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Introduction

Eukaryotic genomes are organized into functional units con-
taining individual genes together with the corresponding regula-
tory elements, clusters of co-expressed genes, or group of genes 
that share regulatory elements.1-3 The current model suggests 
that these functional units need to be isolated from each other 
in order to prevent illegitimate interactions of enhancers with 
inappropriate promoters. This is apparently achieved due to a 
special class of regulatory elements, known as insulators, which 
can block enhancer–promoter communication.4-12 The ability of 
insulators to disrupt the communication between an enhancer 
and a promoter when inserted between them has allowed their 
identification in the Drosophila and vertebrate genomes.13-19 In 
addition, a number of insulators display barrier activity and can 
block the spreading of heterochromatization and consequent 
gene silencing.6,9,12,20,21

Both activities of insulators are required for blocking the 
repressive effect of Polycomb response elements (PREs).22-25 PREs 
are bound by proteins of the Polycomb group (PcG), inducing 
silencing of both endogenous target genes and reporter genes.26 It 
appears that PREs can interact with promoters and enhancers by 
looping out the intervening sequences.27-29 PREs also participate 
in the formation of transcriptionally inactive chromatin domains 
enriched in H3K27me3 modification.26,30 Loci repressed by PcG 
proteins are embedded in broad H3K27me3 domains that are 
regulated by PREs bound by two main multiprotein PcG com-
plexes: the Polycomb repressive complex 1 (PRC1) and the E(Z) 
complex (PRC2).29-31 The canonical PRC2 complex has histone 

H3 lysine 27 methyltransferase activity and is responsible for 
di- and tri-methylation of H3K27. PRC1 contains the Pc pro-
tein, whose chromodomain preferentially binds histone H3 with 
di- or tri-methylated lysine 27, and the dRing module that ubiq-
uitinates H2A at lysine 119. These properties of the PcG com-
plexes have given rise to the model that H3K27 trimethylation 
by PRC2 leads to the spreading of PRC1 complex that maintains 
the transcriptionally repressed state of chromatin by ubiquitinat-
ing histone H2AK119. In accordance with the ability of insula-
tor proteins to be a barrier for repression, they have been fre-
quently found at the boundaries of domains with the repressive 
H3K27me3 mark.32-35

One of the best model systems for studying the role of insula-
tors in gene regulation is the regulatory region of the homeotic 
Abdominal-B (Abd-B) gene of the bithorax complex.36,37 The large 
cis-regulatory region of the bithorax complex (BX-C) is divided 
into nine parasegment-specific chromatin domains that control 
the expression of the three homeotic genes, Ultrabithorax (Ubx), 
Abdominal-A (Abd-A), and Abdominal-B (Abd-B).38 These genes 
are responsible for specifying the identity of parasegments 5 to 
14 (PS5-PS14), which form the posterior half of the thorax and 
all abdominal segments of an adult fly.39,40 The 300-kb regula-
tory region can be divided into nine discrete segment-specific iab 
domains, which are aligned on the chromosome in the same order 
as the body segments in which they operate. Each iab domain 
appears to contain at least one enhancer that initiates Abd-A or 
Abd-B expression in the early embryo, as well as a PRE silencer 
element that maintains the expression pattern throughout develop-
ment.40-48 A specific class of boundary elements, or insulators, are 
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chromatin insulators affect interactions between promoters and enhancers/silencers and function as barriers for 
the spreading of repressive chromatin. Drosophila insulator protein dcTcF marks active promoters and boundaries of 
many histone h3K27 trimethylation domains associated with repressed chromatin. In particular, dcTcF binds to such 
boundaries between the parasegment-specific regulatory domains of the Bithorax complex. here we demonstrate 
that the evolutionarily conserved protein eNY2 is recruited to the zinc-finger domain of dcTcF and is required for the 
barrier activity of dcTcF-dependent insulators in transgenic lines. Inactivation of eNY2 by RNai in BG3 cells leads to the 
spreading of h3K27 trimethylation and Pc protein at several dcTcF boundaries. The results suggest that evolutionarily 
conserved eNY2 is responsible for barrier activity mediated by the dcTcF protein.
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proposed to exist between the iab domains to allow their autonomy 
in properly specifying segmental identity.16,40,41,45 Insulators named 
Miscadastral (Mcp), Frontadominal-6 (Fab-6), Frontadominal-7 
(Fab-7), and Frontadominal-8 (Fab-8), have been functionally 
identified by deletion analysis within the bithorax complex and in 
experiments with transgenic enhancer-blocking assay.16,41,45,49-56

