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ABSTRACT: The BRG-/BRM-associated factor (BAF) chromatin
remodeling complex is a central actor in transcription. One
mechanism by which BAF affects gene expression is via its various
histone mark readers, including double plant homeodomains
(DPF), located in the BAF45D subunit. DPF domains recognize
lysine acetyl and acylations, including crotonylation, localized at
promoters and enhancers. Despite a significant degree of
conservation between DPF domains, attempts to crystallize
BAF45D with a crotonylated histone 3 peptide (H3K14Cr) were
unsuccessful. In addition, recent cryoEM and modeled structures
failed to define the Req domain of BAF45D, which is responsible
for reading lysine modifications. Thus, the precise mechanism of
crotonyl group recognition and binding by BAF45D within the BAF complex remains unclear. We turned to protein footprinting
mass spectrometry to map the binding interface between H3K14Cr and BAF45D. This technique is able to demarcate protein-
binding interfaces by modifying surface-accessible residues and is not limited by protein size or composition. Experiments performed
in the isolated DPF domain of BAF45D (BAF45DDPF)-delineated H3K14Cr peptide binding across the PHD1 and PHD2 pockets.
We observed markedly similar effects on the BAF45D subunit when assessing H3K14Cr binding in the purified full BAF complex.
The ATPase motor, BRM, also displayed H3K14Cr-protected peptides in two separate domains that were subsequently evaluated in
direct binding assays. These data confirm the BAF45D−crotonylamide interaction within its obligate complex and are the first to
demonstrate H3K14Cr direct binding to BRM.
KEYWORDS: protein footprinting, BAF, BRG-/BRM-associated factor, PHD, plant homeodomains,
histone crotonylation, mass spectrometry

■ INTRODUCTION

The post-translational modification of histone tails is essential to
the initiation of gene transcription.1−3 The discovery that lysine
residues located at transcriptional start sites are modified by
crotonylamide groups,3 prompted focused research efforts into
defining the structure−function relationship of this hydrophobic
acylation as well as characterizing the enzymes and binding
proteins that recognize and regulate it.

Key players in the recognition of histone tails are ATP-
dependent chromatin remodeling complexes, such as BRG-/
BRM-associated factor (BAF). BAF, a 1 MDa complex, is
composed of 11 subunits that play specific roles in regulating
gene transcription and are involved in tumor suppression.4−7

The ability of BAF to recognize histone marks is derived from
recognition domains spread across these various subunits. These
include bromodomains (BRM/BRG; BRD7), chromodomains
(BAF155/BAF170), double plant homeodomains (PHD;DPF)

(BAF45D), and DNA binding domains, which work coopera-
tively to fine-tune gene regulation.8−11

The DPF domain of BAF45D (gene: DPF2) has been
demonstrated to “read” various acetyl and acyl lysine
modifications, including crotonylation.12−15 BAF45D incorpo-
rates into the core BAF module through its Req domain, while
its DPF domain is likely surface exposed, allowing it to perform
its proposed reader functions.16,17 DPF-containing proteins are
also found in histone acetyl transferase complexes including the
monocytic leukemic zinc finger protein (MOZ)/MOZ-related
factor (MORF) (DPF subunit: MOZ),18 where there is a
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significant degree of conservation between DPF domains.14,15

These structures provide context for interpreting BAF DPF
domains.

The PHD domain has a zinc finger architecture, composed of
two antiparallel β sheets and a C-terminal α helix with a face-to-
back orientation.6,7,14 Within the first PHD (PHD1), a
conserved Gly residue N-terminal to the His residue lines a
binding pocket for Lys and its modifications. However, this Gly
is substituted for a bulky aromatic residue in the second PHD
domain (PHD2), obstructing the pocket and, presumably,
preventing modified Lys from being recognized. MOZ binds
various modified Lys residues but has the highest affinity for
crotonylamide groups (5.8 μM). MOZ cocrystallized with a 25-
mer crotonylated histone 3 tail peptide (H3K14Cr) (PDB
5B76) reveals the nature of this preference, whereby the planar
crotonylamide group fits tightly inside the PHD1 pocket
anchored by a hydrogen-bonding network. BAF45D has a
similar preference for crotonylamide groups and binds with
>50× stronger affinity (0.085 μM) compared with MOZ.
However, attempts to crystallize BAF45D with H3K14Cr were
unsuccessful, and thus, the precise mechanism of binding can
only be inferred by comparison to models based on MOZ.

