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ABSTRACT Chromatin entry sites (CES) are 100- to 1,500-bp elements that recruit
male-specific lethal (MSL) complexes to the X chromosome to upregulate expression
of X-linked genes in male flies. CES contain one or more �20-bp GA-rich sequences
called MSL recognition elements (MREs) that are critical for dosage compensation.
Recent studies indicate that CES also correspond to boundaries of X-chromosomal
topologically associated domains (TADs). Here, we show that an �1,000-kDa com-
plex called the late boundary complex (LBC), which is required for the functioning of
the Bithorax complex boundary Fab-7, interacts specifically with a special class of
CES that contain multiple MREs. Mutations in the MRE sequences of three of these
CES that disrupt function in vivo abrogate interactions with the LBC. Moreover, re-
ducing the levels of two LBC components compromises MSL recruitment. Finally, we
show that several of the CES that are physically linked to each other in vivo are LBC
interactors.
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The three-dimensional organization of eukaryotic chromosomes plays a central role
in diverse processes ranging from gene regulation to recombination and repair

(1–3). Chromatin conformation capture (CCC) experiments have shown that a key
organizing principle is the subdivision of chromosomes into a series of looped domains
called topologically associated domains (TADs) (4, 5).

Though the scale of the loops is smaller, a similar subdivision of chromosomes into
looped domains is present in Drosophila, and GA-rich cis elements are present at the
bases of most loops (6). In both mammals and Drosophila, the endpoints of the loops
are delimited by special architectural elements called boundaries or insulators. Bound-
aries in flies generate loops by pairing with each other. For example, pairing interac-
tions between the two boundaries, homie and nhomie, that flank the even-skipped (eve)
gene generate an �16-kb loop that encompasses eve and all of its regulatory elements
(7). In addition to determining chromosome architecture, pairing interactions between
boundaries have regulatory consequences. When interposed between enhancers/
silencers and a target gene, boundary factors block regulatory interactions (8) or
insulate regions of the genome against chromosomal position effects (9).

In addition to insulation, pairing interactions between boundaries can also facilitate
long-distance gene regulation. In flies, this phenomenon was first observed for the
su(Hw) and Mcp boundaries carried by transgene reporters inserted at distant sites
(10–12). Pairing has subsequently been documented for many other boundaries in
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transgene boundary bypass experiments and in experiments in which boundaries,
reporters, and enhancers are placed at distant locations using site-specific insertion
techniques (7, 13, 14). For example, pairing interactions between the eve homie and
nhomie boundaries can bring enhancers and reporters together over distances ranging
from 140 kb to 2 Mb.

Another context in Drosophila in which communication over large chromosomal
distances is thought to be critically important is dosage compensation, where a
coordinated domain of active gene expression is established across the entire X
chromosome (15–17). In Drosophila, expression of X-linked genes in males is upregu-
lated to equalize dosage with the two X chromosomes in females. Dosage compensa-
tion depends upon a male-specific lethal (MSL) dosage compensation complex that
contains five proteins (MSL1, MSL2, MSL3, MOF, and MLE) and one of two noncoding
RNAs, roX1 or roX2 (RNA on the X) (16, 18). MSL complexes associate with actively
transcribed genes on the male X chromosome, acetylating histone H4 lysine 16 (19) and
increasing the amount of active RNA polymerase II over gene bodies (20).

At least two steps are involved in targeting the dosage compensation machinery to
active X-linked genes. First, MSL complexes are recruited to the X chromosome by
special 100- to 1,500-bp cis-acting elements called chromatin entry sites (CES) or
high-affinity sites (HAS) (21–23). Next, MSL complexes spread from CES to the bodies of
actively transcribed genes (24, 25). Most CES contain one or more smaller cis elements
called MSL recognition elements (MREs) (23). MREs are �21-bp GA-rich sequences that
include sequences that are similar to the recognition motif for the well-studied
Trithorax-like GAGA factor (GAF), GAGAG (26). Two of the loci most enriched for the MSL
complex are the CES within the roX1 and roX2 genes (21, 27, 28), both of which contain
multiple MRE sequences.

Recent experiments reported by Ramírez et al. (29) have shown that many of the
TAD boundaries on the X chromosome correspond to CES. As boundary elements, CES
could provide hubs for the recruitment of MSL complexes and promote their bidirec-
tional spread from the base of each loop toward active genes located within the loop.
Consistent with an underlying structural role in organizing the topology of the X
chromosome, the three-dimensional organization of the X chromosome is the same in
male and female cells, as is the colocalization of CES with loop boundaries. Moreover,
depleting MSL2 or MSL3 in male cells does not induce major alterations in the looping
pattern. The only clear difference in the topological organization of male and female X
chromosomes is in the frequency of long-distance interactions between roX1 and roX2
and sites elsewhere on the X chromosome, which is consistent with their male-specific
transcriptional activity.

Other observations are consistent with the idea that CES are preexisting scaffolds for
MSL recruitment and likely have properties in common with architectural elements
elsewhere in the genome. Thus far, two zinc finger DNA binding proteins have been
implicated in dosage compensation and/or CES function. One of the zinc finger
proteins is chromatin-linked adaptor for MSL proteins (CLAMP). CLAMP is present at all
CES, where it directly binds to MRE elements and is required for MSL complex
recruitment (30–32). The other zinc finger protein is GAF. Like CLAMP, GAF also
recognizes GA-rich motifs, including MREs. However, the connection between GAF and
CES is so far only indirect. trans-Heterozygous combinations of strong and weak
mutations in the GAF gene, Trithorax-like (Trl), have enhanced lethal effects in males
compared to in females (33). Moreover, the male-specific lethal effects of Trl are related
to the dosage compensation machinery, because they can be enhanced when the male
flies are also heterozygous for mutations in one of the MSL complex-encoding genes.
While these findings link CLAMP, and perhaps also GAF, to CES, both proteins have
functions beyond their involvement in dosage compensation. GAF and CLAMP are
essential proteins in both males and females (34) and recognize several thousand
GA-rich sites on the X chromosome and autosomes (31).

