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Abstract—In Drosophila, alarge group of actively transcribed genes is located in pericentromeric heterochro-
matin. It is assumed that heterochromatic proteins recruit transcription factors to gene promoters. Two pro-
teins, Ouib and Nom, were previously shown to bind to the promoters of the heterochromatic genes nvd and
spok. Interestingly, Ouib and Nom are paralogs of the M1BP protein, which binds to the promoters of euchro-
matic genes. We have shown that, like M1BP, the Quib and Nom proteins bind to CP190, which is involved
in the recruitment of transcription complexes to promoters. Unlike heterochromatic proteins, Ouib and Nom
do not interact with the major heterochromatic protein HP1a and bind to euchromatic promoters on polytene
chromosomes from the larval salivary glands. The results suggest a new mechanism for the recruitment of
transcription factors into the heterochromatic compartment of the nucleus.
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In Drosophila, euchromatin and heterochromatin
are two independent compartments that differ in the
set of chromatin proteins and nucleosomal modifica-
tions [1, 2]. Recent studies have shown that heteroch-
romatin is actively transcribed and comprises many
housekeeping genes with a high level of expression [2].
The promoters of genes located in euchromatin and
heterochromatin can effectively initiate transcription
only in their own compartment [1, 2]. Unlike prokary-
otes, the majority of promoters of higher eukaryotes,
including Drosophila and humans, do not have pro-
nounced motifs to which general transcription factors
can bind [3]. According to one model, the key role in
the organization of promoters is played by proteins
containing C2H2-type zinc finger clusters (C2H2
proteins), which bind to specific relatively long (12—
15 bp) motifs in gene promoters, which leads to the
formation of open chromatin and the recruitment of
the TFIID complex [3, 4]. In Drosophila, there is a
large class of proteins that contain a cluster at the C
terminus consisting of 5 C2H2 domains, and at the N
terminus there is a ZAD domain (Zinc-finger Associ-
ated Domain), which ensures protein homodimeriza-
tion [5, 6]. The ZAD domain and C2H2 clusters are
connected by an unstructured linker. In Drosophila,
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the best described protein is M 1BP, which binds to a
motif located in approximately 2000 promoters that
determine the activity of euchromatic genes [7, 8]. The
CP190 protein, which is involved in the recruitment of
transcription-stimulating complexes, binds to the
unstructured linker of the M1BP protein [9, 10].

The mibp gene is located in a cluster (85A9 on
chromosomal arm 3R) that includes four more genes
encoding ZAD-C2H2 proteins—CG&8159, ranshi,
ouib, and nom (Fig. 1b). All these genes are paralogous
and are presumably the result of tandem duplication
during evolution. Unexpectedly, it was found that the
ouib and nom genes encode proteins that bind to gene
promoters located in heterochromatin [11—13]. Ear-
lier, two other ZAD-C2H2 proteins, Odj and Nnk,
were found, which effectively bind to regulatory
sequences in heterochromatin [14]. These proteins
were shown to interact with the main heterochromatin
protein HP1a. This is believed to determine the pref-
erential localization of these proteins in the heteroch-
romatin compartment.

The purpose of this work was to study how the Ouib
and Nom proteins acquire the ability to bind to pro-
moters of genes located in heterochromatin regions. It
was previously shown that the ZAD domains of even
close C2H2 paralogs predominantly form only
homodimers [5, 6]. Since the ZAD domains of the
M1BP, Ouib, and Nom proteins have a high degree of
sequence similarity, the ability of the ZAD domains to
form heterodimers was tested. For this purpose, we
used the yeast two-hybrid (Y2H) system. We created
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Fig. 1. (a) Domain structure of proteins Ouib and Nom. The ordinal numbers to the amino acid residues corresponding to
domains boundaries are indicated. (b) Genomic location of the m Ibp, ouib, and nom genes in the cluster in D. melanogaster and
D. virilis. The same colors are used to indicate orthologs. (c) Study of the interaction between ZAD domains in yeast two-hybrid
system. ZAD fragments were fused to the GAL4 DNA-binding domain (DBD), and their interaction with fragments fused to the
GALA4 activation domain (AD) was examined. The results are presented in columns where signs + and — indicate the presence or
absence of the interaction, respectively. As a positive control, the ability of ZAD domains to dimerize was tested; as a negative
control, the interaction only with the activation domain (AD) or DNA-binding domain (DBD) of the GAL4 protein was tested.
(d) Study of the interaction of the full-length proteins Ouib and Nom fused with the GAL4 AD with the full-length proteins
CP190 and HP1a fused with the GAL4 DBD. The remaining notations are the same as in (c).

constructs in which the sequences of the ZAD
domains of the Ouib, Nom, and M1BP proteins were
cloned into the same reading frame with the activation
domain (AD) or DNA-binding domain (DBD) of the
GALA4 protein. A search for orthologs in Drosophila
species showed that the ouib orthologue is present in
all species, whereas its duplication, the nom gene,
occurred later. For example, nom orthologs are absent
in D. virilis (Fig. 1b). We tested the interaction of the
ZAD domains of the Ouib and Nom proteins with the
Ouib ortholog of D. virilis (GJ22678) in Y2H. Interac-
tion analysis showed that the ZAD domains of M1BP,
Ouib, and Nom homodimerize but do not form het-
erodimers. Both paralogous proteins Ouib and Nom
interact with the D. virilis ortholog GJ22678 (Fig. 1¢),
which is additional evidence that they originated from
the same gene.

