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Abstract

Proteins of the BCL7 family (BCL7A, BCL7B, and BCL7C) are among the most recently identified subunits of the mammalian SWI/SNF chromatin
remodeler complex and are absent from the unicellular version of this complex. Their function in the complex is unknown, and very limited
structural information is available, despite the fact that they are mutated in several cancer types, most notably blood malignancies and hence
medically relevant. Here, using cryo-electron microscopy in combination with biophysical and biochemical approaches, we show that BCL7A
forms a stable, high-affinity complex with the nucleosome core particle (NCP) through binding of BCL7A with the acidic patch of the nucleosome
via an arginine anchor motif. This interaction is impaired by BCL7A mutations found in cancer. Further, we determined that BCL7A contributes to
the remodeling activity of the mSWI/SNF complex and we examined its function at the genomic level. Our findings reveal how BCL7 proteins
interact with the NCP and help rationalize the impact of cancerassociated mutations. By providing structural information on the positioning of
BCL7 on the NCR our results broaden the understanding of the mechanism by which SWI/SNF recognizes the chromatin fiber.
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Introduction

At the most fundamental level, eukaryotic DNA is packaged
into chromatin by making nearly two turns around an oc-
tamer of histone proteins, forming nucleosomes [1]. ATP-
dependent chromatin remodeling complexes modulate the
compaction of DNA through sliding, adding, or evicting nu-
cleosomes from the chromatin fiber, or replacing histones with
histone variants [2]. Deregulation of this process can severely
impact gene expression patterns and genome integrity. Their
importance is such that chromatin remodeling protein mu-
tations are strongly associated to several diseases, including
cancer [3]. Unfortunately, despite encouraging advances with
certain mutations [4-6], in most cases we currently do not
understand well enough the molecular details of their mode
of action to be able to translate this into improved cancer
treatment.

All eukaryotes have multiple ATP-dependent chromatin
remodeling complexes, which tend to be highly conserved,
from simple yeasts to metazoans, testifying to their impor-
tance. Their ATPases all have homology to the Saccharomyces
cerevisiae enzyme SNF2 and are classified into sub-families
based on the amino acid sequence of the ATPase: SNF2,
ISWI, CHD, and INOS80 [7]. The complexes accomplish
their remodeling function by antagonizing the strong inter-
action between the histone octamer and DNA, to alter chro-
matin structure. In addition to their ATPase subunit, these
complexes contain more associated proteins that contribute
to their function. The mammalian switch/sucrose nonfer-
mentable (mSWI/SNF) complex appears as a ~2 MDa com-
plex and is composed of at least 11 subunits, coming from the
product of 29 genes and multiple paralogs generating wide
diversity in its composition [8]. mSWI/SNF complexes exist
in three forms: canonical Bromo-Associated Factor (BAF or
cBAF) complexes, polybromo-associated BAF (PBAF) com-
plexes, and noncanonical BAF (ncBAF) complexes, each dis-
tinguished by the incorporation of distinct accessory subunits
[8]. Each complex comprises a set of evolutionary conserved
‘core and enzymatic’ subunits, but also ‘auxiliary’ subunits
present only in animals thought to reflect increasing biological
complexity. All complexes contain a conserved ATPase sub-
unit, either BRG1 or BRM (encoded by the SMARCA4 and
SMARCA2 genes), that catalyses the hydrolysis of ATP. The
advent of sensitive and large-scale proteomics methods has
shed new light on the composition of the human SWI/SNE
Studies focused on identifying mSWI/SNF components [9,
10], as well as others determining the composition of most nu-
clear multiprotein complexes [11-13], have revealed the iden-
tity of previously unsuspected mSWI/SNF subunits, namely
BCL7A, BCL7B, BCL7C, BRD7, BRDY, SS18, SS18L1, BI-
CRA, and BICRAL. Without exception, these proteins do not
exist in yeast and only participate in the metazoan complexes.
The molecular function of most accessory subunits and their
role within mSWI/SNF remain incompletely defined [10, 14—
19]. It has been reported that BCL7 proteins accumulate at
sites of DNA damage, but the role they may play in DNA
damage repair is unknown [20].

BCL7A is labeled as a “Cancer Gene” by the COSMIC
database as it is often mutated in a variety of cancers and is an
established tumor suppressor [21-23]. Despite this, the struc-
ture, the molecular details of interaction and the function of
BCL7 subunits within mSWI/SNF are poorly defined at best.
They participate to all three forms of mSWI/SNF. The topo-

logical information currently available is limited to the obser-
vation that BCL7 proteins make contacts with BRG1, BAF47
(encoded by the SMARCB1 gene), DPF2, actin, and histone
H2B [8, 24]. Recent studies have reported the cryo-electron
microscopy (cryo-EM) structure of the SWI/SNF complex.
Unfortunately, they do not inform us on BCL7 proteins: some
studies concerned the yeast SWI/SNF complex and BCL7 are
absent in this species [25-27]; in studies of reconstituted
mSWI/SNF, BCL7 proteins were either omitted [28, 29] or
not detectable [24]; and studies with the endogenous human
complex did not have sufficient resolution to unambiguously
locate BCL7 proteins within the complex [30].

Given this important knowledge gap, we have investigated
the structure and molecular function of the BCL7 proteins.
We used cryo-EM, biophysical and biochemical approaches
to obtain evidence that BCL7A tightly binds the acidic patch
of the nucleosome core particle (NCP) through an arginine
anchor motif. We find that single amino acids substitutions
within the highly conserved arginine anchor of BCL7A, which
are frequent in cancer patients, impair NCP binding.

Experimental procedures

Protein expression and purification

The complementary DNA (cDNA) encoding full length hu-
man BCL7A (isoform Q4VC05-2, 231 amino acids), BCL7A
(1-100), full length BCL7B (isoform Q9BQE9-1, 202 amino
acids), BCL7C (isoform Q8WUZ0-2, 242 amino acids), and
BAF47 were subcloned into the parallel vector pGST2 that
includes a Tobacco Etch Virus (TEV)-cleavable, N-terminal
glutathione sulfotransferase (GST) tag. BCL7A mutants were
obtained by site directed mutagenesis (QuickChange II site di-
rected mutagenesis kit, Agilent) and the constructs were ver-
ified by automated DNA sequencing. Each vector encoding
BCL7 proteins or BAF47 was transformed into Escherichia
coli strain Rosetta (DE3), and cultures were grown in Ter-
rific Broth media at 37°C to an ODgoo of 0.6. Protein ex-
pression was induced by the addition of Isopropyl B-D-1-
thiogalactopyranoside (IPTG) 0.2 mM for 16 h at 19°C.
Cells were harvested, resuspended in lysis buffer [S0 mM
Tris (pH 8.0), 500 mM NaCl, 0.1% (v/v) Triton X-100,
5 mM 2-mercaptoethanol], lysed by sonication and clarified
by centrifugation. The supernatant was collected and applied
onto glutathione Sepharose beads (Cytiva) for 2 h at 4°C
and washed extensively with lysis buffer. GST-BCL7 or GST-
BAF47 were TEV cleaved on beads for 16 h at 4°C. BCL7 un-
tagged proteins were further purified by heparin affinity chro-
matography and all the proteins were purified by size exclu-
sion chromatography (SEC) (Superdex 200 Increase 10/300)
pre-equilibrated in 20 mM Tris (pH 8.0), 150 mM NaCl
and 1 mM Dithiothreitol (DTT). To produce protein for nu-
clear magnetic resonance (NMR) experiments, full length hu-
man BCL7A was cloned into pSMT3 vector carrying a N-
terminal ULP1 cleavable Hiss-SUMO tag and it was trans-
formed into E. coli strain Lemo21 (DE3). For N label-
ing, cells were grown to ODggp of 0.6 in minimal medium
containing 0.5 g/l YNH4Cl as the sole nitrogen source. For
SN/13C-labeled sample, 0.5 g/l "NH4Cl and 2 g/1 3C glu-
cose were the sole sources of nitrogen and carbon, respec-
tively. Protein expression was performed as indicated above.
Cells were harvested and resuspended in lysis buffer [SO mM
Tris (pH 8.0), 500 mM NaCl, 0.1% (v/v) Triton X-100,
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5 mM 2-mercaptoethanol], lysed by sonication and clarified
by centrifugation. The supernatant was collected and applied
onto TALON beads (Cytiva) for 1 h at 4°C and washed exten-
sively with lysis buffer containing 1 M NaCl and then equi-
librated in the same buffer containing 300 mM NaCl. His6-
SUMO BCL7A was ULP1 cleaved on beads for 16 h at 4°C.
Untagged protein was further purified by SEC (Superdex 200
Increase 10/300) pre-equilibrated in 20 mM HEPES (pH 7.0),
150 mM NaCl, and 1 mM DTT.

To isolate the BCL7A-BAF47 complex, the cDNA encoding
full length human BCL7A and human BAF47 were subcloned
independently into the vector pSMT3, transformed into the E.
coli strain Lemo21 (DE3), and protein expression was carried
out as mentioned above. Cells were harvested, resuspended in
lysis buffer [50 mM Tris (pH 8.0), 500 mM NaCl, 5 mM 2-
mercaptoethanol], lysed by sonication, and clarified by cen-
trifugation. The clarified lysates were combined, incubated
with TALON beads (Cytiva) for 1 h at 4°C, and washed thor-
oughly with lysis buffer. Both proteins were eluted with elu-
tion buffer [50 mM Tris (pH 8.0), 200 mM NaCl, 250 mM
imidazole], and then dialyzed for 16 h at 4°C against a buffer
consisting of 20 mM HEPES (pH 7.0), 150 mM NaCl, 0.5
mM ethylenediaminetetraacetic acid (EDTA), 1 mM DTT in
presence of ULP1 to cleave the SUMO tag off. The untagged
proteins were further purified by SEC (Superdex 200 Increase
10/300) pre-equilibrated in 20 mM HEPES (pH 7.0), 150 mM
NaCl, 0.5 mM EDTA and 1 mM DTT.

The BAF47 shorter constructs encompassing amino acids
182-245 (RPT1),182-382 (RPT1-RPT2-CTD), and 100-325
(RPT1-RPT2) were also subcloned into pSMT3 vector and
overexpressed and purified as mentioned above for the full
length BAF47.

BRG1 was expressed in Sf9 cells using the Bac-to-Bac
Baculovirus expression system (Invitrogen). pFastBacl Flag
BRG1 was a gift from Robert Kingston (Addgene plasmid
#1957; http://n2t.net/addgene:1957; RRID:Addgene_1957)
and purification of BRG1 was carried out as previously
reported [31].

Nucleosomal DNA and large-scale nucleosome
reconstitution

The 147-bp strong positioning 601 DNA sequence [32] was
used. To produce sufficient quantity of NCPs for biochemi-
cal studies, a large-scale protocol was employed. The DNA
was prepared in milligram quantities using a plasmid with
multiple concatenated copies of the 601 sequence, followed
by restriction digestion of the individual units and size se-
lection, as reported previously [33]. Xenopus laevis core his-
tones were produced by co-expression in E. coli and were pu-
rified in native form following an established protocol [34].
The two components were assembled into NCPs by over-
night dialysis to reduce NaCl from 2 to 0.25 M. NCPs were
heat-shifted at 37°C for 120 min. Proper assembly was as-
sessed on nondenaturing polyacrylamide gels [5% acrylamide
37.5:1 acrylamide:bis-acrylamide ratio, 0.25x Tris-Glycine-
EDTA (TGE) buffer, 0.03% (v/v) NP-40] pre-run for 1 h at
4°C and run for 1 h at 120 volts on Mini-Protean 3 gels
(Bio-Rad).