Of potential relevance to the link between CES and TAD boundaries are the
architectural functions of the GAF protein. GAF was first implicated as a boundary factor
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in transgene assays (35, 36). More recently, GAF was found to be a component of a very
large (�780-kDa) protein complex, called the late boundary complex (LBC), that is
critical for the functioning of a Drosophila Bithorax complex (BX-C) boundary, Fab-7 (37,
38). Though the identities of all the different components of the LBC are not yet known,
antibody “supershift” electrophoretic mobility shift assays (EMSAs) indicate that it
contains three proteins, GAF, Mod(mdg4), and E(y)2. While GAF and Mod(mdg4) are
found associated with the Fab-7 boundary element using chromatin immunoprecipi-
tation (ChIP) experiments, they are not the only proteins that localize to this boundary.
In fact, one of the other DNA binding proteins found at Fab-7 in vivo is CLAMP.

Here, we show that CES share properties with previously characterized autosomal
chromatin boundaries. We demonstrate that the Fab-7 boundary factor LBC binds
specifically to several X-linked CES that contain multiple MREs, including roX1, roX2, and
CES 5C2. Furthermore, LBC binding to these CES is abrogated by mutations in the MREs
that disrupt CES activity in vivo. Connecting the architectural functions of CES to the
LBC, we show that the LBC binds to CES that are known to interact with each other in
vivo. We present biochemical evidence that CLAMP is a component of the LBC and use
RNA interference (RNAi) depletion experiments to show that CLAMP and GAF bind
interdependently in vivo. Moreover, we show that CLAMP and GAF are both important
for the recruitment of MSL complexes to roX1, roX2, and CES 5C2. Overall, we provide
a novel link between boundary-forming protein complexes and dosage compensation.

RESULTS
CLAMP binds to the Fab-7 boundary in vivo and in vitro. The Fab-7 boundary

spans a DNA segment that includes three chromatin-specific nuclease-hypersensitive
sequences, HS*, HS1, and HS2 (Fig. 1B) (39–41). While all of these sequences contribute
to boundary activity, replacement experiments indicated that HS1 alone is sufficient for
full function in an otherwise wild-type background (37). Molecular and biochemical
experiments have shown that one of the factors responsible for HS1 boundary activity

FIG 1 CLAMP colocalizes with several boundaries in BX-C. (A) ChIP localization profiles for CLAMP in S2 and Kc cell lines (green) (31) and GAF (pink)
(54) in a 160-kb region, including the Fab-7, Fab-8, and AB-I boundaries. (B) (Top) Chromatin organization of the Fab-7 boundary (1.2 kb) showing
nuclease-hypersensitive regions. The distal 240 bp of Fab-7 HS1 (dHS1) contains 4 GAGAG motifs (pink). (Bottom) The 130-bp GAGA3�4 probe
used for EMSA. (C and D) ChIP, followed by qPCR following clamp or trl knockdowns. The error bars represent standard errors obtained from 4
(gfp) or 3 (trl and clamp) independent experiments. P values from t tests are displayed for significance. *, P � 0.05, or **, P � 0.01 for differences
between sample means. Comparisons between specific treatments are indicated by horizontal lines. For not statistically significant differences,
P values are not displayed.
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is the LBC (37, 38). The LBC binds to the distal half of HS1, dHS1. This 240-bp sequence
has 4 GAGAG motifs: GAGA3, GAGA4, GAGA5, and GAGA6 (Fig. 1B). Probes spanning all
four GAGAG motifs, pairs of GAGAG motifs (GAGA3 and -4 and GAGA5 and -6), or single
GAGAG motifs (GAGA3, GAGA4, and GAGA5 but not GAGA6) are shifted by the LBC (37).
Deletion and mutational analysis of the GAGA3 and GAGA4 probes showed that the
minimal length required for LBC binding is 65 bp and that the GAGA motifs are
essential. Consistent with these in vitro findings, mutations in the GAGA3 and GAGA4
motifs disrupt Fab-7 boundary function in vivo (42). Not surprisingly, given the impor-
tance of the GAGA motifs, EMSA shifts generated by the LBC were found to be
supershifted by GAF antibodies. Antibodies against Mod(mdg4) and E(y)2 also super-
shifted the LBC shift; however, antibodies against other known boundary proteins, such
as Beaf, Zw5, and dCTCF, had no effect. For this reason, we sought other potential
LBC-associated proteins.

One plausible candidate is CLAMP. Like GAF, CLAMP recognizes GA-rich motifs, and
ChIP sequencing (ChIP-seq) experiments revealed that many of the sequences bound
by GAF and CLAMP on the X chromosome and autosomes closely overlap (31). In fact,
one of the sites occupied by both CLAMP and GAF is Fab-7 (Fig. 1A; see Fig. S1 in the
supplemental material). Aside from Fab-7, CLAMP localizes to other sequences within
the Bithorax complex locus. Some of the CLAMP-bound loci are shared with GAF, while
others are unique. Included among the common sites are two boundaries, Fab-8 and
AB-I, from the Abd-B region of the complex, which both have LBC recognition se-
quences (37). Like Fab-7, Fab-8 and AB-I include GAGA motifs.

To determine if the presence of both CLAMP and GAF in the LBC has functional
relevance, we asked whether CLAMP and GAF associate with the Fab-7 boundary
interdependently. For this purpose, we used RNAi to reduce levels of either clamp or trl
in tissue culture cells and then monitored their occupancy at Fab-7 in vivo by ChIP-
quantitative PCR (qPCR). trl RNAi reduces CLAMP occupancy at Fab-7 (Fig. 1C), and
conversely, although to a lesser extent, clamp RNAi reduces GAF occupancy at Fab-7
(Fig. 1D). These data suggest that CLAMP and GAF associations with Fab-7 are inter-
dependent.

One plausible explanation for this relationship is that CLAMP is a component of the
LBC. To explore this possibility, we used antibody supershift EMSAs with late-stage 6-
to 22-h embryo nuclear extracts. Figure 2A and B show EMSA supershift experiments
with the Fab-7 probe, GAGA3�4, spanning GAGA motifs 3 and 4, and two different
CLAMP antibodies. As positive controls, we included antibodies against the other
known LBC components [E(y)2, GAF, and Mod(mdg4)] in these EMSAs. The CLAMP
antibody used for Fig. 2A (CLAMP-A) supershifts the GAGA3 and -4 LBC shift, while the
CLAMP antibody shown in Fig. 2B (CLAMP-B) inhibits LBC binding to the probe. For
CLAMP-B, we found that the extent of inhibition varies depending upon the ratio of
antibody to extract and the length of time that the antibody is preincubated with the
extract (not shown). For the Mod(mdg4) antibody, the inclusion of a preincubation step
alters the relative balance between supershifting and inhibition (Fig. 2A and B). The LBC
shift generated by the Fab-7 GAGA5�6 probe is also supershifted by CLAMP-A anti-
bodies (see Fig. S2 in the supplemental material). In summary, CLAMP binds to Fab-7
both in vivo and in vitro.