Binding sites for dCTCF, the Drosophila homolog of verte-
brate insulator protein CTCF, have been identified in the bitho-
rax complex56-59 as well as in the Mcp, Fab-6 and Fab-8 insula-
tors.56,57,59 It has been suggested that dCTCF is the key protein 
involved in organization of chromatin domains in the bithorax 
complex.57,58 Domains enriched in the H3K27me3 mark are fre-
quently bordered by dCTCF.33,35

In this study, we have found that dCTCF interacts with the 
ENY2/Sus1 protein in vivo and in vitro. ENY2 is a small (101 
amino acids) evolutionarily conserved and ubiquitously expressed 
protein that was first found in Drosophila and shown to be chro-
matin-associated and capable of co-activating transcription on a 
chromatin template in vitro.37,60,61 ENY2 homologs have subse-
quently been identified in different organisms as components of 
SAGA, TREX-2, and THO complexes.62-66

The ENY2 protein was also described as the component of 
Su(Hw)-dependent insulators that is required for their barrier 
activity.23 The results presented here show that dCTCF recruits 

ENY2 to chromatin and that ENY2 interferes with the spreading 
of repressive H3K27me3 histone mark at most of tested dCTCF 
binding sites. ENY2 is essential for dCTCF-mediated blocking 
of repression in transgenic constructs containing PRE. Thus, 
ENY2 is a common co-factor for at least two different Drosophila 
insulator proteins.

Results

ENY2 interacts with zinc finger domain of dCTCF in 
Drosophila

To test whether dCTCF can interact with ENY2, as does 
Su(Hw),23 we used the yeast two-hybrid assay (Y2H). dCTCF 
has 11 zinc fingers (aa 287 to 610) that share strong homology 
with the similar domain of mammalian CTCF (Fig. 1A).

Different dCTCF fragments were individually fused to the 
GAL4 activating domain and assayed for the interaction with 
ENY2 fused to GAL4 DNA-binding domain (Fig. 1A). As 
a result, we found that the zinc finger domain of dCTCF was 
essential for the interaction with ENY2.

To confirm the results obtained in Y2H assay, we checked 
whether dCTCF and ENY2 are physically associated in vivo by 
co-immunoprecipitation of the nuclear extract from Drosophila 
S2 cells. Anti-dCTCF antibodies proved to co-precipitate part 
of ENY2, and vice versa (Fig. 1B), indicating that dCTCF and 
ENY2 interact in vivo.

To further confirm the interaction between dCTCF and 
ENY2, we used an alternative method, MBP pull-down assay 
with bacterially expressed proteins. Different parts of dCTCF 
were fused to MBP, the fusion protein was immobilized on amy-
lose resin beads, and then recombinant His-tagged ENY2 was 
incubated with the beads. However, no consistent interaction was 
observed between ENY2 and dCTCF–MBP (data not shown). 
Since this contradicted the results of our Y2H and co-IP experi-
ments, we considered that bacterially expressed ENY2 failed to 
interact with dCTCF in the pull-down assay.

Careful examination of X-ray structures (Fig. S1A) of the 
yeast homolog of ENY2, named Sus1,67-70 suggested that it could 
form homodimers in solution. Molecular docking of two Sus1 
molecules (Fig. S1B) also revealed a probable dimerization inter-
face within the inner cleft of the molecule, which is essential for 
interactions between Sus1 and its partners, Sgf11 (Fig. S1A) or 
Sac3 protein.67,68 This interface is preferable in molecular dock-
ing with zinc fingers of CTCF (Fig. S1C). Therefore, dimeriza-
tion may block this interface, thereby preventing the interaction 
of ENY2 with other proteins (Fig. S1B).

Using crosslinking with glutaraldehyde, we confirmed the 
presence of ENY2 dimers in solution (Fig. 2A). In this experi-
ment, we used GST as a positive control for dimerization and 
thioredoxin as a monomer molecule. In the yeast two-hybrid 
assay, we detected no signs of dimerization between full-length 
ENY2 molecules, probably because of some steric problems. At 
the same time, the ENY2 protein displayed the ability to interact 
with its parts (Fig. 2B).