Covalent labeling of amino acids within proteins coupled with
mass spectrometry, called protein footprinting, has been
successfully applied to define antigen epitopes or binding
interactions in binary and higher-order protein complexes.19−22

Irreversible labeling techniques such as carboxyl group and
hydroxyl radical footprinting modify surface-accessible side
chains of amino acids, providing a readout of surface accessibility
at the peptide and side-chain levels.23−29 In the presence of a
ligand or binding partner, the interaction surface can be
excluded from access to the solvent, and the labeling of a
given peptide or residue becomes attenuated. This technique is
also capable of capturing allosteric changes, observed as
decreased or enhanced labeling.20,30,31 In contrast to other
structural modalities, protein footprinting is amenable to
proteins and interactions of various sizes and compositions
and is sampled in solution, which extends characterization
possibilities.

We employed protein footprinting to assess the mechanism of
crotonyl peptide binding to BAF using both a purified BAF45D
as well as a fully assembled and active BAF complex. We began
our investigation with H3K14Cr binding to the BAF45D DPF
domain (BAF45DDPF). After showing similar binding affinity to
previously published experiments, we used carboxyl group
protein footprinting (Glu/E and Asp/D) to reliably map the
binding interface between H3K14Cr and BAF45D as Glu and
Asp residues were well distributed across all 11 subunits. We
then expanded our system to the endogenous canonical BAF
complex (1 MDa) purified using recently developed strat-
egies.4,17 In both systems, we observe protections along the
PHD1 and PHD2 domains of BAF45D following H3K14Cr
binding. Except for BRM, all other BAF subunits were
unaffected. Direct binding assays were then performed for
BRM to determine whether these alterations were due to direct
binding or allosteric rearrangement. We combined these data
with previously published structural models to gain insight into
the nature of the H3K14Cr-BAF interaction. Our results
confirm that the proposed mechanism of crotonyl peptide
binding to canonical BAF is similar to BAF45D and reveal a
potential novel histone reader target in BRM. Together, these
data illustrate the power of protein footprinting methods to

assess structure−function effects in large protein complexes and
highlight new mechanisms of histone tail interactions by BAF.

■ MATERIALS AND METHODS

Materials
All materials were obtained from ThermoFisher Scientific (Waltham,
MA) unless otherwise noted. Liquid chromatography−mass spectrom-
etry (LC−MS) grade water and acetonitrile; 1× PBS, pH 7.8; and LysC
and trypsin proteases. Glycine ethyl ester (GEE), 1-ethyl-3-(3-
(dimethylamino)propyl) carbodiimide hydrochloride (EDC), Tris(2-
carboxyethyl)phosphine hydrochloride (TCEP), ammonium acetate,
and urea solution (8M) were purchased from Sigma-Aldrich (St. Louis,
MO). H3K14Cr peptide was purchased from Vivitide (Gardner, MA).
Protein Production
A construct containing the BAF45D PHD1 and PHD2 domains (237-
391) was cloned in pET28a with anN-terminal 6x-Histidine tag, Avitag,
and TEV cleavage site and expressed in Escherichia coli (N-His-TEV-
Avitag-GSGS-BAF45D (237-391)). Protein was purified on a HisTrap
HP column (Cytiva, Marlborough, MA) and eluted with 500 mM
imidazole. Protein was digested by TEV protease (MilliporeSigma,
Burlington, MA) and further purified by flow-through of HisTrap HP
column. Protein was then loaded onto the Mono Q anion exchange
column (Cytiva, Marlborough, MA), eluted with 300 mM NaCl, and
further purified on a HiLoad 16/60 Superdex 75 (Cytiva, Marlborough,
MA). Protein quality was checked by Coomassie-stained SDS-PAGE.

Fully assembled canonical BAF complexes were purified according to
Mashtalir et al.4 with slight modification. Briefly, CRISPR-Cas9
constructs for BRG1 knockout were transfected into HEK293T cells
using Lipofectamine. Loss of BRG1 was confirmed by Western blot.
BRG1 KO HEK293T cells were stably transfected with N106-
BAF45D-FLAG. Cells were harvested and lysed, and FLAG-
BAF45D-containing complexes were purified by anti-FLAGM2 affinity
gel (MilliporeSigma, Burlington, MA). Complex integrity was
confirmed by Coomassie-stained SDS-PAGE.