Electrophoretic mobility shift assays

Fluorescent NCPs were assembled using the salt dilution
method with recombinant histones and CyS5-labeled 601 DNA

BCL7A-NCP structure 3

produced by polymerase chain reaction (PCR). The labeled
probes were incubated at 10 nM in 30 pl binding reactions
containing 20 mM Tris-HCI (pH 7.6), 50 mM NaCl, 10%
(v/v) glycerol, 1 mM EDTA. Purified proteins were omitted or
added to the binding reactions at six varying concentrations
ranging from 75 to 1800 nM. The concentrations were cho-
sen after preliminary tests with a broader concentration range
and selected so that in general there was a large molar excess
of protein over ligand (total protein is a reasonable approxi-
mation of free protein and binding reactions occurred in the
“binding regime”) [35]. Reactions were incubated on ice for
30 min and then loaded on nondenaturing 5% acrylamide gels
(60:1 ratio of acrylamide to bis-acrylamide) containing 10%
glycerol, using 0.25x TGE (40 mM Trizma, 45 mM glycine,
and 1 mM EDTA) as running buffer.

After electrophoresis, gels were immediately scanned using
the Typhoon Phosphorimager, at 100 pm resolution, adjusting
the photomultiplier Tube (PMT) value in order to obtain the
strongest signal without saturating any pixel. Image files were
saved in 16-bit.gel format and imported into the ImageQuant
TL 10.1 software (GE Healthcare). Free NCP signal was quan-
tified in boxes of equal area as relative intensities, and back-
ground was subtracted using the “rubber band” method. The
free NCP values in each lane were used, expressed as fraction
of free NCP in the absence of protein, and fitted to various
equations, including a quadratic binding equation [35] and
the Hill equation [36] fitting the fraction of free probe as a
function of the micromolar concentration of protein, and to-
tal ligand concentration in the assay (0.01 uM). It was found
that for each protein assayed, the Hill equation gave the best
agreement with the experimental points. The trace amount of
probe assumption required for the Hill equation was consid-
ered valid as it is ~5%-10% of the calculated Kp [37]. Fit-
ting was performed using the nlsLM function from the ‘min-
pack.Im’ package in R. The initial value for Kp was set to 0.2
and Hill coefficient n (when applicable) was set to 1. Using an
initial Kp value 10 times higher or 90% lower did not affect
the results. Multiple replicates of each experiment were per-
formed. For each replicate, the residuals sum of squares from
measured versus fitted values was used to perform a goodness-
of-fit analysis; this returned chi-squared P-values lower than
1E-4 in every case. The final reported values are the arith-
metic mean =+ standard error of replicates. Student’s ¢-tests
(unpaired, one-tailed, equal variance) were used to determine
statistical significance when comparing wild type (WT) with
mutant proteins.

Biolayer interferometry assay

His-tagged NCPs were assembled using the salt dilution
method with histidine tagged recombinant histones (Hisg-
H2A and Hisg-H4) and 601 DNA prepared as mentioned
above. Biolayer interferometry (BLI) experiments were con-
ducted using an Octet R8 System (Sartorius) at 20°C and 1000
rpm and samples (200 pl) were prepared in wells of a 96-well
plate [microplate 96-well, polypropylene, F-bottom (chimney
well) from Greiner Bio-One]. Ni-NTA biosensors (Sartorius
octet NTA biosensors) were first incubated in reaction buffer
[20 mM HEPES (pH 8.0), 100 mM KCI, and 0.02% (v/v)
Tween], and then loaded in the same buffer with His-tagged
mono nucleosomes until a BLI signal of 1.5 nm was reached.
The binding experiments with BCL7A WT or mutants were
performed in the reaction buffer, except that 2% bovine serum
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albumin (BSA) was added to reduce BCL7A nonspecific bind-
ing. Protein concentrations ranged from 1 uM to 15.6 nM
with association and dissociation times both set at 600 s. The
nonspecific BCL7A-sensor interactions were determined by
measuring binding signal of empty sensors in various concen-
trations of BCL7A, which was subsequently subtracted from
the signal of the binding data. Overall, the nonspecific interac-
tion of BCL7A with the sensor was of about 35%. Kp, values
were determined by plotting the local fit maximum response
(nm) as a function of small molecule concentrations (nM) us-
ing Octet Data Analysis 13.0.1.35 Software. Global fitting
was applied to all data, using a heterogeneous binding model
and the titration curves were fit using the following steady-
state analysis equation: Response = Ry, x conc/(Kp+ conc),
where Ry, is the local fit maximum response, conc is the con-
centration of the small molecule and Kp, is the equilibrium dis-
sociation constant. All the experiments were repeated at least
twice, with values averaged and standard errors calculated.

Analytical ultracentrifugation

Sedimentation velocity (SV) experiments were performed at
20°C and 42 000 rpm in a Beckman Coulter ProteomeLab
XL-I ultracentrifuge with an AnTi-50 eight-hole rotor. NCP
was further purified on gel filtration column before SV ex-
periment. Samples of 420 pl or 110 ul were loaded into ana-
lytical cell assemblies with 12- or 3-mm charcoal-filled Epon
double-sector centerpieces and sapphire windows. The refer-
ence buffer was 20 mM Tris (pH 8), 100 mM NaCl, and 1
mM DTT. After temperature equilibration at 20°C for 3 h,
the rotor was accelerated to 42 000 rpm and 300 scans were
collected with absorbance optics at 280 nm and interference
optics. Sedimentation data were analyzed with SEDFIT soft-
ware (version 16.1c) using the continuous sedimentation co-
efficient distribution model c(s). Buffer density, buffer viscos-
ity and protein partial specific volumes were calculated using
SEDNTERP software. A partial specific volume of 0.65 ml/g
was used for NCP or NCP with BCL7A, and 0.7107 ml/g for
BCL7A. A solvent density of 1.03 g/ml and a solvent viscosity
of 1.017 cP were used for data analysis. GUSSI was used to
integrate the sedimentation peaks and to produce the graphs

[38].

Size exclusion chromatography combined with
multi-angle light scattering

Size exclusion chromatography combined with multi-angle
light scattering (SEC-MALS) was performed with a Superose
6 (10/300 GL) column at 0.5 ml/min, 25°C, pre-equilibrated
in 20 mM Tris (pH 8.0), 150 mM NaCl, 1 mM DTT, to sepa-
rate the sample before performing the MALS measurements.
BCL7A wild type, NCP alone or in presence of a 1:5 molar
excess of BCL7A were individually injected in a Superose 6
10/300. The molar mass for each molecule was determined
with the ASTRA software (Wyatt Technologies).

Cancer mutation analysis

The COSMIC database was queried on 1 October 2023 for
samples with mutations to the BCL7A gene and the results
were retrieved for plotting. The number of samples with mu-
tation at each amino acid position, regardless of the change
(missense, nonsense, insertion, or deletion) are reported. For
the diffuse large B-cell lymphoma (DLBCL) mutation hotspot
analysis, the data from the FishHook analysis by Mlynarczyk

et al. were downloaded [39]. This analysis was performed with
a cohort of 101 DLBCL cases from the ICGC/TCGA Pan-
Cancer Analysis of Whole Genomes Consortium [40]. As re-
ported by the authors, a Q-Q plot of the log-transformed ob-
served P-values versus the log-transformed quantiles from the
uniform distribution was prepared.

NMR experiments

NMR experiments were carried out on Bruker DRX-950MHz
spectrometer equipped with a cryo-probe. All NMR data were
processed using Topspin (Bruker) and analyzed using Sparky
(T.D. Goddard and D.G. Kneller, UCSF). Samples were pre-
pared in 3 mm NMR tubes, in a HEPES (pH 7.0) buffer
with 100 mM NaCl, 1 mM DTT, 0.1 mM disuccinimidyl
suberate (DSS), 0.1% NaN3, and 5% D;,O. For the titra-
tion experiments, BCL7A concentration was 6 uM. Heteronu-
clear Multiple Quantum Correlation (sofast-HMQC) spectra
were recorded at 287°K. For the backbone resonances as-
signments, 2D and 3D data were collected at 287°K with a
uM uniformly B3C-SN labeled sample, including BTROSY,
CBCANH, CBCA(CO)NH, HN(CA)CO, HNCO, and HN-
CANH experiments from the NMRLIB package [41]. Proton
chemical shifts (in ppm) were referenced relative to internal
DSS and N and '3C references were set indirectly relative to
DSS using frequency ratios [42]. Chemical shift index was cal-
culated according to the sequence-specific random coil chem-
ical shifts [43].

Cryo-EM studies of the BCL7A-NCP complex
Sample preparation and data acquisition

BCL7A and nucleosomes used in the preparation of the com-
plex for cryo-EM studies were produced as indicated above.
147-bp nucleosomes and BCL7A were mixed at a molar ratio
of 1:5 (NCP:BCL7A). The complex was incubated at 4°C for 1
h before being purified by SEC (Superose 6 Increase 3.2/300).
To prepare the cryo-EM grids, the freshly purified complex
was first cross-linked with 0.1% glutaraldehyde, then, imme-
diately, 5 ul of sample were applied on Quantifoil holey car-
bon grids (R2/2, 300 mesh) plasma cleaned on a model 1070
NanoClean (Fischione Instruments) for 90 s at 30% power
and with a mixture of 80% argon and 20% oxygen. After ap-
plication the grids were blotted for 4 s at a force setting of
5 and then plunged into liquid ethane using a Vitrobot mark
IV (FEI) system with a chamber humidity of 95% at 10°C.
Images were collected on a 300 kV Titan Krios (FEI) at the
Institut de Génétique et de Biologie Moléculaire et Cellulaire
(IGBMC) equipped with a Falcon 4i camera in super resolu-
tion counting mode using the SerialEM software [44] with a
physical pixel size of 0.729 A and a defocus range from —0.8
to —2.2 um. Exposures of 3 s were dose-fractionated into 40
frames with a dose rate of 7.64 electrons pixel™! s~!, which
gives a total dose of 43.13 e~ /A2 (Supplementary Table S1).
A total of 15 749 movies were collected.

Cryo-EM data processing

The images in the dataset were aligned and corrected for
particle motion using MotionCor2 [45]. Contrast transfer
function (CTF) estimates were performed with CTFFIND4
[46]. CryoSPARC [47] was used for all data processing. Par-
ticles were selected using the blob picker and then the low-
quality/false particles were filtered out using 2D classes. The
best 2D classes were selected to generate templates for tem-
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plate picking. Template picker was used to select particles
more specifically and in greater number (2453 488 parti-
cles). Ab initio reconstructions were generated respectively
for the NCP-BCL7A complex and for the particles of poor
quality. This allowed to conduct a heterogenous refinement
with decoy classes and the particles were cleaned more effi-
ciently (1236 492 particles). Once the particles had been thor-
oughly cleaned, another heterogeneous refinement was per-
formed, followed by a 3D refinement that allowed to keep
only the best particles to obtain optimal resolution (563 788
particles). Once the best particles have been selected, a ho-
mogeneous refinement was performed. The final reconstruc-
tion was obtained at a resolution of 2.95 A (FSC = 0.143)
(Supplementary Table S1).

