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BSTRACT 

SL2, the DNA-binding subunit of the Drosophila 

osage compensation complex, cooperates with the 

biquitous protein CLAMP to bind MSL recognition 

lements (MREs) on the X chromosome. We explore 

he nature of the cooperative binding to these GA- 
ich, composite sequence elements in reconstituted 

a ̈ıve embryonic chromatin. We found that the coop- 
rativity requires physical interaction between both 

roteins. Remarkably, disruption of this interaction 

oes not lead to indirect, nucleosome-mediated co- 
perativity as expected, but to competition. The pro- 
ein interaction apparently not only increases the 

ffinity for composite binding sites, but also locks 

oth proteins in a defined dimeric state that prevents 

ompetition. High Affinity Sites of MSL2 on the X 

hromosome contain variable numbers of MREs. We 

nd that the cooperation between MSL2 / CLAMP is 

ot influenced by MRE clustering or arrangement, 
ut happens lar gel y at the level of individual MREs. 
he sites where MSL2 / CLAMP bind strongly in vitro 

ocate to all chromosomes and show little overlap 

o an expanded set of X-chromosomal MSL2 in vivo 

inding sites generated by CUT&RUN. Apparently, 
he intrinsic MSL2 / CLAMP cooperativity is limited to 

 small selection of potential sites in vivo . This re- 
triction must be due to components missing in our 
econstitution, such as roX2 lncRNA. 
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RAPHICAL ABSTRACT 

NTRODUCTION 

ranscriptional regulation is a complex process involving 

ultiple le v els of control. At the first le v el of the ‘ cis-
egulatory code’ ( 1 ) transcription factors (TFs) bind to spe- 
ific DNA sequence motifs ( 2 , 3 ). Howe v er, in the dynamic
nd competiti v e nuclear environment, the affinity of iso- 
ated binding sites is insufficient to ensure stable binding. 
nstead, producti v e interactions occur at regulatory regions 
here clusters of binding sites promote TF cooperation and 

ynergistic DNA binding ( 1 ). This cooperativity underlies 
uch of the combina torial regula tion of transcription, in- 

egrating multiple signaling cues. 
To understand the fundamental principles of TF coop- 

rativity and faithful binding site selection, we are study- 
ng the Drosophila dosage compensation system. The male- 
pecific-lethal (MSL) dosage compensation complex (DCC) 
inds e xclusi v ely to the X chromosome in male cells. It 
oosts the transcription of genes to match the output of the 
wo female X chromosomes ( 4 ). The DCC subunit MSL2, 
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the main determinant of X chromosome-selecti v e binding,
has only limited intrinsic ability to identify X-specific DNA
motifs, the so-called PionX sites ( 5 , 6 ). PionX sites contain
a 5 

′ -extended variant of the MRE. Depending on the pres-
ence of a distincti v e DN A sha pe signature these sequences
ar e r ecognized by MSL2 alone (PionX sites) or are strong
MRE sequences where MSL2 still profits somewhat from
CLAMP cooperativity (PionX motifs) ( 5 ). 

To overcome this limitation, MSL2 cooperates with the
ubiquitous zinc finger protein CLAMP (‘chromatin-linked
adaptor of MSL proteins’). The two TFs stabilize each
other’s binding at some 300 ‘high affinity sites’ (HAS) on the
X chromosome ( 7 , 8 ). These sites contain one or more so-
called ‘MSL recognition elements’ (MREs), GA-rich motifs
that constitute composite TF binding sites ( 5 , 9 , 10 ). 

To study the intrinsic and cooperati v e DNA binding
specificity of MSL2 and CLAMP, we have developed an
in vitro approach that allows the analysis of TF binding in
complex, physiological chroma tin a t a genome-wide le v el
( 11 ). The cell-free system relies on extracts from pre-MBT
(mid blastula transition) Drosophila embryos [DREX, ( 12 )],
which assemble maternal stockpiles of chromatin compo-
nents on genomic DNA. The assembled chromatin shows
physiological nucleosome spacing, a rich complement of
non-histone proteins and bound insulators surrounded by
phased nucleosomes ( 11 , 13 ). In line with its pre-MBT ori-
gin, it is transcriptionally inacti v e and shows dynamic nu-
cleosome mobility catalyzed by abundant ISWI-type nucle-
osome r emodeling complex es. Because endogenous TFs ar e
mostly absent, DREX-reconstituted chromatin provides a
na ̈ıve substrate to test for genome-wide interactions of pu-
rified TFs with thousands of potential binding sites. The
experimental strategy mimics the in vivo situa tion a t the
zygotic genome activation (ZGA), when the first TFs en-
counter a dynamic chromatin ( 14 , 15 ), but additionally al-
lows to manipulate the quantity and quality (mutants) of
added TFs at will. 

When we explored the ability of MSL2 and CLAMP to
bind individual MREs in chromatin we observed strong co-
operativity between the two proteins , which was , howe v er,
not restricted to functional X chromosomal sites, but in-
cluded many autosomal sites with similar sequences. We
also found that the GAGA factor (GAF) competed with
MSL2 / CLAMP at non-functional sites, thereby improving
the X-chromosomal enrichment ( 11 ). 

Our current work extends this earlier study in several im-
portant ways. First, we investigate the mechanisms that un-
derlie the cooperativity between MSL2 and CLAMP. This
cooperativity may involve pr otein–pr otein interactions that
r esult in incr eased r esidence times of the TFs at composite
cis -elements and lead to a synergistic ef fect tha t exceeds the
sum of each individual contribution [direct cooperativity,
( 2 )]. Weak pr otein–pr otein interactions may only become
relevant when two proteins are brought into close proxim-
ity through their binding to adjacent DNA sequence motifs,
which is r eferr ed to as ‘DNA-mediated’ interaction ( 16 ). In-
terestingly, high-throughput assays that monitor the bind-
ing of multiple TFs to a di v erse library of sequences have
shown that, with the exception of obligatory factor dimer-
ization, the binding of two TFs to neighboring motifs typ-
ically leads to additi v e rather than synergistic effects. This
suggests that direct physical cooperation between TFs may
not be a common mechanism ( 17 ). 

In addition to the direct cooperativity of interacting TFs,
indirect cooperativity can also be observed in a chromatin
conte xt. Nucleosome assemb ly maximizes the nucleosome
organization of genomic DNA ( 18 ). TFs often cannot bind
to nucleosomal DNA and, ther efor e, compete with nucle-
osomes to access their binding sites. At clustered cis ele-
ments, the successful binding of one TF can hinder nucle-
osome formation thus facilitating the interaction of other
TFs to neighboring DNA. This nucleosome-mediated co-
operativity or ‘assisted loading’ of TFs, does not necessar-
ily involve protein interactions and can broaden the com-
binatorial space ( 19 , 20 ). Nucleosome-mediated cooperativ-
ity appears to be the prevalent form of TF cooperativity
( 21 ). Some TFs may be better competitors against nucle-
osomes due to their abundance or mode of DNA inter-
action, while others may benefit from the action of good
competitors ( 22 ). 

The cooperativity between MSL2 and CLAMP might
involve direct protein interactions ( 8 , 23 ). Indeed, we now
find that disrupting the physical contact between MSL2 and
CLAMP completely abolishes their cooperativity. Surpris-
ingly, rather than the expected nucleosome-mediated coop-
er ativity between non-inter acting factors, we find that the
stronger GA binder, CLAMP, inhibits the association of
MSL2 at shared sites. This suggests that the physical con-
tact between MSL2 and CLAMP not only increases the
affinity of MSL2 for target sites ( 23 ), but also ensures a de-
fined geometry or registry between the proteins, which not
only underlies their cooperation, but also pre v ents compe-
tition. We find that the binding strength of MSL2 / CLAMP
depends on cooperativity at individual composite binding
sites and not on clustering or arrangement of such motifs
in the genome. 