CLAMP is an integral LBC component. Our previous gel filtration experiments
showed that the LBC exists as a very large preassembled complex in nuclear extracts
(37). However, we did not determine whether the proteins found associated with the
LBC shift in nuclear extracts by antibody supershift experiments cofractionate with the
complex on gel filtration columns. In fact, since the pattern and yield of LBC shifts can
differ from one probe to the next (Fig. 2B and 3), it is possible that some factors are not
stably associated with the LBC. To further define the relationship between CLAMP and
the other components of the LBC, we size fractionated nuclear extracts on a Superose
6 gel filtration column and assayed odd-numbered fractions for DNA binding activity
using the GAGA3�4 probe. Figure 3A shows EMSAs of early fractions from the gel
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filtration column. The peak fraction for the 670-kDa marker is 51 (arrowhead), while the
peak fractions for the LBC shift are between 33 and 41. This would be consistent with
a molecular mass of approximately 1,000 kDa, which is larger than our previous
estimates for the size of the LBC. The mobility of the two shifts generated by the
size-fractionated LBC (Fig. 3A, arrows) is slightly more rapid than the LBC shift in nuclear
extracts. This finding indicates that the LBC GAGA3 and -4 shift detected in nuclear
extracts is likely generated by a core complex of integral LBC proteins plus proteins that
are not stably associated with the complex and/or associate with the complex only
when the LBC binds DNA.

To determine whether CLAMP, GAF, and Mod(mdg4) are components of the core
LBC complex, two fractions, 35 and 36, which contain the LBC, and a control fraction,
65, distant from the LBC peak, were used for supershift experiments (Fig. 3B). Like the
experiment shown in Fig. 2B, we preincubated the antibody with the fractions prior to

FIG 2 The LBC binds to Fab-7 GAGA3 and -4, roX1, and roX2. Probe Fab-7 GAGA3�4 (A and B), roX1 (C),
or roX2 (D) was incubated with 6- to 22-h nuclear extracts (NE) with or without (�) either a control
preimmune rat or rabbit serum, a rat polyclonal E(y)2 antibody, two different rabbit polyclonal CLAMP
antibodies (A and B), rabbit polyclonal GAF antibody, or a rabbit polyclonal Mod(mdg4) antibody. (A and
B) The nuclear extract, antibody, and labeled probe were added together, and the reaction mixture was
then incubated for 30 min prior to gel electrophoresis. (C and D) The nuclear extract was first
preincubated with the indicated antibody for 30 min; labeled probe was then added, and the reaction
mixture was incubated for an additional 30 min prior to gel electrophoresis.
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the addition of labeled probe. As was found previously, the addition of serum alone to
the peak fractions enhanced LBC binding. For the GAF antibody, we observed a
supershift like that seen in nuclear extracts. For CLAMP and Mod(mdg4), the antibodies
completely blocked LBC binding. The inhibition of binding seen with the gel filtration
fractions likely reflects differences in the relative amounts of CLAMP and Mod(mdg4) in
extracts compared to that in the column fractions containing LBC activity. Consistent
with the inhibition of binding, CLAMP was present in column fractions containing LBC
binding activity (see Fig. S3A in the supplemental material).

The LBC binds to the roX1 and roX2 CES. The in vivo localization of CLAMP to the
Fab-7 boundary and its presence within the LBC raise the possibility that CES on the X
chromosome utilizes the same boundary complex. To test this hypothesis, we first
focused on two canonical CES, roX1 and roX2. As shown in Fig. 4B, the roX1 CES has
three MREs, while the roX2 CES has four. The central roX1 MRE has two GAGAG motifs,
while the two flanking MREs each have a single GAGAG motif. For roX2, two of the four
MREs have a single GAGAG motif. Both CES have an additional GAGAG motif (Fig. 4B,
asterisk) that is not classified as an MRE because the flanking sequences do not match
the 21-bp MRE consensus sequence.

We first examined the ChIP profiles of CLAMP, GAF, and Mod(mdg4) in the regions
around the roX1 and roX2 genes. Within the resolution of available genome-wide data
sets, GAF and Mod(mdg4) colocalize with CLAMP at the CES located within the roX1 and
roX2 genes in vivo (Fig. 4A). Since all three of the known DNA binding components of

FIG 3 The LBC is a �1,000-kDa complex that contains CLAMP, GAF, and Mod(mdg4). Nuclear extracts were fractionated on a Superose
6 column and then used for EMSAs with Fab-7 GAGA3�4 (A and B) or roX1 (C and D) probe. (A and C) Ten microliters of odd-numbered
column fractions (1 to 57) were incubated with GAGA3�4 (A) or roX1 (C). The peak fraction for the 670-kDa marker used as a standard
is indicated by the arrowhead. The arrows indicate center positions of LBC shift in nuclear extracts. (B and D) EMSAs using 10 �l of the
indicated column fractions preincubated with no antibody, rabbit serum (RAB), CLAMP-B, GAF, or Mod(mdg4) antibodies for 30 min. The
labeled probe was then added, and the incubation continued for 30 min prior to gel electrophoresis.
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the LBC [CLAMP, GAF, and Mod(mdg4)] associate with the roX1 and roX2 CES in vivo, we
next tested for LBC binding in vitro. We generated 200-bp probes spanning the core
roX1 and roX2 CES DNA sequences. We also subdivided each CES into three smaller,
�100-bp overlapping probes (Fig. 4B). Figure 4C shows EMSAs with these CES probes
and, as a positive control, the 134-bp Fab-7 GAGA3�4 probe. For the two full-length
roX1 and roX2 CES probes, we observed two major, slowly migrating bands whose
mobilities closely matched those seen for the GAGA3 and -4 LBC shift. For the smaller
subfragments, two of the roX1 and two of the roX2 probes generate shifts that
comigrate with the GAGA3 and -4 LBC shifts. The relative yield and precise pattern of
shifted bands differed with these smaller probes. For roX1, the highest yields were for
probe B, which has MRE2 plus part of MRE3, and probe C, which has MRE2 plus MRE3.
For rox2, the highest binding efficiency was seen for probe A, which has three MREs. In
contrast, the LBC bound poorly to probes with only a single MRE (roX1-A and roX2-C).
Similar variations in the relative yield and pattern of bands generated by the LBC were
also noted when smaller Fab-7 probes were used (37, 43). In addition to the LBC shift,
the smaller probes gave a collection of faster-migrating shifts.