It is known that many proteins associated with het-
erochromatin interact with the HP1a protein through
the amino acid motif PxVxL (where x is any amino
acid residue). However, the analysis of the Ouib and
Nom sequences did not reveal this motif. To test the
direct interaction of the proteins with HPla in Y2H,
we obtained constructs in which the cDNA sequences
of the Ouib and Nom proteins were cloned into the
same reading frame with the GAL4 AD and a con-
struct in which the cDNA of the HP1a protein was
cloned in the same reading frame with the GAL4
DBD. As a result, no direct interaction of Ouib and
Nom with HP1a was detected in Y2H (Fig. 1d).

Many ZAD-C2H2 proteins that have binding sites
in gene promoters interact with the CP190 protein. In
particular, the recruitment of CP190 is important for
the functional activity of M1BP [9]. We tested the
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direct interaction of the Ouib and Nom paralogs with
CP190 in Y2H (Fig. 1c). It was found that Ouib and
Nom also interact with CP190, which binds exclu-
sively to euchromatic promoters. This suggests that
Ouib and Nom are involved in the organization of
euchromatic promoters.

To study the genome-wide distribution of binding
sites for the Ouib and Nom proteins, we used a model
of polytene chromosomes from the salivary gland
nuclei of third instar larvae. Polytene chromosomes
consist of interbands, which are promoters that con-
trol the expression of housekeeping genes, and bands,
which correspond to predominantly inactive genes
[15]. The constitutive heterochromatin regions are
clearly visible in the pericentromeric heterochromatin
region and in telomeres at the ends of chromosomes.
Since Ouib and Nom are not expressed in the salivary
glands, we used the inducible UAS/GAL4 system to
express these proteins. For this purpose, we created
genetic constructs in which cDNAs of the Nom and
Ouib proteins in the same reading frame with the HA
epitope were cloned into the pUAS vector, which con-
tains the UAS sequence (Upstream activating
sequence) and an attB site for integration into the Dro-
sophila genome (Fig. 2a). The obtained constructs
were inserted into the same genomic position at the
attP 38D site using the phiC31 integration system. For
ectopic gene expression, we crossed flies of a strain
containing the pUAS-OuibxHA or pUAS-NomxHA
construct with flies of a strain expressing GAL4 under
the control of a strong tubulin promoter (fub:GAL4),
which ensures a high level of transcription in all tis-
sues. Protein expression was confirmed by Western
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Fig. 2. (a) Genetic construction scheme used to create transgenic flies expressing a protein fused to an HA epitope. (b) Western
blot analysis of protein extracts from 2—3-day-old males expressing OuibxHA and NomxHA stained with antibodies to the HA
epitope. (c¢) Polytene chromosomes from larval salivary glands of flies expressing OuibxHA and NomxHA were examined. The
chromosomes were stained with antibodies to the HA epitope, and DNA was stained with DAPI. For comparison, immunostain-
ing of polytene chromosomes from the Oregon-R strain with rabbit antibodies to the heterochromatin protein Odj is shown. The
arrows indicate the position of the chromocenter in different preparations of polytene chromosomes. Scale bar: 10 um.

blot analysis of protein lysate from adult flies using
anti-HA antibodies (Fig. 2b).

Immunostaining of polytene chromosomes gave
unexpected results. It was found that the Nom and
Ouib proteins have many binding sites in the inter-
bands of polytene chromosomes; however, no binding
in the pericentromeric heterochromatic regions was
observed. Thus, the ectopically expressed proteins are
not recruited themselves into the heterochromatic
compartment (Fig. 2¢). This distinguishes the Nom
and Ouib proteins from the Odj protein, which actively
binds to the heterochromatin of polytene chromo-
somes (Fig. 2c).

It is most likely that the gene encoding M 1BP is the
founder of the gene cluster (85A9), because its expres-
sion is much higher and the protein has binding motifs
conserved among Drosophila in the promoters of a
large group of genes. The remaining genes of the clus-
ter, except ranshi, show a low level of expression and
are probably associated with the promoters of a small
number of genes. For example, it was shown that the
Nom and Ouib proteins determine the activity of the
promoters of the nvd and spok genes, located in heter-
ochromatin [11, 12]. Activation of these promoters is
the main function of the Nom and Ouib proteins.
Similarly to M1BP, the Nom and Ouib proteins bind
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to CP190, whose recruitment to promoters deter-
mines the formation of an open chromatin zone and
transcription activation. Thus, the Nom and Ouib
proteins are similar in structure and function to
M1BP. Moreover, when overexpressed, the Nom and
Ouib proteins bind to the promoters (interbands) of
housekeeping genes, which are located in euchroma-
tin, and their association with pericentromeric heter-
ochromatin is not observed. The ZAD domains of
three close paralogs M1BP, Nom, and Ouib form only
homodimers. Thus, ZAD domains determine the
functional independence of the newly emerged C2H?2
proteins and block their interaction with M1BP. The
results obtained indicate that the mechanism of
recruitment of Quib and Nom to heterochromatic
regions is fundamentally different from that described
previously for Odj and Nnk, for which interaction
through a consensus motif with HP1a was shown. The
Nom and Ouib proteins do not interact directly with
the major heterochromatic protein HP1a.

It is most likely that Nom and Ouib are recruited to
the heterochromatic compartment with the help of a
partner protein that is also involved in the formation of
active promoters of the nvd and spok genes. One of the
potential partner proteins may be the large (approxi-
mately 2000 aa) ZAD-C2H2 protein Molting Defec-
tive (Mld), which also binds to the nvd and spok pro-
Vol. 513
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moters [12]. The Mld protein is efficiently expressed at
all stages of development and apparently has many
various functions in gene expression regulation. Fur-
ther studies are required to answer the question of
whether the Ouib and Nom proteins can be recruited
to the heterochromatic compartment as a result of
interaction with other ZAD-C2H?2 proteins that are
associated with the main heterochromatic proteins.
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