A construct containing the BRM bromodomain (1377-11486) was
cloned in pET28a with an N-terminal 10xHis tag, PreScission Protease
site, FLAG tag, and TEV protease site (pET28a-N-His10-3C-Flag-
TEV-BRM (S1377-Q1486)). The protein was expressed in E. coli,
purified by HisTrap Fast Flow column (Cytiva, Marlborough, MA),
and eluted with 500 mM imidazole. Eluted protein was digested with
His-tagged 3C PreScission protease (15 min, 20 °C), and protease was
removed by flow-through of HisTrap HP column. Protein was loaded
on theMonoQ anion exchange column and eluted with 300 mMNaCl.
Protein was further purified on HiLoad 16/600 Superdex 75. Protein
quality was checked by Coomassie-stained SDS-PAGE.

A construct containing the BRM ATPase domain (507−1326) was
cloned in pFastbac1 with an N-terminal 6xHis tag, TEV protease site,
and FLAG tag (pFastBac1-N-6xHis-FLAG-TEV-BRM(507−1326)).
Protein was expressed in High Five cells and purified by anti-FLAGM2
affinity gel. Protein was further purified by HiLoad 16/600 Superdex
200 (Cytiva, Marlborough, MA). Protein quality was checked by
Coomassie-stained SDS-PAGE.
AlphaLISA
AlphaLISA was used to assess H3K14Cr peptide binding to BAF45D
and 3X FLAG-BAF. BAF45D or FLAG-BAF and increasing
concentrations of H3K14Cr peptide were mixed and incubated
together for 60 min in 20 mM HEPES (pH 7.5), 100 mM NaCl, 0.5
mMDTT, 0.005%Tween-20, and 0.005% BSA in a 384-well proxiplate.
Following incubation, streptavidin donor beads (PerkinElmer,
Waltham, MA) and anti-Flag M2 acceptor beads (PerkinElmer) were
added to a final concentration of 20ug/mL and incubated for 60 min.
Plates were read at an excitation of 680 nm and an emission at 615 nm
on a PHERAstar plate reader (BMG Labtech, Ortenberg, Germany).
Protein Footprinting Mass Spectrometry and Analysis
All protein samples were purified into a buffer of 1× PBS, pH 7.8. The
BAF-H3K14Cr or BAF45DDPF-H3K14Cr peptide complexes were each
formed at a 1:5 ratio. The protein concentrations of BAF and
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BAF45DDPF were adjusted to 0.5 and 10 μMwith H3K14Cr peptides at
2.5 and 50 μM, respectively.

Protein samples were mixed with EDC (240 mM) and GEE (8 mM)
in PBS for 0, 2.5, 5, and 6.5 min at room temperature and quenched
with 8 M urea and 200 mM DTT in 1 M ammonium acetate. Excess
labeling reagents were removed32 followed by 10% TCA/acetone
precipitation overnight at −20 °C with 3 washes of acetone. Samples
were then resuspended in 50 mM Tris buffer, pH 8.5, reduced with 10
mMDTT at 56 °C for 45min and alkylated with 25mM iodoacetamide
at room temperature in the dark for 45 min. Digestion was done with
LysC for 3 h, followed by trypsin overnight at 37 °C using an enzyme-
to-protein ratio of 1:10 (w/w).

Identification and quantification of modification sites were
performed by LC−MS/MS using an Orbitrap Eclipse mass
spectrometer (ThermoFisher Scientific, Waltham, MA) interfaced
with a Waters nanoAcquity UPLC system (Waters, Milford, MA). The
500 ng and 200 ng of proteolytic peptides derived from BAF and
BAF45DDPF, respectively, were loaded on a trap column (180 μm × 20
mm packed with C18 Symmetry, 5 μm, 100 Å; Waters, MA) to desalt
and concentrate peptides. These peptide mixtures were eluted on a
reverse-phase column (75 μm x 250 mm column packed with C18
BEH130, 1.7 μm, 130 Å; Waters, MA) using a linear gradient of 2 to
42% mobile phase B (100% acetonitrile/0.1% formic acid) vs mobile
phase A (100% water/0.1% formic acid) for 210 and 100 min,
respectively, at 40 °C and a flow rate of 300 nL/min. Peptides were
introduced into the nanoelectrospray source at a capillary voltage of 2.1
kV. MS1 spectra were acquired in the Orbitrap (R = 120 K: AGC target
= 400,000; MaxIT = 50 ms; mass range = 350−1500). MS2 spectra
were collected in the linear ion trap (AGC target 10,000; MaxIT = 35
ms; NCECID = 35%). The resulting MS/MS data were searched
against canonical BAF subunits and BAF45D FASTA sequences using
MassMatrix software to identify modification sites. MS/MS spectra
were searched for tryptic peptides withmass accuracy of 10 ppm and 0.8
Da for MS1 and MS2 scans, respectively. Variable modifications
included cysteine carbamidomethylation, methionine oxidation, and
aspartate/glutamate modified by GEE (+85.0527 Da). MS/MS spectra
for each site of the proposed modification were manually examined and
verified.