Finally, we explore to which extent the observed TF co-
operati vity e xplains the X chromosome-specific binding of
MSL2 in vivo . Taking advantage of the superior signal-to-
noise ratio and resolution of the CUT&RUN (C&R) tech-
nique, we generated the first C&R profiles for MSL2. The
new profiles reveal more than twice as many MSL2 binding
sites than corresponding chromatin immunoprecipitation
(ChIP) profiles , which are , remar kab ly, all on the X chro-
mosome. The improved profiling method not only visual-
izes HAS, but also degenerate sites of lower af finity tha t are
still restricted to the X ( 24 ). Interestingly, we observed only
a minimal overlap between the in vitro and in vivo binding
sites. This suggests that the e xtensi v e cooperati vity between
MSL2 and CLAMP observed in vitro on all chromosomes
is restricted to a relati v ely small number of functional sites
in vivo . We discuss a potential role for non-coding roX RNA
in this process. 

MATERIALS AND METHODS 

Co-immunoprecipitation 

The protocol was adapted from ( 8 ). Briefly, we mixed 50
nM of recombinant MSL2-FLAG and CLAMP-FLAG or
CLAMP- � ZF1-FLAG in 100 �l DREX or EX50 buffer
(10 mM HEPES, 50 mM KCl, 1.5 mM MgCl 2 , 10% (v / v)
glycerol, 50 �M ZnCl 2 ,1 mM DTT and 1 × cOmplete
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DTA- free Proteinase inhibitor cocktail), and incubated 

he mixture with end-over-end rotation for 30 min at room 

emperature (RT). Next, we added the samples to 15 �l 
f antibody-coupled magnetic ProteinG Dynabeads, which 

ad been pre-coupled with the respecti v e antibody. For 
LAMP imm unoprecipitations onl y 5 �l were used. For 
r e-coupling, beads wer e washed thrice with 1 ml EX50 and 

ncubated with end-over-end rotation for over-night at 4 

◦C 

ith 1 �l rabbit anti-MSL2 antibody per 10 �l beads and 

ith 2 �l rabbit anti-CLAMP antibody (SDIX). The beads 
ere then washed thrice with 1 ml of EX50 buffer, followed 

y incubation with the IP reaction for 15 min at RT. After 
ncubation, the beads were washed thrice with 1 ml of EX50 

uffer, resuspended in SDS-sample buffer, and processed for 
estern blotting. 

estern blots 

amples were denatured with Laemmli buffer at 95 

◦C for 
 min. Then samples wer e electrophor esed on 4–20% SDS 

erv aGel TGPrime (Serv a) for 1 h at 100 V. Proteins were 
r ansferred to AmershamTM Protr anTM 0.45 �M Nitro- 
ellulose Blotting Membrane for 1 h at 400 mA. All fol- 
owing incubations were for 1 h at RT. Membranes were 
locked with 5% BSA. The membrane was incubated with 

rimary antibody in TBS-T, washed thrice with TBS-T and 

ncubated with secondary antibody. Images were taken us- 
ng the LICOR Odyssey CLx. 

NA purification 

enomic DN A (gDN A) was obtained from male BG3-c2 

ells (Drosophila Genomics Resource Center) ( 25 ). They 

er e cultur ed at 26 

◦C in Schneider’s Drosophila Medium 

GIBCO) with 10% fetal calf serum (FCS), Penicillin– 

treptomycin and 10 mg / ml human insulin. The DNA of 
0 

7 cells was purified using the Blood & Cell Culture DNA 

idi Kit (Qiagen) following the supplier’s protocol. The 
NA was dissolved in EDTA-free 10 mM Tris–NaCl pH 

. Concentrations were determined using Qubit (Thermo 

isher). 

r epar ation of prebastoderm embryo chromatin assembly ex- 
ract (DREX) 

reblastoderm embryos were collected within 90 min af- 
er egg laying, as previously described ( 12 ). Briefly, settled 

mbryos (50 ml) were dechorionated in 200 ml of embryo 

ash buffer (EW) (0.7% NaCl and 0.04% Triton X-100), fol- 
owed by treatment with 13% sodium hypochlorite (VWR) 
or 3 min at RT with constant stirring. After rinsing the em- 
ry os f or 5 min with cold water, they were transferred to a
lass cylinder containing EW and allowed to settle. The set- 
led embryos were then washed successi v ely with 0.7% NaCl 
nd extract buffer, consisting of 10 mM HEPES / KOH pH 

.6, 10 mM KCI, 1.5 mM MgCl 2 , 10% glycerol, 1 mM 

TT and 1 × cOmplete EDTA-free Proteinase inhibitor 
ocktail (PIC, Roche). 

The embryos were homogenized using a homogenplus 
omogenizer (Schuett-Biotec) with one stroke at 3000 rpm 
nd 10 strokes at 1500 rpm after which the MgCl 2 concen- 
ration of the homogenate was adjusted to 5 mM (final con- 
entration) and centrifuged at 27 000 g for 15 min at 4 

◦C. 
he lipid layer was discarded, and the supernatant was fur- 

her centrifuged at 245 000 g for 2 h at 4 

◦C. The clear extract
as collected using a syringe, while the lipid layer and pel- 

et were left behind. To avoid chelation of Zn, EDTA was 
xcluded from all steps of the purification. Extracts were 
tored in 200 �l aliquots at −80 

◦C after shock freezing in 

iquid nitrogen. Extracts were only thawed once before use. 

hromatin assembly 

ne �g of genomic DNA was assembled into chromatin 

y adding 15 �l 10 × McNAP buffer (0.3 M creatine phos- 
hate, 30 mM ATP, 3 mM MgCl 2 1 mM DTT, 10 ng / �l
reatine phosphokinase), 100 �l DREX extract and EX50 

uffer (10 mM HEPES / KOH pH 7.6, 50 mM KCI, 1.5 mM 

gCl 2 , 50 �M ZnCl 2 , 10% glycerol, 1 mM DTT, 1 × PIC) 
p to a final volume of 150 �l. The amounts of extract nec- 
ssary were determined empirically for each batch. Assem- 
ly took place at 26 

◦C for 4 h. 

Nase digestions 

ne �g of DNA assembled into chromatin in 150 �l was 
igested with MNase by adding 200 �l MNase digestion 

olution (186 �l EX50, 10 �l 1 M CaCl 2 and 4 �l MNase 
olution 333 U / �l). At times 15, 30 and 120 sec, 110 �l were
ransferred to tubes containing to 40 �l 100 mM EDTA so- 
ution each to stop the digest. Two �l gl yco gen (10 mg / ml)
nd 150 �l 7.5 M ammonium acetate were added and sam- 
les were mixed. Then, 880 �l of 100% ethanol was added 

nd samples were vortexed vigorously and cooled at −20 

◦C 

or 10 min. After centrifuga tion a t 21 000 g for 15 min at
 

◦C, the supernatant was removed and pellets were washed 

ith ice-cold 70% ethanol. After pelleting the DNA again at 
1 000 g for 5 min at 4 

◦C, it was dissolved in 8 �l 10 mM TE
uffer and 2 �l Orange-G loading dye. Samples were sepa- 
ated on a 2% agarose gel, stained with ethidium bromide 
nd imaged using the Quantum ST-4 from PeqLab to con- 
rol for proper chromatin assembly. Samples used for later 
hIP-seq experiments were always digested for 2 min. 

aculovirus infections 

f21 cell cultures at 10 

6 cells / ml (2.5 × 10 

8 cells) were in- 
ected 1:1000 (v / v) with baculovirus, expressing the respec- 
i v e FLAG tagged proteins as described in ( 26 ). After 72
, cells were harvested and washed once in PBS, frozen in 

iquid nitrogen and stored at −80 

◦C. 