Cryo-EM model building

The initial model of the complex was built using the struc-
ture of the nucleosome (PDB ID: 31.Z1) and BCL7A 3D struc-
ture predicted by AlphaFold [48] (AF-Q4VC05-F1). BCL7A
N-terminal o-helix predicted by AlphaFold [48] did not per-
fectly fit in the observed extra cryo-EM density on the nucle-
osome. Therefore, the AlphaFold [48] predicted «-helix was
broken in two segments (amino acids 1-12 and 15-30, re-
spectively) and docking into the EM map was performed in
UCSF Chimera [49] using the two fragments. Models were
manually fitted and reconstructed as necessary in Coot, fol-
lowed by rigid body refinements and global minimization in
Phenix [50, 51] (Supplementary Table S1). Due to the poor
cryo-EM density in the region, amino acids 15-30 of BLC7A
were modeled as a polyalanine a-helix and rigid-body dock-
ing was performed. The fitted and well-reconstructed model
was subjected to iterative rounds of refinement in real-space
using secondary structure constraints in Phenix [51], and the
errors were inspected and adjusted in Coot [52]. Molecular
graphics and analysis were performed with PyMOL (PyMOL
Molecular Graphics System, Version 2.5 Schrodinger, LLC) or
with UCSF Chimera software [49].

Cryo-EM studies of the BCL7A-BAF47-NCP complex
Cryo-EM sample preparation

BCL7A-BAF47 complex and NCP were reconstituted as pre-
viously described and mixed at a molar ration of 1:3 (NCP:
BCL7A-BAF47). The complex was incubated for 1 h at 4°C
before being purified by SEC (Superose 6 Increase 3.2/300).
Cryo-EM grids were prepared and imaged as indicated above
with acquisition parameters of a physical pixel size of 0.729 A
and a defocus range from —0.8 to —1.9 um, exposures of 3.84

s which gives a total dose of 48.92 ¢~ /A2 (Supplementary
Table S2).

Cryo-EM data processing

The images in the dataset were analyzed as mentioned
above and data processing was performed with CryoSPARC2
[47] using the strategy previously described. Data process-
ing statistics are reported in Supplementary Table S2. The

final reconstruction was obtained at a resolution of 3.05 A
(FSC = 0.143).

Cross-linking and mass spectrometry studies
Cross-linking and sample processing for mass spectrometry

Complexes of BCL7A and BAF47 in presence or absence
of nucleosomes, prepared in 20 mM HEPES (pH 7.5),

BCL7A-NCP structure 5

100 mM NaCl, 1 mM DTT, were cross-linked without
freezing/thawing. Aliquots corresponding to an estimated 50
ug of total protein were diluted to 1 pg/ul final concentra-
tion. DSS (do/d12, Creative Molecules) was added to a fi-
nal concentration of 0.25 or 1 mM from a 25 mM stock
solution freshly prepared in anhydrous dimethyl formamide,
and samples were incubated at 25°C in a ThermoMixer (Ep-
pendorf) with mild shaking. After 1 h, ammonium bicarbon-
ate (AmBic) was added to a final concentration of 50 mM
(from a 1 M stock solution) to stop the cross-linking reac-
tion, and samples were incubated for an additional 30 min.
Quenched samples were evaporated to dryness in a vacuum
centrifuge and redissolved in 50 ul of 8 M urea for reduc-
tion, alkylation and enzymatic digestion. Cysteines were re-
duced by addition of tris(2-carboxyethyl)phosphine to 5 mM,
and samples were incubated for 30 min at 37°C. Free thiol
groups were then capped with iodoacetamide (10 mM final
concentration) by incubating for 30 min at room tempera-
ture in the dark. Samples were diluted down to 5.5 M urea
with 150 mM AmBic and 0.5 pg of endoproteinase LysC
(Wako) was added. After an incubation for 2.5 h at 37°C,
the urea concentration was further reduced to 1 M with 50
mM AmBic and 1 pg of trypsin (Promega) was added. Sam-
ples were incubated overnight at 37°C, digestion was stopped
by adding pure formic acid to a final concentration of 2%
(v/v) and digests were cleaned up by solid-phase extraction
(50 mg SepPak tC18 cartridges, Waters). Purified peptide mix-
tures were fractionated by peptide-level SEC on a Superdex
30 Increase column (GE/Cytiva) as described previously [53].
Four fractions were collected per sample, for some sam-
ples, the first two low-intensity fractions were pooled for MS
analysis.

Liquid chromatography-tandem mass
spectrometry

Liquid chromatography—tandem mass spectrometry was per-
formed with an Easy-nLC 1200 chromatography system
coupled to an Orbitrap Fusion Lumos mass spectrometer
with a Nanospray Flex electrospray ionization source (all
from Thermo Fisher Scientific). Duplicate injections for all
SEC fractions were performed. Peptides were separated on
an Acclaim PepMap RSLC C18 column (250 mm x 75
pm, 2 um particle size, Thermo Fisher Scientific) at a
flow rate of 300 nl/min. The mobile phase gradient was
set up as 11 to 40% B in 60 min, and mobile phases
were A = water/acetonitrile/formic acid (98:2:0.15, v/v/v)
and B = acetonitrile/water/formic acid (80:20:0.15, v/v/v).
Mass spectrometric sequencing was carried out in the data-
dependent acquisition mode with top speed setting and a cy-
cle time of 3 s. MS scans were performed with detection in the
orbitrap analyzer at a resolution of 120 000. Precursors of
charge states between 3+ and 7+ were selected for fragmenta-
tion in the linear ion trap at a normalized collision energy of
30% and fragments were detected in the orbitrap analyzer at
a resolution of 30 000. Dynamic exclusion was activated for
30 s after one sequencing event.

Identification of cross-linked peptides

Mass spectrometry data was converted into the mzXML for-
mat using msconvert [54] and searched using xQuest v2.1.5
[55]. The database consisted of the sequences of the target pro-
teins (including canonical H2, H3, and H4 histone sequences)
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and identified contaminants/copurified proteins (human ker-
atins, proteins from the E. coli expression system). Key xQuest
search settings included: enzyme = trypsin, maximum num-
ber of missed cleavages = 2, MS mass tolerance = 15 ppm,
MS/MS mass tolerance = 15 ppm. Reactive sites for DSS were
K and the protein N terminus. Primary search results were fur-
ther filtered with narrower mass tolerance windows according
to the actual mass accuracy at the time of data acquisition. Fil-
ters for a minimum xQuest main score (>25), the fraction of
assigned total ion current (>0.15), and the delta score (<0.9)
were applied, and the remaining candidate assignments were
manually evaluated. Only identifications with at least four
bond cleavages in total or three consecutive cleavages were
accepted (both criteria applied to each of the two peptides).
The false discovery rate was controlled by searching against
reversed sequences. Due to the small number of target iden-
tifications, an accurate estimation of false discovery rates is
difficult. However, over all data sets only two decoy hits re-
mained in the curated identification lists. Xlink analyzer [56]
v1.1.4 was used to visualize cross-links on the BCL7A-NCP
structure.

SAXS data acquisition and analysis

Size-exclusion chromatography small-angle X-ray scattering
(SEC-SAXS) experiments were conducted at the SWING
beamline [57] at the Synchrotron SOLEIL (Saint-Aubin,
France). The incident beam had a wavelength of A = 1.033
A and was detected using an EigerX4M detector (Dectris) po-
sitioned 2000 mm from the sample. The direct beam was off-
centered, yielding an exploitable q-range of 0.005-0.5 A~1,
where the scattering vector is defined as q = 47 sin 0/A, with
20 being the scattering angle. The samples consisted of 80
ul of BCL7A or NCP, with a stock concentration of 15 and
5 uM, respectively, or the complex NCP:BCL7A at 1:3 mo-
lar ratio, and were injected onto a Superose 6 3.2/300 SEC
column, which was installed upstream of the SAXS flow cell.
Prior to experiments, the column was pre-equilibrated with
20 mM Tris—=HCI pH 8.0, 150 mM NaCl, and 1 mM DTT.
SAXS data were acquired continuously during elution, which
was performed at a flow rate of 40 pl/min.

Primary data reduction was carried out using FOXTROT
[58], while further analysis was performed using BioXTAS-
RAW [59] and ATSAS [60]. As the NCP sample exhibited a
fraction of larger molecular species, Evolving Factor Analysis
and regularized alternating least squares (REGALS) decon-
volution were applied in BioXTAS-RAW [61, 62] to resolve
contributions from distinct molecular populations in NCP
and NCP:BCL7A solutions. Structural parameters, including
the radius of gyration (Rg), were estimated from the Guinier
region and via the pair distance distribution function using
Bayesian Indirect Fourier Transform [63]. The maximum par-
ticle dimension (Dp,x) was also determined. The degree of
compaction was assessed using the normalized Kratky plot
in BioXTAS-RAW [61, 62], while molecular masses were es-
timated using a concentration-independent method based on
the volume of correlation (V.), which is particularly suited for
protein—nucleic acid complexes [64].

Circular dichroism spectrometry analysis

Circular dichroism (CD) spectra of the samples at a concen-
tration of 20 uM in a buffer composed of 150 mM NacCl, 20
mM HEPES (pH 7.0), 1 mM DTT were recorded using a Jasco

J-815 CD spectrophotometer using a 0.2 mm pathlength CD
Quartz cuvette, at 20°C, between 260 and 190 nm, with 10
accumulations, standard sensitivity, a bandwidth of 1 nm and
a data-pitch of 0.1 nm. A buffer spectrum was first recorded as
baseline and subtracted from the sample spectrum. The spec-
tra were analysed with the CDSSTR [65], Contin-LL [66], and
Selcon 3 [67] methods with the protein reference data 7 [67]
using the Dichroweb server [68].

Protein sequence bioinformatic analyses

The AlphaFold3 algorithm [69] was queried on the dedicated
server, with the protein sequences indicated. The D2P2 server
[70] was queried, searching the database with the protein se-
quences. Analysis with MobiDB-lite [71] was performed using
the Python code version 4.0 using Python 3.8.10. The diagram
of states was calculated using local CIDER with Python 3.8.10.
Amino acid sequence patterns were searched using NARDINI
[72]. The Python code was modified to allow search of the ex-
tended series of amino acid patterns used in Patil et al. [73]
For each protein, the native sequence was tested against a null
distribution calculated from 100 000 randomizations of the
sequence. The z-score matrices were plotted in R v4.3.1 (https:
/lwww.r-project.org/) using the Complex Heatmap package
v2.18.0 [74].