Figure  1. Interaction of dcTcF and eNY2 proteins. (A) eNY2 interacts 
with zinc-finger domain of dcTcF in the yeast two-hybrid assay. The 
scheme shows the structure of the full-length dcTcF protein and the 
polypeptides tested. The plus and minus signs indicate relatively strong 
interaction and the absence of interaction, respectively. Different frag-
ments of dcTcF were individually fused to the c terminus of the GaL4 
activating domain and analyzed for the interaction with e(y)2 fused to 
the DNa-binding domain of GaL4. all dcTcF fragments were tested 
for the absence of interaction with GaL4. (B) co-immunoprecipitation 
of dcTcF and eNY2 proteins from s2 cell extract. The immunoprecipi-
tated complexes were washed with 300 mM, 500 mM and 150 mM Nacl-
containing buffers before resolving them by sDs-PaGe for western blot 
analysis with the indicated antibodies.
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Thus, it was dimerization 
of ENY2 that could suppress 
its interaction with dCTCF in 
vitro. To overcome this obsta-
cle, we used compatible vectors 
that allowed co-expression of 
dCTCF287–610 zinc-finger domain 
and ENY2 protein in bacteria. 
Pull-down assays from bacte-
rial lysates (Fig. 2C) revealed a 
strong, specific interaction of 
ENY2 with the dCTCF fragment 
containing zinc fingers 7–11 but 
not 1–6, and no interaction with 
unrelated zinc fingers of Zw5 
used as negative control. Taken 
together, these results suggest 
that ENY2 efficiently interacts 
with zinc fingers in vivo and in vitro.

Genetic interactions demonstrate functional cooperation 
between ENY2 and dCTCF

To assess the functional role of association between dCTCF 
and ENY2 in gene regulation, we studied the interaction between 
mutations in the dCTCF and e(y)2 genes. The GE24185 mutation 

leads to strong inactivation of the dCTCF gene.58 Flies homozy-
gous for the GE24185 mutation showed a highly penetrant mild 
held-out wing phenotype and lethality of embryos derived from 
F2 females homozygous for the GE24185 mutation (Fig. S2A). 
A weak e(y)2u1 mutation was generated by inserting the Stalker 
mobile element in the promoter-proximal region of the gene, 

Figure  2. Tests for the interaction 
between eNY2 and dcTcF in vitro. 
(A) cross-linking of eNY2 by incuba-
tion with increasing concentration 
of glutaraldehyde (Ga). Proteins 
were separated in 5–12% gradient 
polyacrylamide gels and visualized 
by silver staining (for experimental 
details, see Materials and Methods). 
GsT was used as a positive control 
of dimerization. Thioredoxin used 
as a negative control is shown pre-
sented as a monomer molecule. 
(B)  eNY2 interacts with parts of 
eNY2 in the yeast two-hybrid assay. 
(C) eNY2 interacts with zinc fingers 
7–11 of dcTcF in co-expression 
assay. Indicated MBP-fused zinc-
finger domains were co-expressed 
with 6 × his-eNY2. The results of 6 
× his (stained with coomassie) and 
MBP (stained with coomassie/anti-
eNY2 antibodies) pull-down assays 
are shown. “Input” refers to bac-
terial lysate. For sgf11–eNY2, the 
results of GsT and 6 × his pull down 
assays stained with coomassie are 
shown. arrows indicate positions 
of MBP-fused zinc fingers of dcTcF 
or Zw5, GsT-fused N-terminus of 
sgf11, and 6 × his-eNY2. The zinc-
finger domain of Zw5 protein (neg-
ative control) displayed no direct 
interaction with eNY2. The sgf11 
protein (positive control) interacted 
with eNY2.
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which reduced the mRNA content to one-third of normal.60,61 
The e(y)2u1 mutation has diverse weak effects on fly morphology 
(Fig. S2A), which are manifested in a short stocky body, abnor-
mal morphology of tergites 9 and 10, separated wings, eyes with 
altered facets, and low fertility.60 The phenotypic expression of 
the e(y)2u1 mutation at 18°C is very weak, but it becomes much 
stronger after the flies are transferred to 25 °C . We compared the 
amounts of e(y)2 transcripts in 2- to 3-d-old e(y)2u1 and e(y)2+ 
males at 18 °C and 25 °C using RT-PCR. The results showed that 
the amounts of these transcripts in both mutant and wild-type 
flies were approximately the same at 18 °C, but the transcription 
level in e(y)2u1 mutants dropped at 25 °C (Fig. S2B).

