 h at 20°C before use in experimental procedures. EP473 homozygous embryos
were recovered from a balanced stock carrying the B-galactosidase gene. The D1
mRNA was detected according to the procedure described previously (57), and
Twist-driven B-galactosidase expression was revealed by peroxidase staining as
described above.

Brains from third-instar larvae were dissected in 0.7% saline and incubated for
2 h in saline containing 10 wM colchicine. Following a 15-min hypotonic shock
in 0.5% sodium citrate, brains were fixed for 1 min in 45% acetic acid, squashed,
and processed for D1 immunostaining as above, except that incubation with the
primary antibody was performed for 2 h at room temperature. Samples were
stained with Lex9F and mounted as above. Fixation with 4% formaldehyde
yielded similar results, but the shorter acetic acid fixation was preferred in these
experiments because of better preservation of chromosome morphology.

Confocal microscopy was performed on a Zeiss LSM410 apparatus using 510-
to-525-nm and 590-nm filters with argon (488 nm) and helium/argon (543 nm)
lasers for excitation, respectively. Images were recorded using the LSM software
and processed using Adobe Photoshop. Conventional fluorescence microscopy
was performed on a Leica DMRB microscope equipped with UV, FITC, and
TRITC filters, using a 100X objective (NA 1.25). Images were captured using a
CoolSnap cooled CCD camera and processed in Photoshop.

RESULTS

Temporal and spatial regulation of D1 gene transcription.
While the D1 protein of D. melanogaster has been known for
many years (1, 2) and the cDNA encoding it has been cloned
and characterized (5), its function is not known. Based on the
presence of repeated AT-hook motifs, D1 might be the func-
tional homologue of the mammalian HMGA proteins (Fig.
1A). As the HMGIA gene is preferentially expressed in pro-
liferating undifferentiated cells and largely absent in terminally
differentiated tissues (22), the D1 gene of D. melanogaster
might similarly exhibit a temporal or spatial regulation of its
expression. We addressed this question by performing North-
ern blot analyses using Drosophila mRNAs extracted at differ-
ent developmental stages. As shown in Fig. 1B, a probe cor-
responding to the D1 cDNA detected a single 1.6-kb mRNA
species in all samples tested. Using the RPL17 ribosomal pro-
tein mRNA that is expressed at roughly constant levels
throughout development as an internal control (42), we ob-
served varying levels of D1 mRNA starting with 10-h embryos
(lanes 3 to 10). Before 10 h, high levels of the transcript could
be detected, particularly at 0 to 2 h of development (lanes 1
and 2). Because zygotic transcription has not begun at this
early stage, we conclude that these D1 mRNAs are maternally
contributed.

In late (10 to 20 h) embryos, D1 mRNA levels decreased
sharply (lane 3) and remained low throughout larval develop-
ment, in pupae and in adult males (lanes 4 to 8). This decrease
might be due to a general decrease in D1 gene transcription, or
to its restriction to a small subset of tissues. Indeed, the higher
mRNA levels detected in adult females (lane 9) could be
correlated to preferential expression in the ovaries (lane 10).
This suggests that spatial, as well as temporal, regulation of D1
gene transcription can account for the variations observed in
D1 mRNA levels during development.

Using a polyclonal rabbit antibody raised against the recom-
binant D1 protein, we performed Western blot analyses to
ascertain the presence of the protein in Drosophila embryos. A
sample containing total embryonic proteins was electropho-
resed alongside a nuclear extract prepared from Drosophila Kc
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tissue culture cells. In both cases, our antibody detected a
single band with an apparent molecular mass of 55 kDa, con-
sistent with the known abnormal mobility of the D1 protein in
SDS gels (Fig. 1C). These bands comigrated with the purified,
bacterially expressed, recombinant protein (data not shown),
although a small difference in mobility could be observed when
comparing the recombinant protein and that detected in Kc
nuclei with the endogenous species found in embryos, the
latter migrating with a slightly reduced mobility (compare
lanes 1 and 2 of Fig. 1C and see Fig. 2C).

D1 protein is essential for Drosophila development. The
maternal contribution of D1 mRNA suggested the possibility
that D1 might play a role during Drosophila development. A
functional analysis of D1 has been hampered by the lack of
mutations or deletions in the 85D1/D2 cytological region har-
boring the D1 coding sequence. However, a systematic P-ele-
ment-mediated mutagenesis of the third chromosome of Dro-
sophila (48) recently yielded a P-element insertion in this
region. Based on the reported homozygous lethal phenotype
and molecular data indicating an insertion point very close to
the D1-encoding gene, we obtained the corresponding mutant,
denoted EP473, and analyzed it for evidence of a defect in D1
expression.