rotein purification 

DTA was excluded from all steps of the purification to 

void chelation of Zn in later experiments. 
MSL2-FLAG: Sf21 cell pellets were ra pidl y thawed and 

esuspended in ice-cold Lysis buffer (300 mM KCl, 50 mM 

EPES / KOH pH 7.6, 5% glycerol, 0.05% NP-40, 1 mM 

gCl 2 , 50 �M ZnCl 2 , 1 mM DTT, 1 × PIC). 25 ml buffer
as added to the cell pellet (2.5 × 10 

8 cells). After 15 min 
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incubation on ice, the suspension was sonicated (5 × 10
sec pulses, 20 s break, 20% amplitude, Branson sonifier
model 250-D) and centrifuged for 45 min at 30 000 g at
4 

◦C. The soluble protein fraction was incubated with Lysis
buf fe-equilibra ted FLAG beads (Anti-FLAG M2 Agarose,
Sigma) for 3 h at 4 

◦C on a rotating wheel. 0.5 ml beads
were used per 2.5 × 10 

8 cells. The beads were washed twice
with 10 ml ice-cold Lysis buffer, twice with 10 ml Wash
b uffer (Lysis b uffer, b ut with 1 M KCl and 1% NP-40) and
twice with 10 ml Elution buffer (Lysis b uffer, b ut with 100
mM KCl). The FLAG-tagged MSL proteins were eluted
for 3 h at 4 

◦C on a rotating wheel in the presence of 0.5
mg / ml FLAG-Peptide (Sigma) in 1 ml Elution buffer. Puri-
fied proteins were then ra pidl y frozen in liquid nitrogen and
finally stored at −80 

◦C. Protein concentrations were deter-
mined via SDS–PAGE and Coomassie staining using BSA
(NewEngland Biolabs) as a standard. Cloning for the MSL2
expression construct is described by ( 26 ). 

CLAMP-FLA G and CLAMP- � ZF1-FLA G: Sf21 cell
pellets were ra pidl y thawed and resuspended in 1 ml Buffer
C per 10 mL of culture (50 mM HEPES pH7.6, 1 M KCl, 1
mM MgCl 2 , 5% (v / v) glycerol, 0.05% NP-40, 50 �M ZnCl 2 ,
375 mM L -arginine (according to ( 27 )) supplemented with
0.5 mM TCEP and 1 × PIC. After 15 min incubation on ice,
the suspension was sonicated (5 × 10 s pulses, 20 s break,
20% amplitude, Branson sonifier model 250-D). The ex-
tract was adjusted with Buffer C containing 1 × PIC to 2
ml per 10 ml of culture and supplemented with 0.1% (v / v)
polyethyleneimine by adding 2% (v / v) polyethyleneimine
(neutralized with HCl to pH 7.0) dr op-by-dr op while string
in an ice bath [according to ( 28 )] and then centrifuged for
45 min at 30 000 g at 4 

◦C. The soluble protein fraction was
incubated with Buffer C-equilibrated FLAG beads (Anti-
FLAG M2 Agarose, Sigma) for 3 h at 4 

◦C on a rotating
wheel. 0.5 ml beads were used per 2.5 × 10 

8 cells. Beads
were pelleted at 4 

◦C for 5 min at 500 g and supernatant was
r emoved. Beads wer e washed 5 times with 20 bed volumes of
Buf fer C . The FLAG-tagged CLAMP proteins were eluted
for 3 h at 4 

◦C on a rotating wheel in the presence of 0.5
mg / ml FLAG-Peptide (Sigma) in 1 ml Buffer C containing
1x PIC. Purified proteins were then ra pidl y frozen in liq-
uid nitrogen and finally stored at −80 

◦C. Protein concen-
trations were determined via SDS–PAGE and Coomassie
staining using BSA (New England Biolabs) as a standard.
Cloning for the CLAMP constructs is described by ( 8 ). 

Antibodies 

The following antibodies were used: rabbit �-MSL2 ( 26 );
guinea-pig �-MSL2 ( 8 ); rabbit �-CLAMP ( 8 ); IRDye
680RD goat �-r abbit (Licor 925–68071); IRDy e 800CW
goat �-guinea-pig (Licor 926-32211). 

ChIP-seq 

Recombinant proteins were added to 1 �g of assembled
chromatin as described in ‘chromatin assembly’ and were
allowed to bind for 1 h. Samples were crosslinked by adding
for maldehyde (Ther mo Fisher Scientific, Ref 28908) up to
0.1% final concentration for 10 min and then quenched by
125 mM glycine for 5 min. Samples were digested by MNase
as described above for 2 min. After adding 1 × RIPA buffer
up to 500 �l, samples wer e pr eclear ed on a rotating wheel
with 20 �l buf fer-equilibra ted protein-AG beads per 1 �g
chromatin for 1 h at 4 

◦C. Supernatant was collected and 2
�l of purified antibody was added to the pr eclear ed sample
and let to bind overnight at 4 

◦C on a rotating wheel. Then
samples were bound to freshly washed protein AG beads
for 3 h. Samples were washed 4 times for 5 min with 1 ml
of 1 × RIPA buffer per sample (1 �g chromatin on 20 �l
beads). Then the beads were suspended in 100 �l 1 × TE
buffer and de-crosslinked overnight at 65 

◦C while shaking.
Samples were then digested with 10 �g RNAse A for 30 min
at 37 

◦C and 100 �g proteinase K at 56 

◦C for 1h. beads were
pelleted at 1000 g for 1 min and supernatant was transferred
to a fresh tube for purification. DNA was purified by two ex-
tractions with phenol:chloroform:isoamyl-alcohol (25:24:1,
Sigma Aldrich) and precipitated by adding it to 2 �l of
gl yco gen, 0.1 × volume 3 M sodium acetate. Then 2.5 × vol-
ume 100% ethanol was added and samples cooled at −20 

◦C
for 15 min and pelleted in a tabletop centrifuge. The DNA
w as w ashed once with 70% ethanol and dissolved in EDTA-
free 10 mM Tris / NaCl, pH 8. Concentrations were deter-
mined using Qubit (Thermo Fisher). 

For correlation analyses between replicates, see Supple-
mentary Figure S2. 

Cut&run 

CUT&RUN was performed as described in ( 29 ). Briefly, 10 

6

S2 cells were harvested, washed and bound to pre-activated
Concanavalin A-coated magnetic beads, in wash buffer (20
mM HEPES, pH 7.5, 150 mM NaCl, 0.5 mM spermidine
and 1 × cOmplete EDTA-free PIC). The cells were then
permeabilized in Antibody buffer containing 0.05% digi-
tonin (Dig-Wash) and 2 mM EDTA and incubated with
rabbit �-MSL2 serum or pre-immune serum, diluted 1 / 500,
at 4 

◦C overnight on a nutator. After antibody incubation,
the beads were washed thrice with Dig-Wash buffer and in-
cubated with pAG / MNase at a concentration of 700 ng / ml,
for 1 h at 4 

◦C. After 2 washes in Dig-Wash buffer the beads
wer e r esuspended in 100 �l of Dig-Wash buffer and chro-
matin was digested, by addition of 100 mM CaCl 2 , for 30
min at 0 

◦C. The digestion reaction was stopped by addi-
tion of 100 �l 2 × STOP buffer (340 mM NaCl, 20 mM
EDT A, 4 mM EGT A, 0,05% Digitonin, 50 �g / ml glyco-
gen, 100 �g / ml RNase A). The digested chromatin frag-
ments were released by incubating the beads for 30 min
a t 37 

◦C . The beads were then placed on a magnet stand
and the liquid containing the digested chromatin was trans-
ferred to a fresh tube. Total DNA was extracted using the
phenol / chlor oform pr otocol. Concentrations were deter-
mined using Qubit (Thermo Fisher). 