While e(y)2u1 and GE24185/GE24185 (F1) males showed only 
a moderate decrease in viability, males with the combination 
of mutations e(y)2u1/Y; GE24185/GE24185 or even e(y)2u1/Y; 
GE24185/TM6,Tb failed to survive at 25 °C, which was indica-
tive of a functional interaction between proteins encoded by 
these genes.

Testing the role of ENY2 in the barrier activity of dCTCF-
dependent insulators

Recent studies suggest multiple functions for insulator proteins 
in organizing boundaries between active and repressed chroma-
tin.33,35 In BG3 cells, 54% of domain boundaries between active 
and repressive histone marks coincide with robust insulator pro-
tein binding sites.35 However, dCTCF knockdown in BG3 cells 
has shown that the insulator protein is required for the forma-
tion of boundaries of about 15–20 H3K27me3 domains.35 Using 
these results, we selected nine dCTCF-dependent boundaries to 
test the role of dCTCF in recruiting ENY2 and organizing the 
functional barrier (Fig. S3). In one case, two dCTCF-dependent 
boundaries (57B4 and 57B4R) flanked the H3K27me3 domain. 
Inactivation of dCTCF resulted in H3K27me3 spreading only at 
57B4, suggesting that additional proteins are responsible for the 
barrier activity at 57B4R.

We tested for interdependence of dCTCF and ENY2 bind-
ing to selected boundaries and the Fab-8 region in BG3 cells. 
ENY2 was found to strongly bind to six sites and Fab-8, and 
weakly bind to three sites (Fig. 3). Next, we induced knockdown 
of ENY2 or dCTCF (Fig. S4). The results showed that inactiva-
tion of ENY2 had no effect on dCTCF binding, whereas knock-
down of dCTCF strongly reduced ENY2 binding at all “strong” 
sites, confirming the role of dCTCF in recruiting of ENY2 to 
chromatin (Fig. 3).

We also examined binding of the Polycomb (Pc) protein to 
selected sites (Fig. 3; Fig. S5). Only Fab-8, 14B5, 59F5 boundar-
ies and 57B4–57B4R domain were significantly enriched with 
Pc. Inactivation of either dCTCF or ENY2 resulted in consider-
able enhancement of Pc binding to 14B5 and 57B4 regions. Once 
again, inactivation of either dCTCF or ENY2 promoted Pc bind-
ing to 14B5 and 57B4 but not to 57B4R.

To further test whether dCTCF and ENY2 are involved in 
the function of boundary between active and repressed chro-
matin, we examined seven sites strongly enriched with dCTCF 
and ENY2 for the distribution of chromatin marks (H3K27me3 
and H3K27ac) inside (in), at the boundary (cts), and outside 
(out) of repressed domains (Fig. 3). As a result, we found that 

inactivation of either dCTCF or ENY2 did not affect H3K27ac 
modification of histones (Fig. S5); at the same time, inactivation 
of either protein caused a strong increase in the H3K27me3 mark 
at all tested regions except 57B4R. Taken together, these results 
suggest that ENY2 is required for the barrier activity mediated 
by the dCTCF protein, but the activity of ENY2 and dCTCF 
at certain boundaries, such as 57B4R, appears to be redundant.

ENY2 is essential for the barrier activity of dCTCF-depen-
dent Mcp and Fab-8 insulators in transgenic flies

To test the role of ENY2 in the barrier activity of dCTCF-
dependent insulators Mcp and Fab-8, we used the yellow regula-
tory system as a model. The yellow gene is required for dark pig-
mentation of larval and adult cuticle and bristles. The enhancer 
driving yellow expression in bristles is located in the intron.71 In 
this modeļ  we used the 660-bp PRE from the bxd region of the 
Ultrabithorax gene.22,25,72

In the (PRE)(M)YW and (PRE)(F8)YW constructs, PRE 
was inserted at –1603 relative to the yellow transcription start site, 
and either 340-bp Mcp (M) or 550-bp Fab-8 (F8) insulator was 
inserted at –893 between PRE and the yellow promoter (Fig. 4). 
The insulator and PRE were flanked by lox and frt sites, respec-
tively. This allowed us to compare the effects of the absence or 
presence of either the PRE or the insulator at a given transgene 
insertion site (elements that could be excised are parenthesized in 
all constructs).