As shown in Fig. 2A, the P-element insertion site maps to
the 5’ noncoding region of the D1 gene, at position —66 rel-
ative to the 5" end of the mRNA. Another transcript, Pumilio,
is located downstream of the D1 gene (6), approximately 3 kb
from the insertion point, but the reported EP473 phenotype
does not match that of pumilio mutants, which present defects
chiefly in oogenesis. The EP473 insertion has been character-
ized as an embryonic lethal in that no homozygous larvae are
ever recovered from a cross. This suggests that D1 is required
for normal embryonic development, assuming that it is the only
gene affected in the EP473 strain. We verified that mobiliza-
tion of the P element resulted, in most cases (>90%), in a
clean excision and restoration of a wild-type phenotype, thus
establishing that the lethal phenotype was indeed due to the
insertion. Furthermore, partial rescue of the embryonic lethal
phenotype was ascertained by the recovery of non-tubby ho-
mozygous EP473 larvae from crosses of EP473 heterozygotes
carrying a TM6b chromosome (see Materials and Methods),
an effect which could be shown to require the presence of an
inducible D1 transgene (data not shown). Thus, the only defect
attributable to the EP473 insertion implicates expression of the
D1 gene.

To characterize the mutant phenotype further, we set out to
collect late homozygous embryos for analysis (see Materials
and Methods) and processed them for the presence of D1
mRNA and protein. To our surprise, dechorionation of these
presumably dead embryos resulted in vigorously swimming
first-instar larvae that failed to develop any further. EP473
homozygotes thus complete embryogenesis but do not hatch or
develop further. The unhatched embryos or first-instar larvae
could be kept for as long as 3 to 4 days and still yield swimming
larvae after being placed in dilute bleach for a few seconds.
This places the defect at relatively late stages of embryonic
development, which are most likely attained by use of a ma-
ternally provided pool of D1 mRNA and protein (Fig. 1). We
could detect no obvious abnormalities beyond the failure of the
embryos to hatch and develop further and the observation that
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FIG. 2. The EP473 P-element insertion results in down-regulation of D1. (A) Map of the genomic D1 locus. Sequence coordinates are given
relative to the start of the D1 mRNA (+1). Exons are represented by black boxes and 5" and 3’ untranslated regions are in gray. Restriction enzyme
sites shown are those used to characterize the EP473 P-element insertion and excisions thereof. The P-element insertion diagrammed below the
map occurs at position —66. The thick line indicates the extent of the transposon bounded by 5" and 3’ inverted repeats (IR; divergent filled
arrows). (B) Coomassie blue-stained gel loaded with equivalent amounts of total proteins from wild-type, heterozygous, or homozygous EP473
mutant first-instar larvae and from Kc nuclei (lanes 1 to 4, respectively). A duplicate gel was subjected to Western blot analysis as described above
(C). The positions of the D1 bands observed in embryos and tissue-culture cells are indicated to the right. (D) In situ hybridizations to D1 mRNA
were performed with wild-type (a to ¢) and homozygous (d to f) EP473 embryos identified as described in Materials and Methods. (E) Wild-type
larvae and homozygous EP473 force-hatched first-instar larvae (see text for details) were processed for DNA staining (red) and D1 immunolabeling
(green). Merged signals are shown for wild-type and mutant larval nuclei. Note the smooth appearance of the nuclei in the absence of D1, the
smaller space occupied by chromatin and the overall absence of differentially condensed regions of chromatin relative to wild-type nuclei. Bar =
5 pm.

the EP473 homozygous larvae obtained after forced hatching
in bleach did not grow further and all died within 24 h.
Taken together, these data suggested a transcriptional de-
fect induced by the EP473 insertion, most likely a down-regu-
lation of the D1 gene or/and alteration of its regulation. We
verified this possibility by performing in situ hybridization and
Western blot experiments to detect possible changes in D1
mRNA and protein levels in heterozygous and homozygous
EP473 embryos. In agreement with the hypothesis that the
P-element insertion affects expression of the D1 gene, protein

levels were found to be decreased by 30 to 40% in heterozy-
gous first-instar larvae (Fig. 2C, compare lanes 1 and 2). We
were also able to test for the presence of the D1 protein in late
homozygous embryos or first-instar larvae: in this case, D1
protein levels were barely detectable relative to wild-type or
heterozygous flies (lane 3). Note that, in both cases, the mi-
gration of the D1-positive band detected in embryos and larvae
was again found to be altered relative to that in nuclear ex-
tracts from Kc tissue-culture cells. This difference in mobilities
is most likely due to a posttranslational modification of D1 in
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vivo that is absent ex vivo or lost during the preparation of
nuclei from tissue culture cells.

We also performed in situ hybridizations against D1 mRNA
in embryos at various stages of development. As can be seen
from the examples shown in Fig. 2D, wild-type early embryos
(panels a to c) stained very strongly for D1 transcripts, in
agreement with the maternal contribution of the mRNA. Later
during development, as accumulated D1 mRNA levels de-
creased (Fig. 1B), the hybridization signal became weaker and
less ubiquitously distributed and a preferred localization to the
embryonic nervous system was particularly evident at late
stages (c) but was not investigated further. Figure 2D, panels
d to f, show D1 mRNA hybridization patterns in EP473 ho-
mozygotes. While D1 transcripts were readily detected in het-
erozygotes (data not shown), levels were markedly lower in
homozygotes, where a strong signal could be observed through
early embryonic stages (d) but dropped precipitously in older
embryos (e) and was no longer detectable in embryos about to
hatch (f). These results are consistent with the hypothesis that
the effect of the P-element insertion in the 5’ noncoding region
of the D1 gene is primarily transcriptional, with the maternal
contribution of D1 transcripts accounting for the positive sig-
nal seen in early homozygous embryos and its dilution at later
stages of embryogenesis.