Remodeling assay

The mammalian SWI/SNF complex was purified from K-
562 cells (chronic myelogenous leukemia, ATCC CCL-243),
which are wild-type for all the genes coding its subunits
(from the COSMIC database). Purification was made possi-
ble by the installation of an affinity purification tag at the
N-terminus of BAF47, using CRISPR/Cas9 knocking in at
the endogenous SMARCB1 locus. The strategy used employed
a modified version of plasmid pX335-U6-Chimeric_BB-CBh-
hSpCas9n(D10A) (a gift from Feng Zhang [75], Addgene plas-
mid #42 335; RRID:Addgene_42335) with two U6-sgRNA
cassettes in tandem, expressing single-guide RNA (sgRNAs)
flanking the initiation codon of SMARCBI, co-transfected
with a homology repair template of ~1700 bp centred around
the initiation codon followed by the VAP affinity purification
tag [76, 77] (Supplementary Fig. S1A). The strategy of tag-
ging at the N-terminus of BAF47 was previously employed
successfully to purify mSWI/SNF [78]. Analysis of a selected
clone showed successful homozygous editing (Supplementary
Fig. S1B-D)

To purify mSWI/SNF from BAF47-tagged cells, ~500E6
cells were grown in spinner flasks and processed as in Mak
et al. [76] for anti-Flag affinity purification using Flag M2
agarose beads (Sigma). Complexes were eluted in HEPES
remodeling assay buffer [HEPES (pH 8.0), 20 mM; KCI,
100 mM; DTT, 1 mM] supplemented with 3xFlag peptide
at 0.1 pg/ul. The eluted complexes were concentrated on
Amicon Ultra 100 kDa cutoff filters and rinsed twice with
HEPES remodeling assay buffer without peptide and used
in remodeling assays. This strategy resulted in good purifi-
cation of the complex (Supplementary Fig. S1E). The pres-
ence of all the subunits in the purified complex, including the
BCLY7 proteins, was confirmed via mass spectrometry analysis
(Supplementary Fig. S2).

To mutate the three BCL7 genes, CRISPR/Cas9 editing
was used to create indels downstream of the initiation codon
of each gene. Three U6-sgRNA expression cassettes were

GZ0z 1snbny g| uo 3senb Aq 0¥6601 8/ Lz¥exb/2/cG/a0n1e/1eu/wod dno olwapede//:sdiy woly pspeojumoq


https://www.r-project.org/
https://scicrunch.org/resolver/https://scicrunch.org/resolver/RRID:Addgene_42335
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf273#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf273#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf273#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf273#supplementary-data

inserted into plasmid pX330-U6-Chimeric_BB-CBh-hSpCas9
(a gift from Feng Zhang [75], Addgene plasmid # 42 230;
RRID:Addgene_42230), with one guide targeting each BCL7
gene. The BCL7A guide plus PAM sequence underlined
(GGTCGGTTCGAGCCGAGACGAGQG) has the Cas9 cutting
site after nucleotide 30 of the coding sequence. The BCL7B
guide plus PAM (CCGGTCGGTCCGGGCGGAGACCC) has
the cut site after nucleotide 11 of the coding sequence.
In the case of BCL7C, a microRNA gene (miR762) is
present on the opposite strand overlapping the initia-
tion codon, so targeting was performed at exon 2 after
nucleotide 128 (CCTTCGTATCTTCAAGTGGGTGC). The
plasmid was electroporated into the VAP-tagged K-562 cell
line and cells were grown as single-cell clones, which were
amplified and screened for the presence of indels using gene-
specific PCR and the T7E1 assay. A clone containing indels
at the three genes was selected for further use. Presence of
indels was confirmed by cloning products of PCR amplifi-
cation of the three loci on genomic DNA from the selected
clone followed by sequencing at least 20 colonies for each lo-
cus (Supplementary Fig. S3A). Western blots on purified com-
plexes were performed (Supplementary Fig. S3B) using the
following antibodies: rabbit polyclonal against BCL7A (Atlas
antibodies HPA019762, raised against residues 136-208 of
Q4VCO05.1), rabbit polyclonal BCL7B (Proteintech #11740-
1-AP, raised against the entire protein), and mouse mono-
clonal anti-BCL7C (US Biologicals #243754, raised against
the entire protein, unmapped epitope). This characterization
showed that BCL7A has three alleles, with insertion of 1 base
pair or deletion of 2 or 28 bp, all causing frameshifts. A shorter
BCL7A protein was detected in western blot, likely arising
from initiation at Met22, past the N-terminal alpha helical
region. BCL7B showed three alleles, with deletion of 2, 12,
or 13 base pairs. They cause frameshifts affecting codons 6
and onward or a deletion of 4 codons (from Val6 to Glu9).
In western blots, the abundance of BCL7B was not visibly af-
fected but the protein ran at a slightly lower molecular weight,
suggestive of initiation at Met22 (Supplementary Fig. S3B).
BCL7C has also three alleles, with deletions of 1, 5, or 13
base pairs causing frameshifts after codon Thr41, Arg44,
or Ile45. The BCL7C protein was undetectable. Considering
that all alleles of the BCL7 genes carry some defect, cod-
ing for proteins that are either very short, or truncated in
their N-terminal helix, or entirely missing that helix. This
genotype was further validated by inspecting high-throughput
sequencing results from ATAC-seq experiments (see below).
For simplicity, the cells are referred to as triple knock out
or TKO.

The western blot membranes also contained equal amounts
of each recombinant protein (100 ng, or 4.0, 4.5, and 3.8
pmoles for BCL7A, BCL7B, and BCL7C, respectively), which
revealed that the anti-BCL7B antibody is not entirely spe-
cific and crosses slightly with BCL7A and BCL7C. Further,
while comparing the western blot signal from the purified
complex with that from the recombinant proteins, it ap-
pears that the amount of BCL7A in the loaded aliquot of
WT complex is around 100 ng, that BCL7C appears above
100 ng, and that BCL7B is the least abundant family mem-
ber, at levels markedly lower than 100 ng. Finally, the size
of the BCL7A protein in the WT complex is lower than
that of the recombinant protein, suggesting that the predom-
inant isoform expressed in K-562 cells is the shorter one
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(Q4VC05-1, 210 residues). These results match those ob-
tained by mass spectrometry on the purified mSWI/SNF com-
plex (Supplementary Fig. S2). Protein content of the parental
and TKO eluates was estimated by sodium dodecyl sulfate—
polyacrylamide gel electrophoresis of various eluate amounts
by western blot against BRG1 and BAF47 (Supplementary
Fig. S4A). Mass spectrometry on purified complexes con-
firmed the reduction in BCL7 paralog abundance in the TKO
samples (Supplementary Fig. S4B and C).

The template DNA for remodeling was generated by PCR
using the Widom 601 positioning sequence cloned in pBlue-
script and amplified by PCR with primers placed such that the
147 nucleotides of positioning sequence are flanked by 51 and
65 base pairs of non-nucleosomal DNA and bearing Cy5 dyes
at the 5’ termini. Due to the position of the extensions rela-
tive to the Mfel site, only octamer eviction or sliding in one
direction will fully expose the Mfel restriction site. The re-
modeling reactions were carried out using 1 ul of eluted com-
plexes, corresponding to ~10 ng of BRG1, in a final volume
of 20 pl, implying a complex concentration of ~2.5 nM. Re-
actions contained 2 mM HEPES (pH 8.0), 10 mM KCI, 2%
(v/v) glycerol, 0.2 mM EDTA, 0.1 mM DTT, 5§ mM MgCl,,
1 mM ATP, 0.1 mg/ml BSA, 40 U Mfel (NEB), and 9 nM
Cy5-labeled NCP, supplemented with protease inhibitor cock-
tail. Reactions were carried out at 30°C for various durations
and stopped by addition of 4% (w/v) sodium dodecyl sulfate
and 10% (v/v) glycerol. Samples were digested with 20 pug of
proteinase K and incubated 1 h at 37°C, precipitated with 2
volumes of ethanol. DNA pellets were dried, resuspended in
20 pl of Tris-EDTA (TE) buffer and 4 ul of 50% (v/v) glyc-
erol. Samples were separated on 2% agarose gels and scanned
on a GE Healthcare Typhoon scanner, using the highest pho-
tomultiplier tube voltage that avoided pixel saturation. Raw
fluorescence data were acquired in Fiji (Image] v1.54), using
the Analyze Gels function. Signal across gel lanes for the in-
tact DNA fragment as well as the two restriction products was
acquired. The signal of each of the three bands was normal-
ized by dividing the raw signal by the sum of raw signals in
the corresponding lane. The normalized signal of the two cut
fragments was summed, since each has half the CyS5 dye con-
tained in the intact fragment. Cut fragment signal was plot-
ted as a function of time and genotype. The experiment was
performed with two different preparations of the parental and
TKO complex, each time in three replicate reactions. Repeated
measures two-way Analysis of Variance (ANOVA) was used
to test significance.

ATAC-sequencing

ATAC-seq was performed on the same CRISPR/Cas9-edited
cells used for purifying the mSWI/SNF complex for in vitro
remodeling assays. To confirm the edited cells genotype,
trimmed fastq files from the ATAC-seq experiment were
aligned to GRCh38 using bwa-mem2 [79] using default set-
tings. BAM files from the same cell line were merged, vari-
ants were called using FreeBayes (Preprint at https:/doi.org/
10.48550/ARXIV.1207.3907) and results were inspected on
the IGV browser [80].

To help identify genomic loci where DNA accessibility de-
pends on mSWI/SNF activity, cells were left untreated or
treated for 6 h with BRM014 (MedChemExpress) at 10 uM
in Dimethyl Sulfoxide (DMSO) to block BRG1 and BRM en-
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zymatic activity [81, 82]. Each condition was represented by
two biological replicates (experiments performed on different
passages of the cells, on different days).

Fifty thousand cells were used per ATAC-seq library. A kit
from Active Motif was used (cat. #53150) and manufacturer
instructions were followed. Sequencing was performed in
paired-end mode (2 x 50 bp) on an Illumina NextSeq 2000 to
an average of 41 million pairs per sample. Raw data were pro-
cessed as described in [83], aligning on GRCh38 version of the
human genome. At least 32 million read pairs were uniquely
mapped per sample. Differential DA analysis was performed
using a sliding window approach (50 bp wide, shifted by 50
bp) quantifying the transposase insertion sites to be published
elsewhere (https://doi.org/10.1101/2022.03.16.484118).
All analyses were performed in R/Bioconductor
(https://www.r-project.org/). To focus the analysis on
mSWI/SNF binding sites where ATPase activity is needed
for DNA accessibility, binding sites of BRG1 in K-562
cells identified as part of the ENCODE project were used
(accession ID ENCFF2670GF [84]). BRG1 binding sites
overlapping sliding windows where BRMO014 treatment led
to a decrease in transposase insertions of at least 50% with a
Benjamini-Hochberg-corrected P-value no larger than 0.05
were retained. Over these BRG1-bound and BRG1-dependent
regions, the presence of sliding windows with significantly
different DA in BCL7 TKO compared to parental (corrected
P-value < .05) were recorded along with their associated log,
fold-change.