Thus, we obtained five (PRE)(M)YW and four (PRE)(F8)
YW independent transgenic lines in which PRE completely 
repressed yellow expression in bristles when the insulator was 
deleted (Fig. 4A). In most of transgenic lines, the Mcp and Fab-8 
insulators completely prevented gene repression by PRE. At the 
same time, transgenic lines with the e(y)2u1 mutation demon-
strated almost complete repression of bristle pigmentation, as 
after the deletion of the corresponding insulator at this position. 
When PRE was deleted, the e(y)2u1 mutation did not affect yellow 
pigmentation. These results support the role of ENY2 in barrier 
activity mediated by Fab-8 and Mcp insulators.

Two representative lines with either Mcp or Fab-8 insulator 
were analyzed in more detail. ChIP experiments were performed 
in 2- to 3-d pupae, because adult bristle pigmentation required 
yellow expression during the second stage of pupation. Strong 
dCTCF and ENY2 binding to the insulator regions was observed 
in both transgenic lines (Fig. 5A). The Pc protein showed strong 
binding to PRE and its flanking region (including insulator) from 
the proximal to PRE side, while the yellow promoter region was 
free of Pc. Deletion of the insulator resulted in complete elimina-
tion of the ENY2 and dCTCF proteins, while the amount of the 
Pc protein was increased (Fig. 5B).

To test the role of dCTCF binding sites in the barrier activ-
ity of the insulators, we used previously described Mcp and 
Fab-8 insulators with the mutated binding sites for dCTCF.73 
We made a similar construct with the mutated Mcp (Mm) and 
Fab-8 (F8m) insulators and obtained a total of 12 transgenic lines 
with both mutations (Fig. 4B). In all these lines, the mutated 
insulators failed to protect yellow expression from PRE-mediated 
repression. The dCTCF and ENY2 proteins failed to bind to the 
mutant insulators in pupae (Fig. S6), and the mutant insulators 
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did not block the spreading of Pc. This is addi-
tional evidence that dCTCF binding sites are 
essential for the barrier activity of the Mcp and 
Fab-8 insulators.

Discussion

One of predicted activities of boundaries in 
the regulatory regions of the bithorax complex is 
to restrict PcG-mediated repression.36,38 Here we 
have found that ENY2 interacts with dCTCF and 
is required for blocking PRE-mediated repression 
by the Fab-8 and Mcp boundaries in transgenic 
lines. Thus, our results confirm that dCTCF-
dependent insulators can protect gene expression 
from PcG repression and that the recruitment of 
ENY2 by dCTCF is essential for this process.

We have previously found that ENY2 
directly interacts with several C

2
H

2
 zinc fingers 

of Su(Hw) and colocalizes with many Su(Hw) 
binding sites.23 In transgenic lines, partial ENY2 
inactivation in the e(y)2u1 mutation affect only 
the barrier activity of Su(Hw) in protecting 
the yellow reporter from PcG repression. Thus, 
ENY2 binds to zinc fingers of two different insu-
lator proteins, suggesting that ENY2 recruitment 
by C

2
H

2
 zinc fingers might be a general mecha-

nism for restricting PcG silencing.
As recently shown in several independent 

studies, domains enriched with the H3K27me3 
mark are bordered by actively transcribed genes 
or insulators.33,35 Recognition of histone H3 by 
the PRC2 complex is suppressed by H3K4me3 
and H3K36me2/3 histone marks that are 

Figure  3. dcTcF and eNY2 determine some bound-
aries of h3K27me3 domains in BG3 cells. histograms 
show the results of chIP for the relative amounts 
of dcTcF or eNY2 or Pc or h3K27me3 in previously 
defined dcTcF binding regions on chromatin isolated 
from BG3 cells treated with specific dsRNa from dCTCF 
(dcTcF_Ri) or e(y)2 (eNY2_Ri) coding regions and incu-
bated with corresponding antibodies. “c” is a mock 
RNai control obtained with BG3 cells treated with GFP 
dsRNa. The bxd region (PRe) of bithorax complex25 
was used as dcTcF/eNY2-independent region of Pc 
binding. error bars show standard deviations of tripli-
cate PcR measurements. The results are presented as 
a percentage of input DNa. The results for chIP with 
histone modifications are presented as a percentage 
of input DNa normalized relative to the amount of the 
h3 histone at the tested regions. To test for relative 
amount of h3K27me3, we used the pairs of primers 
inside (in), at the boundary (cts), and outside (out) of 
the h3K27me3 domains. The distribution of dcTcF 
and h3K27me3 is shown at the bottom. Relative loca-
tions of primers (in, cts, out) for chIP on the cytologi-
cal map are indicated in Figure S3.
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associated with active transcription.74 The insulator pro-
teins are dispensable for the maintenance of boundar-
ies formed by actively transcribed genes.35 At the same 
time, the barrier activity of insulator proteins is partially 
redundant when domain boundaries contain insulator 
protein binding sites but not active genes. Here we have 
found that dCTCF-dependent boundaries in BG3 cells 
are also dependent on the recruitment of ENY2. The 
redundant activity of dCTCF might be explained by the 
ability of other, unknown zinc-finger proteins to bind 
to the boundaries of H3K27me3 domains and recruit 
ENY2.