We confirmed the absence of D1 protein in EP473 homozy-
gotes by performing immunolocalization experiments using
our antibody raised against the protein. Figure 2E shows
merged DNA/D1 signals for wild-type larvae and EP473 ho-
mozygotes processed at a time when they are still alive. The
latter were found to be negative for D1 staining, confirming the
effect of the P-element insertion on the presence of D1 protein
at this terminal stage of viability. Interestingly, a comparison of
nuclei from wild-type larvae and homozygous mutants revealed
clear differences in their morphologies. In EP473 mutants de-
void of D1 protein, nuclei were markedly smaller, possibly
indicative of under-replication, and their chromatin was dis-
tributed as relatively smooth masses forming a circle with a
hole at its center. Evidence of differences in the degree of
chromatin condensation was largely absent from these struc-
tures. These changes in nuclear morphology in EP473 mutants
are presently under investigation.

Localization of D1 protein in early embryos. In an effort to
understand the function(s) of the D1 protein that might be
essential during Drosophila development, we first set out to
analyze in detail its cellular localization at different develop-
mental stages. D1 was previously reported to localize predom-
inantly at the chromocenter of polytene chromosomes, sug-
gesting that it is associated with heterochromatin (1, 2). This
conclusion was indeed supported by the recovery of D1 protein
in nucleosomes from SATIII repeats (35) and by its preferen-
tial binding to SATI and SATIII sequences in vitro (36).

As shown in Fig. 2E, the D1 protein was found to localize to
an average of two large foci in first-instar larvae. We used a
similar approach to determine its distribution in early embryos,
hoping to correlate the lethality associated with lack of D1 to
a defined localization pattern. As shown in Fig. 3, the anti-D1
serum revealed that the protein localized to discrete areas in
interphase/prophase nuclei of precellularization embryos (pan-
els a and b), indicating a preferential association of large
amounts of the protein with specific loci. Most nuclei con-
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tained an average of two to eight foci, with no protein detected
elsewhere in the nucleoplasm. Careful examination revealed
that some dots most likely corresponded to several coalesced
smaller foci (compare Fig. 3a and b).

We next asked whether D1 remained associated with mitotic
chromosomes. In these early embryos, the protein was found to
remain bound to DNA in all mitotic figures analyzed (Fig. 3c
to e), in contrast to other proteins known to interact with
heterochromatin (12, 33). However, the distribution of the
protein was found to undergo changes as nuclei proceeded
through division. The D1 foci observed in interphase/prophase
nuclei (Fig. 3a and b) first coalesced into larger areas (c). As
chromosomes proceeded through mitosis, multiple discrete
foci again appeared, forming an array of dots (d and e), some
of which were clearly located on different chromosomes (d).
Following completion of chromosome segregation, the D1 im-
munolocalization pattern returned to one similar to that shown
in Fig. 3a over the course of the next interphase. In the pho-
tographs shown in Fig. 3d and e, D1 foci that do not localize to
centromeres near the spindle poles can be seen to extend along
a single chromosome. They most likely correspond to multiple
D1 association sites on the Y chromosome of male embryos
(see Fig. 5).

We also analyzed the localization of D1 following the cellu-
larization that occurs at division cycle 14. At this stage, parallel
to the onset of zygotic transcription, the D1 signal redistrib-
uted to two major foci in both interphase and mitotic nuclei
(Fig. 3f and i, respectively). Confocal sections taken through
the embryo (h and k) showed that the D1 signal localized to its
periphery, a characteristic of heterochromatin (21, 26) and
heterochromatin-associated proteins (13, 33). No D1 could be
detected in the subapical portion of the embryonic nuclei that
contains the bulk of euchromatin (g and j). After cycle 14, the
localization of D1 remained fairly invariant, although overall
levels of the protein decreased, consistent with the exhaustion
of maternal mRNA and protein pools and reduced levels of
accumulated transcripts. During interphase, most of the D1
signal was found to localize to an average of one or two large
foci (see below), a pattern similar to that seen in larvae (Fig.
2E, panel a) and examined in more detail below. This transi-
tion from multiple foci to an average of two prominent foci
might reflect the onset of somatic pairing of homologues after
cellularization.

