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ABSTRACT

Metazoan transcription factors distinguish their re-
sponse elements from a large excess of similar se-
quences. We explored underlying principles of DNA
shape read-out and factor cooperativity in chromatin
using a unique experimental system. We reconsti-
tuted chromatin on Drosophila genomes in extracts
of preblastoderm embryos, mimicking the naive state
of the zygotic genome prior to developmental tran-
scription activation. We then compared the intrinsic
binding specificities of three recombinant transcrip-
tion factors, alone and in combination, with GA-rich
recognition sequences genome-wide. For MSL2, all
functional elements reside on the X chromosome,
allowing to distinguish physiological elements from
non-functional ‘decoy’ sites. The physiological bind-
ing profile of MSL2 is approximated through inter-
action with other factors: cooperativity with CLAMP
and competition with GAF, which sculpts the pro-
file by occluding non-functional sites. An extended
DNA shape signature is differentially read out in chro-
matin. Our results reveal novel aspects of target se-
lection in a complex chromatin environment.

INTRODUCTION

Upon import into the nucleus, a transcription factor (TF)
scans the entire genome for potential binding sites to fi-
nally associate with a small subset of physiologically rele-
vant loci. This exploration of the genome through 3D dif-
fusion and sliding along the chromatin fiber is surprisingly
fast, happening within minutes (1,2). The affinity of TFs
to their binding sites is modulated by variations in short
DNA consensus sequence motifs. Typically, complex meta-
zoan genomes contain thousands of sequences that match
TF consensus recognition sequences, but for reasons that
are not immediately obvious only a small fraction are actu-
ally bound. Increasingly, we appreciate the subtle discrim-
inators of stable protein interactions. Well-known param-
eters on the DNA side are the precise shape of the DNA
polymer (3,4), the properties of DNA flanking the target

sequence that slow down the search diffusion (1) and chro-
matin organization (5). On the protein side, the intrinsic
specificity of DNA-binding domains may be allosterically
modulated by small molecules or by cooperative interac-
tions with other TFs. Transcription factors must compete
with nucleosome assembly or cooperate with nucleosome
remodeling factors to integrate themselves into the chro-
matin landscape (6). Despite significant progress, it is still
difficult to predict genomic binding profiles for most TFs.
Clearly, our understanding of the underlying rules is rudi-
mentary.

‘We address the question of binding site discrimination in
a chromatin context combining unique experimental and
biological systems. First, we employ a cell-free system for
reconstitution of Drosophila genomes into physiological,
embryonic chromatin representing the preblastoderm stage.
Extracts from preblastoderm embryos (about 1.5 h old) effi-
ciently assemble DNA into complex chromatin (7) contain-
ing hundreds of proteins (8) ISWI-type nucleosome sliding
factors (9) and bound insulator complexes (10). Chromatin-
reconstituted genomes also exhibit physiological condensa-
tion (this work).

In this system, binding of TFs to the genome in vitro is
measured by chromatin immunoprecipitation and sequenc-
ing of associated DNA (ChIP-seq) along with mapping of
the corresponding nucleosome positions by Micrococcal
Nuclease sequencing (MNase-seq). Addition of recombi-
nant TFs to chromatin-assembled genomes mimics the pro-
cess of the ‘zygotic genome activation’ (ZGA) to some ex-
tent, when the first wave of transcription leads to functional
diversification of the naive preblastoderm chromatin (11).
Our approach allows manipulations that cannot be easily
achieved in vivo. For example, we can freely adjust the con-
centrations of TFs in absolute terms and relative to each
other. We can also assess the effect of linker histone HI on
TF affinity and specificity by reconstituting genomes with
and without H1 — a setting difficult to achieve in cells.

We explore the requirements for sequence-specific DNA
recognition of a protein, MSL2, for which all functional
binding sites are localized on the X chromosome. MSL2
is the DNA-binding subunit of the Dosage Compensa-
tion Complex (DCC). The DCC activates the transcrip-
tion of the single X chromosome in male flies with re-
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markable selectivity, a vital requirement for balancing
genome expression (12). Autosomal binding therefore im-
mediately exposes non-functional binding. Enrichment of
X-chromosomal binding provides a convenient readout for
the effects of experimental manipulation in our cell-free ge-
nomics experiments.

MSL2 recognizes GA-rich ‘MSL recognition elements’
[MRE, (13,14)] at some 300 X-chromosomal loci, the so-
called high affinity sites (HAS). However, the consensus
MRE motif (represented by the position weight matrix,
PWM) occurs thousands of times throughout the genome.
The small number of functional MRE sequences within X-
chromosomal HAS cannot easily be discriminated from a
large excess of similar sequences that do not bind MSL2
and lack functional significance. We previously identified a
subset of the MREs termed ‘PionX sites’, which are specifi-
cally recognized by MSL2 through its C-terminal CXC do-
main (15). These sites are characterized by an extension of
the MRE motif and a distinct DNA shape signature. Only
these are highly enriched on the X chromosome.

Simpler GA-rich sequences are frequent in the genome
and are bound by several other TFs. Two particularly abun-
dant ones are the CLAMP protein (‘chromatin linked adap-
tor for MSL proteins’) (16) and the GAGA factor GAF
(17). Both proteins bind to thousands of GA-rich sites
across all chromosomes in both sexes. CLAMP is an essen-
tial protein that, in cooperation with MSL2, localizes to the
majority of HAS, but only in male cells. MSL2 and CLAMP
physically interact and together compete with nucleosomes
for binding at HAS (18-20). Apparently, MSL2 coopted a
very general GA-binding protein for the specific task of sta-
bilizing its association at GA-rich MREs.

The transcription factor GAF is known to facilitate the
chromatin association of other TFs in promoters, enhancers
or polycomb response elements (21,22). GAF and CLAMP
rarely co-localize in chromatin suggesting discriminating
features in GA-rich sequences that provide exclusive selec-
tivity (23). However, the minimal recognition sequence for
GAF should allow binding to many CLAMP sites (17). In
summary, the literature suggests that TF occupancy of GA-
rich sequences is negotiated dynamically between several
proteins with GA-binding potential. The rules that define
this regulatory system are very difficult to uncover in vivo.

Our cell-free genomics approach allowed us to determine
— for the first time — the effect of chromatin on TF binding
in the context of a metazoan genome in vitro. We observe
direct cooperativity of physically interacting TFs in com-
petition with nucleosomes as well as indirect, nucleosome-
mediated cooperativity between TFs. The cooperation of
MSL2 with CLAMP enhances binding but tends to de-
route MSL2 to non-functional sites. These ‘decoy’ sites re-
semble binding sites but are not used in vivo. Remarkably,
GAF outcompetes MSL2/CLAMP at many decoy sites
and so indirectly increases the X chromosomal targeting of
MSL2. In hindsight this observation provides a mechanistic
explanation to the old observation that flies bearing a hypo-
morph allele of the 77/ gene (encoding GAF) show elevated
levels of male-specific lethality and inappropriate binding
of MSL2 to autosomes (24).

We found that DNA shape is differentially read out by
GA-binders in chromatin. Our finding that the chromoso-
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mal interaction profile of a given TF does not only depend
on its intrinsic properties (including its interactions with a
cooperation partner), but is sculpted by an unrelated DNA
binding protein with overlapping specificity, establishes a
principle of broad relevance.