For correlation analyses between replicates, see Supple-
mentary Figure S2. 

Libr ary pr epar ation and sequencing 

For ChIP-seq samples, libraries wer e pr epar ed using NEB-
Next Ultr a II DNA Libr ary (New England Biolabs) accord-
ing to manufacturer’s instructions. For CUT&RUN, se-
quencing libraries were prepared as described in ( 30 , 31 ). All
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ibraries were sequenced on an Illumina NextSeq1000 se- 
uencer. About 20 million paired-end reads were sequenced 

er sample for each of the ChIP replica tes. Replica tes were 
erformed using a separate batch of purified proteins and 

REX extracts. For CUT&RUN about 5 million paired- 
nd r eads wer e sequenced per sample for each of the bio- 
ogical replicates. Base calling was performed by Illumina’s 
TA software, version 1.18.66.3. 

A T A ANALYSIS 

ead processing 

equence reads were Demultiplexed by JE demultiplexer 
 32 ) using the barcodes from the Illumina Index read 

les. Demultiplexed files were aligned to the Drosophila 

elanogaster release 6 reference genome (BDGP6) using 

owtie2 ( 33 ) version 2.2.9. (parameter ‘–end-to-end –very- 
ensiti v e –no-unal –no-mixed –no-discordant -X 400’) and 

ltered for quality using samtools 1.6 ( 34 ) with a MAPQ 

core cutoff of -q 2. 

eplicate correlation 

eplica te correla tion was determined by first searching the 
m6 genome for 5000 best hits of the GA GA GA MRE- 
otif by FIMO (MSL2-ChIP n = 3, CLAMP-ChIP n = 2). 
hen each replicate was down-sampled to recei v e the same 
umber of reads per replicate, and reads per motif were 
ounted and plotted against each other. If replicates were 
ufficiently similar, the sampled reads were merged and used 

or further analysis. This avoids normalization against an 

nput and retains individual read information. For cor- 
elation analyses between replicates, see Supplementary 

igure S2. 

eak calling 

eaks were called using Homer ( 35 ) version 4.9.1 call- 
ng the functions makeTagDirectory (parameters -single - 
ragLength 150) and findPeaks (parameters -style factor - 
ize 150 -F 6) using the corresponding negati v e samples in 

hich the IP was done without adding the respecti v e protein 

s control. We called peaks against a negati v e control (IP 

n the absence of added protein) where possible, as this al- 
ows us to account for antibody cross reactivity in immuno- 
recipitations. Peak calling was done with the summarized 

eplicates for each sample and the control, resulting in more 
obust peaks through the additional coverage used. HAS 

nd PionX regions and motifs were used as defined by ( 5 ) 
ith 309 HAS and 56 PionX in total. 

e novo motif discovery 

nriched motifs in peak region were discovered using 

EME ( 36 ) (version 4.11.4 (parameters -mod anr -dna - 
 ev comp -nmotifs 2). Before analysis the peaks were resized 

o 200 bp to include 25 bp of sequences directly bordering 

he peaks. 
ind motif occurrences 

otif search using position weight matrixes from MEME 

n peak regions on the genome was performed with FIMO 

 37 ) version 5.0.2. 

r owser pr ofiles 

r owser pr ofiles were generated using UCSCutils ( http: 
/genome.ucsc.edu .) version 3.4.1. calling the function 

akeUCSCfile using the summarized sample replicates Tag 

irectories, also used for the peak calling, and were normal- 
zed against the control. Values are fold change over control. 
rofiles were visualized using the IGV software ( 38 ). 

ata analysis and plotting 

ata Analysis was conducted in R ( 39 ), using the tidyverse 
ibraries ( 40 ). 

eatmaps and cumulative plots 

eatmaps were made using the R library ‘Complex- 
eatmaps’ ( 41 ) by cutting windows of 2000 bp around sites 
f interest of the calculated coverages normalized against 
 control if applicable and aligning them. The cumulati v e 
lots are made by calculating the mean of each column. 
indow identities are retained in the data and used for the 

nnotation by overlapping them with the known HAS or 
he X chromosome. 

ragment size analysis 

lots depicting individual fragments at each peak and an- 
otation of motifs within peaks was done by custom code 
sing the libraries zoo ( 42 ), rtracklayer ( 43 ) and ggpmisc. 

lphafold 

rotein structures were predicted using ColabFold ( 44 ), 
hich uses the Alphafold2 algorithm ( 45 ). 

ESULTS 

LAMP-MSL2 cooperativity is dependent on CLAMP’s N- 
erminal zinc finger 

he interaction surfaces between MSL2 and CLAMP were 
reviousl y ma pped ( 8 , 23 ). CLAMP binds MSL2 with its
-terminal zinc finger (ZF1, Figure 1 A). For MSL2 the 

nteractions r equir ed an evolutionary conserved sequence 
ust downstream of the CXC domain, which we termed the 
LAMP binding domain (CBD, Figure 1 A). Tikhonova 

t al . concluded from NMR studies of isolated domains 
hat the CBD was largely disordered ( 46 ). Because unstruc- 
ur ed r egions ar e usually not conserved, we used the Al- 
haFold2 protein structure database to predict the CBD 

tructure. The query of an MSL2 fragment between amino 

cids 510–690 including both CXC and CBD domains re- 
ealed a high-confidence structural prediction for both do- 
ains connected by an unstructured linker (Figure 1 B). 

http://genome.ucsc.edu
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Figure 1. Deletion of CLAMP N-terminal zinc finger (ZF1) reduces binding cooperativity with MSL2. ( A ) The domain organization for CLAMP and 
MSL2. CLAMP contains se v en zinc finger (ZF) domains, of which ZF1 interacts with MSL2 and a subset of ZF2-ZF7 is involved in MRE recognition. The 
known functional domains of MSL2 RING, CXC and CLAMP binding domain (CBD) are indicated. Amino acid positions within the proteins are labeled. 
( B ) Relati v e IDDT pr ediction scor es from Alphaf old2 f or MSL2 calculated f or amino acids 510–690. High scores indicate high prediction confidence. ( C ) 
Pr edicted protein structur e of MSL2 amino acids 510–690, generated by Alphafold2. The IDDT scores from Figur e 1 B ar e color-coded (high = blue, 
low = red). The CXC and CBD domains are indicated by shading. ( D ) Genome-wide chromatin binding profiles. Summarized genome browser profile for 
all biological replicates shows binding of the protein marked with ‘IP’ determined by ChIP-seq along the Drosophila genome (MSL2-ChIP n = 3, CLAMP- 
ChIP n = 2). The chromosomes are indicated on the top of the panels. Maxi-mum values for each window are shown after normalization against the control. 
For exemplary close-up views, see Supplementary figures S1C and S1D. (E) Western blot analysis of co-immunoprecipitation of MSL2 and CLAMP. 50 
nM of respecti v e proteins were added to DREX and immunoprecipitated by anti-MSL2 or anti-CLAMP antibody as annotated. The input (10%) before 
IP and the bound fraction (30%) wer e r esolved. Blots wer e probed with anti-FLAG antibody to avoid bias and imaged using a Licor Odyssey DLx. The 
amount of co-immunoprecipitated protein was quantified, and the bound fraction was normalized against input amounts (see also Supplementary Figure 
S1A). ( F ) X-chromosomal enrichment of MSL2 peaks in absence and presence of CLAMP or CLAMP- � ZF1. Enrichment is related to the respecti v e 
peak cut-off, defined as the enrichment over background of the peaks. Enrichment is only calculated for datasets with at least 20 remaining peaks. 
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he prediction further showed that CXC and CBD con- 
ain surfaces that are compatible with mutual interactions 
Figure 1 C). 