D1 protein is predominantly associated with SATI and
SATIII in vivo. Results shown in Fig. 3 suggest that the D1
protein is primarily associated with heterochromatin. Such a
localization might indicate that, in vivo, D1 interacts with the
AT-rich satellite DNA sequences it is known to bind in vitro
(36). To confirm this localization, we used a highly specific
FITC-labeled polyamide, Lex9F (30), to determine more pre-
cisely the nature of the sequences D1 is bound to in embryonic
nuclei. In the experiments described next, whole-mount em-
bryos were immunostained for D1, followed by staining with
Lex9F for SATI and SATIII repeats. DAPI staining was then
used to label DNA. Figure 4 shows the Lex9F and D1 signals
observed in embryonic nuclei and mitotic chromosomes. All of
the D1 foci were found to correspond precisely to discrete
Lex9F-bright sites associated with the simple-sequence SATI
and 359-bp SATIII repeats found on the different chromo-
somes of D. melanogaster. In all cases, the dynamic distribution
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FIG. 3. Localization of D1 protein during early embryonic cell cycles and localization in heterochromatin. Embryos at the synctitial preblas-
toderm stage were processed for confocal microscopy after immunolabeling with the anti-D1 antibody. D1 was revealed using a fluorescein-coupled
antibody (green signal) and DNA was stained with propidium iodide (red signal). (a to e) Distribution of D1 as chromosomes progress through
the cell cycle (a, interphase; b, early prophase; ¢, prometaphase; d, early/middle anaphase; e, late anaphase). Bar = 5 um. Confocal sections taken
through embryos during interphase (f to h) or mitosis (i to k) show that D1 localizes exclusively to centromeric heterochromatin at cellularization.
Images taken at the apical pole of the embryos (f and i), through the embryos (g and j), and at their periphery (h and k) show that no D1 can be

detected in euchromatin. Bar = 5 pm.

of these repeats during the cell cycle was precisely followed by
D1. Again, D1 and Lex9F foci could be sometimes be observed
to extend outside of centromeric regions along the length of a
chromosome (Fig. 4, rows 4 and 5). These most likely corre-
spond to D1 protein associated with multiple SATT repeats on
the Y chromosome of males. It is worth noting that not all

DAPI-bright regions stained for Lex9F and D1, indicating that
the signals detected correspond to genuine SATI and SATIII
repeats, rather than to generally AT-rich regions. We conclude
from these results that the bulk of D1 protein is bound to SATI
and SATIII repeats in vivo.

We further mapped D1 binding sites using larval neuroblasts




DAPI/D1

FIG. 4. D1 colocalizes with SATI and SATIII repeats in vivo. D1 (red signal) was detected in whole-mount early embryos stained with DAPI
(blue) and Lex9F (green). Each row of photographs shows nuclei and chromosomes from embryos at different stages of the cell cycle. The si
shown are identified above each column and illustrate the strict colocalization of D1 with Lex9F, which speClhcally detects SATI and SATIII
repeats. Bars = 5 um.
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DAPI/D1

Interphase

ing of D1 binding sites on metaphase chromosomes. Metaphase chromos
and Lex9F as described above. Chromosome sets are shown for both female and male br

s from larval neuroblasts were stained for D1, DNA,
s. A single interphase nucleus can also be seen. The

DAPI, D1, and Lex9F signals shown are as labeled on the photographs. D1 associates with discrete regions of all chromosomes except chromosome
2 istent with the known localization of SATI and SATIII repeats. The colocalization of D1 with SATIII repeats in the centromeric region of

the X chromosome is particularly evident. Bars = 5 pm.

in which the high proportion of mitotic cells can be used to
assign a signal on individual chromosomes. As can be seen in
Fig. 5 for both female and male metaphase chromosome sets,
D1 was also associated with mitotic chromosomes at this stage
of development, and the D1 and Lex9F signals were again
precisely colocalized and could be assigned to the centromeric
region of the X chromosome. Fainter signals could be seen in
the centromeric region of chromosome 3, while chromosome 4
was almost completely decorated by the antibody, as well as
large regions of the Y chromosome in males. In the latter case,

we note that the distinctive banded pattern of the Lex9F signal
only partially overlapped with the D1 signal. These binding
sites are in complete agreement with the known location of
SATI and SATIII repeats (9, 38, 59). Taken together with
previous mapping data (17), we conclude from these results
that D1 is clearly associated with SATI sequences on the Y
chromosome and on chromosomes 3 and 4, and with SATIII
sequences in the centromeric region of the X chromosome.
Neither D1 nor Lex9F signals could be detected on chromo-
some 2, which is devoid of SATI and SATIII repeats (38
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FIG. 6. Dynamic redistribution of D1 during gametogenesis. Adult gonads were stained for DNA and D1 protein and processed for confocal
microscopy. (A) Different views of female ovaries: global and more detailed views of the anterior part of an ovariole (a and b, respectively) showing
the germarium, ovarian chambers (c and d), and DNA, D1, and merged images of a late-stage oocyte (e, f, and g, respectively). The germarium
(ge), follicle cells (fc), nurse cells (nc), the karyosome (k), and oocyte (0o0) are indicated. A similar analysis is shown for male testes (B). D1 was
revealed by immunofluorescence as described above or by peroxidase staining (d). A diagram adapted from one by Lindsley and Tokuyasu (37)
is shown (a) and represents the first half-gyre of a testis with the different spermatocyte cysts that form single-cell layers near the testicular walls.
A whole gonad is shown (b) together with a close-up view of the D1 signal in cells from the central part of the testis (top inset). In the germarium
(d and e and diagrammed in c), D1 localizes to bright foci in both apical cells (ac) and spermatogonia (sg). Cells situated just below correspond
to spermatocytes (sp) in which the protein has redistributed to fill most of the nucleoplasm (e, lower area; f, magnification of panel e).