MATERIALS AND METHODS
DNA purification

Genomic DNA (gDNA) was obtained from male BG3-c2
cells (Drosophila Genomics Resource Center) for best male
ploidity (25). They were cultured at 26°C in Schneider’s
Drosophila Medium (GIBCO) with 10% fetal calf serum
(FCS), Penicillin-Streptomycin and 10 mg/ml human in-
sulin and regularly tested for mycoplasma. The DNA of 107
cells was purified using the Blood and Cell Culture DNA
Midi Kit (Qiagen) following the supplier’s protocol. The
resulting DNA was dissolved in EDTA-free 10 mM Tris-
NaCl, pH 8. Concentrations were determined using Qubit
(Thermo Fisher).

Preparation of prebastoderm embryo chromatin assembly ex-
tract (DREX)

DREX was prepared from preblastoderm embryos within
90 min after egg laying (7). About 50 ml of settled embryos
were dechorionated in 200 ml embryo wash buffer (EW:
0.7% NaCl, 0.04% Triton X-100) and 60 ml 13% sodium
hypochlorite (VWR) for 3 min at room temperature (RT)
while stirring. Embryos were rinsed for 5 min on a sieve
with cold water and transferred into a glass cylinder with
EW. Settled embryos were washed first in 0.7% NaCl and
then in extract buffer [10 mM Hepes/KOH pH 7.6, 10 mM
KCI, 1.5 mM MgCl,, 10% glycerol, | mM DTT and 1x
cOmplete EDTA-free Proteinase inhibitor cocktail (PIC,
Roche)]. Embryos were settled in a homogenplus homog-
enizer (Schuett-Biotec), the supernatant was decanted and
the embryos were homogenized with one stroke at 3000 rpm
and 10 strokes at 1500 rpm. The MgCl, concentration of
the homogenate was adjusted to 5 mM (final concentration)
and centrifuged for 15 min at 27 000 g at 4°C. The white lipid
layer was discarded and the supernatant was centrifuged for
2 h at 245 000 g at 4°C. The clear extract was collected with
a syringe, leaving the lipid layer and pellet behind. Extracts
were stored in 200 pl aliquots -80°C after shock frosting
in liquid N,. Extracts were only thawed once before use.
EDTA was excluded from all steps of the purification to
avoid chelation of Zn.

Chromatin assembly

About 1 g of genomic DNA was assembled into chromatin
by adding 15 pl 10x McNAP buffer (0.3 M creatine phos-
phate, 30 mM ATP, 3 mM MgCl, | mM DTT, 10 ng/pl cre-
atine phosphokinase), 100 .l DREX extract and up to 150
pl total amount EX50 buffer (10 mM Hepes/KOH pH 7.6,
50 mM KCI, 1.5 mM MgCl,, 50 uM ZnCl, 10% glycerol,
I mM DTT, 1x PIC). Exact amounts of extract necessary
were determined empirically for each batch. Assembly took
place at 26°C for 4 h at 300 rpm on a shaking heat block.
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Fluorescent microscopy of condensates

A standard chromatin assembly reaction was allowed to
proceed for 4 h. The DNA was stained with 1 pM fi-
nal concentration SiR-DNA (Spiro-Chrome) for 15 min at
RT. Omitting either DNA (extract only) or DREX (DNA
only) served as references. Samples were placed in sealed
sample chambers made by punching a hole into a double-
sided sticky tape, which was in turn taped onto a glass
slide and sealed with a coverslip. Widefield fluorescence mi-
croscopy was performed at the Core Facility Bioimaging
of the Biomedical Center with an inverted Leica DMi8 mi-
croscope, equipped with a SPECTRA X light engine from
Lumencor and a Leica DFC365 FX CCD camera. Images
were acquired with a 63x/1.4 NA oil immersion objective;
image pixel size was 102 nm. SiR-DNA was excited with
13% power of the SPECTRA X light engine red LED with
an effective excitation range of 625-650 nm. The emitted
signal was detected with a quad band filter cube with the
relevant emission band 670-770 nm. The exposure time was
set to 200 ms.

MNase digestions

One microgram of DNA assembled into chromatin in 150
wl solution was digested with MNase by adding 200 wl
MNase digestion solution (186 wl EX50, 10 wl 1 M CaCl,
and 4 pl MNase solution 333 U/ul). At times 15, 30 and
120 s, 110 wl were transferred to tubes containing to 40 wl
of 100 mM EDTA solution each to stop the digest. About 2
wl glycogen (10 mg/ml) and 150 pl of 7.5 M ammonium ac-
etate were added, and samples were mixed. Then, 880 .l of
100% ethanol was added and samples were vortexed vigor-
ously and cooled at -20°C for 10 min. After centrifugation
at 21 000 g for 15 min at 4°C, the supernatant was removed
and pellets were washed with ice-cold 70% ethanol. After
pelleting the DNA again at 21 000 g for 5 min at 4°C, it was
dissolved in 8 wl of 10 mM TE buffer and 2 plof Orange-G
loading dye. Samples were separated on a 2% agarose gel
pre-stained with ethidium bromide and imaged using the
Quantum ST-4 from PeqLab.

Baculovirus infections

Sf21 cell cultures at 10° cells/ml (2.5 x 108 cells) were in-
fected 1:1000 (v/v) with baculovirus, expressing the respec-
tive FLAG tagged proteins as described in (26). After 72
h, cells were harvested and washed once in PBS, frozen in
liquid nitrogen and stored at -80°C.

Protein purification

EDTA was excluded from all steps of the purification to
avoid chelation of Zn in later experiments.

MSL2-FLAG. Sf21 cell pellets were rapidly thawed and
resuspended in ice-cold Lysis buffer (300 mM KCI, 50 mM
Hepes/KOH pH 7.6, 5% glycerol, 0.05% NP-40, 1 mM
MgCl,, 50 puM ZnCl,, 1 mM DTT, 1x PIC). About 25
ml buffer was added to the cell pellet (2.5 x 10% cells). Af-
ter 15-min incubation on ice, the suspension was sonicated

(5 x10 s pulses, 20 s break, 20% amplitude, Branson dig-
ital sonifier model 250-D) and centrifuged for 45 min at
30,000 g at 4°C. The soluble protein fraction was incubated
with Lysis buffer equilibrated FLAG beads (Anti-FLAG
M2 Agarose, Sigma) for 3 h at 4°C on a rotating wheel.
About 0.5 ml beads were used per 2.5 x 10® cells. The beads
were washed twice with 10 ml ice-cold Lysis buffer, twice
with 10 ml of Wash buffer (Lysis buffer, but 1 M KCI and
1% NP-40) and twice with 10 ml of Elution buffer (Lysis
buffer, but 100 mM KCl). The FLAG-tagged MSL proteins
were eluted for 3 h at 4°C on a rotating wheel in the pres-
ence of 0.5 mg/ml FLAG-Peptide (Sigma) in 1 ml of Elution
buffer. Purified proteins were then rapidly frozen in liquid
nitrogen and finally stored at -80°C. Protein concentrations
were determined via SDS-PAGE and Coomassie staining
using BSA (NewEngland Biolabs) as a standard. Cloning
for the MSL2 expression construct is described by (26).

GAF-FLAG was expressed and purified analogously to
MSL2. Cloning for the GAF expression construct is de-
scribed in (27) and was re-cloned for this work.