ProtMap software was used to screen the data set for candidate
peptides/regions likely to bind, which were subsequently manually
validated. The extent of modification (fraction unmodified) for
peptides and residues was quantified as a function of GEE/EDC
labeling time using the integrated peak areas of the unmodified peptide
(Au), and of a peptide in which a residue is modified (Am) derived from
selected ion chromatograms as described previously.20,21,33 Briefly, the
fraction unmodified (Fu) for each specific modified species was
calculated according to the following formula: Fu = 1 − (Am/(Au +
∑Am)), where ∑Am is the sum of all modified products for a particular
peptide. Dose−response curves were generated using unmodified
fractions for each peptide (or specific site of modification) plotted
versus labeling time. The dose−response curves were fit to an
exponential decay function to generate the modification rate constants
Kfp for the labeling reaction over time (Figures S1 and S2). The
protection ratios (PR) were calculated as the fraction of Kfpfree over
Kfpcomplex, where free refers to BAF45DPF, BAF45D, or SMARCA2, and
complex refers to the addition of H3K14Cr. For the histogram
distribution of peptide data (Figure 2C), the ratios for all Flag-BAF
peptides were calculated as a fraction of a specific modified peptide in
the free Flag-BAF (FModFree) over the fraction of modified peptide in the
Flag-BAFH3K14Cr (FModComplex). PR values <1 suggest that the
corresponding region gained solvent accessibility due to structural
changes in the complex, e.g., local unfolding (allostery), whereas PR > 1
reveals protection from solvent following complex formation driven by
direct interaction or allostery. PR ∼ 1 indicates no change. AsH3K14Cr
is small (25 residues) relative to the size of BAF (∼10,000 residues), we
expect most regions to show PR values close to 1 and be unaffected by
binding.

■ RESULTS

BAF45DPF Recognition of H3K14Cr Revealed by GEE-Based
Protein Footprinting

Recently, the recognition of varied lysine acyl groups on 25-mer
histone tail peptides (H3K14) by isolated DPF domains of
MOZ (MOZDPF) and BAF45D (BAF45DDPF)

14 demonstrated a

Figure 1.DPF domain of BAF45D binds to H3K14Cr. (A) Construct containing the BAF45D PHD1 and PHD2 domains (237-391) was expressed in
E. coli and purified to homogeneity as visualized by Coomassie-stained SDS-PAGE. (B) Biotinylated-BAF45D was incubated with increasing
concentrations of Flag-tagged H3K14Cr peptide followed by the addition of streptavidin donor and anti-Flag acceptor beads (AlphaLISA). H3K14Cr
bound BAF45D with an EC50 of 2.41 ± 0.5 nM, n = 3. (C) BAF45D was exposed to GEE/EDC labeling ± H3K14Cr peptide over a time course
followed by LC−MS/MS and manual validation of peptide spectra. Modification rate constants (Kfp) were calculated for each peptide, where PR=
KfpBAF45D/KfpBAF45D-H3K14Cr. Peptides with a ratio >1.30 are considered protected (bold). Underlined residues indicate the conserved histone
binding sequence within the PHD1 (298-306) and PHD2 (348-356) domains. NL= no labeling.
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Figure 2.H3K14Cr is recognized by the DPF domain of BAF45Dwithin the BAF complex. (A) BRG1KOHEK293T cells were stably transfected with
N106-BAF45D-FLAG. FLAG-tagged-BAF45D containing complexes (Flag-BAF) were purified by anti-FLAGM2 affinity gel. Complex integrity was
confirmed by Coomassie-stained SDS-PAGE. (B) Flag-BAF was incubated with increasing concentration of biotinylated H3K14Cr peptide followed
by the addition of streptavidin donor and anti-Flag acceptor beads (AlphaLISA). H3K14Cr bound Flag-BAFwith an EC50 of 8.61± 0.5 nM, n = 3. (C)
Flag-BAF was exposed to GEE/EDC labeling in the presence and absence of H3K14Cr peptide over a time course followed by LC−MS/MS and
manual validation of peptide spectra. The distribution of ratios for all Flag-BAF peptides was binned and plotted in a histogram for the free Flag-BAF
against the Flag-BAF-H3K14Cr. (D) Table of the PR for BAF45D peptides. Peptides with PR > 1.3 are significantly protected, while 322−328 is
trending (bold). Underlined residues indicate the conserved histone binding sequence within the PHD1 (298−306) and PHD2 (348−356) domains.
(E) Table of the PR for each Asp and Glu residue located within protected peptides. BAF45D and BAF GEE/EDC labeling experiments are listed side
by side for comparison. E337 and D340 could not be differentiated. ND indicates where residue-level quantitation could not be determined. (F)
Tandem PHD domain of BAF45D (PBD 5VDC, white) was superimposed (rmsd = 1.3 Å) on the MOZ tandem PHD cocrystallized with a H3K14Cr
peptide (PDB 5B76, green) to provide a model for peptide binding to BAF45D. Most protected residues (blue sticks) of BAF45D face toward the
H3K14Cr peptide within adequate proximity (<4.5 Å) to generate a potential hydrogen bond (dashed lines). Asp and Glu residues were GEE/EDC
labeled but remain unchanged after the addition of the H3K14Cr peptide (gray sticks), largely point away from the H3K14Cr peptide or are far
removed (>6 Å) from its modeled binding site.
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strong affinity for the crotonylated version of this peptide
(H3K14Cr). To recapitulate these findings, we expressed and
purified a biotinylated BAF45DDPF construct for AlphaLISA
binding studies with Flag-taggedH3K14Cr peptide (Figure 1A).
BAF45DDPF bound H3K14Cr with a Kd of 2.41 ± 0.5 nM, n = 3
(Figure 1B), which is consistent with prior studies and supports
the use of this isolated system for initial footprinting
experiments.

