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ABSTRACT

A special class of poorly characterized architec-
tural proteins is required for chromatin topology
and enhancer–promoter interactions. Here, we iden-
tify Opbp as a new Drosophila architectural pro-
tein, interacting with CP190 both in vivo and in
vitro. Opbp binds to a very restrictive set of ge-
nomic regions, through a rare sequence specific
motif. These sites are co-bound by CP190 in vivo,
and generally located at bidirectional promoters of
ribosomal protein genes. We show that Opbp is
essential for viability, and loss of opbp function,
or destruction of its motif, leads to reduced ribo-
somal protein gene expression, indicating a func-
tional role in promoter activation. As characteristic
of architectural/insulator proteins, the Opbp motif
is sufficient for distance-dependent reporter gene
activation and enhancer-blocking activity, suggest-
ing an Opbp-mediated enhancer–promoter interac-
tion. Rather than having a constitutive role, Opbp
represents a new type of architectural protein with a
very restricted, yet essential, function in regulation
of housekeeping gene expression.

INTRODUCTION

Insulators, in both Drosophila and vertebrates, have been
defined based on their ability to disrupt the communication
between an enhancer and a promoter when inserted in be-
tween (1–6). Accumulating evidence suggests that some in-
sulator proteins also play a positive role in gene expression,
providing an architectural function in mediating inter- and
intra-chromosomal interactions (7–9). These insulator pro-

teins have been attributed to the category of architectural
proteins (10).

Genomic studies indicate that known architectural pro-
teins most frequently bind near transcription start sites, sug-
gesting a general role in promoter activity and enhancer–
promoter communication (11–18). In vertebrates, CTCF is
currently the only architectural protein identified to date,
and plays a prominent role in establishing chromatin loops
(9,19). CTCF is a highly conserved protein, with eleven Zinc
finger domains (C2H2-ZF) many of which mediate DNA-
binding, targeting CTCF complexes to a wide range of di-
verse sites throughout the genome (20). In Drosophila in ad-
dition to CTCF a number of other architectural proteins are
known. All of these proteins (Su(Hw), Pita, ZIPIC, Zw5)
contain C2H2-ZF domains for specific DNA-binding. Zw5,
Pita and ZIPIC, also contain a characteristic N-terminal
ZAD domain that is responsible for protein–protein inter-
actions (17,21–24).

The majority of known Drosophila architectural proteins
interact with a multifunctional co-factor named the Centro-
somal Protein 190 kDa, CP190 (14,25–33). CP190 (a 1096
amino acid protein) contains an N-terminal BTB/POZ do-
main, an aspartic-acid-rich D-region, four C2H2 zinc finger
motifs and a C-terminal E-rich domain (29,34). The BTB
domain of CP190 forms stable homodimers that may be in-
volved in protein–protein interactions (29,35,36). In addi-
tion to these motifs, CP190 also contains a centrosomal tar-
geting domain (M) responsible for its localization to centro-
somes during mitosis (37). CP190 is recruited to chromatin
via its interaction with DNA-binding architectural proteins,
mediated through its BTB and M domains (14,38).

The CP190 protein preferentially binds near the tran-
scription start sites of genes suggesting a role in the or-
ganization of promoter architecture (13,25,34). CP190 has
major effects on chromatin, such as the depletion of nu-
cleosomes, high nucleosomal turnover and the preven-
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tion of heterochromatin expansion (9,25,39). There is also
some evidence suggesting that CP190 can support long-
distance interactions between distantly located binding sites
for recruiter proteins (40) and in this way CP190 might
also be involved in the organization of enhancer–promoter
or promoter-promoter interactions (14,27). Interestingly,
CP190 are highly enriched near housekeeping (hk) genes’
promoters (25,41,42) and active hk enhancers (18,43), and
CP190 can recruit NURF, dREAM and SAGA complexes
to chromatin (39,44–46), all of which are essential for the ac-
tivation of hk genes expression. How CP190 is specially re-
cruited to hk genes is not known - the architectural proteins
CTCF, Pita and ZIPIC do not display specific binding to
hk promoters (18), suggesting the existence of an unknown
architectural proteins that recruits CP190 preferentially to
this class of genes.

Here we report a new DNA-binding transcription fac-
tor, previously named Optix binding protein (Opbp), as a
sequence-specific recruiter of CP190. This protein was iden-
tified as a putative partner of a transcription factor Op-
tix (47). In contrast to all other known DNA-bound insu-
lator proteins, which bind to thousands of sites through-
out the genome (11,31), we show that Opbp occupies a
very restricted set of specific sites, which are generally lo-
cated at divergent promoters often involving ribosomal pro-
tein genes. Opbp is essential for the expression of riboso-
mal protein genes in vivo and interacts with CP190 and
its sequence-specific DNA motif via distinct protein do-
mains. Using transgenic assays, we show that Opbp has
characteristic enhancer blocking activity in vivo and me-
diates distance-dependent promoter activation, suggesting
that it mediates chromatin loops essential for enhancer–
promoter interactions. These results identify Opbp as a new
architectural protein with insulator like properties, similar
to Pita, dCTCF and ZIPIC, but with a more specific role in
the regulation of ribosomal protein gene expression.

MATERIALS AND METHODS

Yeast two-hybrid assay

Yeast two-hybrid assay was carried out using yeast strain
pJ69-4A, with plasmids and protocols from Clontech. For
growth assays, plasmids were transformed into yeast strain
pJ69–4A by the lithium acetate method, as described by
the manufacturer, and plated on media without tryptophan
and leucine. After 2 days of growth at 30◦C, the cells were
plated on selective media without tryptophan, leucine, histi-
dine and adenine, and their growth was compared after 2–3
days. Each assay was repeated three times.

Pull-down assay

BL21 cells co-transformed with plasmids expressing GST-
fused Opbp derivatives and 6xHis-fused CP190[245-606]
were grown in LB media to an A600 of 1.0 at 37◦C and then
induced with 1 mM IPTG at 18◦C overnight. ZnCl2 was
added to final concentration 100 �M before induction. For
GST-pulldown cells were disrupted by sonication in buffer
C (20 mM HEPES–KOH, pH 7.7, 150 mM NaCl, 10 mM
MgCl2, 0.1 mM ZnCl2, 0.1% NP40, 10% (w/w) glycerol)

containing 1 mM PMSF and Calbiochem Complete Pro-
tease Inhibitor Cocktail VII (5 �L/ml), centrifuged, applied
to Immobilized Glutathione Agarose (Pierce) for 10 min at
+4◦C, after that resin was washed four times with buffer C
containing 500 mM NaCl and elution performed with 50
mM reduced glutathione, 100 mM Tris, pH 8.0, 100 mM
NaCl for 15 min. 6xHis-pulldown was performed similarly
with Co-IDA resin (Biontex) in buffer A (see Supplemen-
tary Methods), washed with buffer A containing 30 mM
imidazole and proteins were eluted with buffer B.