Attempting to disrupt the interaction between CLAMP 

nd MSL2 we generated protein variants with respecti v e 
F1 and CBD deletions. We found that deleting the CBD 

ielded a protein that lost most DNA binding activity (not 
hown), in agreement with earlier findings that partial dele- 
ion of the CBD compromises DNA binding ( 6 ). In light 
f the AlphaFold2 prediction it is tempting to speculate 
hat CBD and CXC domains are part of a composite DNA 

eader module. In order to assay cooperativity, it is of im- 
ortance to assure that the DNA binding of the mutant and 

ild type TFs alone is similar. This r equir ement was not sat- 
sfied in the MSL2 CBD deletion mutant. 

In contrast, upon deletion of ZF1 CLAMP retained 

NA binding activity (see below). When we compared the 
inding of the wildtype and mutant CLAMP by ChIP, 
e found the CLAMP- � ZF1 profile to be systematically 

eaker (Figure 1 D). We specula ted tha t this may be because 
he epitope, against which the CLAMP antibody was raised, 
ies close to the ZF1 deletion site. We ther efor e generated 

hIP-seq profiles for CLAMP and CLAMP- � ZF1 using 

n antibody detecting the C-terminal FLAG-tag shared by 

oth proteins. The �FLAG ChIP yielded profiles of roughly 

imilar intensities, indicating that deletion of ZF1 gener- 
lly does not impair the ability of CLAMP to bind chro- 
atin as seen when comparing the binding to known in vitro 

LAMP site (S1B) and shown in coverage profiles (Figure 
 D, Supplementary Figure S1B–D). 

To test whether the deletion of ZF1 impairs the interac- 
ion with MSL2 in the complex chromatin reconstitution 

xtract, we performed reciprocal co-immunoprecipitation 

IP) assays. MSL2 was incubated with either the wildtype or 
utant CLAMP in a chromatin assembly reaction lacking 

NA. To control for non-specific adsorption of protein to 

ntibod y-coa ted paramagnetic beads, mock-IPs were per- 
ormed, in which one protein was omitted. In the presence 
f DREX, this nonspecific adsorption was minimal (Sup- 
lementary Figure S1A and data not shown). The West- 
rn blots were probed with �FLAG antibody that visualize 

SL2 and CLAMP sim ultaneousl y. We found that a signif- 
cant co-IP of MSL2 with CLAMP (20%) or CLAMP with 

SL2 (7%) was reduced to background le v els ( < 1%) upon 

eletion of CLAMP ZF1 (Figure 1 E). 
We then tested the cooperativity of DNA binding of 

LAMP and MSL2 in reconstituted chromatin as before 
 11 ). Genomic DNA was assembled into chromatin, the 
Fs were added and crosslinked (Supplementary Figure 
1E). The chromatin was digested with MNase before ChIP 

nd paired-end sequencing of the associated DNA. Repre- 
entati v e genome browser coverages are shown in Figure 
 D for a whole-genome view and Supplementary Figures 
1C, D for regions of the X chromosome. 
In the presence of CLAMP, the binding of MSL2 to chro- 
atin was generally increased, in line with our earlier ob- 

ervations ( 11 ). The fact that MSL2 is recruited to strong 

LAMP binding sites on autosomes is illustrated in Fig- 
re 1 F, which relates the strength of binding e v ents (‘signal 
ver input’) to the enrichment on the X. Of the 21 strongest 
SL2 peaks in the absence of CLAMP (25-fold over in- 
ut) more than 75% are located on the X. This illustrates 
he intrinsic ability of MSL2 to select strong X chromo- 
ome determinants. Sites of lower affinity are less enriched 

n the X (e.g.131 binding e v ents with 10-fold signal over in- 
ut reside only 55% on the X). In the presence of CLAMP, 
SL2 binds strongly to many more sites, but about half of 

he strongest sites with 30–50-fold enrichment over input 
re located on autosomes. 

In presence of CLAMP- � ZF1 the number of MSL2 

eaks is reduced and the X-specificity remains low (Figure 
 F). This result suggests that ZF1 is required for CLAMP- 
SL2 cooperativity and that this cooperativity is direct. 
e v ertheless, this cooperati vity does not e xplain the e xclu-

i v e MSL2 binding to the X chromosome in vivo , a notion
hat will be further de v eloped, below. 

LAMP- � ZF1 competes against MSL2 for MRE binding 

o further explore the effect of ZF1 deletion on coop- 
rativity we picked 264 autosomal sites where CLAMP 

nd CLAMP- � ZF1, when assayed alone, bind strongly as 
udged by �FLAG IP (Figure 2 A, purple tracks). Addition 

f MSL2 enhanced the binding of CLAMP to these sites, 
ut not of the mutant CLAMP- � ZF1 (Figure 2 A, green 

racks). The binding of MSL2 alone was strongly improved 

y CLAMP. To our surprise, addition of CLAMP- � ZF1 

ad the opposite effect: MSL2 binding was reduced (Fig- 
re 2 A, blue tracks). We had expected that MSL2 would ei- 
her not be affected by the interaction-defecti v e CLAMP or 
erhaps e v en benefit some what from indirect, nucleosome- 
edia ted coopera tivity. On the contrary, the data suggest 

hat CLAMP- � ZF1 competes for MSL2 binding. The phe- 
omenon of cooperativity by CLAMP and competition by 

LAMP- � ZF1 was also seen at 309 HAS ( 5 )(Figure 2 B). 
To determine if there was a sequence dependency to the 

ffects seen in the heatmaps we called peaks for MSL2 and 

ivided them into groups according to whether FIMO an- 
otates an MRE, PionX sequence (Figure 2 D) or no clear 
otif. For quantitati v e assessment we determined the nor- 
alized read counts at each peak (Figure 2 C). This shows 

hat MSL2 alone binds best at sites with a PionX motif and 

orst at sites without a clear motif, as expected. Addition of 
LAMP increases binding to all sites. CLAMP- � ZF1 com- 
etes with MSL2 only at sites with a clear composite motif. 
his competition may be due to the fact that MSL2 and 

LAMP both recognize GA-dinucleotides in MREs ( 7 , 9 ). 
t PionX sites, MSL2 may bind the 5 

′ extension with its 
XC domain and more 3 

′ GA-dinucleotides with parts of 
he CBD ( 5 ). CLAMP- � ZF1 may compete with this GA- 
inding. So, why does wild-type CLAMP not compete for 
SL2 binding? We propose that the direct physical interac- 

ion between the two proteins establishes a defined distance 
etween the cooperating proteins, ensuring that they bind to 

omposite sites together and side by side, rather than alone 
nd in competition (Figure 2 E). 

xploring MSL2-CLAMP cooperativity beyond single 
REs 

he compendium of X-chromosomal binding sites for 
SL2 has been redefined se v eral times in recent years. We 
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Figure 2. In absence of ZF1, CLAMP competes with MSL2 at composite binding sites. ( A ) The indicated proteins w ere allow ed to bind to chromatin- 
assembled genomic DNA and MSL2 or CLAMP binding determined by ChIP-seq (see Supplementary Figure S1C). Enrichment of the targeted factor 
marked with ‘IP’ was plotted to 264 autosomal sites that were bound by both CLAMP and CLAMP- � ZF1. Heatmaps of individual r egions ar e shown. 
Coverage windows of 2000 bp around the sites were cut out and aligned. ( B ) As is A, but plotted at the 309 MSL2 High-Affinity sites ( 5 ). ( C ) Boxplot of 
normalized read counts per peak. Peaks were determined by Homer for each sample and then separated into groups depending on whether they harbor 
no strong motif, an MRE motif or a PionX motif, respecti v ely. ( D ) Position Weight Matrix of the ‘MSL recognition element’ (MRE) and the ‘Pioneering 
on the X’ (PionX) element used to determine motif-containing sites. ( E ) Model explaining the binding behavior of MSL2 and CLAMP. Intact proteins 
inter act cooper ati v ely and lock into a defined geometry on the large, composite binding motif. In absence of the ZF1 interaction domain CLAMP binds 
‘out of phase’ to the motif, leading to competition and displacement of MSL2 from the binding site. 
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se a list of 309 HAS defined as overlapping peak regions 
n two high-quality MSL2 profiles ( 5 ). HAS loci often con- 
ain multiple MRE and PionX motifs. MSL2 binding affin- 
ty ma y theref ore correlate with the number of MREs in a 

i v en chromosomal region or with a defined spatial archi- 
ecture at HAS. This ‘higher order’ level of MSL2 binding 

s well as MSL2-CLAMP cooperativity has not been sys- 
ema tically investiga ted so far. 