BAF45DDPF was prepared at 10 μM ± 50 μM of H3K14Cr
peptide, labeled by 240 mM GEE and 8 mM EDC over a time
course from 0 to 6.5 min followed by tryptic digestion and LC−
MS/MS. GEE labeling introduces a stable side-chain mod-
ification onto Asp and Glu residues, resulting in a mass shift of
+85.0527 Da. Seven of the nine tryptic peptides derived from
BAF45DDPF, including one missed cleavage, contain Asp or Glu
residues as potential probes (Table S1). Modification rate
constants (Kfp) were measured for the 6 fully tryptic peptides
(Figure 1C, n = 1). Although the data presented are a lone
replicate with multiple-time exposure points each, other
experiments with different molar ratios demonstrated reprodu-
cible modification for both free BAF45DDPF and its complex
with H3K14Cr peptide (Table S1, Figure S1, data not shown).
The PR was calculated for all peptides as the fraction of KfpBAF45
over KfpBAF45‑H3K14Cr.

Two sets of tryptic peptides comprise the PHD1 and PHD2
domains: residues 286-300/301-318 and 329-350/351-379,
respectively, with a linker peptide 322-328 in between. Of the six
labeled peptides, 329-350 and 322-328 had the highest
protections (PR = 4.3 and 3.4). Peptide 286-300 has a PR of
1.4, indicating a more modest structural change relative to the
other two peptides (Figure 1C). The three remaining peptides
within BAF45DDPF showed minimal changes in modification
rate (PR avg = 1.08). Peptide 301-318 contains neither Asp nor
Glu and, therefore, cannot be labeled. Together, these data
suggest that GEE footprinting is sufficiently specific and
sensitive to detect recognition of histone tail modifications by
the PHD readers in BAF and confirms the interactions in
isolated BAF45D.
Protein Footprinting of Endogenous Canonical Full BAF
Complex Binding to H3K14cr

Isolated BAF45DDPF domains (Figure 1B,C) exhibit specific and
mechanistically plausible crotonylamide recognition,14 but such
binding experiments lack the context of the individual protein
within its obligate complex, including any conformational
changes. In addition, canonical BAF (∼1 MDa) contains 10−
12 characterized subunits,4,17 several of which contain histone
mark recognition domains.10,11 It remains unclear if BAF45D is
the primary and/or sole subunit capable of binding to crotonyl
lysine. To address this, we purified BAF complexes from
HEK293T cells expressing Flag-BAF45D (Flag-BAF).4 Our
isolated, fully formed, canonical BAF complexes contain all
known relevant subunits (BRM, ARID1A/B, BAF60, BAF170/
155, BAF47, BAF57, ACTIN, ACTL6A, BCL7, and SS18)
(Figure 2A). Flag-BAF crotonylamide recognition was meas-
ured by AlphaLISA using biotinylated-H3K14Cr peptide
(Figure 2B). Flag-BAF bound H3K14Cr with a Kd of 8.61 ±
0.5 nM, n = 3, suggesting that BAF45D binds to crotonylamide
groups within BAF and further recapitulating analyses with
BAF45DDPF