CLAMP-FLAG. Sf21 cell pellets were rapidly thawed and
resuspended in 1 ml of Buffer C per 10 mL of culture (50
mM HEPES pH7.6, 1 M KCI, 1 mM MgCl,, 5% (v/v) glyc-
erol, 0.05% NP-40, 50 uM ZnCl,, 375 mM L-Arginine (ac-
cording to (28)) supplemented with 0.5 mM TCEP and 1 x
PIC. After 15 min incubation on ice, the suspension was
sonicated (5x 10 s pulses, 20 s break, 20% amplitude, Bran-
son digital sonifier model 250-D). The extract was adjusted
with Buffer C containing PI to 2 ml per 10 ml of culture and
supplemented with 0.1% (v/v) polyethyleneimine by adding
2% (v/v) polyethyleneimine (neutralized with HCI to pH
7.0) drop-by-drop while string in an ice bath [according to
(29)] and then centrifuged for 45 min at 30,000 g at 4°C. The
soluble protein fraction was incubated with Buffer C equili-
brated FLAG beads (Anti-FLAG M2 Agarose, Sigma) for 3
h at 4°C on a rotating wheel. About 0.5 ml beads were used
per 2.5 x 108 cells. Beads were pelleted at 4°C for 5 min
at 500 g and supernatant was removed. Beads were washed
five times with 20 bed volumes of Buffer 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 pro-
teins were then rapidly frozen in liquid nitrogen and finally
stored at -80°C. Protein concentrations were determined via
SDS-PAGE and Coomassie staining using BSA (NewEng-
land Biolabs) as a standard. Cloning for the CLAMP con-
struct is described by (18).

Antibodies

Antibodies source Identifier

Anti-MSL2 monoclona (18)

Anti-CLAMP monoclonal (18)

Rabbit Anti-GAF polyclonal (30)

Rabbit anti-NURF301 polyclonal: Dr Paul Badenhorst

IRDye 680RD Goat anti-Rabbit Licor 925-68071
IRDye 800CW Goat anti-Rabbit Licor 926-32211




Western blots

DREX and purified protein samples were denatured with
1x Laemmli buffer at 95°C for 5 min. Then, samples were
electrophoresed on 8% SDS ServaGel TGPrime (Serva) for
1 h at 100 V. Proteins were transferred to AmershamTM
ProtranTM 0.45 wM Nitrocellulose Blotting Membrane us-
ing the BIO-RAD Trans-Blot®) TurboTM semi-dry trans-
fer system for 8 min at 25 V. Membranes were then blocked
with 5% milk in TBS and washed three times with 1x TBS-
T. Primary antibodies were bound overnight at 4°C in TBS-
T. After washing the blots three times with 1x TBS-T sec-
ondary antibodies were bound for 1 h. Images were taken
using the LICOR Odyssey CLx.

ChIP-seq

Recombinant proteins were added to 1 pg of assembled
chromatin as described in ‘chromatin assembly’ and were
allowed to bind for 1 h. Samples were crosslinked by 0.1%
formaldehyde for 5 min and then quenched by 125 mM
glycine for 10 min. Samples were partially digested by
MNase as described under ‘MNase digestions’ for 2 min.
After adding 1x RIPA buffer up to 500 pl samples were
precleared on a rotating wheel with 20 1 protein AG beads
per 1 wg of chromatin for 1 h at 4°C.

For immunoprecipitations with monoclonal antibody 20
wl beads per sample were bound to monoclonal antibod-
ies by adding 1 ml of culture supernatant and rotating at
4°C for 3 h. Beads were pelleted at 1000 g for 1 min and the
supernatant discarded. Antibody coated beads were washed
once with 1 x RIPA buffer. The precleared samples were pel-
leted at 1000 g for I min and supernatant was transferred to
the antibody bound beads. Binding was done overnight at
4°C on a rotating wheel.

For immunoprecipitations with polyclonal antibody IPs
1 pl of purified antibody was added to the precleared sam-
ple supernatant and let to bind overnight at 4°C on a ro-
tating wheel. Then, samples were bound to freshly washed
protein AG beads for 3 h.

Then, both kinds of antibody bound samples were
washed 4 times for 5 min with 1 ml of 1x RIPA buffer per
sample (1 wg of chromatin on 20 wl of beads). Then, the
beads were suspended in 100 wl of 1x TE buffer and de-
crosslinked overnight at 65°C while shaking. Samples were
then digested with 10 wg of RNAseA for 30 min at 37°C
and 100 pg of proteinase K at 56°C for 1 h. beads were pel-
leted at 1000 g for 1 min, and supernatant was transferred
to a fresh tube for purification.

DNA purification

DNA was purified by two extractions with
phenol:chloroform:isoamyl-alcohol ~ (25:24:1,  Sigma
Aldrich) and precipitated by adding it to 2 ul of glycogen,
0.1x volume 3 M sodium acetate and 2.5x volume 100%
ethanol, cooling at -20°C for 15 min and pelleting in a
tabletop centrifuge. The DNA was washed once with 70%
ethanol and dissolved in EDTA-free 10 mM Tris/NaCl, pH
8. Concentrations were determined using Qubit (Thermo
Fisher).
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Library preparation and sequencing

Next-generation sequencing libraries were prepared us-
ing NEBNext Ultra II DNA Library (New England Bi-
olabs) according to manufacturer’s instructions and se-
quenced by the Laboratory for Functional Genome Analy-
sis (LAFUGA), Gene Center Munich, Germany using an
Illumina HiSeq1500 sequencer. About 25 million paired-
end reads were sequenced per sample for ChIP samples and
60 million paired-end reads for MNase-sequencing samples.
Base calling was performed by Illumina’s RTA software,
version 1.18.66.3.

DATA ANALYSIS
Read processing

Sequence reads were Demultiplexed by JE demultiplexer
(31) using the barcodes from the Illumina Index read
files. Demultiplexed files were aligned to the Drosophila
melanogaster release 6 reference genome (BDGP6) using
Bowtie2 (32) version 2.2.9. (parameter ‘—end-to-end —very-
sensitive —no-unal —-no-mixed —no-discordant -1 10 -X 220°)
and filtered for quality using samtools 1.6 (33) with a
MAPQ score cutoff of -q 10, allowing only for high qual-
ity reads of sizes between 10 and 220 bp.

Replicate correlation

To summarize the replicates within the same experiment
reads for each replicate were formatted to “.bed’ format us-
ing bedtools2 (34) by calling the function bamToBed and
sampled to the same read count. ‘bed’ files were imported to
R and coverages were calculated. For ChIP-seq samples cu-
mulative coverages of a 100 bp window around sites of inter-
est were correlated between the samples to affirm similarity
between them. For MNase samples average dyad densities
around sites of interest were plotted and compared for each
replicate to affirm similarity. If they were sufficiently similar
the sampled reads were added and used for further analy-
sis. This allowed us to avoid normalization against an input
with possible zero values and to use the larger combined
dataset for peak calling, thus improving the robustness of
the resulting peaks.

Peak calling

Peaks were called using Homer (35) version 4.9.1 call-
ing the functions makeTagDirectory (parameters -single
-fraglength 150) and findPeaks (parameters -style factor
-size 150 -F 8 -L 2) using the corresponding negative sam-
ples in which the IP was done without adding the respective
protein as control (for NURF301 IPs the input was used).
We called peaks against a negative control (IP in the absence
of added protein) where possible, as this allows us to ac-
count for antibody bias in immunoprecipitations. Peak call-
ing was done with the summarized replicates for each sam-
ple and the control, resulting in more robust peaks through
the additional coverage used.HAS and PionX regions were
used as defined by (15) with 309 HAS and 56 PionX in
total.
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De novo motif discovery

Enriched motifs in peak region were discovered using
MEME (36) (version 4.11.4, parameters -mod anr -dna
-revcomp -nmotifs 1). Before analysis the peaks were resized
to 200 bp to include 25 bp of sequences directly bordering
the peaks.

Motif search

Motif search using position weight matrixes from MEME
in peak regions on the genome was performed with FIMO
(37) version 5.0.2.