Protein chemical crosslinking

Chemical crosslinking with glutaraldehyde was carried out
for 10 min at room temperature in PBS buffer contain-
ing 1 mM �-mercaptoethanol. Prior to crosslinking pro-
tein concentration was adjusted to 5 �M. Crosslinking was
quenched with 50 mM glycine and samples were resolved
using SDS-PAGE followed by silver-staining.

Antibodies

Antibodies against Opbp [aa 1–331] and CP190 [aa 308–
1096] were raised in rats and rabbits and purified from the
sera by ammonium sulfate fractionation followed by affinity
purification on CNBr-activated Sepharose (GE Healthcare,
USA) according to standard protocols. Anti-FLAG M2 an-
tibodies were from Sigma (USA).

Generation and validation of fly lines with deletion of the opbp
gene using CRISPR/Cas9

We used the fly CRISPR Optimal Target Finder tool (Uni-
versity of Wisconsin) to design a CRISPR target sequence
for the 5′ and 3′ end of the opbp gene (48) (Supplemen-
tary Table S1). The 5′ target site was selected in the gene’s
first intron (Supplementary Figure S1). 5′ and 3′ target se-
quences were cloned into the pCR vector based on pCFD4-
U6:1 U6:3tandemgRNAs plasmid (Addgene # 49411), us-
ing BbsI. Correct ligation of the opbp CRISPR target se-
quences was confirmed by sequencing (49).

The 5′ and 3′ 500 bp flanking regions (Supplementary
Table S1) surrounding the target sites were cloned (Sup-
plementary Figure S1) into the plasmid for homologi-
cal recombination (pHR) (Supplementary Figure S2A).
This vector contains �C31 attP and mCherry under actin
promoter surrounded by loxP sites. Plasmids mixture
(10:1––pHR:pCR, concentration 500 ng/�l) was injected
in the embryos of the flies expressing Cas9 under control
of the nanos promoter (Bloomington stock center: 54591)
(49). Flies with potential opbp deletions were identified by
mCherry fluorescence (Supplementary Figure S2B). Flies
were returned balanced over the CyO second chromosome
balancer. Gene deletion was confirmed using qPCR with
primers Opbp RT (Supplementary Figure S2C) and primers
targeted the inserted vector - using conventional PCR (Sup-
plementary Figure S2D). 5′ and 3′ junctions were also
sequenced. For detection of �Opbp lethality, flies were
crossed with CyO GFP balancer (Bloomington stock cen-
ter: 5194).
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Rescuing of the opbp gene. The opbp gene was obtained by
PCR and cloned to plasmid with the white reporter gene,
loxP site, SV40 terminator and attB (Supplementary Fig-
ure S3A). A line with �Opbp flies was crossed with flies with
�C31 under control of the vasa promotor (50). The embryos
from this cross were injected with the rescuing plasmid.
The mCherry and white reporter genes were removed by
crossing with Cre recombinase-expressing line (y1w1; Cyo,
P[w+,cre]/Sco; +) (Supplementary Figure S3A). The loxP
site remained in the first intron of the gene and does not
affected opbp mRNA (Supplementary Figure S3B and C).
As a result, the opbp gene was re-inserted. Correct splicing
of the opbp gene with loxP in the first intron was confirmed
with PCR from cDNA (Supplementary Figure S3B).

Opbp chromatin immunoprecipitation (ChIP-seq)

Chromatin was prepared as described in the Supplementary
Methods.

Immunoprecipitation. Debris was removed by centrifuga-
tion at 14 000 g, 4◦C, for 10 min, and chromatin was pre-
cleared with Protein A agarose (Pierce) blocked with BSA
and salmon sperm DNA, with 50 �l aliquots of such pre-
cleared chromatin being stored as input material. Samples
containing 10–20 �g of DNA equivalent in 1 mL of nuclear
lysis buffer were incubated overnight, at 4◦C, with rabbit an-
tibodies against Opbp (1:500) and CP190 (1:1000) or with
nonspecific IgG purified from rat preimmune sera (con-
trol). Chromatin–antibody complexes were collected using
blocked Protein A or G agarose at 4◦C over 5 h. After sev-
eral rounds of washing with lysis buffer (as such and with
500 mM NaCl), LiCl buffer (20 mM Tris–HCl, pH 8; 250
mM LiCl, 1 mM EDTA, 0.5% NP-40, 0.5% sodium deoxy-
cholate, protease inhibitors) and TE buffer (10 mM Tris-
HCl, pH 8; 1 mM EDTA), the DNA was eluted with elution
buffer (50 mM Tris-HCl, pH 8.0; 1 mM EDTA, 1% SDS),
the cross-links were reversed, and the precipitated DNA
was extracted by the phenol–chloroform method. The en-
richment of specific DNA fragments was analyzed by real-
time PCR, using a StepOne Plus Thermal Cycler (Applied
Biosystems). The primers used for PCR in ChIP experi-
ments for genome fragments are shown in Supplementary
Table S1.

Illumina libraries were prepared according to manufac-
turers recommendations with small modifications. In short,
1–10 ng of purified, RNase treated, and reverse cross-linked
genomic DNA was end-repaired and terminal adenosine
residues were added using the NEBNext reagents. Custom-
made indexed adapters were ligated, after which the ma-
terial was size selected at ∼200–600 bp with Ampure XP
beads (Beckman Coulter). PCR amplification was per-
formed using PE1.0 and PE2.0 primers (custom-made) for
12 cycles for Input samples and 14–15 cycles for IP-ed sam-
ples using the Q5 Hot Start HiFi PCR Master Mix (NEB).
The PCR-amplified library was purified using Ampure XP
beads and its quality was assessed on a Bioanalyzer 2100
system (Agilent). The libraries were sequenced on a HiSeq
2000 (Illumina) in single end mode.

Electrophoretic mobility shift assay (EMSA)

Aliquots of purified recombinant proteins (10–15 �g) were
incubated with fluorescently labeled DNA fragments of
Opbp-binding sites in the presence of nonspecific binding
competitor poly(dI-dC). Incubation was performed in PBS
(pH 8.0) containing 5 mM MgCl2, 0.1 mM ZnSO4, 1 mM
DTT, 0.1% NP-40 and 10% glycerol at room temperature
for 30 min. The mixtures were then resolved by nondena-
turing 5% PAGE (79 AA:1 BAA) in 0.5 × TBE buffer at 5
V/cm.