We used several different experimental approaches to determine whether the LBC
binds to roX1 and roX2. First, if the complex binding to the roX1 and roX2 CES is the
same as the complex that binds to Fab-7 GAGA3�4, then binding should be sensitive
to cross-competition. Figure S4A in the supplemental material shows that LBC binding
to the 200-bp roX1 probe is competed not only by itself but also by excess cold roX2
and Fab-7 GAGA3�4 DNA. Similar results were observed when the labeled probes were
roX2 or Fab-7 GAGA3�4 (see Fig. S4B and C in the supplemental material); LBC binding
to these two probes was competed by excess cold roX1, roX2, and Fab-7 GAGA3�4.
Second, if the factor binding to the roX1 and roX2 probes in nuclear extracts corre-
sponds to the LBC, then it should contain the four known protein components: GAF,
Mod(mdg4), CLAMP, and E(y)2. Figure 2C and D shows that antibodies against these
four LBC proteins either supershifted the roX1 and roX2 LBC shifts or inhibited LBC
binding to DNA (Fig. 2C and D). In each case, the effects were similar to those observed

FIG 4 The LBC can bind to roX1 and roX2 CES. (A) ChIP profiles at the rox1 and rox2 CES. Tracks displayed are for CLAMP ChIP-seq in S2 and Kc cells (31), GAF
ChIP-seq in S2 cells (54), and Mod(Mdg4) and GAF embryo ChIP with microarray technology (ChIP chip) (modENCODE). (B) Schematic of the sequence
organization of the CES roX1 and roX2 (200 bp) and the probes used for EMSAs. MRE motifs, yellow; GAF binding sites in forward orientation, purple; GAF binding
sites in reverse orientation, green. The labeling of the GA-rich elements represents the exact sequences that are present within each element. Asterisks denote
a GA-rich sequence that does not match the position weight matrix for the MRE. (C) EMSAs of full-length and truncated roX1 and roX2 probes. Probes: Fab-7
GAGA3�4, roX1, roX2, and roX1/roX2 subfragments incubated with (NE) or without (�) late embryo nuclear extracts. Note that the input of labeled roX1C was
not equivalent to that of the other roX1 probes. For this reason, the yield of the LBC roX1C shift appears reduced relative to the other probes.
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with the Fab-7 probe GAGA3�4 (Fig. 2A and B). Third, we incubated the 200-bp roX1
probes with fractions from the Superose 6 gel filtration column. Peak fractions for the
roX1 LBC shift (Fig. 3C, lanes 33 to 41) corresponded to the peak fractions for the Fab-7
GAGA3 and -4 LBC shift (Fig. 3A). Finally, as was observed for Fab-7 GAGA3 and -4,
supershift experiments using gel filtration fractions containing LBC activity showed that
CLAMP, GAF, and Mod(mdg4) are core components of the complex that generates both
the roX1 (Fig. 3D) and the roX2 (see Fig. S3B in the supplemental material) LBC shifts.
Taken together, these findings demonstrate that the LBC binds to two key CES, roX1
and roX2.

LBC binding to CES is MRE dependent. Previous studies have shown that the MRE
sequences in the roX1 and roX2 CES are required to recruit the MSL complex to ectopic
autosomal sites. If the LBC plays an important role in the functioning of these two CES,
then mutations in the MREs that disrupt MSL recruitment in vivo should reduce or
eliminate the LBC shift in nuclear extracts. Figure 5B shows that this prediction is
correct: MRE mutations, which abrogate CES activity in vivo, eliminate LBC binding in
vitro. To confirm the effects of the MRE mutations, we used wild-type or mutant roX1
and roX2 CES DNAs as competitors for LBC binding to the Fab-7 GAGA3�4 probe.
Figure S4D in the supplemental material shows that unlabeled wild-type roX1 and roX2
competed for LBC binding to GAGA3�4, whereas the corresponding mutant DNAs
failed to compete effectively.

Other than roX1 and roX2, the most thoroughly characterized multi-MRE CES is CES
5C2 (23). As indicated in Fig. 5C, CES 5C2 contains three 21-bp MREs. Two of these MREs
(MRE2 and -3) have a GAGAG motif, while the third, MRE1, has a GA-rich sequence but
no GAGAG motif. Like roX1 and roX2, a shift that comigrates with the Fab-7 GAGA3 and
-4 LBC shift was observed with a probe spanning the three MREs in CES 5C2 (Fig. 5D).
We used competition and supershift experiments to demonstrate that the CES 5C2 shift
is generated by the LBC. Figure S5A in the supplemental material shows that excess
unlabeled 5C2 DNA competes for LBC binding to labeled GAGA3�4 and roX1 probes.
Figure S6A in the supplemental material shows that, as was observed for roX1, roX2, and
Fab-7 GAGA3 and -4, the 5C2 shift is generated by a complex that contains CLAMP, GAF,
and Mod(mdg4).

Previous studies have shown that mutations in one or a combination of the 5C2
MREs abrogate CES function in vivo to different extents (23). Two different assays were
used to measure CES function. One was a luciferase assay in S2 tissue culture cells, while
the other was a ChIP assay of MSL2 binding to the 5C2 sequence inserted into an
autosomal locus in fly larvae. Mutations in a single 5C2 MRE weakened CES function in
one or both of these assays but did not completely eliminate activity. In contrast, the
combination mutants (mut1�2 and mut1�2�3) essentially eliminated both the stim-
ulatory activity of CES 5C2 on transcription and Msl2 recruitment.

The effects of different MRE mutations on the binding of the LBC to the CES 5C2
probe in nuclear extracts parallel those observed in the two in vivo assays (Fig. 5D). LBC
binding was reduced in the three single mutations, 5C2 mut1, 5C2 mut2, and 5C2 mut3,
while binding was largely or completely lost in the double (5C2 mut1�2) or triple (5C2
mut1�2�3) mutant, respectively. Consistent with the elimination of LBC binding,
excess unlabeled 5C mut1�2�3 DNA failed to compete for LBC binding to either the
roX1 or Fab-7 GAGA3�4 probe (see Fig. S5A in the supplemental material). It is
interesting that though MRE1 does not contain a precise GAGAG motif, mutation of the
GA-rich core weakens LBC binding, just like mutations in MRE2 and -3.