The heatmap of differential ATAC-seq signal was plot-
ted using ComplexHeatmap (v2.18) [85], where each row
represents a region where BRMO014 elicits a significant de-
crease in DNA accessibility and overlaps a BRG1 binding
site. The values plotted were the sum of Trimmed Mean of
M-values (TMM) normalized counts over the windows mak-
ing up the DA region, scaled (null mean and unity standard
deviation) to obtain Z-scores. Rows were clustered based on
whether the effect of TKO compared to parental was a de-
crease in accessibility, an increase, or no statistically signif-
icant change. Boxplots represent the log, FC values used to
cluster the heatmap and were plotted using ggplot2 (v3.4.4).
Example plots of ATAC-seq read coverage were generated
using Gviz [86], employing the counts-per-million normal-
ized read counts in bins of 10 base pairs. Assessment of dis-
tance to genes was performed using ChIPseeker (v1.38.0)
[87] defining the promoter region as the 2 kb area centered
around gene TSS. Overlap with previously published ChIP-
seq datasets was calculated at the ChIP Atlas website [88],
using regions that were stretched to 2 kb in length (fixing the
center) and using a ChIP-seq peak score cutoff of 50; only
peaks from datasets in the K-562 cell line were retained. Re-
gions with lower Donor Allele (DA) in TKO were compared
with regions with higher DNA accessibility. Enriched DNA
sequence motifs were identified using universalmotif (https://
doi.org/10.18129/B9.BIOC.UNIVERSALMOTIF) within the
300 bp around the center of the DA regions, and mo-
tifs from the JASPAR 2022 database accessed through Bio-
conductor [84]. The background set of sequences used in
the motif enrichment calculations were the sequences in
the entire set of BRG1-bound and BRG1-dependent re-
gions. ATAC-seq and ChIP-seq read coverage plots at vari-
ous regions were generated using deepTools (v3.5.1) with the
functions bamCoverage, computeMatrix, and plotHeatmap

[89].

Perturb-seq analysis

Perturb-seq sequencing data from Otto et al. were down-
loaded from the NCBI GEO under accession GSE200201 [90].
Similar data processing steps as described in Otto et al. were
employed, using the Seurat package [91] in R/Bioconductor.
The data processing scheme involved retaining cells with
at least 200 detected messenger RNA (mRNA) and retain-
ing genes expressed in at least three cells, then filtering out
cells with <1000 reads or with >20% mitochondrial genome
reads. The counts were normalized so that each cell would
have a sum of counts of 10 000, then expression values were
added to 1 and log,-transformed. The 23 863 assayed genes
were further filtered to retain only those that are reliably de-
tected, with mean normalized expression across cells between
0.0125 and 4. This resulted in retaining 11 212 genes. The nor-
malized expression matrix was then scaled so that each gene
would have a mean expression of zero and a standard devia-
tion of 1. For differential expression calculation, sgRNAs were
collapsed to the mSWI/SNF subunit gene they target and all
cells with perturbation of a given subunit were retained. Only
cells containing a single perturbation sgRNA were retained,
except for the analysis of the double perturbation of BCL7
genes. Cells with nontargeting sgRNAs were randomly split
into two groups, one to serve as invariant reference set for
differential expression calculation and the other to serve as a
control, null-effect set. Differential expression was calculated
by taking the mean of scaled normalized expression values of
the cells with a subunit perturbation and subtracting the mean
of the reference set of cells. The boxplot was generated with
the dedicated base R function and defaults parameters, except
that notches were drawn with defaults and outliers beyond 1.5
times the interquartile range were removed for clarity.

Results

Sequence comparison and structural predictions of
BCL7 proteins

The BCL7 family is composed of three proteins encoded by
three different genes: BCL7A, B, and C. They lack any domain
of known molecular function or shared with other proteins.
The longest mRNA isoform of human BCL7A comprises six
exons and codes for a protein of 231 amino acids. A second
mRNA isoform exists that shortens the end of exon 5 by 21
codons. According to multiple sequence alignment results of
the three human BCL7 family members, the first 51 amino
acids of each protein are highly homologous, while homology
is more limited beyond this position (Fig. 1A). The sequence of
each family member is conserved throughout evolution across
the entire length of the proteins (Supplementary Fig. S5). The
three family members likely exist because of ancient duplica-
tion events of a single primitive BCL7 gene and are considered
paralogs.

Sequence-based analyses using AlphaFold3 [69] and a panel
of intrinsic disorder prediction algorithms [70, 71] predict that
the majority of BCL7A length is disordered except for an al-
pha helix from residues R4-R29, and a beta hairpin from
residues W31-P50 (Supplementary Fig. S6A-C). Comparison
with the sequences of BCL7B and BCL7C yielded qualita-
tively similar results. Diagram of states analysis using local-
CIDER [92] of the BCL7 protein sequences, or just their pre-
dicted disordered segments, places them in the boundary zone
where a majority of intrinsically disordered proteins (IDPs)
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Figure 1. Sequence and disorder of BCL7 proteins. (A) Multiple sequence alignment of the three human BCL7 proteins performed using Muscle in
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top-right corner inset). (D) Cox chemical shift index for all assigned residues.
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localize [93] (Supplementary Fig. S6D). We also searched the
disordered segments’ amino acid sequences for short patterns
that would be enriched, as this was shown to be implicated
in the phase separation of ARID1 proteins [73]. This analy-
sis performed with NARDINI [72] revealed that each protein
has a distinct set of such patterns (Supplementary Fig. S6E):
BCL7A most notably has blocks of polar residues alone or
combined with positively charged ones; the most salient pat-
tern in BCL7B are blocks of serine residues; BCL7C is charac-
terized by blocks of glycines with hydrophobic or negatively
charged residues. These are markedly different from the pat-
terns most characteristic of ARID1A IDR1 (blocks containing
glutamine, alanine, proline or glycine), or of ARID1A IDR2
(blocks of glutamine with serine or glycine) [73].

CD spectra analysis revealed that the three BCL7 paralogs
have a very similar secondary structure (Fig. 1B). To obtain
structural information on BCL7A, NMR analysis of a 'Y N-
labeled BCL7A solution was performed. As predicted, the pro-
tein spectrum exhibits all the characteristics of an IDP, with
limited proton amide spectral dispersion. All visible signals
were assigned and span from residues 1-15 and 57-231 (Fig.
1C). The calculated chemical shift index shows near to zero
values for most residues except slightly positive values for >4
consecutive residues in two stretches (1-20 and 150-160), in-
dicating that the two assigned segments are mostly fully dis-
ordered with a very low helical propensity for the first 20
residues and for the segment 150-160 (Fig. 1D). In contrast,
the signal from residues in the 26—56 segment was absent from
the spectrum most probably due to some conformational ex-
change in the microsecond-millisecond timescale, as can of-
ten be seen for secondary structures in the absence of ter-
tiary structure. Interestingly, this particular segment correlates
with the hairpin secondary structure predicted by AlphaFold3
(Supplementary Fig. S6A).

BCL7 proteins form a stable complex with the
nucleosome

Because mSWI/SNF acts on nucleosomes, electrophoretic mo-
bility shift assays (EMSA) experiments were performed to
examine binding of BCL7A to the NCP. NCPs were assem-
bled using recombinant X. laevis histone octamers and fluo-
rescently labeled 601 positioning DNA sequence [32]. EMSA
on these nucleosomal probes revealed that BCL7A can stably
bind this substrate (Fig. 2A). Curve fitting to explain probe
electrophoretic retardation worked best using the Hill equa-
tion and indicated that the binding affinity of BCL7A on the
NCP probe has an apparent dissociation constant (Kp) of 290
nM (Fig. 2B and D). The Hill coefficient n of 3.7 suggested
binding cooperativity of BCL7A to the probe. As shown in
previous studies [94] the Hill coefficient only describes the
transition cooperativity, rather than exactly estimate the num-
ber of protein molecules bound to the nucleosome.

Similar Kp values were obtained for the three BCL7 pro-
teins. To identify which part of the BCL7A protein might be
implicated in NCP binding, EMSA experiments were repeated
with the BCL7A (1-100) truncation mutant, where most of
the predicted disordered C-terminal region is removed. It was
found that the first 100 amino acids of BCL7A are sufficient
for NCP binding, with an affinity not significantly different
from that of BCL7A WT (Kp of 320 nM).

Further, we examined BCL7-nucleosome interactions us-
ing BLI experiments. To perform BLI measurements, poly-

histidine-tagged mononucleosomes were immobilized on Ni-
NTA biosensors and incubated with different amounts of
BCL7 proteins; wavelength shifts of the reflected light from
the biosensor surface were measured and plotted against the
different BCL7 concentrations. Analysis of the binding pro-
files resulted in calculated apparent Kp values of 220 nM for
BCL7A, 170 nM for BCL7B, and 220 nM for BCL7C (Fig.
2C and D), supporting the measurements obtained via EMSA
assays.

Characterization of the BCL7A-NCP complex

The complex formed by BCL7A and the NCP was analyzed
by SEC. NCPs were incubated with a 1:5 molar excess of full
length BCL7A and the sample was purified on a Superose-6 In-
crease 3.2/300 column. The chromatogram displayed a single
symmetric peak, and the corresponding fractions contained
BCL7A and the histones, indicating the formation of a stable
complex of BCL7A with the NCP (Supplementary Fig. S7A).

Complex stoichiometry was examined by SEC followed by
MALS, comparing NCP alone and the NCP-BCL7A complex
with an excess of BCL7A (Supplementary Fig. S7B). Both sam-
ples appeared mono-disperse. The NCP showed a mass of
214.67 kDa £ 1.68% (198.8 kDa calculated), the excess free
BCL7A showed a molecular mass of 29.53 + 10.32% kDa
(25.0 kDa calculated) and the NCP-BCL7A complex yielded
a molecular mass of 233.48 + 1.79% KDa (223.8 kDa calcu-
lated). The results suggest that BCL7A is a monomeric species
and that the NCP-BCL7A complex has a 1:1 stoichiometry at
this concentration.

To better understand the BCL7A-NCP complex identified
by EMSA experiments, we employed SV analytical ultracen-
trifugation (SV-AUC). Full length BCL7A is a monomer in
solution with a sedimentation coefficient of 1.87 S, which
corresponds to the MW of about 26 KDa, and has a high
frictional coefficient due to the protein’s disordered nature
(Supplementary Fig. S7C and D). The NCP alone sediments as
a homogeneous 11.35 S species, consistent with earlier studies
of isolated nucleosome particles [95, 96] and the BCL7A-NCP
complex sediments as 10.52 S species, suggesting the forma-
tion of a 1:1 molar ratio complex. The fact that the BCL7A-
NCP complex sediments more slowly than the NCP alone
could be imputable to the increased frictional coefficient of
the complex compared to NCP alone due to the binding of
the NCP to an IDP as previously described [96].