RESULTS

Identification of Opbp as a partner of the CP190 protein

To identify new DNA binding factors that are associ-
ated with CP190’s regulation of chromatin architecture,
we searched for zinc finger proteins that can interact with
CP190 using the yeast two-hybrid assay with a custom
library of zinc finger proteins cloned in the correspond-
ing vectors. As a result, we identified Opbp as a specific
interactor of CP190. Opbp contains eight C2H2-ZF at
the carboxy-terminus and one additional C2H2-ZF at the
amino-terminus (Figure 1A, Supplementary Figure S4). We
confirmed this interaction by co-immunoprecipitation of
CP190 and 3 × FLAG-tagged Opbp transfected S2 cells
(Figure 1C). To further examine the function of this new
protein, we prepared polyclonal affinity purified antibod-
ies against Opbp (amino-acids 1–331), which we show by
RNAi knockdown are specific for Opbp (Supplementary
Figure S5).

To determine which protein domains are involved in the
interaction between CP190 and Opbp we used the yeast
two-hybrid assay, which narrowed down the interacting re-
gion within Opbp to amino-acids 30–114 (Figure 1A). Con-
versely, after testing different fragments of the CP190 pro-
tein, we identified the region that overlaps the D domain
between amino-acid 245–309 of CP190 to be essential for
Opbp interaction (Figure 1B). It is worth noting that in
some cases a lack of interaction can be attributed to mis-
folding of truncated proteins. We therefore confirmed the
interactions, and the domains, obtained in yeast two-hybrid
assays with in vitro pull-down assay using recombinant pro-
teins (Figure 1D). The ability of the 245–606 aa region of
CP190, which includes the D, M and ZnF domains fused
to 6xHis, to interact with different N-terminal fragments of
Opbp fused to GST, was examined under stringent salt con-
ditions. These experiments clearly identify an interaction
between CP190[245–606] with Opbp[1–117] and Opbp[1–
297], but not with Opbp[114–297] or GST alone (Figure
1D). Unfortunately shortened versions of CP190 (corre-
sponding to 245–309 aa region) demonstrated characteris-
tics of natively unstructured molecules that are not able to
interact with any proteins in vitro. Taken together, these re-
sults indicate a direct protein–protein interaction between
CP190 and Opbp that is mediated via amino-acids 245–606
of CP190 and amino-acids 30–114 of Opbp.

Opbp is essential for Drosophila viability

To determine the function of Opbp in vivo, we used a two-
step genome engineering platform that combines CRISPR-
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Figure 1. Opbp is a new C2H2 protein that interacts with CP190. (A) Localization of Opbp domains interacting with CP190 in yeast two-hybrid assay.
Different fragments of Opbp were fused to the GAL4 activating domain and tested for interaction with CP190 fused to the GAL4 DNA-binding domain.
All Opbp fragments were tested for the absence of interaction with the GAL4 DNA-binding domain alone (BD). (B) Localization of CP190 domains
interacting with Opbp in yeast two-hybrid assay. Different fragments of CP190 were fused to the GAL4 DNA-binding domain and tested for interaction
with Opbp fused to the GAL4 activating domain. All CP190 fragments were tested for the absence of interaction with the GAL4 activating domain alone
(AD). (A, B) Protein domains of full-length CP190 and Opbp are indicated as boxes, and lines represent the different deletion fragments (amino acid residues
indicated on the left). Previously described interaction between CP190 and dCTCF was used as a positive control. The results are summarized in columns
on the right (BD-CP190 or AD-Opbp), with the ‘+’ and ‘–‘ signs referring to the presence and absence of interaction, respectively. (C) Nuclear extracts
from Drosophila S2 cells co-transfected with CP190 and 3 × FLAG-Opbp were immunoprecipitated with antibodies against CP190 (using nonspecific IgG
as a negative control), and the immunoprecipitates were analyzed by Western blotting for the presence of FLAG-tagged proteins in immunoprecipitated
sample. (D) Interaction of the recombinant 6xHis 245–606 aa region of CP190 with different N-terminal GST-tagged fragments of Opbp (indicated by *)
in GST and 6xHis pull-down assays. The precipitated proteins were resolved by SDS-PAGE and stained with Coomassie. The positions of amino acids are
indicated by square brackets.
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mediated HDR (Homology-directed repair) with �C31
recombinase-mediated cassette exchange (RMCE) (51).
This enables both the efficient identification of the opbp
deletion and by using attP sites to insert any DNA of choice
using RMCE (50,52). As a result, we substituted the opbp
gene (Supplementary Figures S1 and S2) with a mCherry
reporter under the control of the Actin 5C promoter and
flanked by attP sites. The obtained deletions were balanced
against a CyO,GFP balancer. The homozygotes for the opbp
deletion died mostly late in development, often surviving to
pupal stages (45% from expected number of homozygous
pupae). The lethality is not fully penetrant as several adults
(1.2% from expected numbers of homozygous adult flies)
eclosed, and displayed thinner bristles than wild-type (WT),
changes in wing blade and eyes, reduced viability and com-
plete sterility (Supplementary Figure S6). Such phenotypes
are similar to those previously described for the ‘Minute’
phenotype, which is induced by the disruption of ribosomal
protein genes. The ‘Minute’ syndrome of dominant, hap-
loinsufficient phenotypes, includes prolonged development,
short and thin bristles, poor fertility and viability (53,54).

Larvae with opbp deletion emerge from the food 3–4 days
later than WT larvae (9 days versus 5 days), indicating a de-
velopmental delay. To confirm that the lethal phenotype is a
consequence of the opbp deletion, we re-inserted the deleted
opbp gene using RMCE (Supplementary Figure S3A). The
opbp deletion was fully rescued as homozygotes, demon-
strating that the lethality is due to opbp and that opbp is an
essential gene for Drosophila viability (Supplementary Fig-
ure S3D).

Given our observed protein–protein interaction between
Opbp and CP190, we next assessed if there is a genetic in-
teraction between both proteins. We used the previously
characterized cp190 null alleles named cp2 and cp3 (37).
The cp2/cp3 transgeterozygote showed some larval mortal-
ity, but approximately half of the zygotic mutants survived
until late pupal stages of development, dying as pharate
adults, most likely due to the presence of maternal protein.
The cp2/+ or cp3/+ heterozygous displayed normal viabil-
ity and a WT phenotype. Placing even one copy of the cp190
loss-of-function allele, cp2/+ or cp3/+ heterozygous, altered
the phenotype of the �opbp homozygotes that all died be-
fore pupae stage. Double homozygous were not observed
even at larvae stage. These results suggest a functional in-
teraction between cp190 and opbp.