14 (Figure 1B,C).
To further assess the H3K14Cr peptide−BAF interaction,

protein footprinting studies for Flag-BAF were executed as
described above for BAF45DDPF. Initial screening analysis was

carried out with a single 5 min time point using ProtMap
software that allowed the identification and quantification of
peptide modifications in an automated mode,34 followed by
manual validation for peptides that met the screening threshold,
which was a PR value of ≥1.3. Taking inputs of LC−MS data,
BAF sequence, type of enzyme used, and modification mass,
ProtMap identified over 630 tryptic peptides across Flag-BAF,
with an average protein sequence coverage of ∼63%. ProtMap,
at the same time, revealed the sites of GEE labeling for 177 of the
630 peptides that were found to be reproducibly modified by
GEE for both Flag-BAF and Flag-BAF/H3K14Cr peptide
samples. The distribution of PR values for all labeled peptides
within Flag-BAF (Figure 2C) ranged from 0.04 to 1.68 with
identical mean and median values of 0.96, indicating (consistent
with our stated hypothesis) that most peptides (>90%) exhibit
similar labeling across Flag-BAF regardless of H3K14Cr peptide
binding. The peptides with PR significantly less than 1 likely
indicate regions experiencing significant allosteric changes
associated with histone reader functions; however, the analysis
of these data is beyond the scope of this paper. Sixteen peptides
identified with PR of ≥1.3 (localized to subunits: ARID1A,
ACTL6A, ACTIN, BCL7, BRM, BAF170 and BAF45D) were
manually analyzed using data from all three time points. These
analyses revealed four peptides with consistent and significant
PR of ≥1.3 and one peptide trending with PR = 1.24 in both
ProtMap and manual analysis, where three reside within
BAF45D and two within BRM. These data suggest that
BAF45D and BRM are the primary BAF subunits responsive
to H3K14Cr peptide binding.

We calculated Kfp for all peptides within BAF45D and BRM
± H3K14Cr peptide (Tables S3 and S5, Figure S2). The three
most protected peptides are 286-300 (PHD1), 322-328
(PHD2), and 329-350 (PHD2) (Figure 2D). These peptides
within BAF45D in BAF are identical to the three most protected
peptides in BAF45DDPF, demonstrating the conservation of
mechanism and structure effects of lysine crotonylation binding
when BAF45D is positioned within the full BAF complex.
Furthermore, BRM contained two protected peptides, 953-961
within the linker between the NRecA and CRecA lobes and
1435-1444 in the bromodomain. These data are the first to
indicate that BRM may be directly influenced by crotonyl lysine
binding on histone 3 tails.
Single Residue Analysis of Specific Residueswithin BAF45D
Bind to the H3K14Cr Peptide

We further analyzed the footprinting data to identify the specific
side chains sensitive to H3K14Cr binding within BAF45DDPF
(Figures 2E, S1 and Table S2). There are 18 Asp and Glu
residues, 14 of which are localized to PHD1 and PHD2. We
observed 5 residues that were sensitive to H3K14Cr peptide
binding to BAF45DDPF (Figure 2E). Asp274 is not located
directly within the PHD1 or PHD2 pockets but is <4.5 Å from
the crotonylamide group (Figure 2F). Asp274 exhibited a
significant decrease (2.37, Figure 2E) in labeling in the presence
of the H3K14Cr peptide despite a lack of change in the
modification rate constant for its containing peptide (261-281;
Figure 2D). For peptides 286-300 (PHD1), Asp297 showed a
modest decrease in modification rate constant (1.4), while
Glu291 exhibited no change, and Glu290 was not detected. The
linker peptide 322-328 contains only one Glu residue, thus
requiring no additional analysis. Peptide 329-350 contains 6
potential sites of GEE labeling, 3 of which encompass the PHD2
pocket (Asp346, Asp347, Asp349), while the other 3 (Glu337,
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Asp339, Asp340) are distally located. Upon residue-level
analysis, we detected minor changes in solvent accessibility for

the distal sites (1.28-Glu337/Asp340, which are derived from
the same peak and 1.34-Asp339). Interestingly, Asp346 and