top of Fig. 5 also shows a single interphase nucleus in which the
D1 and Lex9F signals merge in a single region. This was found
to be generally the case, and D1 binding sites that map to SATI
and SATIII heterochromatin located on different chromo-
somes were consistently found to coalesce into a single large
and discrete area during interphase (14). Occasionally, two foci
could be distinguished (data not shown), and they resembled
the bright foci seen in embryonic nuclei and in other larval
tissues. This suggests that SATI and SATIII repeats on differ-
ent chromosomes share a common compartment during inter-
phase and that D1-containing heterochromatin might be gen-
erally restricted to such a subnuclear localization.
Distribution of D1 protein in gonads. The results presented
above are consistent with a predominant association of the D1
protein with pericentric heterochromatin. Such a localization
suggested a possible correlation with transcriptional inactiva-
tion. Drosophila testes and ovaries contain cells at all stages of
gametogenesis. These cells differ in their morphology and the

regions of the gonads they occupy, and can be readily identi-
fied. Most importantly, they also differ in their transcriptional
state as a function of their differentiation stage. As shown in
Fig. 1B, significantly increased levels of D1 mRNA were found
to accumulate in adult females, where most of the signal could
be attributed to ovaries (compare lanes 9 and 10). In males
(lane 8), D1 might also preferentially localize to the testes. For
these reasons, we immunolocalized D1 in isolated ovaries and
testes, where a distinct localization might be correlated to the
transcriptional state of the different cells that can be identified
in the gonads.

Confocal images in Fig. 6A show different views of female
ovaries. In the global view of the anterior part of an ovariole
(Fig. 6A, panel a), D1 localized to foci in the germarium. In
contrast, in the more detailed view of a germarium (Fig. 6A,
panel b), the karyosome stained homogeneously for DI1.
Close-up views of stage-3 ovarian chambers (Fig. 6A, panels ¢
and d, respectively) showed continued dense staining of the
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karyosome while D1 localized to bright foci in follicle cells.
Nurse cells, which are derived from the same progenitor as the
oocyte, were largely negative for D1 after they became
polyploid (Fig. 6A, panel d). DNA, D1 and merged images of
a late-stage oocyte (Fig. 6A, panels e, f, and g, respectively)
revealed two populations of D1 in this transcriptionally inac-
tive cell: one localized to the chromosomes while the other
most likely represents a pool of stored protein. The absence of
D1 staining in certain regions of the oocyte (Fig. 6A, panel f)
makes it unlikely that the signal localized over chromosomes is
simply due to high background D1 levels in this cell type. Thus,
the distribution of D1 observed in transcriptionally active and
inactive cells lends support to the hypothesis that a broad
redistribution of D1 onto bulk chromatin correlates with tran-
scriptional repression while, in active cells, most of the protein
localizes to discrete foci that may correspond to D1 storage
sites in heterochromatin. This implies that the spatial distribu-
tion of the D1 protein can be regulated and shifted between
distinct populations of AT-rich binding sites.

We performed similar experiments with male testes, where
maturing sperm cells also occupy specific regions of the gonad
and go through developmental stages that lead to terminal
differentiation and transcriptional repression. D1 was found to
be present in all types of maturing spermatocytes (Fig. 6B,
panel b). Again, it was found to assume a distinctive distribu-
tion at the apical pole of the testes. In the spermatogonia
containing the germinal stem cells and the somatic cells of the
testis and shown in Fig. 6B, panels d and e, the protein ap-
peared as dense foci in the top layer of cells. In contrast,
transcriptionally repressed maturing spermatocytes situated
below showed a broad distribution of the D1 protein extending
throughout the nucleoplasm (Fig. 6B, inset and panel f).

In summary, this analysis of the localization of D1 in adult
gonads establishes two important points. The first one is that
the transcriptional and differentiated states of maturing ga-
metes can be correlated with a localization of D1 to a small
number of discrete foci as opposed to a homogenous disper-
sion onto chromosomes. In addition, these data demonstrate
that the localization of D1 can indeed change as a function of
development and/or transcriptional state. In the latter case,
whether this phenomenon is a cause or an effect remains dif-
ficult to establish. At any rate, our results indicate that the D1
chromosomal protein is not restricted to a single family of
DNA target sequences—such as the SATI or SATIII repeats—
but can redistribute to much broader regions of the genome as
a function of development. This property is that expected of a
protein implicated in the general modulation of chromatin
structure and function.