Knockdowns of CLAMP and GAF reduce MSL3 binding to the roX1, roX2, and
5C2 CES. The experiments described above indicated that mutations in roX1, roX2, and
5C2, which weaken or disrupt CES function in vivo, compromise or eliminate LBC
binding in vitro. To further test the connection between LBC and the recruitment of the
dosage compensation machinery to these three CES, we used RNAi to reduce levels of
clamp and trl in male S2 tissue culture cells and measured MSL3 occupancy in vivo. As
previously documented (31), we found that MSL3 association with roX1, roX2, and CES

Kaye et al. Molecular and Cellular Biology

November 2017 Volume 37 Issue 21 e00253-17 mcb.asm.org 8

http://mcb.asm.org


FIG 5 LBC binding is MRE dependent. (A) Schematic drawing of the wild-type (WT) (top) and mutated
(bottom) versions of the 200-bp roX1/roX2 sequences used for EMSAs. Asterisks denote a GA-rich
sequence that does not match the position weight matrix for the MRE. (B) Mutations in the roX1 and roX2
MREs abrogate LBC binding. (C) Schematic of the wild-type and mutant versions of the 5C2 probes. (D)
Single and combination mutations in three 5C2 MREs differentially affect LBC binding. (E) Comparison of
LBC binding to CES 11D1 with other LBC substrates as indicated. (F) Excess unlabeled wild-type 5C2, 5C2
mut1�2, and CES 11D1 DNAs were used to compete for LBC binding to labeled CES 5C2. Fold excess of
cold competitor added (left to right): CES 5C2, 12.5� and 100�; CES 5C2 mut1�2, 25� and 200�; CES
11D1, 25� and 200�.
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5C2 is CLAMP dependent (Fig. 6). Unlike the roX loci, it is important to note that the
changes in occupancy at CES 5C2 are not statistically significant due to high variability
within the control sample specifically at this locus. This is consistent with lower
occupancy of CLAMP and GAF at CES 5C2 than at the other two CES. As would be
expected if MSL recruitment depends upon the LBC, MSL association with the roX1 and
roX2 CES is also reduced when GAF levels are reduced.

CES 11D1, an example of a CES with only a single MRE. The three CES we have
tested for LBC binding thus far (roX1, roX2, and 5C2) fall into the subclass that has
multiple MREs; however, most of the CES identified by ChIP experiments have only a
single MRE sequence (23). Since the 5C2 mutant 5C2 mut1�2, gave only a barely
detectable LBC shift, we wondered whether CES with a single MRE are bound by the
LBC. The only CES with a single MRE that has been studied in detail is CES 11D1. It
differs from 5C2, and also roX1 and roX2, in that a small, 150-bp fragment spanning the
11D1 MRE has only minimal CES function. Instead, a larger, 500-bp element is needed
for full CES activity, and in this context, the MRE is required (23). Based on these in vivo
results and the EMSAs described above, a plausible expectation is that the 150-bp 11D1
fragment would be a poor substrate for the LBC. This is the case. In the experiment
shown in Fig. 5E, we compared the shift generated by the 11D1 probe with that
observed for three multi-MRE probes. Two are the 200-bp roX1 and 5C2 sequences
discussed above, while the third is a CES at CG14446 (see below). The CES CG14446 is
only 100 bp and was included in the experiment to control for the possible effects of
probe length. In comparison to the three positive controls, the 11D1 probe generates
only a very weakly labeled LBC shift. In fact, the yield of the LBC-shifted DNA is not
much different from that observed for the MRE 5C2 mutant, 5C2 mut1�2, which retains
only a single MRE. To confirm these findings, we used excess cold 5C2, 5C2 mut1�2,
and 11D1 DNAs to compete for LBC binding to labeled 5C2 (Fig. 5F). Although a
200-fold excess of unlabeled 11D1 DNA reduced LBC binding to 5C2, a significant
fraction (�50%) of the 5C2 probe was still shifted by the LBC. A similar result was
observed when the 5C2 mut1�2 DNA was used as the cold competitor. In comparison
to these two single-MRE DNAs, a 12.5-fold excess of the wild-type 5C2 DNA was
sufficient to give an equivalent, if not a slightly greater, degree of competition.

FIG 6 GAF and CLAMP contribute to MSL complex recruitment. ChIP-qPCR was conducted using an antibody
specific for the MSL3 protein after RNAi treatment targeting trl and clamp (or gfp as a control). CG15570 was used
as a negative-control target. The CES 5C2, 11D1, roX1, and rox2 were tested for a change in MSL3 binding. P values
from t tests are displayed for significance: *, P � 0.05, or **, P � 0.01 for differences between sample means.
Horizontal bars indicate treatment comparisons for displayed P values. P values are not displayed for those �0.05.
The error bars indicate standard errors of the mean.
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Therefore, CES with a single MRE, like 11D1 and 5C2 mut1�2, bind to the LBC much
more poorly than CES that have multiple MRE sequences.

Given the low affinity of the LBC for CES 11D1, we wondered whether CLAMP and
GAF are important for recruiting MSL complexes to this sequence in vivo. Figure 6
shows that CES 11D1 differs from the multi-MRE CES in that knocking down CLAMP
compromises MSL accumulation, while knocking down GAF does not. A plausible
interpretation of this finding is that the LBC is not critical for the CES function of
CES11D1.

The LBC binds to topologically linked CES. The CCC experiments performed by
Ramírez et al. (29) showed that paired CES often define the endpoints of chromatin
looped domains on the X chromosomes of both males and females and thus are likely
to have architectural functions equivalent those of classical boundary elements or
insulators. Although the basis for pairing specificity is not understood, pairing in
transgene assays been shown to be mediated by protein-protein self-interactions. For
example, boundary bypass experiments indicated that boundary elements consisting of
multimerized dCTCF sites pair with multimerized dCTCF sites but not do not pair with
multimerized sites for Su(Hw) (44). Thus, a plausible expectation was that the LBC
would bind to both partners in at least a subset of the paired CES elements on the X
chromosome.