In conclusion, our current and previous results23 show 
that ENY2 is responsible for the barrier activity of the 
best studied Drosophila insulators, Su(Hw) and dCTCF, 
and suggest that ENY2 may mediate the barrier activity 
of other zinc-finger proteins.

Materials and Methods

Protein expression and purification
Recombinant protein was expressed in E. coli BL21 

cells and purified using standard procedures. Full-
length ENY2-coding region was cloned in the modified 
(without thioredoxin, which was digested with NdeI) 
pET32a(+) vector in frame with 6 × His tag. Recom-
binant protein was expressed in E. coli BL21 cells and 
purified using standard procedures. Briefly, the cells 
expressing ENY2 were disrupted by sonication in buf-
fer A (40 mM HEPES-KOH, pH 7.7; 400 mM NaCl, 
5 mM β-mercaptoethanol, 20 mM imidazole, 1 mM 
PMSF, 1:1000 Complete Protease Inhibitor Cocktail 
VII (Calbiochem catalog # 539138)). The lysate was 
cleared by centrifugation and applied onto a Ni-NTA 
column. After washing, the bound proteins were eluted 
with buffer A containing 300 mM imidazole and dia-
lyzed against appropriate buffer.

Chemical crosslinking was performed for 10 min at 
room temperature in buffer containing 20 mM HEPES-
KOH, pH 7.7; 150 mM NaCl, 20 mM imidazole, 1 mM 
β-mercaptoethanol. Crosslinking was quenched with 
50 mM glycine and samples were resolved using SDS-
PAGE followed by silver staining.

Pull-down assays
For pull-down assays, we performed co-expression of 

full-length ENY2 protein fused with 6 × His and zinc-
finger domains of dCTCF protein fused with MBP in 
E. coli BL21 cells. ENY2-coding region fused with 6 × 
His tag was cloned into the vector derived from pACYC 
and pET28a(+) (Novagen) bearing p15A replication ori-
gin, Kanamycin-resistance gene and pET28a(+) MCS. 
cDNAs coding “zinc-finger” domains were cloned in 
the vector pMAL-C5X (New England Biolabs) in frame 
with MBP: 286–462 aa (1–6 ZFs) and 460–631 aa 
(7–11 ZFs) from dCTCF protein and 188–591 aa from 

Figure 4. eNY2 is essential for the barrier activity of dcTcF-dependent insulators 
Fab-8 and Mcp in transgenic lines. (A) The Fab-8 and Mcp insulators are indicated 
by gray rectangle. In schemes of the constructs (drawn not to scale), the yellow 
coding region and the white gene (marker) are shown as white rectangles. The 
yellow coding region is separated by the intron. arrows indicate the direction of 
yellow and white transcription. The enhancer controlling yellow expression in bris-
tles is represented by white oval. The 660-bp PRe is indicated by black pentagon. 
Downward arrows mark the lox and frt sites. In construct names, the correspond-
ing excisable element is parenthesized. ey is the abbreviation for “enhancers of 
yellow gene.” The yellow expression in bristles is shown in the selected transgenic 
lines before and after deletion of either the insulator or PRe in the e(y)2u1 back-
ground. The degree of yellow expression in bristles of the thorax and head was 
scored using a five-point scale: (1) loss of pigmentation, (ev) extreme variegation, 
(mv) moderate variegation, (wv) weak variegation, and (5) wild-type pigmentation 
(for details, see the text). The “degree” column shows the numbers of transgenic 
lines with different bristle pigmentation levels. N is the number of lines in which 
flies acquired a new yellow phenotype relative to the initial lines. T is the total num-
ber of lines examined for each particular construct. (B) The Fab-8 and Mcp insula-
tors with mutated dcTcF binding sites shown as white rectangles.
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Zw5 protein. BL21 cells were grown in LB medium at 37 °C to 
an A