The EP473 insertion is a haplo-suppressor of PEV. The data
shown in Fig. 6 suggest that D1 might play a role as a general
transcriptional repressor or corepressor. This hypothesis is
consistent with the predominant localization of D1 in SATI
and SATIII heterochromatin. SATIII repeats are located in
the centromeric region of the X chromosome (11), a region
which exerts strong repressive effects on gene expression. A
well-known system of X-chromosome heterochromatin-medi-
ated transcriptional inactivation is that of the PEV associated
with the white-mottled (w™*") inversion which moves the white
gene responsible for the dark red eye color of wild-type flies
from its normal position in cytological region 3C to region 20
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at the proximal end of the X chromosome (56). This results in
the variegated inactivation of white in its new location, where it
is sensitive to enhancement or suppression by modifiers of
PEV (19, 47), including the artificial MATH20 protein (23),
and P9, an olygopyrrole related to Lex9 and its fluorescent
derivative Lex9F and similarly specific for SATI and SATIII
sequences (29).

To test whether the EP473 insertion might similarly modify
the variegating w™*" phenotype, we performed a cross be-
tween w™# flies and EP473 heterozygotes and analyzed the
progeny for changes in eye color. As shown in Fig. 7, adult
w™#" flies carrying a single EP473 allele had markedly darker
eyes relative to w™*" controls. If decreased expression of the
D1 gene is indeed directly responsible for this suppression of
PEV, overexpression of the gene should have the opposite
effect—enhancement of PEV. We constructed transgenic lines
expressing an inducible D1 transgene under the control of a
heat shock promoter. These lines were crossed to w™* flies
and the progeny were examined for eye color after heat shock.
In support of our conclusion that the EP473 allele of D1 is a
suppressor of PEV, overexpression of the D1 transgene en-
hanced PEV, yielding flies with markedly reduced eye color
over the light orange background due to expression of the
mini-white reporter gene present on the D1 construct (Fig. 7).
In this case, we noted that induction of the D1 transgene
consistently resulted in a decrease of both w”*#* expression and
of the mini-white gene carried on the P element inserted in the
X chromosome. One possibility is that reduced expression of
w™# in the presence of elevated D1 protein levels leads to
trans-inactivation of the mini-white gene.

These results identify the EP473 insertion as a haplo-sup-
pressor of w”* PEV and suggest that the D1 protein can affect
gene expression as a functional component of SATIII hetero-
chromatin. As shown next, this effect most likely requires in-
teractions between D1 and other proteins. We tested the effect
of the overexpression of D1AE, a D1 transgene deleted of its
C-terminal acidic amino acids that might constitute a protein/
protein interaction domain. This deletion does not affect DNA
binding to SAT III repeats in vitro (data not shown). In this
case, induction of D1AE expression led to suppression of w”*#
PEV, an effect opposite that of elevated D1 levels and similar
to that of reduced D1 protein levels in EP473 heterozygotes
(Fig. 7). These results suggest that the modulation by D1 of the
functional properties of heterochromatin, as measured by its
effects on w”* expression, requires both binding to AT-rich
satellite repeats and interaction with protein partners.

DISCUSSION

We have shown that the D1 nonhistone chromosomal pro-
tein, an essential protein of D. melanogaster, is a modifier of
w™# PEV. DI thus constitutes the first example of a DNA-
binding protein of known specificity and precise localization
that is involved in heterochromatin-mediated transcriptional
inactivation. D1 most likely exerts this effect by interacting with
the SATIII repeats in X-chromosome centromeric heterochro-
matin. So far, we have found no clear evidence for the D1-
dependent modification of PEV at other loci. The EP473 in-
sertion was found to suppress only slightly the variegation of
the mini-white gene in the Heidi rearrangement on chromo-
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FIG. 7. D1 is a modifier of w™# PEV. (Top two rows) Representative eyes from 5-day-old female parents used in these studies: white ~, EP473,
w™# HS-D1, HS-D1AE, and a wild-type OregonR stock. The light eye color contributed by the mini-white gene carried by EP473 and the HS-D1
and HS-D1AE P elements, ranging from pale yellow to pale orange, did not interfere with analysis of the modification of PEV. (Bottom two rows)
Eye color of representative 5-day-old females obtained from the following: w”*# control, EP473 X w™# HS-D1 X w™* without (—HS) or with
(+HS) heat shock, and HS-D1AE X w"#" without or with heat shock. Flies recovered from the crosses shown in each photograph and in the graph
below have the following full genotypes: EP473 X w™#: ™ # jy=: EP473/TM6b. HS-D1 X w’#: w™# = HS-D1. HS-DI1AE X w”#: w™#py=;
HS-DI1AE/+. The genotypes of the parents are indicated in Materials and Methods. Corresponding eye pigment levels (see Materials and
Methods) are indicated in the graph below and correspond to mean values *+ standard errors from three independent measurements.
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some 2 (52). No discernible effects could be observed in the
case of the BL1 and BL2 mini-white insertions on chromosome
3 and on the Y chromosome, respectively (39). As D1 binds
SATIII sequences more weakly than SATI repeats in vitro
(36), it is possible that these differential effects reflect a pref-
erential loss of D1 from SATIII repeats when protein levels are
reduced.