To test this hypothesis, we selected three of the interacting CES pairs Ramírez et al.
identified. These CES pairs were chosen because ChIP experiments indicated that they
are bound by both CLAMP and GAF in vivo and because they have multiple GA-rich
MRE sequences. The first interacting pair is roX2 and the CES associated with CG14446.
These two CES are quite distant from each other, approximately 5 Mb apart. The 100-bp
CG14446 CES has a large, 72-bp region that contains multiple overlapping MREs but
only one GAGAG motif (Fig. 7). The second CES pair corresponds to the CES associated
with rab35a and sw. These two CES are much closer, approximately 50 kb apart. The
200-bp CES rab35a has three MREs that have a total of 6 GAGAG motifs (CTCTC). The
CES sw has two long GA-rich MREs (36 bp and 68 bp) and a total of six GAGAG motifs.
The third pair are the CES associated with bif and phkgamma. They are separated from
each other by about 15 kb. CES bif has four MREs, three of which have a GAGAG motif
(CTCTC). CES phkgamma has a single, long MRE-containing locus containing five
GAGAG motifs (CTCTC) (Fig. 7).

Figure 7 shows that these physically linked CES generate an LBC-like shift when
incubated with 6- to 22-h nuclear extracts. We used several experimental approaches
to confirm that the observed shifts correspond to the LBC. In the case of the CES that
pairs with roX2, CG14446, antibody supershift experiments indicated that, as expected,
the shift is generated by a complex that contains the same proteins as the LBC: GAF,
Mod(mdg4), E(y)2, and CLAMP (see Fig. S6B in the supplemental material). Precisely the
same result was obtained for the rab35a CES, which physically pairs with the sw CES
(see Fig. S6C in the supplemental material). The identification of the LBC is further
confirmed by assays of fractions from Superose 6 gel filtration columns. Figure S7 in the
supplemental material shows that the elution profile of the LBC shift for the CG14446
CES probe is the same as that observed for the Fab-7 and roX1 probes. We also used
cross-competition experiments to demonstrate that the LBC complex binds to the
paired CES probes (see Fig. S6B in the supplemental material).

DISCUSSION

Boundary elements (or insulators) function to subdivide chromosomes in multicel-
lular eukaryotes into a series of topologically independent looped domains. The
importance of these architectural elements in the regulation of gene expression was
first established in experiments dating back nearly 30 years (8, 9). These experiments
showed that boundaries have blocking activity that can restrict the action of enhancers
and silencers to the loops in which they reside. Subsequent work revealed yet another
function of these architectural elements, namely, promoting long-distance regulatory
interactions (13, 45). One context in which long-distance regulation is especially
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important is X chromosome dosage compensation. In male flies, MSL complexes
recruited to the X chromosome by CES spread to nearby genes and upregulate their
transcription. Recent experiments have drawn a connection between the recruitment
and spreading of the MSL complexes from CES and an architectural function in which
the CES define boundaries of looped domains (TADs) along the X chromosome in both
sexes (29). However, it is not clear from these experiments whether CES share other
properties with classical fly boundary elements. Additionally, the factors responsible for
the architectural activities of the CES were not identified. Here, we show that a
canonical Bithorax complex boundary factor, the LBC, is deployed by a subset of CES for
their regulatory and architectural functions.

LBC and boundaries in BX-C. A combination of genetic and biochemical experi-
ments have implicated the LBC in the functioning of three BX-C boundaries: Fab-7,
Fab-8, and AB-I (37, 42–44). The LBC has several unusual properties: (i) the relatively
long, �65-bp DNA minimal binding length, (ii) the diversity of the sequences recog-
nition element, and (iii) the size and composition of the LBC.

FIG 7 The LBC binds to topologically linked CES. (A) Schematic of long-range interactions between three pairs of
CES in a polytene X chromosome (CG14446↔roX2) (top) and in Flybase GBrowser (rab35↔sw; bif↔phkgamma)
(bottom). (B) Schematic of the 5 CES probes that were used for EMSAs. MRE motifs, yellow; GAF motifs in forward
orientation, purple; GAF motifs in reverse orientation, green. (C) Cross-competition experiment with increasing
amounts of cold CES CG14446 or roX1 probes showing that the same complex binds to the different CES. Cold
competitor was added in 5�, 10�, and 50� excess. (D) LBC binds to physically interacting CES.
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The gel filtration experiments reported here suggest that the LBC is significantly
larger than our previous estimate of 670 kDa. These experiments also indicate that the
complex detected after gel filtration differs from that observed in nuclear extracts in
that it generates a more rapidly migrating shift. The change in mobility does not seem
to be probe specific and was observed with all three of the DNAs we tested (Fab-7
GAGA3 and -4, roX1, and CES CG14446). This finding suggest that some proteins
dissociate from the LBC during gel filtration or, alternatively, interact with the LBC only
after it binds to DNA. Included in the group of proteins that remain in the LBC during
gel filtration are the two DNA binding proteins that we detected previously in nuclear
extracts, GAF and Mod(mdg4). In the studies reported here, we identified a third
LBC-associated DNA binding protein, CLAMP. Like the other two proteins, CLAMP
cofractionates with LBC DNA binding activity and thus appears to be an integral
component of the LBC. Strengthening the connection between CLAMP and the LBC,
ChIP experiments showed that CLAMP interacts in vivo with three BX-C boundaries
(Fab-7, Fab-8, and AB-I) that are recognized by the LBC in nuclear extracts. Additionally,
CLAMP and GAF binding to Fab-7 in tissue culture cells is interdependent, suggesting
that they are part of the same protein complex that is destabilized in the absence of
either component.

LBC and CES. A key question posed by the discovery that CES are architectural
elements that link distant X chromosome sequences to each other (29) is their rela-
tionship to chromatin boundaries. Our finding that CLAMP is an integral component of
the BX-C boundary factor LBC provides a plausible link between CES and boundary
elements. Previous experiments have shown that CLAMP binds to CES and that this
association is critical for the recruitment of MSL complexes to the elements (31).
However, these experiments did not illuminate how CLAMP interacts with CES. Here,
we show that in nuclear extracts CLAMP binds to nine multi-MRE CES, not indepen-
dently, but rather, as a component of the LBC chromatin boundary factor.