Opbp binds to a specific set of divergent promoters in the
vicinity of ribosomal protein genes

To discern the molecular function of Opbp, we first iden-
tified regions bound by Opbp in vivo during Drosophila
embryogenesis by performing chromatin immunoprecipi-
tation followed by next generation sequencing (ChIP-seq)
on chromatin extracted from 0 to 12 h embryos. A total
of four independent biological replicates were performed
with antibodies against Opbp (Supplementary Figure S5).
We first performed two biological replicates and compared
ChIP enrichment to matched input controls, using an Irre-
producible Discovery Rate (IDR) threshold of 0.05 (Meth-
ods). Based on this stringent cut-off, we identified 41 high
confidence Opbp-bound regions, genome-wide. Given this

low number, we performed a second two completely in-
dependent biological replicates and compared Opbp ChIP
enrichment to mock immunoprecipitations, using the pre-
immune serum of the rabbit used to generate the Opbp anti-
body (Figure 2A). This identified 40 high confidence Opbp-
bound regions; with 31 peaks common to both data sets
(Supplementary Table S2). The similar number of peaks ob-
tained (40,41), as well as the very high overlap between these
two sets (Figure 2B) indicates a high reproducibility of the
ChIP-seq experiments.

The small number of peaks for such a genome-wide ex-
periment is unusual. De novo motif discovery using MEME
(55) on the 31 Opbp overlapping peaks identified a new
and very significant (E-value 2.8e–127) sequence motif, a
21 base-pair long element (Figure 2C). Such long motifs are
common for TFs with many C2H2 zinc fingers. The length
and high sequence information content of this motif pro-
vides the specificity to search the entire Drosophila genome
to identify all Opbp binding sites genome-wide (using patser
described in (56)). This identified only 45 Opbp binding sites
throughout the entire Drosophila genome. Although sur-
prisingly low, this number of binding sites is in line with
the low number of ChIP-peaks we identified, and attests to
the sensitivity of our in vivo binding data. Moreover, 81%
of the 31 Opbp ChIP-seq common peaks contain this 21bp
motif, indicating the specificity by which this transcription
factor binds to DNA. Examining the remaining 20 Opbp
binding sites located away from Opbp ChIP peaks revealed
that they are almost completely devoid of any Opbp ChIP
signal and moreover, 80% (18) are located in regions devoid
of any DNAse signal, indicating that they are in closed chro-
matin (Figure 2B, data from (57)). Taken together these re-
sults indicate that Opbp binds directly, and very specifically,
to DNA using its own sequence specific motif. 92% (25/27)
of the Opbp motifs found in open chromatin (as assessed by
DNAse accessibility) are occupied by Opbp - a level of occu-
pancy very rarely observed for transcription factors (Figure
2B and D). We note that the Opbp motifs found in closed
chromatin may also be real Opbp binding sites targeted at
different developmental stage(s).

The small number of regions specifically bound by Opbp
(as determined by ChIP-seq) thereby reflects the very low
number of its specific motifs present within the genome, and
indicates a very specific function, perhaps at specialized reg-
ulatory elements. We manually inspected the distribution
of all 31 common Opbp bound regions (see Supplemen-
tary Table S2): 97% (30/31) are located in promoter regions,
while the remaining peak was in an intron. Interestingly,
75% (23/30) of Opbp bound regions are between divergent
genes in a head-to-head gene pair (P-value is 0.0001) (as
seen in the example in Figure 3A); in this arrangement, the
Opbp bound region is always located at one of the two pro-
moters, and not at equal distance between the two, suggest-
ing that Opbp specifically regulates only one the two di-
vergent genes. This systematic identification of Opbp oc-
cupancy also revealed a high number of ribosomal pro-
tein genes among Opbp targeted loci (e.g. RpL28 shown
in Figure 2A). This enrichment for ribosomal gene loci is
highly significant compared to expectations from the whole
genome (using DAVID (58), Methods, Supplementary Ta-
ble S3).
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Figure 2. Opbp binds to a restricted number of genomic loci via a specific motif. (A) Opbp binding at a representative locus showing Opbp IP signal scaled
to library size and normalized to input or mock IP (middle blue tracks, rectangles indicate MACS2 peaks at 5% IDR) together with DNase hypersensitivity
at embryonic stages 5, 9, 11 and 14 from (57) (green tracks), CP190 binding from (59) (red track), Opbp Binding Sites (violet track, Patser predictions),
Transcript models (Flybase 5.57) and heatmaps of RNA-seq embryonic time course (total RNA from modENCODE (76)) for sense (red) and antisense
(blue) strands. (B) Overlap between Opbp ChIP peaks, reported by MACS2, when contrasting Opbp IP with Mock versus input (upper Venn) at an IDR
cutoff of 5%. Overlap between Opbp and CP190 bound regions (middle Venn) and Opbp bound regions with DNAse hypersensitivity sites and Opbp
motifs. (C) Opbp motif discovered by MEME. (D) Opbp binds exclusively to regions containing its motif and in open chromatin. The quantitative ChIP
signal for Opbp (mean profiles of normalized signal) centered around the Opbp motif for bound (blue) and unbound (green) sites. DNase hypersensitivity
(embryonic stage 9, right) centered at all Opbp binding sites at Opbp-bound (blue) or unbound (green) regions. Semi-transparent ribbons around profiles
show standard errors. (E) Expression levels of the ribosomal protein genes with the Opbp-bound promoter regions at pupae 2d stage in the wt and opbp−
backgrounds. Individual transcript levels were determined by RT-qPCR with corresponding primers normalized relative to RpL32 (marked by red) for
the amount of input cDNA. Histogram shows the changes of mRNAs for tested ribosomal protein genes comparing with expression levels in the wild
type pupa (corresponding to the red line at the ‘1’ on the scale). Error bars show standard deviation of triplicate PCR measurements. (F) Comparing
binding of Opbp to the promoters of the ribosomal protein genes in the wt and opbp− (�opbp) background. Histogram shows ChIP enrichments at the
promoter regions on chromatin isolated from wild type (wt) and �opbp pupa with antibodies against Opbp and non-specific IgG. The results are presented
as a percentage of input genomic DNA. Error bars show standard deviations of triplicate PCR measurements for three independent experiments. RpL32
(marked by red) is the negative control negative controls for Opbp binding.
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Figure 3. CP190 binding is dependent on Opbp recruitment to Opbp-binding sites. Tracks for Opbp binding profiles are presented at the selected genome
regions. Histograms show ChIP enrichments for Opbp and CP190 in Opbp-binding regions on chromatin isolated from S2 cells treated with specific Opbp
(red) or CP190 (yellow) long dsRNAs (Ri) and incubated with antibodies against Opbp and CP190. WT is the mock-treated S2 cells (non-specific eGFP
dsRNA). The results are presented as a percentage of input genomic DNA. Error bars show standard deviations of triplicate PCR measurements for
three independent experiments. Below: Bar charts indicate changes in gene expression in S2 cells treated with specific dsRNA (Ri) against Opbp or CP190
coding regions according to quantitative real-time PCR with cDNAs synthesized on RNAs extracted from S2 cells after treatment with dsRNAs. Individual
transcript levels determined by quantitative PCR with corresponding primers were normalized relative to RpL32 and γ Tub37C for the amount of input
cDNA. Error bars show standard deviations of three replicas. *P-value < 0.05; **P-value < 0.01.
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Importantly, Opbp bound regions are also bound by
CP190 in vivo, using ChIP-seq data from (59): Opbp and
CP190 are co-bound at all Opbp bound regions (Figure 2B)
(P-value is 0.0001). This, combined with the direct protein–
protein interaction (Figure 1) and genetic interaction we ob-
served, strongly suggests that Opbp is required for CP190
recruitment and function at a specific sub-set of its target
genes. To directly assess this, we first examined if Opbp is
required for CP190 recruitment. Depletion of Opbp in S2
cells by RNAi (Supplementary Figure S5) lead to a signifi-
cant reduction in CP190 binding at most of the Opbp bound
regions (Figure 3, Supplementary Figure S8). The binding
of Opbp itself was also drastically reduced, as expected,
demonstrating the effectiveness of the protein depletion, al-
though we note that this was not a complete protein knock-
down (Supplementary Figure S5B). Thus, Opbp is essential
for recruiting of CP190 to these promoters. CP190 depletion
by RNAi also affected Opbp binding at three of the four an-
alyzed sites. It seems likely that interaction with CP190 in-
creases the efficiency of Opbp binding to these sites. These
results indicate that CP190 recruitment to a very specific set
of genomic regions is largely dependent on Opbp binding.