D1 is essential for embryonic development. Drosophila cells
accumulate only moderate amounts of D1 transcripts, early
embryos being a notable exception. Indeed, the considerably
stronger D1 mRNA signal observed in 0- to 2-h embryos is
consistent with a strong maternal contribution of the message
and the markedly increased levels of D1 transcripts observed in
adult females can be almost completely accounted for by their
accumulation in the ovaries. This is also reflected at the protein
level, with the existence of two distinct populations of D1
protein in mature gametes: one is associated with the chromo-
somes of the oocyte while the other likely represents a pool of
stored protein (Fig. 6A).

This maternal contribution is in agreement with our charac-
terization of the embryonic lethal phenotype associated with
the EP473 allele, which suggests that D1 is an essential gene
required throughout embryonic development. The simplest ex-
planation for the lethality we observe is that embryogenesis
proceeds until D1 reaches a subthreshold level, following ex-
haustion of depleted maternal pools that cannot be replen-
ished, as suggested by the results shown in Fig. 2. The eventual
arrest of development thus correlates with a complete absence
of D1 transcripts and protein (Fig. 2D and E), while induction
of a D1 transgene under the control of a heat shock promoter
can partially overcome this lethality (data not shown; see Ma-
terials and Methods). This suggests a role for D1 later during
development as this rescue did not yield adult flies.

The AT hook-bearing D1 protein serves to establish and/or
enhance PEV. Our analysis of the phenotype associated with
the EP473 P-element insertion suggests that the D1 protein
serves to establish and/or enhance PEV associated with X-
chromosome centromeric heterochromatin, a conclusion fully
supported by the effects of the expression of an inducible D1
transgene (Fig. 7). DNA binding is not sufficient for this func-
tion since overexpression of DIAE, a protein with a deleted
acidic C-terminal domain but fully competent for DNA bind-
ing, has opposite effects. Thus, the recruitment of other pro-
teins via the C-terminal domain of D1 may be required for
D1-mediated transcriptional silencing.

In support of this hypothesis, analysis of the in vivo expres-
sion of the synthetic MATH-20 protein, a 20-AT-hook-bearing
derivative of HMGAIla lacking a C-terminal acidic domain,
showed that it is a strong suppressor of w”* PEV (23). The
similar effects of the EP473 insertion and of MATH-20 expres-
sion raise the possibility that, as in the case of D1AE, expres-
sion of MATH-20 in Drosophila behaves as a dominant-nega-
tive mutation of D1, thus accounting for suppression of w”*#
PEV. Similarly, P9, a molecule related to the Lex9 ligand used
in this study to map D1 binding sites in vivo, targets SATI and
SATIII repeats (29) and induces PEV-modifying effects similar
to those of EP473, MATH-20, and D1AE. These effects are
correlated with the opening of SATIII chromatin in vitro, as
measured by the P9-dependent increase in accessibility to to-
poisomerase II cleavage (30). These results can be explained
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by a displacement of D1 protein from SATIII repeats by
DI1AE, MATH-20, and P9 (25, 29, 30), which would support
the hypothesis that D1 might be the factor primarily responsi-
ble for the PEV observed in the w”*** inversion. In this case,
D1 would target SATIII repeats which it binds preferentially
and recruit other factors involved in the assembly of hetero-
chromatin. The biological function(s) of D1 would then be
largely determined by the nature of the partners recruited via
its C-terminal domain.

Among other known modifiers of PEV, two in particular
have been well characterized: Su(var)3-7 (46) and Su(var)2-5
(20) are mutations that both suppress w”* PEV. The corre-
sponding genes have been cloned and their gene products,
HP-1 in the case of Su(var)2-5, have been characterized and
shown to interact with one another (12). A recent study of
HP-1 has shown that it binds DNA and nucleosomes in vitro
but, as in the case of Su(var)3-7, without a demonstrable
specificity (60). Thus, these proteins lack a specific DNA-bind-
ing function that may explain their presumed localization near
X-chromosome centromeric heterochromatin, where w”#* ex-
pression is modulated. While future experiments will help es-
tablish whether pathways of PEV modification by HP-1, Su-
(var)3-7, and D1 are shared or distinct, our preliminary results
indicate that the enhancement of w”* PEV by the overex-
pression of a Su(var)3-7 transgene can be suppressed by ex-
pression of a D1AE transgene (N. Aulner et al., unpublished
data). D1 might thus interact with Su(var)3-7 and HP-1, re-
cruiting them to AT-rich regions of the genome where they
would exert their function.

D1 and transcriptional silencing. A role for D1 in hetero-
chromatin-mediated silencing is in line with our results show-
ing that a redistribution of D1 to the chromatin of maturing
gametes correlates with the known extinction of gene expres-
sion during differentiation of oocytes and spermatocytes. The
localization of D1 can thus shift between different genomic
interaction sites over the course of gamete maturation. In this
case, D1 becomes associated with the entire chromatin con-
tents of transcriptionally inactive mature gametes (Fig. 6),
while it is restricted to a small number of foci or absent in
transcriptionally active cells from the same lineage and in the
somatic cells found in the germarium. This phenomenon con-
stitutes a particularly striking example of spreading of the
protein from SATI and SATIII repeats to euchromatin, con-
comitant with the shutdown of transcription. The modification
of w”# PEV by D1 reported here may thus reflect a more
general role for D1 in transcriptional silencing. It is therefore
possible that, as in the case of other heterochromatin-associ-
ated proteins such as HP-1 or GAGA factor (33), the biolog-
ical function of D1 is not solely exerted in the context of
satellite heterochromatin, although SATI and SATIII repeats
constitute major binding sites throughout much of Drosophila
development.