We first explored this question computationally by apply- 
ng the ‘enhanced chromatin occupancy’ (EChO) strategy 

 47 ) to binding data from DREX-assembled genomes. Al- 
hough this method was de v eloped for CUT&RUN, it can 

lso be applied to ChIP data, which involve MNase diges- 
ion and paired-end sequencing. The method exploits the 
bserva tion tha t subnucleosome-sized fragments arise from 

Nase cleavage on either side of a DNA-bound transcrip- 
ion factor. The shortest fragments are centered around a 

ound TF. When the fragment lengths are plotted across 
 region of interest, the minima will point to TF contacts 
n DNA. In absence of binding factors at the sites the pro- 
le consists of few reads with lengths of about are 150 bp 

n average, which reflects the nucleosomal background (not 
hown). 

We randomly selected 10 from the 264 autosomal sites 
here MSL2 and CLAMP bind cooperati v ely in vitro and 

isualized an area of 401 bp centered on the peaks (Fig- 
re 3 A). The vertical green annotation indicates the posi- 
ions of the MREs and PionX motifs, re v ealing a great di-
ersity in the number and arrangement of such sequences. 
e then plotted the fragment sizes obtained from experi- 
ents, in which either CLAMP was assayed alone or MSL2 

as mapped in the presence of CLAMP (Figure 3 A). The 
umber of reads (individual dots) provides a measure of 
inding intensity. The minima of the fitted curve points to 

ites where proteins bind DNA. Se v eral conclusions can be 
rawn from the plots. ( 1 ) The predicted TF binding sites 
enerally match the annotated MREs and PionX sequences. 
 2 ) Strong binding e v ents often coincide with MRE cluster-
ng, but ther e ar e also cases wher e binding occurs in the ab-
ence of annotated MRE motifs. ( 3 ) The curves for CLAMP 

lone and MSL2 in the presence of CLAMP generally, but 
ot always, follow a similar path. 
The data suggest that CLAMP and MSL2 do in fact 

ind together to the composite sequence elements. If this 
as the case, an increased MNase ‘footprint’ (indicated 

y increased fragment sizes) would be detectable at sites 
her e mor e than one TF binds. We computed the fragments 

engths across all peak areas in all in vitro binding experi- 
ents, determined minima at each site by loess r egr ession 

nd summarized all the reads found at these locations (Fig- 
re 3 B). The ‘fragment size at minima’ gi v es a relati v e mea-
ure of the TF footprint. MSL2 binding alone correlated 

ith an average fragment length of 120 bp. In the pres- 
nce of CLAMP, the average length of fragments was in- 
reased by 10 bp. In contrast, addition of CLAMP- � ZF1 

ad no effect. These findings support the notion of cooper- 
ti v e binding of MSL2 and CLAMP at individual compos- 
te binding sites, which are largely defined by the presence of 
LAMP. 
The anecdotal fragment size profiles (Figure 3 A) illus- 

ra te a grea t di v ersity of binding site ar chitectur e, but they
o not allow general conclusions about binding cooperativ- 
ty between clustered MRE sequences. To address this ques- 
ion more systematically, we determined an ‘MRE score’ 
or each peak area (see Materials and Methods) by sum- 

ing up all nucleotides contained in an 8 bp MRE PWM 

note that PionX sequences conform with the general MRE 

efinition). The higher the MRE scor e, the mor e MRE 

otifs cluster at a gi v en site. We then related this MRE 

core to the corresponding binding strength, indicated by 

he normalized read coverage (Figure 3 C). For the binding 

f MSL2 alone, the correlation between MRE score and 

inding strength was poor. This is explained by the fact 
hat MSL2 alone binds best to single PionX sequences and 

ot so much to extended GA-rich regions ( 5 , 11 ). In con-
rast, CLAMP alone is known to bind extended GA se- 
uences ( 48 ), which is reflected by a good correlation be- 
ween MRE score and binding strength. If MSL2 binding 

trength is assessed in the presence of CLAMP, the corre- 
ation to MRE score remains poor (although slightly better 
han for MSL2 alone). Inter estingly, ther e ar e many sites 
ith a single MRE (MRE score of 8) with very different 
inding strengths. Finally, if CLAMP binding is assessed 

n the presence of MSL2 the correlation to MRE score is 
 educed, pr esumably because MSL2 can stabilize CLAMP 

t otherwise low affinity binding sites (Figure 2 B). We con- 
lude that the cooperativity in chromatin binding between 

SL2 and CLAMP occurs predominantly at the le v el of in- 
ividual, composite binding sites and less so between TFs 
ound to clustered elements within a HAS. 

UT&RUN detects X chromosomal MSL2 binding sites be- 
ond the known HAS 

hese findings, along with our previous in vitro genome- 
ide binding assays ( 8 , 11 ), re v eal fundamental principles of

ooperativity and competition at GA-rich MRE sequences 
n all chromosomes. Howe v er, in vivo the cooperativity be- 
ween MSL2 and CLAMP is strictly limited to X chromo- 
omal HAS ( 8 ). This discrepancy may be resolved in vivo , if
he cooperativity at the le v el of MRE clustering was more 
mportant, due to chromosome organization ( 49 ). 

To obtain binding profiles suitable for EChO analy- 
es, we generated the first C&R profiles for MSL2 in the 
ale S2 cell line. The C&R methodology avoids immuno- 

recipitation and thus yields a better signal-to-noise ratio 

nd improved resolution ( 29 ). It also avoids formaldehyde 
rosslinking, a major source of inconsistency between pro- 
ocols. If combined with paired-end sequencing, C&R is 
deal for EChO plot analysis. 

Our C&R analysis impressi v ely documented the e xclusi v e 
inding of MSL2 to the X chromosome in vivo , and in this 
espect was superior to previous ChIP-seq profiles [Figure 
 A; ( 5 )]. C&R yielded twice as many MSL2 binding sites 
709) than corresponding ChIP profiles. A pparentl y, the im- 
r oved pr ofiling method not only visualizes HAS, but also 

egenerate sites of lower affinity that are ne v ertheless re- 
tricted to the X ( 24 , 50 ). As such sites have not been pre-
iously characterized, we divided the total set of peaks into 

hir ds accor ding to their binding strength and performed 

otif searches using MEME. The ‘top’ peaks, where MSL2 

inds most strongly, contain sequences that resemble the 
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Figure 3. MSL2 binding sites are heterogeneous with respect to motif number, arrangement and MSL2 / CLAMP interactions. ( A ) MSL2 and CLAMP 