600
 of 1.0 and then induced with 1 mM IPTG at 18 °C over-

night. Before induction, ZnCl
2
 was added to a final concentra-

tion of 200 μM. MBP pull-down was performed with Amylose 
resin (New England Biolabs) in buffer B (20 mM HEPES-KOH, 
pH 7.7; 150 mM NaCl, 10mM MgCl

2
, 0.1 mM ZnCl

2
, 0.1% 

NP40, 10% (w/w) glycerol). Cells were disrupted by sonication, 
centrifuged, and applied onto the resin for 10 min at room tem-
perature. After binding, the resin was washed four times with 
buffer B containing 500 mM NaCl and eluted with buffer 20 
mM HEPES-KOH, pH 7.7; 200 mM NaCl, 10 mM maltose, 10 

mM MgCl
2
, 0.1 mM ZnCl

2
 for 15 min. The mixture was then 

centrifuged at 2000 rpm for 1 min, and the supernatant was ana-
lyzed by SDS-PAGE with Coomassie staining.

Molecular docking
Structural data were taken from 3FWB, 4DHX and 

3KIK pdb data files. Molecular docking was performed using 
ZDOCK75 with an angular step size of 6, estimating the electro-
static and desolvatation energy. The generated protein poses were 
re-ranked with ZRANK.76 One hundred top-scored structures 
were analyzed manually, and more than 70% of protein poses 
demonstrated the formation of an intertwined dimer with the 

Figure 5. dcTcF-dependent Mcp and Fab-8 insulators block the spreading of Pc. (A) Binding of dcTcF, eNY2, and Pc to the constructs from homozygous 
transgenic lines. The scale bar shows distances in kilobases. (B) Binding of the same proteins to the construct from the derivative homozygous line 
obtained by deletion of the Mcp insulator. Protein binding to the constructs from homozygous lines was analyzed by chIP followed by real-time PcR 
quantification. each chIP experiment with 2- to 3-d pupae was performed in at least two independent replications. The results of chIP are presented as 
a percentage of input DNa normalized relative to the endogenous positive binding site for dcTcF and eNY2 proteins from the cG1354 region and for 
Pc protein from the endogenous region PRe of the Ubx gene. error bars show standard deviations of triplicate PcR measurements. c1–c7 are regions 
flanked by primers for chIP analysis. Other designations are as in Figure 4.
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involvement of Sus1 inner cleft and one of its α-helices. Protein 
structural alignment and homology model building were per-
formed with MODELER.77

S2 cell nuclear lysate preparation and immunoprecipitation
An aliquot of 1 × 108 S2 cells was washed twice in 10 mL of 

ice-cold PBS, resuspended in 10 mL of ice-cold IP-Sucrose buf-
fer (10 mM Tris, pH 7.5; 10 mM NaCl, 10 mM MgCl2, 1 mM 
EDTA, 1 mM EGTA, 1 mM DTT, 250 mM sucrose, 0.5 mM 
PMSF) with Complete (EDTA-free) Protease Inhibitor Cocktail 
V (Calbiochem catalog # 539137), incubated on ice for 10 min, 
and homogenized with a Dounce loose pestle (20 strokes). The 
nuclei were then pelleted by centrifugation at 3000 g, 4°C for 10 
min. The pellet was resuspended in 500 mL of ice-cold IP-10 buf-
fer (10 mM Tris, pH 7.5; 10 mM NaCl, 10 mM MgCl2, 1 mM 
EDTA, 1 mM EGTA, 1 mM DTT, 0.1% NP-40, 10% glycerol, 
0.5 mM PMSF, and Complete Protease Inhibitor Cocktail V), 
homogenized with a Dounce tight pestle (20 strokes), and mixed 
with an equal volume of IP-850 buffer (10 mM Tris, pH 7.5, 850 
mM NaCl, 10 mM MgCl2, 1 mM EDTA, 1 mM EGTA, 1 mM 
DTT, 0.1% NP-40, 10% glycerol, 0.5 mM PMSF, and Complete 
Protease Inhibitor Cocktail V). The suspension was incubated on 
ice for 10 min and then centrifuged at 20 000 rpm, 4°C, for 10 
min. The supernatant fluid (the nuclear fraction) was collected 
for immunoprecipitation experiments. Rabbit antibodies against 
dCTCF (1:400) and ENY2 (1:100) were conjugated with Pro-
tein A agarose beads (Pierce); in respective control experiments, 
rabbit pre-immune serum was used. An aliquot of an antibody 
was mixed with 30 μL of agarose beads equilibrated in IP buffer 
with 150 mM NaCl (IP-150) and incubated on a rotator at 4°C 
for 3 h. The beads were then washed with IP-150, blocked with 
1% BSA for 30 min under the same conditions, and washed with 
two portions of IP-150. The nuclear extract was adjusted to 150 
mM NaCl, and its 1-mL aliquot containing approximately 1 mg 
of total protein was mixed with 30 μL of “fresh” agarose beads 
equilibrated in IP- 150 and incubated at 4°C for 1 h to pre-clear 
the sample. The beads were pelleted, and the supernatant fluid 
was transferred to a new tube and mixed with antibody-conju-
gated beads. The samples were incubated on a rotator at 4°C for 
3 h, and the beads were washed with three portions of IP buffer 
with 300 mM NaCl, one portion of IP buffer with 500 mM NaCl, 
and one portion of IP buffer with 150 mM NaCl. After the last 
washing step, the beads were resuspended in SDS–PAGE loading 
buffer, boiled, and analyzed by western blotting. Proteins were 
detected using the SuperSignal West Fempto substrate (Pierce).