A number of lines of evidence argue that LBC binding to roX1, roX2, and 5C2 in vitro
is relevant to their ability to recruit MSL complexes in vivo. The first is the requirement
for both GAF and CLAMP in recruitment of the MSL complex to several key CES. With
the important caveat that there could be indirect effects caused by gradually depleting
GAF and CLAMP, knockdowns of both proteins diminish MSL recruitment to these CES
in vivo. The second line of evidence is the close match between the sequence
recognition properties of the LBC and the requirements for CES function in vivo. A
feature common to most CES is the presence of one or more GA-rich MREs in a DNA
segment of between �100 and 250 bp. The MRE sequences have been shown to be
required for the CES functions of roX1, roX2, CES 5C2, and CES 11D1. Of these four CES,
the relationship between CES function in vivo and MREs has been analyzed in the most
detail for CES 5C2. Alekseyenko et al. (23) showed that mutations in individual MREs
within a 150-bp CES 5C2 element reduced, but did not eliminate, CES activity, while CES
activity was disrupted by mutations in two or all three of the MREs. Consistent with the
in vivo effects on CES activity, we found that mutations in individual 5C2 MREs
weakened LBC binding, whereas binding was disrupted when all three of the MREs
were mutant. Importantly, the failure of LBC to bind to CES 5C2 mut1�2�3 in nuclear
extracts also recapitulates the effects of the triple mutant on CLAMP occupancy in vivo
(31).

In the cases of roX1 and roX2, we found that mutations in all of their MREs eliminated
the LBC shift in nuclear extracts. Though we did not test the effects of mutations in
individual MREs, experiments with smaller, 100-bp subfragments indicated that LBC
binding to roX1 and roX2 probes requires the presence of at least two MREs. This
conclusion was reinforced by our experiments with CES 11D1. This CES differs from
roX1, roX2, and CES 5C2 in that it has only a single MRE and no GAGAG motifs. Unlike
other CES with multiple MREs, the 11D1 element is a poor substrate for the LBC.

The observation that the LBC binds preferentially to CES that have multiple MREs,
which span a relatively large 100- to 200-bp sequence, is also consistent with other in
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vivo experiments on these elements. For example, Gilfillan et al. (46) identified an
�500-bp CES element, DBF-DHS. Within this element, they found that a 40-bp GA-rich
sequence, DBF 12-L15, is essential for recruiting the MSL complex in flies. Though
required for the functioning of the full-length CES, this 40-bp sequence is not sufficient
on its own. On the other hand, when multimerized, the 40-bp element is able to recruit
MSL complexes. In the case of roX2, Park et al. (47) found that a 134-bp fragment
spanning the four roX2 MREs (MRE1 to -4) functions as a CES at ectopic sites on
autosomes. As can be seen in Fig. 4C, the 100-bp roX2A probe, which contains the first
three roX2 MREs, bound the LBC almost as well as the larger, 200-bp roX2 probe.

While we have not tested the architectural functions of CES in the studies presented
here, previous work on Fab-7 and Fab-8 (37, 42, 48) demonstrated that the LBC
sequences in both of these boundaries have classical insulator activity and can mediate
long-distance pairing interactions. Consequently, a reasonable expectation is that the
LBC will have similar architectural functions when associated with other sequences in
the genome, including CES. Consistent with this notion, we have shown that three of
the pairs of interacting CES identified as “TAD boundaries” in tissue culture cells by
Ramírez et al. (29) are recognized by the LBC in nuclear extracts. These interacting pairs
are CES roX2↔CES CG14446, CES rab35↔CES sw, and CES bif1↔CES phkgamma.

Boundaries versus CES. Although our findings clearly implicate the LBC in CES
function, many questions remain.

(i) Is LBC association a common feature of CES? We tested only a small subset of
sequences that have been classified as CES. With the exception of CES 11D1, all of them
have multiple, closely clustered MREs, and the LBC binds to these elements with an
affinity at least equivalent to that observed for Fab-7 probes. For three of the multi-MRE
CES (roX1, roX2, and CES 5C2), there is in vivo evidence that they function as CES and
can recruit MSL complexes to ectopic sites. The five remaining sequences were classi-
fied as CES on the basis of ChIP experiments and the presence of MREs. Consequently,
we do not know whether they can function as CES in vivo. However, if they do, it seems
likely that both MSL recruitment and LBC binding depend on the clustered MREs, as is
the case for roX1, roX2, and CES 5C2.

While other multi-MRE CES should also have properties similar to those studied here,
nearly two-thirds of the CES that have been identified in ChIP experiments have a single
MRE (23). The only member of this group that we tested is CES 11D1, and its interaction
with the LBC clearly differs from that of CES containing multiple MREs. Whereas all of
the multi-MRE CES we tested bound strongly to the LBC, the LBC bound only weakly to
a 150-bp probe containing the single CES 11D1 MRE. The limited affinity for the LBC
could explain why CES 11D1 requires a 500-bp fragment for CES activity while smaller,
100- to 200-bp fragments spanning the clustered MREs are sufficient for the CES activity
of roX1, roX2, and CES 5C2. One question is whether other single-MRE CES have
properties similar to those of CES 11D1. Since probes derived from the Fab-7 dHS1
sequence are bound with relatively high affinity by the LBC yet do not have any MRE
consensus motifs, it is possible that some of the single-MRE CES have other motifs that
promote LBC association.

On the other hand, there are reasons to think that the distinct properties of CES
11D1 may be typical of many single-MRE CES. In ChIP experiments, Soruco et al. (31)
found that CLAMP association with single-MRE CES is dependent on synergistic inter-
actions with MSL. In contrast, CLAMP associates with multi-MRE sequences indepen-
dently of the dosage compensation machinery. Furthermore, nucleosome occupancy of
single-MRE CES differs between the two sexes; it is typically lower in male cells and
higher in female cells (31). In contrast, occupancy rates of multi-MRE CES are similar in
the two sexes, suggesting that these are constitutive binding sites. These differences,
taken together with the limited affinity for the LBC and the persistence of MSL
association after GAF RNAi treatment, support a model in which single- and multi-MRE
CES play distinct roles in dosage compensation (31). In this model, the LBC would bind
to multi-MRE CES, and they would provide a platform for recruiting MSL complexes.
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Chromatin modifications induced by MSL association with multi-MRE CES along the X
chromosome would then open up the single-MRE CES, potentially permitting the
binding of CLAMP and presumably yet other factors. The presence of these proteins
would set up a positive-feedback loop by facilitating the recruitment of MSL complexes.