binding to chromatinized genome was determined by ChIP and paired-end sequencing of fragments. Ten binding sites bound by both proteins were sampled 
from the sites shown in Figure 2 A. The size of individual reads within the binding sites was plotted against their relati v e position. MRE and PionX sites 
were determined using the PWMs from Figure 2 D and are annotated with green shading. A regression curve is fitted using loess and the shaded area 
r epr esents the 5–95% confidence interval. As TFs protect a smaller area of DNA from cleavage then nucleosomes, the precise binding site of a TF can 
be found by determining the minima of fragment sizes within a gi v en peak. ( B ) Using the r egr ession curves the minima within each peak are determined 
and the size of all minima < 150 bp are summarized. Boxplots are drawn and the correlation between groups measured using Wilco x on signed-rank test. 
P values are annotated above the boxes. ( C ) The binding strength of the indicated protein was deri v ed from normalizing the number of reads per peak to 
total read count and plotted against the MRE score. MRE score was determined as the number of GA dinucleotides that fall within MREs, as defined by 
a FIMO search using the PWM shown in Figure 2 D. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ideal PionX motif (Figure 4 B). Binding sites of intermedi-
a te af finity yield the familiar MRE motif in a longer GA-
rich context. The ‘bottom’ group of weaker MSL2 interac-
tion contains more degenerate motifs that are still GA-rich.
Even these low-affinity motifs tend to avoid the minimal
binding site of GAF, GA GA G. We previously showed that
GAF can outcompete MSL2 / CLAMP at sites containing
GA GA G sequences, thereb y ex cluding non-functional sites
from MSL2 interaction ( 11 ). TF binding motifs are typi-
cally short, often less than 10 bp. The fact that MEME de-
tects PWM signatures that are 20 bp and longer (Figure 4 B)
supports the notion tha t coopera tion and competition be-
tween MSL2 and CLAMP occur at single, long composite
binding sites. 

Looking at the clustering of MRE motifs at MSL2 bind-
ing sites, we again observe a large diversity in the number
and arrangement of MRE, similar to the in vitro sites. Fig-
ure 4 C shows 10 randomly sampled sites for which the motif
positions were determined by FIMO, as before. For EChO
analysis, we plotted the lengths of individual reads within
each binding site. The minima of the fitted curve indicate
protein binding sites. Unlike the in vitro experiment, where
we can control the input of TFs, we do not know which
other proteins bind along with MSL2 at these sites. The
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Figur e 4. Ma pping MSL2 binding sites in vivo by CUT&RUN (C&R) allows insights into motif and binding ar chitectur e. ( A ) Genome br owser pr ofile 
over the Drosophila genome summed up from three biological replicates of C&R profiles for MSL2 in S2 cells (‘C&R’) or ChIP-seq (‘ChIP’)( 5 ) .Maximum 

values for each window are shown and chromosomes are annotated. ( B ) Position Weight Matrix (PWM) of the PionX motif compared to the PWMs found 
by MSL2 C&R peaks as determined by MEME. The 709 peaks were split into thirds depending on their enrichment over input and analyzed separately. 
( C ) Characterization of MSL2 binding sites with respect to motif number and arrangement and footprinting by MNase. The MSL2 binding sites were 
determined by C&R in vivo and peaks were called using Homer ( 34 ). For each peak the fragment length of individual reads was plotted against the position 
of the respecti v e read center within the peak. Ten binding sites were sampled from the top third of binding sites and are used for illustration. MRE and 
PionX sites were determined using the PWMs from Figure 2 D and are annotated. A regression curve is fitted using loess and the shaded area represents 
the 5–95% confidence interval. As TFs protect a smaller area of DNA from MNase cleavage than nucleosomes, the precise binding site of a TF can be 
found by determining the minima of fragment sizes within a gi v en peak. ( D ) The binding strength of the indicated protein was deri v ed from normalizing 
the number of reads per peak to total read count and plotted against the MRE score. MRE score was determined as the amount of GAs that fall within an 
MRE. MREs were found using a FIMO search using the PWM shown in Figure 2 D. The 709 peaks found by MSL2 C&R were split into thirds depending 
on their enrichment over input and analyzed separately. 
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fact that we sometimes observe more than one minimum
and that some minima are broad suggests that other fac-
tors, such as CLAMP, bind in the vicinity of MSL2. To
approach the question of inter-MRE cooperativity more
quantitati v ely, we calculated the MRE score within each
site and related it to the binding strength, as before. For
this evaluation of in vivo sites, the ‘top’, intermediate and
‘bottom’ thirds of the peak areas were analyzed separately
(Figure 4 D). Linear regression shows no correlation for the
two lower thirds of MSL2 peaks in vivo (0.058 and 0.023 re-
specti v ely) and a very weak correlation for the upper third
of MSL2 peaks (0.27). This finding suggests that, similar
to the in vitro analysis, the binding strength is mainly de-
termined by the interaction of MSL2 with individual MRE
motifs and not dependent on the number or arrangement
of MRE-type sequences. 

The intrinsic DNA binding cooperativity between MSL2 and
CLAMP is largely overridden in vivo 

So far, the in vitro and in vivo analyses have yielded MSL2
binding sites that appear similarly di v erse with respect to
number, MRE PWM and arrangement. We ther efor e ex-
pected the in vitro sites to overlap considerably with the ex-
panded set of X chromosome sites obtained by C&R. To
our surprise, the two sets of binding sites were very dis-
tinct. Heat maps sorted according to the strength of the 709
binding sites identified by C&R re v eals that only a small
fraction of these sites is actually bound in vitro (Figure 5 ).
We conclude that the in vivo binding profile cannot be ex-
plained by intrinsic DNA binding cooperativity of MSL2
and CLAMP, but that this cooperativity is largely offset in
vivo and only allowed in a context-specific manner. 

DISCUSSION 

Our experimental strategy involves the assembly of phys-
iological chromatin on genomic DNA to provide a com-
plex substrate for TF interaction assays. Since the assembly
system is deri v ed from Drosophila preb lastoderm embryos,
the chromatin that arises has all hallmarks of pre-MBT em-
bryos: it does not contain significant concentrations of en-
dogenous TFs or components of the transcription machin-
ery. The addition of defined TFs somewhat mimics aspects
of zygotic genome activation, when newly translated pro-
teins initiate the complex genome expression program. The
analysis of large compendia of potential TF binding sites in
different genomic contexts allows statistical generalization,
in addition to anecdotal illustration. 

Our experimental system is well suited to discovering
intrinsic protein-DNA interactions of well-characterized
components. These may e v en include heterologous TFs of
other species that bind short recognition motifs statistically
distributed in Drosophila genomes ( 51 ). Characterizing the
intrinsic binding properties of TFs in a complex chromatin
environment is important, e v en if TF binding specificities
commonly observed in vitro do not explain physiological
chromosome interactions ( 52 ). 

Our focus has been on the DNA binding proteins that
target the ‘male-specific-lethal’ (MSL) dosage compensa-
tion comple x (DCC) e xclusi v ely to X chromosome-specific
DNA elements to deploy the vital activation of transcrip-
tion. In vivo , the MSL proteins do not bind autosomal
DNA. We found that (i) MSL2, the DNA-binding sub-
unit of the DCC, bears intrinsic sequence selectivity for
a complex X chromosome-specific DNA signature, which
we termed PionX sites ( 5 ); (ii) MSL2 cooperates with the
abundant GA-binding protein CLAMP to associate with
bona fide HAS on the X chromosome in vivo ( 8 ). In vitro
this cooperation results in the recruitment of MSL2 to
hundreds of strong CLAMP binding sites on all chromo-
somes ( 8 , 11 ); (iii) the GA-binding GAF competes with
CLAMP / MSL2, pre v enting binding to a class of unphys-
iological sites ( 11 ). We now investigated the mechanism un-
derlying the CLAMP-MSL2 cooperativity. 