We next examined the expression of all ribosomal pro-
tein genes with Opbp occupancy in opbp− loss-of-function
mutants at the pupa stage (Figure 2E and F, Supplementary
Figures S7 and S8). In the majority of cases the Opbp bound
genes had significantly reduced expression in opbp mutants,
indicating that the occupancy is functional (Figure 2E). Im-
portantly, Opbp inactivation in S2 cells leads to approx-
imately a two-fold decrease in the expression of both the
upstream (further away from the binding) and downstream
targeted genes, suggesting an essential role in promoter ac-
tivation (Figure 3). It is also interesting to note that cp190
depletion seems to have a mixed effect on gene expression,
sometimes decreasing, sometimes increasing transcription.
This suggests that CP190 has both Opbp-dependent and in-
dependent mechanisms of action in the regulation of these
genes’ expression.

Opbp is required for the regulation of ribosomal protein gene
expression in vivo

To further confirm the functional requirement of Opbp in
the activation of ribosomal protein genes’ promoters in vivo,
within a genomic context, we examined a locus contain-
ing two divergently orientated promoters of the RplP0 and
CG7130 genes (Figure 4A). The occupied Opbp binding
sites is located at –12 bp relative to the transcription start
of RplP0 (isoform A), a ubiquitously expressed ribosomal
protein gene. The transcription start site of the weakly ex-
pressed CG7130 gene is located at –335 bp relative to the
transcription start site of RplP0. To measure the regulatory
effect of Opbp, we generated a transgenic reporter construct
where the CG7130 and RplP0 coding regions were substi-
tuted by Firefly and Renilla luciferase, respectively (Figure
4B) and the Opbp site was either present or mutated. Im-
portantly, electrophoretic mobility shift assay showed that
recombinant Opbp can bind to the ∼200 bp wild-type pro-
moter region, confirming the in vivo occupancy data, but
not to the promoter when the Opbp sites were mutated
(Supplementary Figure S9). To facilitate a direct compar-

ison of the activation of both promoters in the presence or
absence of an Opbp binding site, constructs were inserted
in the same genomic region, 86Fb, using the phiC31-based
integration system (50). Upon obtaining the homozygous
transgenic lines, the binding of both Opbp and CP190 to
the wild-type and two mutant promoters (where the Opbp
binding site was mutated) in the transgenic locus was deter-
mined by ChIP-qPCR using embryonic chromatin (Figure
4D).

In contrast, to the wild-type locus where both proteins
could bind, mutation of the Opbp binding site prevented
Opbp, and also importantly, CP190 binding to the RplP0
promoter (Figure 4D), consistent with the possibility that
CP190 recruitment is dependent on Opbp binding. To ex-
amine the transcriptional response caused by a lack of
Opbp-CP190 recruitment, we measured both luciferase ac-
tivity and transcript levels (Figure 4E and F) directed from
both promoters in the transgenic embryos. This identified a
two to three fold decrease in gene expression directed from
the RplP0 promoter in the absence of Opbp-CP190 recruit-
ment (Figure 4E and F). At the same time, CG7130 expres-
sion appears to increase in the absence of Opbp-CP190 re-
cruitment. These results are in agreement with the effect of
the opbp gene deletion in pupa (Figure 4C), and strongly
suggests that an Opbp directed CP190 complex is required
for RplP0 promoter activation in vivo.

Opbp motifs are sufficient to support distance chromatin in-
teractions to activate transcription

The C2H2-ZF protein Opbp has a similar structure to
the previously described architectural/insulator proteins
dCTCF, Su(Hw), Pita, Zw5 and ZIPIC. These proteins also
typically bind to promoter regions, like Opbp, via a sin-
gle binding site. The characteristic property of architectural
proteins is to efficiently bind to their consensus sites and
to direct specific long-distant genomic interactions and en-
hancer blocking (4,7). However, Su(Hw) (60) and dCTCF
(O.M., O.K. unpublished) proteins only display enhancer
blocking if they bind to multimerised 4–5 sites. To directly
determine if the Opbp protein can function in a similar
manner as these architectural proteins, we constructed a
synthetic DNA fragment containing six equally-oriented
consensus sites (Supplementary Figure S10).

All C2H2-ZF architectural proteins characterized to date
can support distance-dependent chromatin interactions in
the transgenic GAL4/white model system (61,62). The
model system is based on the inability of the GAL4 activa-
tor to stimulate the white promoter across the yellow gene in
the absence of an insulator mediated chromatin loop (Fig-
ure 5A, Supplementary Figure S11). Architectural proteins
generally function through protein–protein interactions di-
rected from two distally located sites, which come together
bringing the flanking DNA closer to each other while the
intervening DNA is ‘looped out’ of this conformation. The
loop formation brings the GAL4 binding sites and the pro-
moter together to facilitate GAL4-mediated white gene ac-
tivation.