Figure 3.H3K14Cr (in)directlymodulates BRMATPase. Footprinting with BAF revealed protections within the bromo and ATPase domains of BAF.
(A) Table of the PR for BRM peptides following GEE/EDC labeling of Flag-BAF where protected peptides are in bold. (B) Table of the PR for each
Asp and Glu residue located within protected peptides. ND indicates where residue-level quantitation could not be determined. (C) Predicted BRM
structure (AF-P51531-F1-model_v1) showing the NRecA and CRecA lobes. Protected peptide 953-961 (blue) lies between the RecA lobes within the
hinge region. (D) Bromodomain of BRM showing the canonical four-helix bundle (PDB 6HAZ). Protected peptide 1435-1444 (blue) lies within the
ZA loop at the opening of the bromodomain pocket. (E) AlphaLISA was used to assess Flag-tagged BAF, full-length BRM, BRM bromodomain, and
BRMATPase domain binding toH3 peptide in the presence of crotonyl (H3K14Cr; blue), acetyl (H3K14Ac; light blue), or no (H3K14; green) lysine
modifications. The table contains the Kd for each binding pair (mean ± SD; n = 2).
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Asp349 exhibited significantly decreased modification rate
constants (5.22 and 6.51, respectively), whereas Asp347, flanked
by the aforementioned residues, lacked any change. A similar
analysis was performed for the BAF45D residues within BAF
(Figures 2E, S2 and Table S4). With the exception of Asp274,
we observed comparable results to BAF45DDPF, albeit with a
smaller magnitude of change in modification rates. This
discrepancy is likely due to a combination of the increased
complexity of a 1 MDa, multisubunit complex (Flag-BAF) as
compared to an isolated domain (BAF45DDPF) as well as
differences in protein concentrations and heterogeneity between
the two types of experiments.
Modeling of BAF45D Binding to H3K14Cr Peptide is
Supported by Protected Residues

We generated a model for peptide binding to BAF45D (Figure
2F) using the previously deposited structures by Xiong et al.14

The tandem PHD domain of BAF45D (PBD 5VDC, white) was
superimposed (rmsd = 1.3 Å) on the MOZ tandem PHD
domain cocrystallized with a H3K14Cr peptide (PDB 5B76,
green) to provide a model for peptide binding to BAF45D.Most
protected residues (blue sticks) of BAF45D face toward the
H3K14Cr peptide within adequate proximity (<4.5 Å) to
generate a potential hydrogen bond (dashed lines). This
includes Asp274 near the crotonylamide group and Glu326
adjacent to Arg8′. Asp and Glu residues that were labeled but
remain unchanged after the addition of the H3K14Cr peptide
(gray sticks) largely point away from the H3K14Cr peptide or
are far removed (>6 Å) from its modeled binding site. The
specificity is highlighted by the labeling seen for sequential
residues Asp346, Asp347, and Asp349. Here, the protected
residues Asp346 and Asp349 have side chains that point toward
H3K14Cr and are within a range to generate hydrogen bonds
with Arg2′ (Figure 2F, inset). In contrast, the side chain of
Asp347 points away, positioning itself out of range for bonding
clearly explaining the lack of protection during labeling (Figure
2E,F).
H3 Peptide Binds to BRM Irrespective of Crotonylation
Status

H3K14Cr peptide binding to Flag-BAF produced two protected
BRM peptides, located in the ATPase module and bromodo-
main (Figure 3A and Table S5). No crystal structure for the full
BRM protein has been reported. Thus, for structural analysis of
the BRM-protected peptide within the ATPase, we used the
AlphaFold predicted structure (AF-P51531-F1-model_v1)
(Figure 3C).35,36 While AF2 structures are imperfect, especially
at residue-level resolution, in the protected peptide region, AF-
P51531 aligned well with the nucleosome bound form of BRG1
from the recent high-resolution cryoEM structure of canonical
BAF,16 the isolated ATPase and SnAC domains of BRM, (PDB
6EG2),37 as well as the homologous Snf2 (T. thermophilus;
PDB 5HZR).38 The protected peptide, 953-961, lies distal from
the nucleosome between the NRecA and CRecA lobes of BRM
in a structurally flexible region. Glu953 and Glu955 are the
residues primarily affected by H3K14Cr binding (Figure 3C,
inset), which was recapitulated in subsequent experiments at a
1:10 BAF:H3K14Cr ratio (data not shown). The side chains of
Glu953 and Glu955 are located on opposite sides of a loop,
stretching into the NRecA lobe (Figure 3C inset, blue).
Interestingly, the nearby side chain of Glu960 is solvent-facing
(Figure 3C inset, gray) but does not appear to contribute
significantly to the protected labeling.