Browser profiles

Browser profiles were generated using UCSCutils (http:
/lgenome.ucsc.edu.) version 3.4.1. calling the function
makeUCSCfile using the summarized sample replicates Tag
Directories, also used for the peak calling, and were normal-
ized against the control. Values are fold change over control.
Profiles were visualized using the IGV software (38).

Data analysis and plotting

Data analysis was conducted in R (39), using the tidyverse
libraries (40).

Venn diagramms

Venn diagrams were made using the peaks resized as for the
de novo motif discovery and allowing for a maximal gap be-
tween overlapping sites of 100 bp, effectively scoring sites
as overlapping if their centers are separated by <1 peak
width. Plots were drawn in R using the library Vennerable
(https://github.com/js229/Vennerable).

Heatmaps and cumulative plots

Heatmaps were made using the R library ‘Complex-
heatmaps’ (41) by cutting windows of 2000 bp around sites
of interest of the calculated coverages normalized against
a control if applicable and aligning them. The cumulative
plots are made by calculating the mean of each column.
Window identities are retained in the data and used for the
annotation by overlapping them with the known HAS or
the X chromosome.

Shape analysis

To find and align all bound motifs within the peaks we ex-
tended the peaks by 25 bp on each side and used the ‘Find
Individual Motif Occurrences’ (FIMO) (37) provided by the
MEME suit version 5.0.2. using the parameters —qv-thresh
and —thresh 0.01. If multiple hits were recorded for one peak
only the best hit was considered, to allow unbiased selec-
tion of weak motifs if no stronger motifs are nearby, while
ignoring false positive overlapping motifs. False positives
can happen otherwise as the motif is degenerate and repet-
itive allowing for multiple hits in a GA rich region. Shapes
were then calculated using DNAshapeR (42) that is based
on Monte-Carlo simulations to estimate approximate val-
ues for DNA Roll and Propeller Twist. Plots were drawn
using ggplot2.

RESULTS
Reconstituting drosophila genomes into complex chromatin

To evaluate the cooperative DNA binding of MSL2 and
CLAMP in a chromatin context we reconstituted chro-
matin in extracts of preblastoderm Drosophila embryos
(7,10). This extract (DREX) assembles physiological chro-
matin with phased nucleosomes at chromatin boundaries
(10) and a complex non-histone proteome (8). The reconsti-
tuted chromatin is in a dynamic state due to the abundance
of ATP-dependent nucleosome remodeling factors (43-46).
Nucleosome sliding generates ‘windows of opportunity’ for
DNA-binding proteins in search for their binding sites (47).
As DREX is obtained from preblastoderm embryos before
the onset of transcription or dosage compensation, it is de-
void of the relevant factors we wish to test, allowing us to
control their concentrations by supplementing recombinant
proteins [Figure 1A and Supplementary Figure S1B,C (8)].

Purifying genomic DNA from Drosophila cells or em-
bryos by common Kkits yields fragment sizes ranging be-
tween 50 and 150 kb. Chromatin assembly of this DNA re-
sults in nucleosomes with physiological spacing, measured
by digestion with Micrococcal Nuclease (MNase, e.g. Fig-
ure 2B). Other hallmarks of this physiological chromatin
are phased nucleosomal arrays (PNAs) flanking sites of
tightly bound protein, such as the ‘suppressor of hairy
wing’ Su(Hw) insulator complex or Phaser (10). Nucle-
osome phasing at these sites is seen upon mapping nu-
cleosome positions by sequencing the mononucleosomal
MNase fragments (M Nase-seq) following the workflow de-
picted in Figure 1A and aligning their dyad densities relative
to genomic Su(Hw) motifs in cumulative plots. Nucleosome
phasing (Figures 1B and 2C) serves as important quality
control for efficient chromatin assembly and as internal ref-
erence for binding of recombinant factors.

Observing the reconstituted chromatin by fluorescence
microscopy, we found it condensed in aggregates of vari-
able sizes ranging between 1 and 10 wm (Supplementary
Figure S1A), as expected from polymer theory and previous
reports (48-50). We assume that local chromatin concentra-
tion in these condensates approaches values of preblasto-
derm nuclei. We conclude that the reconstituted chromatin
provides a bona fide physiological substrate to test the bind-
ing of recombinant transcription factors on a genome-wide
scale. To our knowledge, this is the first study of this kind
using a chromatin-reconstituted metazoan genome.

Genome-wide assessment of in vitro CLAMP-chromatin in-
teractions

As a proof of principle for the approach we first assessed the
binding of CLAMP. We previously established the intrin-
sic DNA-binding specificity of CLAMP in genome-wide
DIP experiments (18), providing excellent reference profiles.
CLAMP binds >4000 sites in the genome that are char-
acterized by strings of GA dinucleotides. Roughly 30% of
these sites overlap the in vivo binding sites for CLAMP,
where CLAMP may cooperate with other TFs (18). ‘False
positive’ binding only observed in vitro may be due to lack of
nucleosome competition. This hypothesis can now be tested
by chromatin reconstitution.
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Figure 1. Genome-wide binding profile of CLAMP in reconstituted chromatin. (A) Timeline of a ChIP-seq and MNase-seq experiment. (B) Nucleosome
occupancy at selected sites. Chromatin was assembled in the presence and absence of CLAMP and averaged nucleosome dyad densities were determined
by MNase-seq of the mononucleosomal bands. Summarized nucleosomal occupancy of three biological replicates are shown relative to the motif position
at the sites of interest (n = 3). For separate analysis of each replicate at CLAMP-binding sites, see Supplementary Figure S1D. (C) Genome-wide browser
overview of ChIP-seq and DIP-seq profiles for CLAMP. Chromatin was assembled and CLAMP added as depicted in (A). Summarized genome browser
profile from two biological replicates showing CLAMP binding over the whole genome determined by ChIP-seq. Coverage was normalized against the
control (ChIP in absence of factor addition), the maximum values for each window are shown. The Drosophila chromosomes (2L, 2R, 3L, 3R, 4, X, Y)
are indicated and HAS, PionX sites are annotated. CLAMP DIP sequencing profile from (18) was added for comparison. For replicate correlation analysis
see Supplementary Figure S6A. (D) Venn Diagram relating the genomic binding events (peaks) of CLAMP binding, as determined from ChIP profile in
(B), from in vitro DIP and from in vivo conditions (18). Numbers shown in Venn diagrams might differ from numbers shown elsewhere, as peaks from
one set may overlap multiple peaks in another. (E) Average profiles and heatmaps of factor enrichment (ChIP-seq) or dyad density (MNase-seq) around
known CLAMP-binding sites. Green: CLAMP ChIP; brown: ChIP of endogenous NURF301 in the absence (left) and presence (right) of CLAMP. Blue:
nucleosome positioning in the absence (left) and presence (right) of CLAMP. For replicate correlation analysis see Supplementary Figure S6B.
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Figure 2. Cooperativity of MSL2 and CLAMP in chromatin interactions. (A) Samples were prepared as depicted in Figure 1A. Browser Overview along the
genome of MSL2 binding in absence and presence of CLAMP determined by ChIP-seq (n = 3). Coverage was normalized against the control, maximum
values for each window are shown and HAS, PionX sites and chromosomes are annotated. For replicate correlation analysis see Supplementary Figure
S6C. (B) Reconstitution of H1-containing chromatin. Chromatin was assembled in the presence and absence of 100 nM histone H1 and then digested
with MNase for the indicated times. The resulting fragments were visualized after agarose gel electrophoresis by ethidium bromide staining. M: DNA size
marker in bp. Asterisks: tetranucleosomal fragments. (C) Nucleosomes in reconstituted chromatin (containing H1 or not) were mapped by MNase-seq.
Nucleosome dyad densities were aligned to 2237 genomic Su(Hw) sites. Coverage windows of 2000 bp around the sites were cut out, aligned and the mean
for each column calculated. The average profiles summarize the results of two biological replicates (n = 2). For separate analysis of each replicate for
Su(Hw) and Phaser binding sites see Supplementary Figure S2B. (D) Binding of MSL2 and CLAMP to HAS. Samples were prepared as depicted in Figure
1A and added factors are indicated. Enrichment of the targeted factor marked by red ‘IP’ normalized to the control at 309 High Affinity sites (HAS) is
illustrated by average profiles (top) and heatmaps of individual regions. Coverage windows of 2000 bp around the sites were cut out, aligned and the mean
for each column calculated. The loci are sorted by MSL2 ChIP peak height in presence of CLAMP. For replicate correlation analysis see Supplementary

Figure S6C,D.