Cryo-EM structure of the BCL7A-NCP complex

To gain further structural information on how BCL7A inter-
acts with the NCP, we used cryo-EM and obtained a struc-
ture of the BCL7A-NCP complex (Fig. 3) at an overall reso-
lution of 2.95 A (Supplementary Figs S8 and S9). The struc-
ture shows that the first 30 amino acids of BCL7A engage
the acidic patch of the NCP (Fig. 3A-C, Figs 4 and 5, and
Supplementary Fig. S9). BCL7A N-terminal region folds in
two distinct a-helices: a short «1 helix (aa 3-9) and a longer
a2 helix (aa 15-30) connected by a loop of which two residues
(R13 and A14) are not visible, probably due to their flexibil-
ity (Fig. 3B and C). The N-terminal residues of BCL7A (aa 1-
12) host an arginine anchor structural motif that contacts the
cavity of the NCP acidic patch defined by helices «2 and «3
of histone H2A (Figs 3A—C and 5). BCL7A «2 helix bends on
histone H2B C-terminal «-helix and continues toward the nu-
cleosomal DNA to the super helical location 4.5 (SHL + 4.5;
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Figure 2. Binding of BCL7 proteins to the nucleosome. (A) EMSA gels using Cy5-labeled NCP and the indicated BCL7 proteins. Protein amounts were
varied as indicated above each lane. (B) Quantification of the calculated amount of bound NCP and curve fitting using the Hill equation (red curve).
Dissociation constants and Hill coefficients ‘n" are indicated, along with their standard deviation from replicates of the experiment. The colors of the dots
represent the various replicate titrations, with n > 3. Black dots and brackets indicate the mean and standard error. (C) BLI response curves for the
indicated proteins, with fitting of a heterogenous binding model curve in red. Dots of different color indicate the two biological replicates of the
experiment. Black dots and brackets indicate the mean and standard deviation of the replicates. (D) Table of the calculated dissociation constants.
Numbers rounded to the closest ten. N.D.: not determined.
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Figure 3. Cryo-EM structure of BCL7A in a nucleosome bound state. (A) Molecular surface representation of the nucleosome core particle colored
according to the electrostatic potential (blue, positive [+5 kT]; white, neutral; red, negative [—5 kT]) in complex with BCL7A; BCL7A N-terminal region (aa
2-30) is shown in ribbon diagram representation and colored cyan. The panel below shows a zoomed view of BCL7A interaction with the nucleosome:
amino acids 2—12 of the N-terminal o helix BCL7A are shown in stick representation where carbon atoms are colored cyan, oxygen atoms are red,
nitrogen atoms are blue. The exact amino acid sequence of BCL7A N-terminus (aa 2-12) is indicated and the three Arg within the arginine anchor motif
are colored blue. (B) Ribbon diagram representation of BCL7A in complex with the acidic patch of the nucleosome. BCL7A is colored cyan, DNA is
colored orange and the histones H2A, H2B, H3, and H4 are colored yellow, red, light blue, and green, respectively. (C) Zoomed-in views of the
interactions of BCL7A R4 (left panel), R7 (center panel), and R11 (right panel) with H2A and H2B. Residues of interest are shown in stick representation.
BLC7A and histones are color coded as above. (D) Zoomed view of BAF47 C-terminal helix (PDB ID: 6LTJ) interaction with the acidic patch. BAF47 is
colored purple and histones are colored as mentioned above. Residues directly involved in the interactions are in stick representation. Panels (A), (B),

and (C) were rendered with PyMOL.

Supplementary Fig. S10). BCL7A arginine anchor motif is
characterized by three arginines, R4, R7, and R11, that es-
tablish a secure network of hydrogen bonds and ionic inter-
actions with the conserved acidic residues of histones H2A
and H2B. R4 projects deep in the canonical arginine-anchor
binding pocket forming hydrogen bonds with H2A E61, D90
and E92. BCL7A R7 establishes hydrogen bonds with H2A

E61 and a salt bridge with E64; R11 contacts H2A ES6, and
H2B Q47 and E113 establishing hydrogen bonds (Fig. 3C; Fig.
4). Following the nomenclature of McGinty and Tan [97], R4
constitutes a canonical arginine anchor, R7 is a type 2 arginine
anchor binding the cavity right next to the canonical arginine
binding cleft,and R11 is a type 1 variant arginine. BCL7A «2
helix appears as a tube of density, clearly in contact with hi-
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Figure 4. Contact points between BCL7A and histones H2A and H2B. Residue numbers are indicated in boxes colored light blue for BCL7A, yellow for

H2A, and red for H2B. The interactions are marked by dotted lines.

stone H2B C-terminal « helix, H2A «1 helix, the beginning
of H2A tail and it ends in close proximity with the phosphate
backbone of the nucleosomal DNA, on the minor grove of
the DNA at SHL + 4.5. However, the interpretation of the
electron-density map in this region is challenged by the lower
resolution and the fact that BCL7A «2 helix was built as a
poly-alanine chain. There is no observed density for the disor-
dered C-terminal tail of BCL7A. A second molecule of BCL7A
is visible on the acidic patch on the opposite side of the nucle-
osome, with identical nucleosome binding mode.

Characterization of the BCL7A-NCP complex by
NMR

To map the interaction region between BCL7A with NCP,
SN-'H 2D NMR spectra of uniformly labeled "N-BCL7A
were recorded at different ratio BCL7A:NCP (1:0, 1:0.2,
1:0.33, and 1:1) (Fig. 6A and B). Due to the large NCP size,
the intensity of signals corresponding to interacting residues
are expected to vanish. The loss of intensity for isolated sig-
nals was plotted for the different BCL7A:NCP ratio (Fig. 6C).
It was observed that signals for the residues located in the N-
terminal segment of BCL7A (amino acids 1-15) almost vanish
even after addition of only 0.2 molar equivalent of NCP. An
important signal intensity decrease was also observed in two
C-terminal segments (amino acids 192-202 and 216-224, re-
spectively; Fig. 6C). Finally, a 50% intensity loss was observed
in the segment corresponding to amino acids 57-80, but only
at 1:1 ratio. From this experiment, we conclude that the re-
gions whose signal intensity vanishes upon titration with the
NCP are likely to be contacting the nucleosome.

SAXS analysis of the BCL7A-NCP complex

SAXS was employed to provide structural insights into the
BCL7A-NCP complex, including the disordered segment of

BCL7A (Fig. 7). SAXS analysis revealed that BCL7A eluted
as a single peak, with scattering data characteristic of an
elongated protein, exhibiting large radius of gyration (Rg)
and maximum dimension (Dy,.x) values for a 231 residues
protein (Fig. 7A-B). The dimensionless normalized Kratky
representation (Fig. 7C) confirmed that BCL7A is predom-
inantly unstructured, consistent with predictions from Al-
phaFold [69, 98], suggesting the presence of secondary struc-
ture elements restricted to the N-terminal region. Molecular
mass estimation based on volume correlation [64] yielded a
value of 39 kDa (Fig. 7D), which is slightly higher than but
compatible with the theoretical mass of the monomer (25
KDa). The Kratky plot (Fig. 7C) confirmed that the com-
plex was composed of compact particles. Guinier analysis of
the main peak revealed an increase in Ry from ~43 to ~45
A upon complex formation, accompanied by an increase in
estimated molecular mass from 217 to 243 kDa (Fig. 7D).
These findings support the binding of BCL7A to the NCP.
Notably, BCL7A appears to adopt a more compact confor-
mation upon NCP binding, as indicated by a Dy, increase
relative to NCP alone, yet remaining significantly lower than
that of free BCL7A in solution. This observation aligns with
NMR data, which suggest additional interactions involving
the C-terminal region of BCL7A upon complex formation
with NCP.

BCL7A- BAF47 interaction

Our observation of an interaction of BCL7A at the NCP acidic
patch brought up the question of how this can accommodate
BAF47, given that this protein has been reported to contact
the acidic patch as well [24, 28-30, 99]. Previous CX-MS
data reported an interaction between BCL7A and BAF47 [8].
We have identified that BAF47 and BCL7A are direct binding
partners and isolated the BCL7A-BAF47 complex by SEC;
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Figure 5. Detailed view of the BCL7A-NCP cryo-EM density map at the acidic patch filled with BCL7A coordinates displayed at two different map
thresholds. (A) Atomic models derived from the density maps show histones H2A (yellow) and H2B (red) in ribbon representation (left panel) and in stick
representation (right panel) at a threshold of o= 0 077 (B) Same as in A but the map threshold is set at o = 0,0223. BCL7A density (displayed in cyan) is
visible and positioned on the top of H2A and H2B and showed in ribbon representation (left panel) and stick representation (right panel). The figure was
prepared using ChimeraX software in order to adjust the threshold and color the different histone and BCL7A densities as needed.

point of contacts between the two molecules were further
verified by cross-linking coupled with mass spectrometry
(CX-MS) (Supplementary Table S3 and Supplementary Fig.
S11) and by NMR experiments performed with BCL7A and
shorter fragments of BAF47 (Supplementary Fig. S12). While
the N-terminal region of BCL7A seems to be responsible for
direct binding to BAF47, BAF47 appears to contact BCL7A at
different points throughout its entire sequence, encompassing
residues within the WH-DBD, RPT1, RPT2, CTD domains
(Supplementary Fig. S12A). Further we reconstituted the
BCL7A-BAF47 complex in presence of nucleosome, pu-
rified a stable ternary complex by SEC (Supplementary

Fig. S13A and B) and performed cryo-EM studies
(Supplementary Figs S13C-F and S14). Upon cryo-EM
data processing we obtained a low-resolution reconstruc-
tion of the BAF47-BCL7A-NCP complex: an arch shaped

density branches out from the acidic patch and reaches
the DNA on the opposite side of the nucleosome at the
dyad axis (Supplementary Fig. S13D). The map features
are elongated and cannot be interpreted with an atomic
model. This is probably due to BAF47 flexibility when not
in contact with its binding partners within the SWI/SNF
complex. To resolve the regions that are less well defined
in the cryo-EM density, CX-MS provided valuable infor-
mation on the proximity between amino-acid residues of
the molecules (Supplementary Table S3). CX-MS confirmed
that in a nucleosome bound state several BCL7A-BABF47
points of contact are retained and that BCL7A still contacts
the nucleosome at least at positions H2BK109 and H3K28
(Supplementary Fig. S15 and Supplementary Table S3). To
better understand the location of BCL7A and BAF47 on the
acidic patch, the map was refined to 3.05 A in proximity
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to the nucleosome. However, BCL7A-BAF47 density has a
resolution of ~4-5 A making its interpretation difficult. Via
3D classification, we focused on a subset of particles where
the nucleosome has one molecule of BCL7A on one side
(Supplementary Fig. S13E, left panel) and both BCL7A and
BAF47 molecules on the other side (Supplementary Fig. S13E,
right panel). By fitting the BAF47-BCL7A-NCP density into
the cryo-EM structure of the BAF complex (PDB 6LT]J),
we were able to position the C-terminal helix of BAF47 on
the acidic patch. By using our BCL7A-NCP structure (PDB
9QAJ), we positioned BCL7A «2 helix, but the rest of BCL7
density cannot be surely attributed although it seems to
run along BAF47. As mentioned above CX-MS experiments
(Supplementary Table S3 and Supplementary Fig. S15) sup-
port the idea that the two molecules interact and can both be
retained on the nucleosome surface in proximity to the acidic
patch.

BCL7A cancer-derived mutations located in the
arginine anchor motif impair NCP binding

BCL7A is frequently mutated in cancer, especially in DLBCL
[17,28, 31, 22]. The mutations tend to accumulate at the N-
terminal region (Supplementary Fig. S16A) and some of them
represent cancer drivers (Supplementary Fig. S16B). Although
R11 is the most frequently mutated residue in cancer reported
to date, we noted that all three arginine anchor residues have
been reported as cancer mutations. We generated recombinant
BCL7A proteins comprising these mutations (R4A, R7A and
R11S or R11A, each single mutant and the triple mutant) and
tested their ability to bind the NCP by EMSA assays. It was
observed that R11S mutation significantly reduced the affinity
of BCL7A for the NCP (Kp 519 nM compared to 293 nM, Fig.
8); R4A and R7A similarly reduced the affinity for the NCP
(R4A Kp is 517 nM and R7A Kp is 428 nM). Finally, upon
mutation of all three arginines (R4A, R7A, R11A) the affinity
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Summary of biophysical parameters derived from the SAXS analysis.

for the NCP dropped dramatically and Kp could not be as-
sessed reliably. All Kp reductions were significant with P-value
lower than 0.01. Instead, none of the mutations affected the
Hill coefficient in a manner that was statistically significant.
We further confirmed these results by performing BLI binding
experiments with nucleosome and BCL7A carrying single or
triple arginine mutants as described above. The assays showed
a noticeably reduced dissociation constant for the R4A mu-
tant (Supplementary Fig. S17). Results with the other argi-
nine anchor mutants were plagued by weak binding response
and/or high noise yielding poor fit and preventing the calcu-
lation of a reliable Kp value (Supplementary Fig. S17). Col-
lectively, the data show that the arginine-anchor is the driving
force of the binding to the nucleosome. These results validate
the NCP binding mechanism that we elucidated above using
cryo-EM, NMR, and SAXS (Figs 3, 6, 7) by highlighting the
importance of the BCL7A arginine anchor. Additionally, they
indicate that BCL7A is involved in direct NCP recognition.