To determine if Opbp can mediate such a loop, we placed
six Opbp binding sites, flanked by loxP sites, near the GAL4
binding sites and an additional six Opbp sites close to the
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Figure 4. Opbp regulates the RplP0 promoter in transgenic flies. (A) Track for Opbp binding profile is presented at the CG7130/RplP0 genome region. (B)
Scheme of transgenic constructs used to examine the role of Opbp (wt and two mutants of Opbp motifs) at the RplP0 promoter. (C) Changes of expression
levels of RplP0 and CG7130 measured by RT-qPCR with cDNAs synthesized from RNA extracted from wt and opbp− pupa. Individual transcript levels
were determined by RT-qPCR with corresponding primers normalized relative to RpL32 for the amount of input cDNA. Histogram shows the changes
of RplP0 and CG7130 relatively expression levels in wild type pupa (red line at the ‘1’ on the scale). Error bars show standard deviation of triplicate PCR
measurements. (D) Both Opbp and CP190 are recruited to the transgenic construct containing the Opbp motif. ChIP-real-time-PCR of Opbp and CP190
to the transgenic constructs; percentage of input recovery is shown. Error bars indicate standard deviations of quadruplicate PCR measurements for three
independent experiments. (E), (F) Opbp/CP190 recruitment is required for reporter expression driven by the RplP0 promoter. Histogram shows the ratio
of Renilla to Firefly luciferases in S2 cells (left) and transgenic fly lines (right) in dual-luciferase assay (E) and relative amount of luciferase mRNAs (F) in
transgenic fly lines.
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Figure 5. Opbp sites are sufficient to mediate long-distance chromatin interactions. (A) Schematic of GAL4/white transgenic model system used to examine
functional interactions between two Opbp binding sites (upper). GAL4 binding sites (indicated as G4) are at a distance of 5 kb from the white promoter.
The level of white eye colour was assessed in five independent transgenic lines for each construct, the content of which is indicated as G4(Opbpx6)Y
Opbpx6 W, etc ‘+GAL4’ indicates that eye phenotypes were examined after the induction of GAL4 expression (lower). The symbol � indicates the deletion
of corresponding element from transgenic line. In the N/T ratio, N = number of transgenic lines that acquired a new white phenotype after GAL4
induction or deletion of a DNA fragment flanked by loxP sites, T = total number of transgenic lines examined. Level of eye pigmentation was estimated
on an arbitrary nine-grade scale, from wild-type expression (R––red), BrR––brown-red, Br––brown, dOR––dark orange, Or––orange, dY––dark yellow,
Y––yellow, pY––pale yellow, W––white. (B) Electrophoretic mobility shift assay of recombinant Zinc finger domains of Opbp with a DNA fragment
containing Opbp binding sites used in the transgenic construct. Zinc finger domains of Opbp fused with MBP (7.2 ng) or alone MBP (5.2 ng) was incubated
with fluorescently labeled DNA fragments; Opbp binding sites labeled with FAM (wt) and a fragment with mutated Opbp site labeled with Cy5 (used as a
negative control). Signals were detected for FAM-labeled fragment at the Ex 500 nm/Em 535 nm and for Cy5-labeled fragment at the Ex 630 nm/Em 700
nm. Specificity of interaction was demonstrated by incubation of DNA fragments with different amount of Opbp protein presented as a series of 2-fold
dilutions. The specific Opbp bound region (indicated by arrow) decreased with decreasing Opbp protein, as seen by the decrease in FAM-signal. Note, no
binding was observed on the mutated Opbp site (Cy5 signal). (C) Opbp binding sites are sufficient to recruit both Opbp and CP190 to a transgenic loci.
Chromatin was isolated from embryos carrying the construct and treated with antibodies to Opbp and CP190. Nonspecific IgG was used as a negative
control. ChIP recovery is presented as a percentage of input DNA. The tubulin-γ 37C (tub) coding region (devoid of binding sites for the test proteins) was
used as a negative control; Mcp and Rps21 as CP190-binding regions, Rps21 as Opbp-binding region were used as positive controls. Error bars indicate
standard deviations of quadruplicate PCR measurements for three independent experiments.

white promoter (Figure 5A, Supplementary Figure S11).
The binding of Opbp to these sites was confirmed in vitro by
EMSA using recombinant Opbp protein (Figure 5B), and
importantly in vivo by ChIP-qPCR using chromatin isolated
from pupae (Figure 5C). In all five transgenic lines tested,
GAL4, under the control of the ubiquitous tubulin pro-
moter, could activate white transcription in the presence of
both clusters of Opbp motifs (Figure 5A). In contrast, dele-
tion of the distal Opbp binding site cluster, by Cre-mediated
recombination, abrogated the ability of GAL4 to activate
the white gene (Figure 5A), demonstrating that Opbp bind-
ing regions are essential to support distance interaction,
presumably by facilitating chromatin loop formation.

The requirement of both Opbp binding regions to sup-
port distant interactions suggests that homotypic Opbp
protein–protein interactions may be required, and there-
fore that Opbp protein could contain a protein homo-
dimerization domain. To examine this possibility, we tested
parts of the Opbp protein for self-interaction in the yeast

two-hybrid assay and found that a region at the N-terminus
(within amino-acids 1–297) is able to self-associated (data
not shown). The 102–174 aa region is more conserved
among Drosophilids than the N-terminal 1–102 aa region
(Figure 6A). We therefore split the N-terminus into two re-
gions (amino acids [1–117] and [114–174]), and tested their
ability to homodimer in a glutaraldehyde cross-linking as-
say that can assess specific oligomer formation in vitro (35)
(Figure 6B). Only Opbp amino-acids from [114–174] gave
a prominent cross-linked band at the approximate size ex-
pected for the dimer, while Opbp[1–117] was not able to
homo-dimerize. We also confirmed homo-dimerization of
the Opbp[1–174] fragment in the absence of Thioredoxin,
which can affect the detection of dimerization in glutaralde-
hyde cross-linking assay (Figure 6C). Taken together these
results indicate that Opbp can support distance interaction
between its binding sites, presumably with help of dimeriza-
tion domain.
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Figure 6. Opbp homo-dimerizes using a domain at its N-terminus. (A) Sequence alignment of dimerization domain of Opbp protein from different
Drosophila species. (B, C) Cross-linking of Opbp N-terminal Thioredoxin-tagged domains (B) and Opbp N-terminal (1–174 aa) domain after deletion
of TRX (C) using increasing concentrations of glutaraldehyde (GA). Protein was separated in 5–12% gradient SDS-PAGE gels and visualized with silver-
staining. Monomer is labeled by *, homodimer – by **.