DREX does not contain CLAMP (Supplementary Fig-
ure S1B), which enables assessing the chromatin interac-
tions of recombinant protein. Chromatin was assembled
for 4 h, CLAMP was added, allowed to bind for 1 h and
crosslinked with formaldehyde (following in vivo protocols).
CLAMP-binding sites were mapped by ChIP-seq using a
specific monoclonal antibody (Figure 1A). The minimal
amount of recombinant protein to yield high-quality ChIP-
seq libraries was determined empirically to be 25 nM and
used throughout, unless stated otherwise.

CLAMP binding was detected at numerous sites in re-
constituted chromatin (Figure 1C). The CLAMP ChIP pro-
file resembled the profile on naked genomic DNA (18), with
1004 of 1090 ChIP peaks overlapping in the DIP (93%, Fig-
ure 1D). Stringent peak calling highlighted about four-fold
less CLAMP binding events in chromatin versus protein-
free genome (Figure 1D), but heat maps show that most of
the DIP sites are bound to some extent (Figure 1E, left).
The dominant motif of CLAMP-binding sites in chromatin

or free DNA are stretches of GA (Figure 4, row 13, note that
Figure 4 summarizes salient features of all binding profiles
of this study). Chromatin apparently suppresses the bind-
ing to very long, nonphysiological dinucleotide repeats. The
mild enrichment of CLAMP binding to the X chromosome
was also observed in vivo and is explained by a correspond-
ing enrichment of GA repeats (51).

Because CLAMP in vitro ChIP and DIP are so simi-
lar, we considered that CLAMP binding sites may be de-
void of nucleosomes. Nucleosome mapping clearly showed
that this was not the case: aligning cumulative nucleosome
dyad density profiles to the 4041 CLAMP in vitro binding
sites and corresponding heat maps showed that in the ab-
sence of CLAMP nucleosomes were even enriched on the
GA recognition sequences (Figure 1B, center). Remarkably,
upon addition of CLAMP the nucleosomes realigned to
form phased arrays flanking the GA elements. Nucleosome
phasing at 1731 Phaser binding sites (10) confirmed that
the addition of CLAMP did not change nucleosome po-



sitions globally (Figure 1B, left). The dynamic reposition-
ing of nucleosomes is explained by the presence of abun-
dant ATP-dependent nucleosome sliding factors, such as
CHRAC, ACF and NURF (9).

CHRAC and ACF are thought to slide nucleosomes in an
untargeted manner and can facilitate the chromatin bind-
ing of ectopic proteins, like restriction enzymes (43,44).
By contrast, NURF is recruited by a range of transcrip-
tion factors, including CLAMP (52). Since DREX contains
abundant NURF we monitored its distribution in genomic
chromatin. NURF binding was detected at the CLAMP-
binding sites only in presence of CLAMP demonstrating a
direct recruitment. NURF was crosslinked predominantly
to the nucleosomes flanking bound CLAMP, suggesting
that CLAMP directs the remodeler to specific nucleosome
substrates (Figure 1E). We conclude that the dynamic na-
ture of chromatin assembled in DREX provides an ideal
system to explore the mechanisms of transcription factor
interactions with the Drosophila genome.

Cooperative binding with CLAMP promotes binding of
MSL2 to GA rich sites

Physiological CLAMP binding events that are not observed
in genome-wide DIP suggest that CLAMP cooperates with
other factors in vivo. Indeed, a small subset of CLAMP-
binding sites coincide with the X-chromosomal HAS for the
DCC, where CLAMP cooperates with MSL2 to promote
stable association (18,19). Mapping the nucleosome dyad
densities at the 309 HAS reveals them to be largely occupied
by nucleosomes in the absence of CLAMP, but CLAMP can
clear these sites of nucleosomes and establish phasing (Fig-
ure 1B, right panel).

Nucleosome-free regions with positioned flanking nucle-
osomes are a hallmark of HAS in vivo (18,53,54). Does this
CLAMP-dependent reorganization of chromatin affect the
binding of MSL2 in vitro? Comparing the chromatin inter-
actions of recombinant MSL2 in the absence of CLAMP
(Figure 2A) to previous DIP profiles (Supplementary Fig-
ure S2A), we found that the profile changed. Many smaller
peaks were repressed but others remained robust. Requir-
ing the replicated signals to be 8-fold over background (see
Materials and Methods section), MSL2 was mapped to
131 prominent sites in the chromatinized genome (Figure
2A; representative profiles of all in vitro ChIP experiments
are shown in Supplementary Figure S3A,B). Although of
these 131 binding sites, 74% are located on the X chro-
mosome, only 28 overlap with HAS (Figure 2D). A search
for shared motifs among the MSL2-binding sites yiclded a
consensus sequence consisting of a long string of GA re-
peats (Figure 4, row 4). This is reminiscent of the dominant
feature of functional MREs (51), but longer. Apparently,
MSL2 alone can interact well with long stretches of GA in
chromatin.

Next, we added equimolar amounts of CLAMP and
MSL2 to reconstituted genomic chromatin and scored their
mutual effects on chromatin interactions by ChIP using spe-
cific antibodies. In the presence of CLAMP, MSL2 was
able to bind to the majority of HAS, although with a gra-
dient of intensities (Figure 2D). Remarkably, the reverse
was also true: in the presence of MSL2, CLAMP bound to
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most HAS (Figure 2D, Figure 4, row 14). This cooperativ-
ity between MSL2 and CLAMP to bind HAS in a chro-
matin context is an important aspect of HAS identification
in cells (18). These chromatin interactions relied on ATP-
dependent nucleosome remodeling, since depletion of ATP
after chromatin assembly by adding hexokinase and glucose
(55), abolished all binding (Supplementary Figure S2C).

In the presence of CLAMP, MSL2 not only bound HAS
but also to 321 other sites in the genome, including many
shorter GA strings (Figure 4, row 5). Many of these sites
are on autosomes, leading to a decrease in X chromosomal
specificity from 74% to 64.5% (Figure 4, rows 4, 5; a more vi-
sual illustration of X chromosome enrichments of sequence
features and binding events is displayed in Supplementary
Figure S3C). CLAMP promotes the binding of MSL2 to
HAS (20% versus 9% HAS bound by MSL2 alone), but due
to many more binding events on autosomes, the percentage
of peaks on HAS drops from 21% to 16% (Figure 4, rows 4,
5). This is reminiscent of the situation seen in genome-wide
DIP experiments, where CLAMP stabilizes the binding of
MSL2, but also de-routes MSL2 to non-functional decoy
sites. This contrasts the in vivo situation where the synergis-
tic interaction of CLAMP and MSL2 is only observed at
functional HAS (18).