Cooperativity turned into competition 

We found that the cooperativity between CLAMP and
MSL2 depends on the physical interaction between the two
pr oteins. Although a pr otein complex is formed in solu-
tion, it is possible or even likely that the interaction is pro-
moted by DNA ( 16 ). We expected that upon disruption of
the TF interaction the direct cooperativity would turn into
indirect, nucleosome-media ted coopera tivity, the dominant
mechanism of synergism between TFs ( 21 , 22 , 53 ). To our
surprise, we found that under those conditions, the stronger
GA-binder, CLAMP, competes with MSL2 for binding to
composite sites. These sites are unusually long: MEME de-
tects PWMs of 20 bp and more in peaks, so there should
be space for two or more proteins to bind side by side. This
is in line with the comprehensi v e study of Taipale and col-
leagues, who showed that often cooperating TFs bind com-
posite sequence elements where individual TF recognition
motifs overlap ( 16 ). These findings argue that the physical
interaction not just serves to provide additional surfaces to
reduce the of f-ra te of TFs, but in this case assures that the
two cooperating factors bind DNA in a defined arrange-
ment that assures that the long, composite binding sites are
fully used and to pre v ent dominance by the more avid GA-
binder CLAMP, which outcompetes MSL2 if not physically
connected to it. 

Since CLAMP binds degenera te GA repea ts ( 48 ), it is
possible that two CLAMP molecules can bind to these long
sequences, or that single CLAMP molecules bind with vari-
able translational positions, thus occluding GA sequences
r equir ed for MSL2 interaction (see model in Figure 2 E).
Accordingly, MSL2 can resist competition at sites that con-
tain the PionX signature, but will be competed away from
sites of lower affinity that contain degenerate GA repeats
(Figure 4 B). In such a situation, the physical interaction be-
tween CLAMP ZF1 and the CBD of MSL2 may ensure that
both proteins lock into a defined geometry that pre v ents
competition. 

Relevance and limitation of intrinsic sequence specificity 

MSL2 and CLAMP m utuall y cooperate to bind stabl y to X-
chromosomal HAS in vivo ( 7 , 8 ). Howe v er, the chromosomal
MSL2 binding profile only overlaps to a low extent with the
pattern of MSL2-CLAMP binding in vitro . In some ways,
this is not surprising gi v en that MSL2 functions as a subunit
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Figure 5. The intrinsic MSL2-CLAMP cooperativity found in vitro , is restricted in vivo . MSL2 binding was determined by C&R in vivo and by ChIP-seq 
in vitro . Enrichment was plotted to 709 MSL2 C&R sites and illustrated by heatmaps of individual regions. Coverage windows of 2000 bp around the sites 
were cut out, aligned and the mean for each column calculated. For details, see text. 
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f the large DCC. It is possible that MSL1-induced dimer- 
zation improves the selectivity of DN A reco gnition ( 54 ). 
he DCC also contains the long, non-coding roX RNA. 

ndeed, se v eral studies concluded that the presence of roX 

NA is r equir ed for faithful localization of MSL2 on the X 

hromosome ( 55 , 56 ). We found MSL2 delocalized to strong 

LAMP binding sites on all chromosomes in the absence 
f roX RNA in vivo ( 6 ). Although the underlying mecha- 
ism is unknown, we note that roX2 interacts with the C- 
erminus of MSL2, which also harbors the intrinsic GA- 
inding specificity of MSL2 as well as the CBD ( 57 , 58 ). We
pecula ted tha t r oX may modula te the DNA and protein in-
eractions of MSL2, perhaps by restricting the cooperativity 

ith CLAMP ( 6 ). 
Remar kab ly, Larschan and colleagues recently observed 

ha t a t nuclear di vision cy cle 13, prior to the e xpression
f roX2 and the assembly of a mature DCC, MSL2 and 

LAMP localize to CLAMP binding sites on all chromo- 
omes ( 59 ). We hypothesized that the binding profile in re- 
onstituted preblastoderm chromatin might reflect some of 
hese earliest MSL2 interactions with chromosomes prior 
o roX2 e xpression. Howe v er, a comparison of the profiles 
id not support this hypothesis (Supplementary Figure S3). 
Zygotic gene activation is also accompanied by the ap- 

earance of the linker histone H1, which may modulate TF 

ooperativity ( 60 , 61 ). We explored this possibility in our 
arlier work ( 11 ), but found that genome-wide incorpora- 
ion of H1 did not affect the cooperativity of CLAMP and 

SL2 qualitati v ely, but led to a general dampening of all 
F binding to chromatin. 
dentification of an expanded set of X-chromosomal MSL2 

inding sites 

aking advantage of the superior resolution and 

ignal / noise output of C&R analyses we determined 

SL2 binding sites in S2 cells. We obtained more that 
00 distinct peaks of MSL2 interaction, all of which were 
ocalized on the X chromosome. Stratifying the peaks 
ccording to their signal str ength r eveals a hierarchy of 
equences. Motifs with 5 

′ e xtension, resemb ling the PionX 

otif ranged among the sites with highest affinity, followed 

y sites of intermediate affinity that display the MRE con- 
ensus sequence. Weaker binding sites contain degenerate 

RE motifs dominated by GA repeats. These data support 
arlier conclusions from low-resolution studies on polytene 
hromosomes about the existence of a hierarchy of binding 

ites, where sites of higher affinity are primary attractants 
or MSL proteins and sites of lower affinity profit from 

ocal TF enrichment ( 24 , 50 ). 

s there a defined anatomy of high affinity sites for the MSL2? 

he X-chromosomal HAS or ‘chromosome entry sites, 
ES’ were initially defined at low resolution on polytene 

hromosomes. With the advent of the ChIP-seq method- 
logy it became clear that the peaks of DCC binding are 
e v eral hundred base pairs long and often contain two or 
ore MRE sequences ( 62 , 63 ). MEME analysis often fo- 

uses only on the strongest MRE within a larger ChIP- 
eq peak. Intuiti v el y, loci with m ultiple MREs may attract 
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more MSL2 than sites with a single MRE. It is also conceiv-
able that higher affinity sites have a defined arrangement of
sites, which may facilitate cooperati v e interactions between
MSL complexes bound to different elements. Howe v er, to
our knowledge these questions have not been systematically
investigated. 

With respect to the di v ersity of MRE number and ar-
rangement, which may or may not include PionX motifs,
the intrinsic binding sites obtained in vitro and the phys-
iological X chromosomal binding sites appear very simi-
lar. In both cases, we found no strong correlation between
the number, length or arrangement of MRE sequences
with ChIP-seq peak intensity. We conclude that the bind-
ing strength is mainly determined by the affinity of MSL2
for individual MRE motifs, where the cooperativity with
CLAMP plays an important role. The predominant binding
e v ent can be inferred from our EChO analyses. MSL2 ap-
pears particularly dependent on this cooperation, since em-
bryonic nuclei only contain very limited amounts of MSL2,
barely enough to distribute one copy for each binding site
mapped by C&R ( 64 ). 

Quinn et al . suggested that MREs originally e volv ed from
pyrimidine-rich splicing enhancers in introns and were not
under selection for precise location, but rather for proxim-
ity to genes ( 65 ). Our finding that MSL2 / CLAMP binding
does not r equir e a defined ar chitectur e of binding sites res-
onates with the observation that defined spacing and orien-
tation of multiple binding sites are commonly not needed
to assure integration of different TF input ( 17 ). 

In conclusion, our analyses show that the direct con-
tact between MSL2 and CLAMP ensures cooperativity and
avoids competition between the two proteins at individual
MREs. Remar kab ly, in vivo this intrinsic mechanism only
opera tes a t X chromosomal sites where the DCC is func-
tional. Futur e r esear ch will focus on finding the molecular
mechanism that restricts this cooperati v e binding to the X
chromosome. 

DA T A A V AILABILITY 

For the in vitro reconstitution assays the raw sequenc-
ing files in fastq format and the summarized genome
browser tracks in bigwig format are available in the GEO
da tabase a t GSE224981. For the CUT&RUN experiments
the raw sequencing files in fastq format and the summarized
genome browser tracks in bigwig format are available in the
GEO da tabase a t GSE228935. To re vie w GEO accession
GSE228935. Custom code can be found as Zenodo reposi-
tory und number 7816989. DOI: 10.5281 / zenodo.7816989.
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