Antibodies
Antibodies against dCTCF [606–818 aa] fragment and 

ENY2 were raised in rabbits and rats and purified from the sera 
by ammonium sulfate fractionation followed by affinity purifi-
cation on CNBr-activated Sepharose (GE Healthcare) according 
to standard protocols. Antibodies against lamin ADL67.10 were 
from the Hybridoma Bank at the University of Iowa. Antibod-
ies against Polycomb protein were a kind gift from G. Cavalli. 
Antibodies against histone H3 (catalog #39163) and chromatin 
modifications H3K27me3 (catalog #39155) and H3acK27 (cata-
log #39135) were from Active Motif.

RNA interference in Drosophila BG3 cells
The BG3 cells were cultured in Schneider medium in 60-mm 

petri dishes at 25 °C. RNAi experiments were performed when 
the culture reached a density of about 0.2 × 106 cells/mL. 
dsRNA were synthesized with MEGAScript kit (Pierce) accord-
ing to manufacturer’s recommendations. The cells were treated 
with 100 μg of corresponding dsRNA, and the treatment was 
repeated after 3 d. On day 7 after the first dsRNA treatment, 
the cells were used for subsequent experiments (preparation of 
total protein, total RNA, and chromatin). The sequences of PCR 
primers used to produce DNA templates for dsRNA synthesis are 
listed in Table S1.

RNA isolation and real-time PCR
Total RNA was isolated using the TRI reagent (Molecu-

lar Research Center) according to the manufacturer’s protocol. 
RNA was treated with two units of Turbo DNase I (Ambion) 
for 30 min at 37 °C to eliminate genomic DNA. The synthesis 
of cDNA was performed using 2 μg of RNA, ArrayScript reverse 
transcriptase (Ambion), and oligo(dT) as a primer. The amounts 
of specific cDNA fragments were quantified by real-time PCR. 
At least three independent measurements were made for each 
RNA sample. Relative levels of mRNA expression were calcu-
lated in the linear amplification range by calibration to a stan-
dard genomic DNA curve to account for differences in primer 
efficiencies. Individual expression values were normalized with 
reference to rpl32 and tub mRNAs. The primers used for qPCR 
are shown in Table S1.

Chromatin Immunoprecipitation
Chromatin was prepared from BG3 cells and mid-late pupae. 

Detailed information is presented in the Supplemental Materials 
online. The enrichment 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 experiments for 
genome fragments are shown in Table S1.

Yeast two-hybrid assay
Yeast two-hybrid assay was performed 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, according to the manufacturer’s pro-
tocol, and plated on media without tryptophan and leucine. After 
2 d of growth at 30 °C, the cells were plated on selective media 
without tryptophan, leucine, histidine, and adenine, and their 
growth was compared after 2–3 d. Each assay was repeated three 
times.

Genetic crosses
The transgenic construct and P25.7wc plasmid were injected 

into yacw1118 pre-blastoderm embryos.78 The resultant flies were 
crossed with yacw1118 flies, and the transgenic progeny were iden-
tified by their eye color under a Stemi 2000 stereomicroscope 
(Carl Zeiss). The transformed lines were tested for transposon 
integrity and copy number by RT-PCR. Only single-copy trans-
formants were included in analysis. Details of the crosses used 
for genetic analysis and the excision of functional elements and 
determination the levels of yellow expression in bristles are avail-
able in the Supplemental Materials online.
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