Histone H1 generally reduces MSL2 binding without influ-
encing X specificity

The inability of nucleosomes to occlude decoy sites might
be due to the lack of canonical linker histone H1 in preblas-
toderm embryos, which instead contain mostly the linker
binding proteins HMG-D and bigH1 (56,57). This chro-
matin may be particularly open for the transcription factors
that orchestrate the first wave of zygotic transcription. The
linker histone is essential for proper chromosome organi-
zation and genome function (58,59). Conceivably, H1 may
modulate nucleosome positioning and fiber folding to ren-
der functional and nonfunctional binding sites differentially
accessible to MSL2/CLAMP.

Purified H1 can be faithfully incorporated into plasmid
chromatin if added to DREX at the onset of the assembly
(7,60,61). We scaled up this experiment to the genome-wide
level, where we can, for the first time, compare nucleosome
positions in the absence and presence of the linker histone.
Titrating in physiological levels of H1 leads to the expected
increase in nucleosome repeat length (NRL) in bulk chro-
matin [(60,62), Figure 2B]. The lengthening of the NRL by
25 bp is best observed at sites of nucleosome phasing, e.g.
by aligning the nucleosome dyad density profiles at the 2237
binding sites for the Su(Hw) insulator (Figure 2C).

In the presence of H1 (and CLAMP) MSL2 binding to
chromatin was reduced by about 75%. Binding was equally
reduced at all sites (Figure 2D) and, accordingly, the linker
histone did not affect the enrichment of peaks to the X chro-
mosome (Figure 4, row 6). A MEME analysis of the respec-
tive peak sets showed an increase of motif strength after
addition of H1 suggesting that peaks with a more concise
MRE motif tend to be bound better (Figure 4, row 6). We
conclude that H1 uniformly reduces the accessibility of all
binding sites throughout the genome and hence does not
contribute to X chromosomal specificity.
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GAF competes with CLAMP to refine MSL2-MRE speci-
ficity

The dominant mechanism through which MSL2 is re-
routed to decoy sites in vitro is the physical interaction
with CLAMP, which binds GA-rich sequences in general.
In vivo, many of these sites are occupied by the GAGA fac-
tor [GAF, (22,23)]. GAF recognizes GAGAG sequences,
but oligomerizes to select longer GA repeats (17,63,64).
Since GAF is absent from DREX [Supplementary Fig-
ure S1C, (27,65)], we hypothesized that CLAMP may bind
native GAF sites in vitro. To test this hypothesis, we in-
cluded recombinant GAF as a potential competitor in
MSL/CLAMP binding reactions (Figure 3A). Monitor-
ing GAF binding by ChIP in the absence of CLAMP
and MSL2 shows that at a concentration of 25 nM GAF
binds to most of the 4041 in vitro CLAMP sites (Figure
3A, panel 1). We found that GAF on average binds best
to its own physiological binding sites followed by known
CLAMP-binding sites, but does not bind HAS as tightly
(Supplementary Figure S5A). Next, we titrated GAF into
MSL2/CLAMP binding reactions at GAF/CLAMP ratios
of 1/3 (8 nM, low), 1/1 (25 nM, equimolar) and 3/1 (75
nM, high). The binding reaction was split and used partly
to monitor the increase in GAF binding (Figure 3A, panels
2-4) and partly to test for MSL2 binding (Figure 3, panels
6-8). In Figure 3A, the mean peak heights can be derived
from the cumulative plots, while the heatmaps show the in-
dividual binding events. For an overview of the peaks bound
by each factor see Figure 4.

Surprisingly, adding GAF at low concentration increased
the MSL2 association, particularly with decoy sites (Fig-
ure 3, panels 5, 6). Apparently, GAF promoted binding
of MSL2 in vitro, which may well be due to nucleosome-
mediated cooperativity (5). GAF can keep regulatory se-
quences clear of nucleosomes and cooperate with a vari-
ety of DNA-binding proteins at composite regulatory se-
quences (21). However, the quality of cooperation between
GAF and MSL2, which are not known to interact, is dif-
ferent from the cooperativity between CLAMP and MSL2
(compare Figure 3, panel 5 versus 9). CLAMP and MSL2
interact physically (18) and it is likely that the defined ge-
ometry of the complex selects a different subset of sites.

High amounts of GAF effectively competed for
MSL2/CLAMP binding and led to a reduction in binding
and specificity (Figure 3A, panel 5 versus §). Equimolar
concentrations of GAF resulted in intermediate com-
petition with significantly reduced numbers of MSL2
peaks (panel 7). Remarkably, and in contrast to the global
repression by HI1, 76% (84/111) of the MSL2 binding
events in the presence of CLAMP and GAF were now
on the X chromosome (Figure 4, row 9). GAF binding to
decoy sites on the autosome prevented MSL2/CLAMP
interaction, leading to substantial X chromosome en-
richment. Indeed, GAF did not affect the association of
MSL2/CLAMP with HAS much, as GAF binds HAS less
well than most CLAMP sites (Figure 3A, panels 1-4 versus
10-13). MSL2/CLAMP binding at HAS appears relatively
resistant against GAF competition (panels 14-16).

The differential competition by GAF is best illustrated
by ChIP profiles at representative individual loci. Strong

GAF binding to non-HAS sites on the X (Figure 3B) or
autosomal GA-sequences (Supplementary Figure S4D) ef-
fectively competes for MSL2/CLAMP interaction. By con-
trast, GAF tends not to bind to HAS on the X, and there-
fore does not compete with MSL2/CLAMP. This leads to a
substantial enrichment of MSL2/CLAMP at HAS. In the
absence of GAF, only 16% of MSL2 binding sites over-
lapped with HAS, while in the presence of GAF 35% over-
lap (Figure 4, rows 5 and 9). Remarkably, a MEME anal-
ysis among the MSL2 peaks gained through the addition
of GAF yielded a PWM that strongly resembles the PionX
motif, with a 5" extension of the GA-rich MRE. The bind-
ing sites that are lost upon competition are mostly charac-
terized by long GA stretches of low complexity (Figure 4,
row 11). These findings establish binding site competition
as an important principle that contributes to the refinement
of binding site selection.

DNA shape distinguishes functional and decoy sites in com-
plex chromatin

We wondered why GAF competes with MSL2/CLAMP
only for binding at decoy sites but less so at functional sites.
We know that the functional PionX signature is defined by a
DNA signature that combines sequence and shape. Accord-
ingly, many DNA sequences that conform only with the Pi-
onX sequence are non-functional (15). What are the DNA
shape features in chromatin that enables MSL2 to distin-
guish functional sites form PionX decoys?

To address this question, we performed a FIMO search
with the PionX PWM (Supplementary Figure S4A) to ob-
tain an unbiased pool of functional and non-functional
sites, which, due to the asymmetric nature of the motif, can
be well aligned for DNA shape analysis. Of the 500 sites
with best PWM-hit-score, roughly 40% are located on the
X chromosome, including 71 HAS, and 60% are located on
autosomes and, therefore, correspond to decoy sites (Sup-
plementary Figure S4A,B).