(ii) What distinguishes CES from autosomal boundaries like Fab-7? Though our
experiments implicate the LBC in the functioning of multi-MRE CES, how it promotes
the recruitment of MSL complexes to these CES but not to Fab-7 is unclear. One
possibility is that the LBC variants that bind to CES are distinct from those that interact
with canonical boundary elements. While this may seem farfetched, until we know
more about the composition of the LBC, it cannot be excluded. The reason for this is
the presence of Mod(mdg4) in the LBC. There are 31 predicted Mod(mdg4) isoforms
(49). All share an N-terminal Mod(mdg4) BTB domain that mediates the assembly of
Mod(mdg4) octomers (50), while they have different C-terminal domains. Of these 31
isoforms, 27 have unique FLYWCH DNA binding domains. If Mod(mdg4) is incorporated
into the LBC as an octomer, there could be many different versions of the complex with
potentially different DNA binding and protein-protein interaction properties.

However, a more likely alternative is that the LBC provides a platform for other
factors that are actually responsible for recruiting/assembling MSL complexes. For
example, Villa et al. (51) have shown that MSL2 has sequence- and shape-specific DNA
binding activities and that MSL-2↔DNA interactions are responsible for mediating the
recruitment of the MSL dosage compensation machinery to a specific class of CES called
PionX sites when they are present at high local concentrations. According to their
model, MSL2 interacts specifically with an extension of the MRE sequence that is
located 5= to the GA-rich core. Moreover, in contrast to the known requirements for CES
function in vivo, the interaction between MSL2 and PionX sequences in vitro appears to
be largely independent of the GA-rich motifs. This model would potentially fit our
findings, which show that LBC binding to X chromosome CES requires GA-rich se-
quences. In principle, LBC↔GAn-MRE interactions could provide a mechanism for
presenting the 5= PionX sequences in a configuration suitable for MSL2 interaction with
adjacent sequences. Clearly, further studies will be needed to assess whether this
model is correct. Overall, we have provided new mechanistic insights into how se-
quences on the X chromosome function to establish chromatin boundaries that are
associated with an active domain of coordinate gene regulation.

MATERIALS AND METHODS
Nuclear extracts. Nuclear extracts from 6- to 22-h embryos were prepared as described previously

(52) with small modifications. Zero- to 12-h embryos from Oregon R were collected from apple juice
plates and aged for 10 h at room temperature. The extraction was completed with the final concentration
of KCl at 360 mM.

Probes for EMSA. Probes were obtained by PCR and purified on agarose–1� Tris-acetate-EDTA (TAE)
gels, followed by phenol-chloroform extraction. The probe sequences, as well as primer sequences, used
for PCR are listed in Table S1 in the supplemental material.

EMSA. Electrophoretic mobility shift assays were performed using 32P-labeled DNA probes under
conditions described previously (37). See the supplemental material for details.

Gel filtration. Fractionation of the nuclear extracts derived from 6- to 22-h embryos was performed
by size exclusion chromatography using a Superose 6 10/330 GL column (GE Healthcare). Molecular mass
markers ranging from 1,350 to 670,000 Da (Bio-Rad) were used as gel filtration standards.

Western blotting. Either 0.1 �l of late-stage nuclear extract (about 2 �g of total protein) or 2 �l of
the column-fractionated material was run on 10% SDS-PAGE, transferred to a polyvinylidene difluoride
(PVDF) membrane, probed with anti-CLAMP B antibody (1:250; a new antibody generated using Abcam
custom services), and developed with Amersham ECL Prime Western blotting detection reagent (GE
Healthcare), following the manufacturer’s protocol.

Generation of dsRNA for RNAi treatment. Templates for double-stranded RNA (dsRNA) to target
the CLAMP gene (clamp), the GAF gene (Trl), and the control green fluorescent protein gene (gfp)
sequence were generated by PCR using the following template sequences. The clamp RNAi template,
DRSC03718, was designed as described in detail previously (30; http://www.flyrnai.org). gfp dsRNA,
designed as previously described (53), was used as a control. The GAF (Trl) dsRNA target sequence used
was also designed previously (54). The clamp, trl, and gfp constructs were synthesized using the T7
MEGAscript kit (Ambion), including DNase I treatment for 15 min at 37°C following dsRNA synthesis. The
dsRNA was then purified using the RNeasy kit (Qiagen). Sequences are reported in Table S2 in the
supplemental material.
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RNAi treatment of SL2 cells. RNAi treatment of SL2 cells was adapted from previous studies (30, 31).
Briefly, RNAi was set up in T150 flasks as follows: 135 �g dsRNA was diluted in 3 ml UltraPure water
(Invitrogen) with 6 ml SL2 cells at a concentration of 8 � 105 cells/ml in Schneider’s medium (Gibco) for
45 min at 25°C; then, 21 ml Schneider’s medium with 10% heat-inactivated fetal bovine serum (FBS) was
added, and the RNAi-treated cells were grown for 6 days at 25°C until they were collected for chromatin
preparation.

Chromatin preparation. Chromatin preparation was based on previous work (55), modified for T150
cell culture flasks, in which cross-linking and quenching were performed. Samples were then washed
three times, pelleted, and resuspended in lysis buffer for sonication. See Materials and Methods in the
supplemental material for specific protocol and buffer details.

IP. Either 5 �l CLAMP antibody (SDIX) (30), 10 �l GAF antibody (a gift from John Lis), or 4 �l MSL3
serum (a gift from Mitzi Kuroda) was added to each 1-ml immunoprecipitation (IP) sample and rotated
at 4°C overnight. At the same time, 50 �l protein G Dynabeads per sample was incubated in bead-
blocking buffer (10 mM PBS, 0.1% Triton X-100, and 3% bovine serum albumin [BSA]) with rotation at 4°C
overnight. The lysate and beads were then incubated together for 2 h at 4°C. Samples were then washed
and eluted from the beads, and a DNA cleanup was performed. See Materials and Methods in the
supplemental material for details of wash steps and buffers and DNA cleanup information.

Quantitative real-time PCR. All the target primer sequences used were previously designed (23, 37).
Briefly, the average relative quantitation (threshold cycle [CT] value) of two replicate reactions was
determined for all samples. Platinum SYBR master mix with ROX (Invitrogen) was used. Three indepen-
dent chromatin preparations were conducted for each experiment, and standard deviations are reported.
Dilutions of input to 1% were conducted to ensure that samples were in the linear range for quantitative
PCR. To assess the overall ChIP enrichment, CT values were normalized with respect to the 1% input
values, and then the averages and standard deviations of the biological replicates were reported for each
primer target.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/MCB
.00253-17.

SUPPLEMENTAL FILE 1, PDF file, 0.6 MB.
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