Opbp binding sites have enhancer-blocking activity

Another key property of reiterated binding sites for archi-
tectural proteins is their ability to block enhancer (or si-
lencer) activity, when placed between the regulatory element
and its target promoter. To test the ability of Opbp binding
sites to block enhancer and silencer activity, we used an es-
tablished transgenic reporter assay (Figure 7A, Supplemen-
tary Figure S11) based on the yellow gene, responsible for
the dark pigmentation of the larval and adult cuticle and
its derivatives and the white gene, responsible for eye pig-
mentation. Two upstream enhancers activate yellow expres-
sion in the body cuticle and wing blades (indicated by w
and b in Figure 7A) (63). We inserted an eye enhancer for
the white gene, flanked by frt sites, in between the wing and
body enhancers at −1870 bp relative to the yellow transcrip-
tion start site, while the white gene was downstream of the
yellow gene. To test the ability of Opbp to act as an insula-
tor protein, we inserted the same DNA fragment containing
six consensus binding sites for Opbp (Opbp × 6), flanked by

loxP sites, at −893 bp between the yellow promoter and the
enhancers (Figure 7A). In all three independent transgenic
lines, flies displayed significantly reduced pigmentation of
body and wing (yellow expression) and eyes (white expres-
sion). Deletion of the eye enhancer by Flp-mediated recom-
bination further reduced eye pigmentation suggesting that
the eye enhancer was only partially blocked. While deletion
of the Opbp binding sites by Cre-recombinase restored yel-
low and white expression. Thus, Opbp binding sites are able
to partially block enhancer activity. These results are similar
to those obtained with binding sites for the known insulator
proteins Su(Hw), Pita, ZIPIC and Zw5 (24,60,61,64–66).
Opbp binding sites can therefore function like other insu-
lator elements to block enhancer activity.

Pairing between gypsy insulators flanking an enhancer
was previously shown to strongly improve enhancer block-
ing activity (67). Given this, and the homotypic Opbp
dimerization interaction observed, we assessed if pairing
of Opbp sites improves enhancer blocking activity by en-
gineering constructs where the eye enhancer was flanked
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Figure 7. Opbp binding sites mediate enhancer-blocking activity. (A) Schematic of yellow/white transgenic model system used to examine enhancer blocking
activity (upper). Downward arrows indicate target sites for Flp recombinase (frt) or Cre recombinase (loxP). The symbol � indicates the deletion of
corresponding element from transgenic line. The relative locations of the body cuticle (b) and wing blades (w) enhancers of yellow, a white gene enhancer
(e) in between and six Opbp consensus binding sites (Opbp×6) are indicated. The level of white eye colour was assessed in three independent transgenic
lines for each construct, the content of which is indicated as w(e)b(Opbpx6)YW, etc. In the N/T ratio, N = number of transgenic lines that acquired a new
white or yellow phenotype, T = total number of transgenic lines examined. Level of eye pigmentation was estimated on an arbitrary nine-grade scale, from
wild-type expression (R––red), BrR––brown-red, Br––brown, dOR––dark orange, Or––orange, dY––dark yellow, Y––yellow, pY––pale yellow, W––white.
The yellow pigmentation level in the abdominal cuticle (reflecting the activity of the body enhancer) was estimated on an arbitrary five-grade scale, with
wild-type expression and the absence of expression assigned scores 5 and 1, respectively. (B) Functional interactions between Opbp binding sites enhance
enhancer blocking enhancer activity. A cluster of Opbp binding sties (Opbp×6) placed upstream (flanked by frt sites) and downstream (flanked by loxP
sites) of the eye enhancer (e). The level of eye colour was assessed in five independent transgenic lines for each construct, the content of which is indicated
as (Opbpx6)e(Opbpx6)W etc. In the N/T ratio, N = number of transgenic lines that acquired a new white phenotype, T = total number of transgenic lines
examined. Level of eye pigmentation was estimated on a nine-grade scale, from wild-type expression (R––red), BrR––brown-red, Br––brown, dOR––dark
orange, Or––orange, dY––dark yellow, Y––yellow, pY––pale yellow, W––white.

by a pair of Opbp × 6 fragments (Figure 7B). The Opbp
× 6 fragments were flanked by either frt or loxP sites. In
all five independent transgenic lines carrying the construct
with two sets of Opbp × 6 sites (Figure 7B), flies had eye
pigmentation ranging from pale yellow to orange, indicat-
ing that the eye enhancer activity was strongly suppressed.
Deletion of the upstream Opbp sites by Flp-recombinase
partially restored eye pigmentation in all transgenic lines
(Figure 7B). However, deletion of the Opbp sites located be-
tween the enhancer and promoter by Cre-recombinase com-
pletely restored activity of the white promoter. The subse-
quent deletion of the upstream Opbp sites by Flp-mediated
recombination did not have any further affect on eye pig-
mentation. These results indicate that Opbp sites located
upstream of the eye enhancer do not influence its activity
when present alone. However, in the presence of a second
bound region, interaction between the Opbp binding sites
flanking the eye enhancer improves their insulator activity.

To examine possible barrier activity of Opbp × 6 sites we
used the 661-bp PcG-responsive element (PRE) from the
regulatory region of homeotic gene Ultrabithorax (Ubx),

which is often used in anti-silencing assays (68–70). The
PRE flanked by frt sites was inserted between the wing
and body enhancers at −1870 bp relative to the yellow
transcription start site (Supplementary Figure S12). The
tested DNA fragments contained the Opbp sites, flanked by
loxP sites, was inserted at −893 bp between the yellow pro-
moter and the regulatory region including PRE and the en-
hancers (Supplementary Figure S12). Previously, we found
that CTCF or Su(Hw) binding sites protected yellow expres-
sion from PRE-mediated silencing in the same transgenic
assay (71,72). In contrast, the percentage of flies displaying
yellow bristle pigmentation did not change after deletion of
the Opbp sites in all fifteen transgenic lines (Supplementary
Figure S12), while deletion of the PRE did restore yellow
pigmentation. Thus, Opbp sites are not sufficient to protect
from PRE-mediated silencing, at least in the context of yel-
low expression in this transgenic model system, while it is
sufficient for enhancer blocking activity.
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DISCUSSION

Here we identify a new architectural protein, Opbp, with
a very restricted, yet essential role in genome regulation.
Opbp contains a cluster of five DNA-binding C2H2 zinc-
fingers (C2H2-ZF), which allows it to bind with very high
specificity to a long consensus sequence. In contrast to other
architectural proteins, which bind to thousands of sites
throughout the genome, Opbp binds to fewer than 50 sites
genome-wide. These sites are generally found close to diver-
gent promoters, often in the vicinity of highly transcribed ri-
bosomal protein genes. Although very unusual, this type of
very restricted occupancy is not unprecedented. Chromatin
immunoprecipitation using an antibody directed against the
histone modification H2AQ105me identified a single site
throughout the entire genome (73). In the case of Opbp,
its very restrictive binding is essential for ribosomal protein
genes expression, both in vivo and in vitro. Moreover, Opbp
function is essential for Drosophila viability, speaking to its
general importance in this fundamental biological process.
Interestingly, the one site targeted by the histone modifica-
tion H2AQ105me was a ribosomal locus, the 35S rDNA ar-
ray (73), suggesting that perhaps ribosomal genes require a
specific chromatin architecture to facilitate transcription.