The MSL2 ChIP signals at these 500 sites in the presence
of CLAMP and GAF were displayed in a heat map (Supple-
mentary Figure S4C). Sorting this heatmap by MSL2 bind-
ing strength revealed an enrichment of HAS in the upper
third of the sites, but only in the presence of GAF. In the
absence of GAF, the HAS sites were distributed throughout
the map. Evidently, GAF occludes decoy sites and leaves
functional PionX sites for MSL2 to bind. This points to
a difference in these sites that is not explained by the Pi-
onX PWM. To understand how decoy sites differ from func-
tional PionX sites, a look at extreme cases is instructive.
We first determined the most common motif within the
top or bottom 50 MSL2-binding sites in the heat map, in
presence or absence of GAF. In the presence of GAF, the
bottom sites (not bound by MSL2) share an extended GA
dinucleotide repeat. The top MSL2-binding sites, however,
are characterized by a shorter and discontinuous sequence
more closely resembling the original PWM (Supplementary
Figure S4C). This discrimination is only observed in the
presence of GAF.

‘We then considered the DNA shape features of these sites.
We generated peak sets of all binding reactions and precisely
aligned the bound motifs within each set (see Materials and
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Figure 3. GAF competes with MSL2/CLAMP for binding at decoy sites. (A) After chromatin assembly the annotated proteins were added and MSL2 or
GAF binding determined by ChIP-seq. Enrichment of the targeted factor marked in red by ‘IP’ normalized to the control at 4041 CLAMP-binding sites
(1-9) or HAS (10-18) illustrated by average profiles (top) and heatmaps of individual regions. CLAMP sites represent potential but mostly nonfunctional
MSL2-binding sites (decoy sites). Coverage windows of 2000 bp around the sites were cut out, aligned and the mean for each column calculated. Two
biological replicates were normalized and summarized values are shown. Concentration of MSL2 and CLAMP are 25 nM where present. The color
gradient indicates GAF concentrations (8.3, 25 and 75 nM). Heatmaps are sorted by the signal strength of MSL2 IP in presence of CLAMP, representing
our positive control, in a 100 bp window around the center (panels 5 and 14). For replicate correlation analysis of GAF IPs see Supplementary Figure
S6E, for MSL2 IPs see Supplementary Figure SO6F. (B) Browser profile from two biological replicates showing MSL2 binding in presence of CLAMP (C)
and/or GAF (G) or GAF binding under the same conditions at a representative locus determined by ChIP-seq (n = 2). Coverage was normalized against
the respective controls, the maximum values for each window are shown scaled as indicated and HAS are annotated.
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Figure 4. Summary table comparing transcription factor binding profiles. Summary Supplementary Table Showing characteristics of genome-wide binding
profiles of transcription factor binding profiles under the conditions listed under ‘sample’ (for details, see text). ‘Genome’ indicates the fraction of DNA
on the X chromosome, ‘HAS” and ‘PionX’ represent the collection of MSL2 High Affinity Sites (53) and PionX sites (15) as references. The table displays
the absolute number of peaks called (total peaks), their X chromosomal enrichment, the fraction of peaks that overlap with HAS or PionX sites (% peaks
on HAS or PionX, respectively) and the fraction of HAS and PionX sites bound by MSL2 (% peaks of HAS or PionX bound, respectively). Position
Weight Matrices are derived from the corresponding peak sets as determined by MEME. The shading refers to important shape features derived from
Figure 5A,B. Lastly, the number of motif hits within each peak set (that contributed to the PWM) is shown. For description of subsample marked with *

see Supplementary Figure S5B.

methods section). We then plotted the ‘Roll’ and ‘Propeller
Twist” parameters for each base pair along the motif for
each condition and connected the median values to provide
a visual aid to better appreciate the signature (Figure 5A,B
and Supplementary Figure S5C,D). Shape profiles of HAS
serve as reference for functionally relevant sites, while the
profile of motifs found within GAF peaks represents de-
coy sites. The motifs bound by MSL2 alone and in pres-
ence of CLAMP resemble sequences bound by GAF and
differ from the functional HAS profile (Figure 5A,B, left
and middle panel). Only in the presence of CLAMP and
GAF, MSL2 selected a DNA shape that resembles the HAS

signature. Specifically, these show a high median Roll at po-
sition +3 and +18 and a region of low Roll and Propeller
Twist between positions +6 to +8 (Figure 5A,B). Addition-
ally, we see a high roll at position +1, the previously known
signature for PionX motifs. All HAS together show a lower
median roll at this position, but at a high variability, as Pi-
onX sites are only a subset of HAS (Supplementary Figure
S4B).

Interestingly, the functional signature includes particu-
larly high variability of DNA shapes at some positions, e.g.
undefined DNA Roll at positions +8, +13 and +18, directly
adjacent to the GA sequence in the ‘classical’ MRE mo-
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Figure 5. Sculpting of the functional MSL2 binding profile through GAF competition. (A) DNA shape features of factor binding sites. A large collection
of sites containing PionX PWM sequences were interrogated for MSL2 binding by FIMO (—qv-thresh —thresh 0.01). If an MSL2 peak had multiple PionX
motifs only the best-scoring one was considered. For the subset of MSL2-bound motifs the DNA shape feature ‘Roll’ was determined along the 23 base
pairs of the motif and plotted relative to the consensus sequence (Roll is an inter-base feature, for simplicity +1 Roll reflects the Roll from base +1 onto
+2). This was done for MSL2 alone (n = 131), or MSL2 in presence of CLAMP (+C, n = 383), or MSL2 in presence of CLAMP and GAF (+C+G, n =
111), as indicated in the panels. The data plotted is the median of the full dataset represented in Supplementary Figure S5C,D. The median values have
then been connected with line plots for better visualization. The shape signatures of HAS and of sites bound by GAF serve as references for functional
and non-functional binding sites, respectively. (B) As in (A) but for Propeller Twist. Propeller Twist is an intra-base feature therefore +1 reflects the value

at base +1.

tif. The large variability in Roll at locations +9 and +18 in
MSL2 binding sites reveals that MSL?2 itself does not dis-
tinguish Roll there. Apparently, the precise shape at these
sites is less important, provided the GA dinucleotide repeat
is broken and ‘GAGAG’, a strong GAF-binding motif, is
avoided (Supplementary Figure SSC,D). MSL2 thus binds
to the sites left unoccupied by GAF, explaining how after
addition of GAF the variability of Roll and Propeller Twist
of the sites bound by MSL2 increases.

Previously, we had found a local Roll feature as a hall-
mark of PionX sites that are recognized by MSL2 via its
CXC domain (15). The more profound reconstitution now
yields a more complex shape signature with diagnostic Pro-
peller Twist and Roll features. We conclude that the discrim-
ination of functional HAS versus decoy sites that is a hall-
mark of MSL2 binding in vivo, is only recapitulated in vitro
in the presence of CLAMP and GAF, indicating that MSL2
relies on extrinsic factors to achieve proper X/autosome
discrimination.

DISCUSSION

We employed a unique system for the reconstitution of
entire Drosophila genomes into complex chromatin to ex-
plore the mechanisms of binding site selection by transcrip-
tion factors under most physiological conditions. The sys-
tem recapitulates several known principles: the readout of

DNA sequence and shape by DNA-binding domains, the
direct cooperativity between TFs and indirect, nucleosome-
mediated cooperativity. Remarkably, the study also revealed
the importance of a less appreciated principle (66): we found
that the selection of genomic binding sites did not only de-
pend on the intrinsic properties of the TF, but on compe-
tition with a much more abundant factor for similar target
sequences.

Competition by abundant GAF refines the MSL2 binding
profile

The dosage compensation regulator MSL2 is ideally suited
for an in-depth analysis of TF selectivity. All functionally
relevant binding sites reside on the X chromosome and,
consequently, association with autosomal sequences reveals
erroneous binding site selection. To a first approximation,
the X/autosome enrichment of binding events provides an
objective measure of ‘faithfulness’ in binding site selection.