The genome-wide redistribution of D1 observed in gametes
can be rationalized in terms of its known DNA-binding spec-
ificity. Stretches as short as four or five dAdT base pairs can
be recognized by AT hook motifs (43), and generally AT-rich
genomic regions that contain many such sequences might con-
stitute preferential targets. This is indeed the case for the SATI
and SATIII repeats specifically bound by D1 (36) and, perhaps
more generally, for AT-rich scaffold/matrix-associated regions,
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of which the approximately 11-Mbp SATIII array at the prox-
imal end of the X-chromosome constitutes an extreme exam-
ple (32). Given the small size of a minimal binding site, much
of the genome would be expected to be recognizable by the
protein and might interact with D1. The biological function(s)
of D1 might thus be extremely sensitive to the intranuclear
concentration of the protein, which might in turn affect its
chromosomal localization. Indeed, the modification of PEV by
a single EP473 allele correlates with a moderate decrease in
the levels of D1 protein (only 30 or 40%; Fig. 2C). Alterna-
tively, the DNA-binding activity of D1 might be directly regu-
lated, perhaps by posttranslational modification, as in the case
of HMGA proteins. Our Western blot analysis revealed a dif-
ference in the electrophoretic mobility of D1 in whole embryos
relative to tissue culture cells (Fig. 2C), and a recent study has
confirmed that D1 cycles between dephosphorylated and phos-
phorylated states during development, high levels of phosphor-
ylation being associated with oogenesis and early embryogen-
esis (45). Future experiments will address this question in more
detail, particularly in view of the association of D1 with bulk
chromatin in mature gametes.

How D1-mediated assembly of heterochromatin might affect
expression of nearby genes remains unclear. It has been pro-
posed that assembly of heterochromatin-specific multiprotein
complexes can expand into neighboring euchromatin to silence
gene expression. According to this spreading model, expansion
or retraction of heterochromatin would be sensitive to the
concentration of D1 and of other components of SATIII het-
erochromatin. In the case studied here, a decrease in the con-
centration of D1 would drive a retraction of heterochromatin
accompanied by an increased expression of w™#", This could
result from down-regulation of D1 expression, as in the case of
the EP473 insertion, or from expression of a competitor unable
to recruit other proteins, such as MATH-20 or D1AE. As levels
of the D1 protein vary during Drosophila development, con-
traction/retraction cycles might normally influence the expres-
sion of genes located in the proximal region of the X chromo-
some.

However, results obtained from several experimental sys-
tems argue against a simple linear expansion model of hetero-
chromatin-mediated transcriptional repression (14, 41, 55). In
these cases, available data support a spatial model of inactiva-
tion in which heterochromatin would constitute a discrete nu-
clear compartment largely inaccessible to factors required for
the expression of genes normally located in euchromatin (40).
The colocalization of D1-associated satellites found on differ-
ent chromosomes in interphase nuclei (Fig. 5) is consistent
with the existence of such compartments. A spatial model
could also explain why certain genes that reside in heterochro-
matin and whose expression requires the presence of proteins
such as HP1 become silenced if relocalized to euchromatin
(40). Heterochromatin—a term derived from largely morpho-
logic and cytogenetic observations—would thus represent a
specialized nuclear compartment, characterized by a selective
accessibility to transcriptional activators or repressors re-
cruited by proteins of which D1 would be one example in the
case of SATI and SATIII repeats. While the results of our
studies do not permit us to distinguish between spreading and
spatial models of gene silencing, the original description of the
phenotype of the w™# inversion, the effects observed in this
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system by numerous investigators and our own observations
suggest that the D1 protein acts far upstream in the processes
leading to heterochromatin-mediated transcriptional repres-
sion.

Finally, we cannot exclude that D1 may also participate in
the assembly of specialized structures outside of heterochro-
matin, by interacting with other arrays of AT-rich sequences,
such as those found in SARs/MARs (24) that form the bases of
chromatin loops (50) or flanking the Boundary Elements (BE)
described for Drosophila (16). Indeed, recent results indicate
that D1 specifically associates with certain BEs and interacts
directly with BEAF32, the protein which mediates the activity
of BEs, through its acidic domain (15). Interestingly, D1 can
direct the association of BEAF32 to AT-rich sequences devoid
of cognate binding sites. D1 might thus serve as a regulator of
BE function by affecting the ratio of BEAF32 associated with
BEs or unproductively sequestered in AT-rich satellite se-
quences. According to this model, the D1-dependent modifi-
cation of PEV reported here would largely reflect a deregula-
tion of boundary activity leading to heterochromatinization.
We are presently investigating this possibility.
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