Implication of BCL7 proteins in chromatin
remodeling

To examine if BCL7 proteins contribute to the chromatin
remodeling activity of mSWI/SNF, we performed in vitro

chromatin remodeling assays with purified intact or BCL7-
mutated mSWI/SNF complex. We purified the complex from
K-562 cells, which are wild-type for all the genes coding
its subunits (from the COSMIC database). Purification was
made possible by the installation of an affinity purification
tag at the N-terminus of BAF47, using CRISPR/Cas9 knock-
ing in at the endogenous locus. Mutations were introduced in
the three BCL7 genes from these cells using CRISPR/Cas9-
mediated creation of indels, which led to a cell clone, termed
“TKO” where BCL7C expression is abolished, and BCL7A
and BCL7B proteins are expressed as shorter proteins miss-
ing residues around the arginine anchor motif (c.f. the ‘Mate-
rial and methods’ section and Supplementary Figs S3 and S4
for details). Remodeling activity of the WT and TKO purified
complexes was assessed by restriction enzyme accessibility as-
say (Fig. 9A). It was observed that the mutant complex has
lower activity compared to the parental cells (Fig. 9B and C,
P-value < .01), indicating that BCL7 proteins contribute to
the activity of mSWI/SNEF.

Finally, to explore the implication of BCL7 proteins in
mSWI/SNF-mediated chromatin remodeling in cells, we used
the above-mentioned parental and TKO K-562 cell lines
and performed ATAC-seq to measure DNA accessibility in
a genome-wide fashion. The control, parental cell line car-
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curves indicate the curve fit for the WT proteins (same as shown in Fig. 2). Dots of different color represent biological replicates of the experiment.

ried the N-terminal purification tag on the BAF47 protein but
had the three BCL7 genes intact. ATAC-seq was performed
on parental or TKO cells, treated with the BRM/BRG1 in-
hibitor BRM014 for 6 h or left untreated. The data were an-
alyzed to identify regions of differential accessibility (DA) of
DNA at BRG1 binding sites (previously identified by ChIP-
seq [100, 101]) where DA is reduced by BRM014 treatment.
We identified a sub-group of 3785 genomic loci (20%) where
accessibility is lower in the TKO cell line and another group
of 3365 loci (18%) where accessibility increased instead (Fig.
10A and B and Supplementary Fig. S18). Examples of loci
with impaired DNA accessibility in the TKO, and loci unaf-
fected, are shown in Fig. 10C and D. Examination of these
loci showed that those depending on BCL7 proteins for max-
imum accessibility tend to have a distribution of positions
with regards to genes that is comparable to the situation hap-
pening at unaffected sites, while the loci where impairing the
BCL7 proteins leads to higher accessibility were compara-
tively more enriched in gene distal regions and correspond-
ingly depleted in proximal promoter regions (Fig. 10E). This is
also reflected by the type of transcription factor that co-occur
at these sites (from ChIP-seq experiments done in the same cell
line [88]). When the two differential DA groups are compared
with one another, factors that typically tend to bind proximal
promoter regions (e.g. TBP, NELF, DSIF subunit SUPT5H) are
enriched in BCL7-dependent regions while AP-1, a factor of-
ten found at distal enhancers, is enriched in the regions where
accessibility increases in the TKO (Fig. 10F and G). Together,
these results indicate that intact BCL7 proteins are collectively
needed for optimal mSWI/SNF activity at a subset of bind-
ing sites, with a small preference for sites that are promoter
proximal.

Discussion

BCL7 proteins are IDPs for which only limited structural and
functional information existed. We have provided evidence
that BCL7A binds the NCP with high affinity and specificity,
and we identified the N-terminal part of BCL7A as sufficient
for this activity.

Molecular function of BCL7A

Although mSWI/SNF is an (NCP)-displacing multiprotein
complex, until recently only the interactions of BAF47 and
the ATPase BRG1 [28-30, 99] with the NCP have been de-
scribed at the structural level. The interaction of PBAF with
the NCP has been further clarified with the identification of
additional subunits that make contact with the NCP for in-
stance with the histone tails [29], but much remains to be dis-
covered about the interactions between mSWI/SNF and its
substrate. We report Kp values for BCL7 proteins in the range
of 200-300 nM for their interaction with the NCP. This bind-
ing constant is comparable to what has been reported for the
bromodomain of BRG1 and BRM (around 400-600 nM, by
NMR) and stronger than the bromodomain-AT-hook regions
of these two proteins (16-40 uM, by fluorescence anisotropy)
[102]. Another study by isothermal titration calorimetry, for
the AT-hook domain of BRG1 determined a Kp of 2-7 uM.
BAF47 binds to DNA through its N-terminal winged-helix do-
main with a dissociation constant estimated by NMR to be in
the high micromolar range [103]. It also binds the NCP acidic
patch through its C-terminal alpha-helix, though a dissocia-
tion constant was not reported [99]. We measured by EMSA
experiments BAF47 affinity of full length BAF47 for the NCP

GZ0z 1snbny g| uo 3senb Aq 0¥6601 8/ Lz¥exb/2/cG/a0n1e/1eu/wod dno olwapede//:sdiy woly pspeojumoq


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf273#supplementary-data

18 Martin et al.

A
Mfel
Histone
o o5
51 147 65
Mfel

ors
79
. 184 .

B ceine o TN

Time 5 100 200 400 5 10 20° 40
300 bp—
- G e e e <— |ntact
200 bp— — —
“ Mfel-
E 100 bp— — digested
(1
(4]
s —— ———————
)
2lr2
€
<]
(&)
——————— — — —
r3
L F K B X ¥ L.
o1
=+ -
g
s - s an a» a» a» o e e
ﬁ r2 C — — — —
g‘ e — - —
[e]
© R p—
r3 e e a— e —
e — - —

o
<) o
) ()

e
=

1# "daud xajdwo)

ANOVA p-value: 0.003

o
=)

o o o
) w EN

Z# "daud xaidwon

Cut bands intensity, fraction of total lane signal
5

ANOVA p-value: 0.038
10 20 30 40
Reaction time (minutes)

o
=)

Cell line Replicate
=8= Parental o

A 12
== TKO " 3

Figure 9. BCL7 proteins contribute in vitro to remodeling by mSWI/SNF. (A) Diagram of the NCP remodeling substrate. A 601 DNA sequence is flanked
by the indicated lengths of exposed DNA and labeled at both extremities with Cy5 dye. Prior to remodeling, an Mfel restriction site is occluded by the
histone octamer. Sliding or eviction of the octamer leads to exposure of the restriction site and allows cleavage by the enzyme. (B) Results of restriction
enzyme accessibility assay performed with two replicate preparations of the substrate NCP and mSWI/SNF complexes (parental cell line or TKO for the
BCL7 genes), each in technical triplicates. Identical amounts of complex are incubated for time periods ranging from 5 to 40 min. The two bands
produced by Mfel digestion are indicated. (C) Graphs of the quantified data. A slight horizontal jitter was added to the individual points to prevent
overlap. Error brackets indicate the standard error and are centered at the mean value. P-values are by repeated measures two-way ANOVA, for the

factor “genotype”

and we calculated a Kp of 270 nM (Supplementary Fig. $19).
Therefore, BCL7A and BAF47 seem to have similar affinities
for their substrate.

Most of the biochemical work presented here was con-
ducted with the BCL7A protein. We also presented EMSA
results showing that BCL7B and BCL7C bind the NCP with
high affinity, indicating a similar molecular function (Fig. 2D).
We conclude from this that NCP binding is a property shared
by all three members of the BCL7 family and we postulate
that this involves the conserved N-terminal arginine anchors
of the respective proteins. It has been proposed that several
NCP- and DNA-binding activities are involved in the recruit-
ment of the mSWI/SNF complex to chromatin [104, 105], and
our work shows that BCL7 proteins are likely contributors to
this process.

Unlike several of the other mSWI/SNF subunits mentioned
above, the BCL7 proteins do not possess a discernible chro-
matin binding domain. However, all three family members
share a highly related N-terminal sequence of about 50 amino
acids that is followed by a less conserved, disordered tail. An
EMSA performed with a truncated BCL7A (residues 1-100)
revealed that this segment of the protein is sufficient for NCP
binding. However, it does not rule out the possibility that
parts of the divergent and mostly disordered C-terminal re-
gion might also contribute to this activity.

The NMR data reported in this study are consistent with
binding of BCL7A N-terminal region to the acidic patch of
the nucleosome but also provided insight into two additional
points of contact toward the C-terminal end of the molecule
and a weaker interaction involving BCL7A aa 57-80. This
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appears to be a transient interaction, and it is observed only
at higher ratio (1:1, BCL7A:NCP; Fig. 6C). Thus, this flexible
molecule may contact the nucleosome at multiple points. Elu-
cidation of the contribution of the additional points of contact
will require further studies.

A recent report showed that in neural progenitor cells,
BRG1 binding to chromatin is reduced in the absence of
BCL7A [15]. Our results showing lower NCP binding with
arginine anchor mutants are consistent with that. Further-
more, we found that collectively, the BCL7 proteins are
needed for remodeling by mSWI/SNE Further experimen-
tation will be required to determine if these proteins also
contribute to targeting of the complex to specific genomic
sites, help recruit partner proteins or carry some other func-
tion. We note that although the three human proteins di-
verge in their C-terminal sequences, each respective protein
has a C-terminus that is better conserved throughout evolu-
tion. For example, although the C-termini of human BCL7A
and BCL7C have only 18% amino acid identity past posi-
tion 51, the C-termini of human and avian (Gallus gallus)
BCL7A are 70% identical (Supplementary Fig. SS5). Phylo-
genetic conservation of these protein regions is likely due to
selective pressure, implying functional constraints that may
guide the elucidation of the molecular function of these pro-
tein regions. The high conformational flexibility and struc-
tural dynamics predicted for the BCL7 C-terminus possibly
allow molecular mechanisms that are unlikely for ordered
proteins.

NCP binding by BCL7A through an arginine anchor

The cryo-EM structure of BCL7A in complex with the nucle-
osome reveals that BCL7A docks on the acidic patch of the
nucleosome using an arginine anchor motif located in the N-
terminal part of the molecule. BCL7A then makes a kink and
continues with an « helix that contacts H2A C-terminal helix.

At least 50% of NCP-binding proteins bind it through
the acidic patch via the arginine-anchor motif [97, 106-
108]. BCL7A fits this scenario and constitutes an addi-
tional instance. The binding of chromatin enzymes to
H2B C-terminal helix, which occupies an exposed po-
sition on the nucleosome surface, has been observed
in several other proteins [97], therefore BCL7A is not
unique into its mode of contacting H2B C-terminal
helix.