Opbp both physically and genetically interacts with
CP190, a protein known to interact at promoters with
several architectural proteins containing arrays of C2H2
zinc-fingers (14,26,28,30,38). In these contexts, CP190 is
thought to act as a cofactor, being recruited to DNA in-
directly via its interactions with C2H2 partner proteins. In
the case of Opbp, here we show that CP190 co-binds with
Opbp to endogenous sites, as well as to Opbp transgenic
sites in model constructs, indicating that this Opbp par-
ticipates in targeting CP190 to chromatin. Moreover, our
studies in S2 cells and in transgenic reporter assays demon-
strate that CP190 binding depends on the presence of Opbp.
Opbp interacts directly with CP190, as demonstrated by
co-immunoprecipitation, yeast two-hybrid analysis and by
pull-down experiments in vitro. Protein interaction requires
the D domain of CP190 to bind the N-terminus of Opbp.
The same domain and adjacent M domain of CP190 are in-
volved in interaction with ZIPIC (14). The BTB domain of
CP190 is required for interactions with other insulator pro-
teins, like Pita and dCTCF (14,38). Therefore, at least three
different domains of CP190 are involved in interactions
with DNA-binding proteins. CP190 may therefore function
to facilitate distance interactions (34,40) by using its do-
mains to bridge genomic regions bound by different tran-
scription factors located at a distance.

Opbp is recruited to highly specific sites in a restricted
set of promoters, where it is required for their expression
through the organization of open transcriptionally active
chromatin. As mentioned above, in many cases Opbp binds
near TSS of ribosomal protein genes. Interestingly, strongly
expressed ribosomal promoters are usually located in close
vicinity (200–300 bp) to promoters that drive relatively
weak transcription in the opposite direction to the ribo-
somal protein genes. Inactivation of Opbp can affect tran-
scription of the weak promoters in opposite ways. The strik-
ing example is the CG7130 gene, whose promoter is diver-
gent with the promoter of the RpLP0 gene. Inactivation of

Opbp led to opposite outcomes for CG7130 transcription in
flies (two-fold increase) and S2 cells (2-fold decrease). Thus,
it seems likely that Opbp only indirectly influences tran-
scription of the weak divergent promoters that are located
in the vicinity of promoters of ribosomal protein genes.

With the exception of Su(Hw), most known architectural
proteins (dCTCF, ZIPIC, ZW5 and Pita) with C2H2-ZF
domains are generally associated with active promoters (11–
14). It seems therefore very likely that architectural proteins
organize chromatin architecture at promoter regions to fa-
cilitate the recruitment of other transcription factors and to
organize enhancer–promoter interactions (74). Inactivation
of the Opbp binding site in the RplPO promoter only par-
tially reduced transcription suggesting that additional ar-
chitectural proteins are required for the architecture of this
promoter. It seems likely that several architectural proteins
can bind to regulatory elements cooperatively and facilitate
binding of other transcription factors like CP190. In turn,
CP190 participates in recruiting transcriptional complexes
like NURF, dREAM and SAGA that are critical for pro-
moter stimulation (9,25,39,44–46).

Our results demonstrate that Opbp displays all of the
characteristics of an architectural/insulator protein. The
multimerized binding sites for the architectural protein Pita,
ZIPIC, Su(Hw) and CTCF form functional insulator-like
elements that support distance interactions and display en-
hancer blocking activity (7,14,60,61). The binding sites for
Opbp have enhancer blocking activity in established trans-
genic model systems that have been used for other well char-
acterized insulator proteins. We also showed that interac-
tion between two Opbp binding regions can improve en-
hancer blocking activity for the strong eye enhancer located
between them. Previously, we found that enhancer block-
ing activity (using the eye enhancer) by the best studied
gypsy insulator consisting of twelve Su(Hw) binding sites
is strongly improved by a chromatin loop that physically in-
terferes with the ability of the protein complexes bound to
the eye enhancer and promoter to interact with each other
(67). Here, we observed a similar effect for the Opbp bind-
ing sites: enhancer blocking was improved when two sets of
Opbp binding sites flanked the eye enhancer (Figure 7B).
Thus, interaction between Opbp proteins can form a chro-
matin loop domain that blocks an enhancer–promoter in-
teraction. As previously shown for the C2H2-ZF architec-
tural proteins (61), Opbp binding sites can support ‘long’
distance interactions in transgenic model system. The dis-
tance interactions might be organized by a dimerization do-
main located at the N-terminus of Opbp and by CP190, that
according to a recent model is a key organizer of distance
interactions in Drosophila (34,40).

In contrast to dCTCF, Su(Hw), Pita and ZIPIC
(14,71,72,75), the Opbp binding sites did not protect re-
porter expression from PRE-mediated silencing. The highly
conserved ENY2 protein is required for this barrier activ-
ity, by interaction with the C2H2-ZF domains of Su(Hw)
and dCTCF (71,72). Interestingly, Opbp does not interact
with ENY2 (O.M., unpublished results), providing a plau-
sible explanation for why it does not block PRE-mediated
silencing activity. In addition, as ribosomal protein genes
are ubiquitously and highly expressed, it is also conceivable
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that Polycomb-mediated repression is never required at loci
where Opbp functions.

In vitro genome-wide studies identified enhancer-core-
promoter specificity that separates developmental and
housekeeping genes (43). The housekeeping (hk) promot-
ers extensively interact with hk enhancers and each other
(18). These findings suggest that special architectural pro-
teins are involved in the organization of hk promoters that
may facilitate the recruitment of hk-specific transcription
factors and the organization of specific enhancer–promoter
and promoter-promoter chromatin topologies. We specu-
late that Opbp belongs to this class of architectural proteins
to facilitate specific distance interactions between hk regu-
latory elements. Further study is required to elucidate the
mechanisms of how Opbp fulfills architectural functions in
the organization of hk promoters.
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