MSL2 is not abundant in nuclei. The experimentally de-
termined number of about 600 copies MSL2 per nucleus
(67) must be related to about 300 high affinity sites (HAS)
of the complex. This latter value underestimates the num-
ber of hona fide MSL binding sites since many HAS contain
several MREs and sites of lower affinity may still be func-
tionally relevant. The limiting amounts of MSL2 are critical
for the selectivity of X-chromosome binding. If MSL2 lev-
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els are experimentally elevated in vivo, the excess protein will
bind to nonfunctional, autosomal sites (68,69).

Perhaps due to its low concentration, MSL2 cooperates
with the abundant CLAMP protein for robust MRE associ-
ation (18,19,70). Because CLAMP has thousands of phys-
iological binding sites throughout the genome, there is a
risk of ‘de-routing” MSL2 to these inappropriate sites. Here,
competition by the GAGA factor comes into play. CLAMP
and GAF bind GA-rich sequences but curiously never colo-
calize in vivo (18,23). GAF is 30-100-fold more abundant
than MSL2 (17,67). Our observation that the abundant
GAF occludes many GA-rich sequences and prevents inap-
propriate MSL2/CLAMP binding to decoy sites provides
a mechanistic explanation to the old observation that flies
bearing reduced levels of GAF (due to a hypomorph allele
of the trl gene that encodes GAF) show elevated levels of
male-specific lethality and inappropriate binding of MSL2
to autosomes (24).

Our work documents the contribution of MSL2 and of
the GA-binding proteins it interacts with, to X chromo-
some targeting through recognition of X-specific DNA se-
quence elements. However, the principles discussed here
cannot explain the exclusive localization of the DCC to the
X. The DCC IncRNA subunit roX2 has most recently been
shown to play an important role in X chromosome targeting
(71,72). RoX2 interacts with MSL2 close to the CLAMP
binding domain (71,73) and thus may modulate the co-
operative interactions and de-routing activity of CLAMP
(72). MSL2 and roX can form phase-separated condensates
(71) and nascent roX RNA can concentrate MSL proteins
around its gene (74,75). Because roX RNAs are transcribed
from the X chromosome, it is plausible that the multivalent
interactions that underlie such condensation contribute to
X chromosome targeting.

Cell-free chromatin genomics

The situation we reconstitute in vitro is reminiscent of
the chromatin transition upon zygotic genome activation
(ZGA) in early fly embryogenesis, when H1 is expressed,
TFs are induced and dosage compensation is established
(11). CLAMP and GAF are translated from maternal
RNAs to orchestrate early zygotic transcription. They may
be considered pioneer factors due to their interaction with
NURF (52,76). The binding sites for CLAMP and MSL2
were occupied by nucleosomes in the absence of the inter-
acting transcription factors, as is the case in vivo (18).
Nucleosomes, either randomly positioned or specifically
placed on functional sites, may serve as ‘gate-keepers’, oc-
cluding irrelevant sequences and leave functional sites avail-
able for interaction (77). Strikingly, all TFs added to the
reconstituted, physiologically spaced and compacted chro-
matin were able to efficiently access their recognition se-
quences in an ATP-dependent manner. GAF was shown
earlier to rely on ATP-dependent sliding factors for chro-
matin interactions in vitro (27,65). The stoichiometric in-
corporation of linker histone H1 dampened the interaction
efficiency somewhat, but allowed qualitatively similar TF
interactions. This is in line with biochemical observations
that ISWI can slide chromatosomes (78,79) This situation

may well reflect the in vivo situation, since ISWI remodelers
are very abundant (80).

Blending the biochemistry of TF interactions on chro-
matin with ‘genomics’ yields the statistical summation of
many events, yet allows zooming in on individual binding
at chromosomal loci. The complexity of the genomic DNA
matches the in vivo situation. This includes competition by
repetitive sequences that are usually not considered in rou-
tine ChIP analyses, but are nevertheless relevant. Of note,
GAF was shown to bind to centromeric heterochromatin at
the GAGA satellite repeat during mitosis (81,82) and, like-
wise, MSL2 may also be trapped there, if in the absence of
roX RNA the DCC is not assembled properly (83).

Distinct types of cooperativity between GA-binding proteins

Monitoring the influence of CLAMP and GAF on the in-
teraction of MSL2 with the chromatinized genome revealed
two types of cooperativity (Figure 3A, panels 5, 9). At low
concentrations, GAF promoted MSL2 binding to long GA
stretches. We assume that this is explained by nucleosome-
mediated cooperativity, or ‘assisted loading’ if one TF prof-
its from action of the other, keeping nucleosomes off the
shared binding site (5). GAF, perhaps due to its ability to in-
teract with NURF (76) can keep regulatory sequences sites
clear of nucleosomes. Any TF with a response element close
to the GAGAG binding site will profit from this increased
accessibility (84). This indirect cooperativity does not rely
on direct, physical interaction between TFs and, accord-
ingly, is widely used in vivo (85).

By contrast, the cooperativity between MSL2 and
CLAMP is reciprocal and direct, i.e., mediated by physi-
cal contact between both factors (18). Both proteins may
contribute to a composite DNA binding surface explain-
ing the different MSL2 profiles in complex with CLAMP
or in presence of GAF. A further effect of a dynamic, di-
rect interaction is that interaction partners tend to enrich
around their shared chromatin binding site. This increased
local concentration would implement the next level of coop-
erativity, namely between two or more MR Es within HAS.

Competition and cooperativity explained by an extended
DNA shape signature

DNA shape parameters are defined for B-form DNA and
a priori it cannot be assumed that the DNA adopts the
same conformation in a chromatin context. Nevertheless,
computing DNA shape parameters improves the predic-
tion of physiological chromatin binding profiles for many
TFs (3). We found the PionX signature prevailed in chro-
matin and is recognized by MSL2. For functional MREs
in general, we observed a more elaborate shape signature.
Remarkably, MSL2 only bound this signature in the pres-
ence of GAF and CLAMP. GAF led to a refinement of
the MSL2/CLAMP profile by occluding decoy sites. To our
knowledge this is the first description of an extrinsic, sculp-
turing effect on global binding site selectivity.

GAF only competes for sites that contain its minimal
binding sequence GAGAG (23,64). A good MSL2 bind-
ing site should, therefore, not contain this sequence. The
PWM of PionX sites formally allows sequence combi-
nations that constitute GAGAG (Supplementary Figure



S4A). Our shape analysis of sites selected under various
conditions revealed that good PionX sites and strong MREs
do not show ‘GA’ at positions 12/13 or 17-19 of the motif.
This information cannot be derived from the PWM, which
is blind to nucleotide succession. The analysis of Propeller
Twist nicely illustrates how ‘GAG’ is avoided between posi-
tions 17-19 of the PionX signature. Furthermore, monitor-
ing Roll reveals a localized variability of this parameter at
motif position 12/13 that is matched by MSL2 only in the
presence of GAF. Conceivably, at this position it does not
matter which nucleotide occurs, provided it is not GA.

Outlook

Our approach of cell-free genomics bears significant poten-
tial to study the self-assembly of chromosome folding and
nuclear structures. Immediate applications relate to target-
ing and spreading phenomena of transcription factors in
chromatin, of which dosage compensation is only one ex-
ample. It will be interesting to explore to which extent lo-
cal structural chromosomal heterogeneity and the process
of chromatin programming at the maternal-to-zygotic tran-
sition can be reconstructed in a cell-free system lacking the
confines of a nucleus. For the specific question of dosage
compensation, we anticipate that reconstituting the com-
plete 6-subunit DCC, including roX RNA, will yield further
insights into the targeting of MSL2.
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