The three BCL7A arginine side chains that compose the
arginine-anchor motif match the clustered conformation of
arginine anchors observed in other chromatin complexes [97].
As BCL7A is part of the mSWI/SNF complex, we have com-
pared our cryo-EM structure of BCL7A arginine-anchor mo-
tif (aa 1-12) with the C-terminal « helix of BAF47 (PDB ID:
6LT]) that has been shown to interact with the nucleosome
acidic patch [24, 28-30, 99]. BCL7A and BAF47 arginine-
anchor motifs show a very similar nucleosome binding mode;
BCL7A arginine side chains responsible for contacting directly
the acidic patch (R4, R7, and R11) overlay well with three
equally spaced C-terminal arginines of BAF47 (R367, R370,
R374) (Fig. 3D). The major difference is that while BCL7A
nucleosome binding motif is located on a « helix and a loop
and comprises three arginines, BAF47 arginine-anchor motif
is located on a longer « helix and encompasses an additional
atypical arginine (R366) and therefore accounts for a total of
four arginines involved in the binding.

Implications for the architecture of mSWI/SNF

The disordered nature of BCL7A makes it challenging to
clearly pinpoint its location within the mSWI/SNF complex.
Previous studies have faced difficulties in accurately locat-
ing BCL7A in relation to the nucleosome, primarily due
to low structure resolution [30]. Alternatively, some studies
have opted to exclude BCL7A from their complex to en-
hance the resolution of the overall complex [28, 29]. Even in
cases where BCL7A has been included, it remains challeng-
ing to visualize it in the final reconstruction of the complex
[24]. Our study focused exclusively on the BCL7A subunit,
rather than the entire complex, allowing us to precisely de-
termine its coordinates. Specifically, we characterized the N-
terminal arginine anchor of BCL7A and gathered information
on additional nucleosome contact points within the unstruc-
tured C-terminal part. Comparison of the structures of our
BCL7A-nucleosome complex with the nucleosome only [109]
(PDB ID: 3LZ1) shows that BCL7A binding does not lead
to a significant structural change in the nucleosome (Root
Mean Square Deviation (RMSD) = 0.682 A). This suggests
that the role of this protein within mSWI/SNF has possi-
bly more to do with recruitment/retention of the complex
onto chromatin than with the remodeling activity per se (NCP
displacement/disruption).

It is interesting to observe that both BAF47 [24, 99] and
BCL7A (two components of the BAF and PBAF variant com-
plexes) interact at the identical location on the nucleosome
and according to our studies with similar affinities. Further-
more, BRG1 binds the opposite side of the nucleosome with
respect to BAF47 but engages the nucleosome acidic patch in
a very similar way using an arginine anchor motif composed
of three arginines located in the Snf2 ATP coupling (SnAc)
domain and conserved in the Snf-2 family proteins [28, 29,
110]. Thus, the BCL7A arginine anchor is similar to the argi-
nine anchors of BAF47 and BRG1 and these components of
the mSWI/SNF complex seem to share a common mechanism
for nucleosome recognition. Our cryo-EM and CX-MS stud-
ies showed that BAF47 and BCL7 can converge on the same
nucleosomal surface. Further studies await to be conducted
to decipher the interplay of these subunits and to determine
if a preferential or sequential binding occurs. A plausible hy-
pothesis is that since nucleosome docking through the acidic
patch is a critical recognition mechanism for chromatin pro-
teins, it employs two subunits (BAF47 and BCL7A) to reach
higher specificity and to prevent nonspecific interactions and
enhance nucleosome binding by the complex. The loop con-
necting the two N-terminal helices of BCL7A seems to be very
flexible and mobile and could be modulating the movement
of the a1 helix as part of an ON/OFF molecular switch that
helps repositioning the small N-terminal helix on the acidic
patch. Interestingly, R11 is positioned in this loop and could
be a key residue of a switch mechanism, perhaps regulated by
PTMs or other cellular events.

The role of BCL7A within the ncBAF complex becomes es-
pecially important since this variant of the mSWI/SNF com-
plex is missing BAF47. An analogous situation can also be
imagined with BAF and PBAF complexes found in rhabdoid
cancer cases characterized by biallelic deletion of the BAF47-
encoding gene [111].

To further compare the roles of BCL7A and BAF47
on the function of mSWI/SNF, we reanalyzed the data of
Otto et al., where Perturb-seq was performed using several
sgRNAs against each mSWI/SNF subunit [90]. In their analy-
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sis, the authors reported that perturbations in BCL7 genes and
in several other subunits clustered separately from perturba-
tions in “cBAF functional core subunits”, including BAF47
and BRG1, when mean transcriptomes were compared. Cells
with BCL7 and many other subunit perturbations showed at
best a modest correlation between their transcriptomes and
those of BAF47 perturbations and instead correlated better
with the negative control perturbation cells. We reanalyzed the
data to examine the effects of BCL7 gene perturbations and to
compare with those of BAF47. Single-cell RNA-seq expression
profile of cells which received sgRNA against each subunit
were compared to those of cells that received the nontargeting
control sgRNAs and expression difference values were calcu-
lated. Mutations introduced in BAF47, BRG1, and the three
BCL7 genes all yielded a general trend towards downregula-
tion of genes, though the magnitude of the effect of BCL7 per-
turbations was markedly smaller (Supplementary Fig. S20A).
This observation could be explained by the fact that while
there is no paralog of BAF47 within mSWI/SNF, the pertur-
bation of any BCL7 gene could in principle be compensated
by the presence of the two remaining BCL7 paralogs. This
hypothesis is supported by the more pronounced decrease in
expression in the few cells that had a double BCL7 perturba-
tion (Supplementary Fig. S20). The number of cells containing
sgRNAs against all three BCL7 members in that dataset is too
low to allow any meaningful exploration of this possibility. At
the individual gene level, the effects of BAF47 and BCL7A per-
turbations were in general agreement as shown by the positive
slope trendline on scatter plots, and the effect appeared more
pronounced in cells with a double perturbation of BCL7A and
BCL7B (Supplementary Fig. S20). The agreement between the
effects of perturbations in BCL7 genes and BAF47 are never-
theless less pronounced than between BAF47 and BRG1. The
results of this analysis suggest that across the genome, the gene
sets regulated by BAF47 and by BCL7 genes overlap substan-
tially and the two proteins probably work together at several
genomic loci.

Implications for the oncogenic mechanism
underlying BCL7A cancer-associated mutations
BCL7A is the target of driver mutations in DLBCL [22] and
is considered to function as a tumor suppressor [17]. Trunca-
tions caused by splice site mutations lead to its exclusion from
the complex [17]. The number of reported patients affected by
DLBCL carrying a BCL7A mutation at R11 increased signif-
icantly in recent years and it is now considered a mutational
hotspot [112-114]. However, the impact of these mutations
on the molecular function of the protein, and ultimately on
mSWI/SNF function and on the cancerous phenotype, was
poorly characterized. We defined the impact of missense mu-
tations at the arginine anchor of BCL7A. The reduction of nu-
cleosome binding affinity when these key residues are mutated
is consistent with BCL7A interaction with the acidic patch
observed in our NMR data and cryo-EM structure. Overall,
our biochemical characterization provides a molecular basis
to start understanding the deleterious effects of some missense
mutations in BCL7 proteins on binding to chromatin.

Role of BCL7 proteins in chromatin remodeling

We characterized that BCL7 proteins have a role in chromatin
remodeling and are needed for an optimal mSWI/SNF activity
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by in vitro and genomic experiments. These data seem to be in
agreement with previously reported data (https:/doi.org/10.
1101/2021.10.26.465931). It remains to be determined why
only a fraction of BRG1-bound and BRG1-dependent sites
also depend on the presence of intact BCL7 proteins. One
possibility is that BCL7 proteins accomplish a function rel-
evant to DA that is not required at all loci. Clarification of
this will await further studies mapping the binding sites of
BCL7 proteins and various forms mSWI/SNF in the same cell

type.

Concluding statement

In conclusion, our integrated structural biology approach to
characterize BCL7A-NCP interactions revealed for the first
time that its N-terminal region comprised an arginine anchor
motif that binds the acidic patch of the nucleosome. NMR
studies provided complementary information on the dynam-
ics of the binding. Biochemical assays provided information
on the affinity of the BCL7A-NCP interaction and showed
how cancer-associated mutations impacting the N-terminal
arginine residues led to reduced interaction with the NCP.
This was corroborated by the observation that BCL7 proteins
are needed for efficient chromatin remodeling by mSWI/SNF.
Both our results and those reported previously with BRG1 and
BAFA47 all converge to show interactions with the acidic patch.
As all three proteins cannot interact simultaneously with the
acidic patch, this raises the question of the contribution of
each protein to NCP binding in the context of the complete
BAF and PBAF complexes, but also in the ncBAF complex
or in rhabdoid tumors where BAF47 is absent. Further stud-
ies will be required to determine whether there are alterna-
tive conformations of BAF and PBAF where either BAF47 or
BCL7 proteins bind the acidic patch in addition to BRG1, and
whether this has functional consequences concerning chro-
matin remodeling.
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Data availability

Cryo-EM coordinates of the BCL7-NCP complex have been
deposited in the Protein Data Bank (PDB) with accession code
9QA]J, the map was deposited in the Electron Microscopy
Data Bank (EMDB) with accession code EMD-52975 and
raw data were deposited in the Electron Microscopy Pub-
lic Image Archive (EMPIAR) with code EMPIAR-11579. The
global map of the BCL7-BAF47-NCP complex was deposited
in EMDB with accession code EMD-51375 and a local map
was deposited with accession code EMD-51376. The cross-
linking mass spectrometry data have been deposited to the
ProteomeXchange Consortium via the PRIDE [115] partner
repository with the dataset identifier PXD054757. The ATAC-
seq data were deposited to the NCBI Gene Expression Om-
nibus under accession number GSE285045.

The AlphaFold model of BCL7A was downloaded from
https://alphafold.ebi.ac.uk/files/ AF-Q4VC035-F1-model_v4.
pdb.

AlphaFold3 was queried on the dedicated server: https://
alphafoldserver.com/

The D2P2 server was queried at: https:/d2p2.pro/

The Python code for MobiDB-lite was obtained at https:
/Igithub.com/BioComputingUP/MobiDB-lite

local CIDER was accessed at https://github.com/Pappulab/
local CIDER

The code for NARDINI was obtained at https://github.
com/mshinn23/nardini

The PyMol software was obtained from https://pymol.org/
2/

xQuest v2.1.5 was obtained from https://gitlab.ethz.ch/
leitner_lab

UCSF Chimera software was obtained from https://www.
cgl.ucsf.edu/chimera/download.html

Xlink Analyzer v1.1.4 was obtained at https://www.embl-
hamburg.de/XlinkAnalyzer/Xlink Analyzer.html

CryoSPARC was available at https://cryosparc.com/
download

ATSAS software was available at https://www.embl-
hamburg.de/biosaxs/software.html

The DichroWeb server was accessed at http://dichroweb.
cryst.bbk.ac.uk/html/process.shtml

The ChIP-Atlas website was accessed at https://chip-atlas.
org/enrichment_analysis
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