To evaluate the second protected peptide, we used a
published, high-resolution crystal structure of the bromodomain
of BRM (PDB 6HAZ)39 as shown in Figure 3D. Bromodomain
structures are composed of four helices (αA, αB, αC, and αZ)
arranged into a left-handed bundle interspersed by ZA and BC
loops.40 This orientation creates a hydrophobic pocket that is
capable of recognizing lysine modifications on histone tails,
including acetylation and crotonylation.10,41,42 Modestly
protected peptide 1435-1444 lies within the ZA loop in between
the αA and αZ helices, located near the opening of the
bromodomain pocket (Figure 3D), where the side chains of the
protected residues, Glu1435 and Glu1438, face inward (Figure
3B,D).

The orientation of protected residues within BRM suggests a
potential interaction with H3K14Cr.We next assessed the direct
binding and the effect of crotonylation by AlphaLISA assay,
including noncrotonylated (H3K14) and acetylated
(H3K14Ac) peptide controls (Figure 3E). We observed that
BAF binds to unmodified H3 peptide, with increased affinity in
the presence of modified lysine residues (Ac ≈ Cr ≫H3). Full-
length BRM also binds H3 peptide, with enhanced affinity for
marked lysines (Ac ≫ Cr > H3). When assessing direct binding
to the domains of BRM, we were unable to observe the binding
of any H3 peptide to the bromodomain. However, we observed
that the ATPase binds all three peptides, where H3K14Cr binds
with the same affinity as H3 (Ac > Cr ≈ H3). Together, these
data suggest that BRM binds H3 histone tails irrespective of
crotonylation status and that these binding events are primarily
localized to the ATPase region.

■ DISCUSSION
Using protein footprinting, we provided a detailed map of
modified histone tail interactions in the context of the full BAF
complex, localizing H3K14Cr peptide binding to the DPF
domain of BAF45D (Figure 2D,E), as well as effects in both the
bromodomain and ATPase module of BRM (Figure 3A,B).
These data are validated by footprinting studies of BAF45DDPF,
which showed equivalent peptide and residue-level protections
within the PHD1, PHD2, and linker regions. Structural
modeling supports these data, highlighting Asp and Glu residues
that are in the correct position to interact with an H3K14Cr
peptide. Together, these data provide a novel framework for
interpreting BAF reader functions.

BAF45D interacts with modified histone tails in a bipartite
fashion, via hydrophobic interactions in PHD1 and electrostatic
interactions in PHD2. The hydrophobic pocket of PHD1
includes Phe275, Leu307, and Trp322 that engage with
K14Cr.14,15 The presence of Gly302, lacking a side chain,
allows for the tight insertion of the long, planar, crotonylamide
group into the PHD1 pocket and likely contributes to enhanced
affinity compared to other acyl groups.14 Studies using
alternative chemistries like hydroxyl radical footprinting are
ideal for assessing residues of this type. Unfortunately, the
scavenging by such a large protein complex provides challenges
for OH labeling methods. Although GEE/EDC labeling does
not address these hydrophobic residues, we were able to observe
protections in nearby residues, Asp274 and Asp297 (Figure 2E).
The BAF45DDPF-MOZ superimposed model shows that these
residues are in close proximity to the K14Cr (<6 Å), suggesting
that the observed protections are due to K14Cr insertion into
the PHD1 pocket (Figure 2E,F). The negatively charged patch
within PHD2 contains many Asp and Glu residues contributing
to the electrostatic interaction between BAF45D and the histone
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tail.14,15 Notably, Glu326 and Asp346 have been reported to
interact with H3 Lys4 and Arg2, respectively, where mutations
in the latter contribute to a disruption in histone tail peptide
recognition.15 Asp346 and Asp349 face the surface of the
H3K14Cr peptide and are highly protected following binding
(Figure 2E,F, blue). In contrast, we see no protection of Asp347,
which points away from the H3K14Cr peptide (Figure 2E,F,
gray). Again, modeled BAF45DDPF-MOZ reveals the nature of
these protections, where Asp346 and Asp349 are 3.3 and 1.8 Å,
respectively, from H3 Arg2′, whereas Asp347 is >8 Å away.

In this study, we also characterized the strength of binding of
histone 3 tail peptides to BAF45DDPF and the full BAF complex.
The Kds we measured for isolated DPF domains are lower
(∼2.5−33.0 nM, Figures 1B, 2B, and 3E) than what has been
previously reported (0.085−1.0 μM),14,15 which may be due to
differences in assay format (ITC vs AlphaLISA) and/or to
saturation issues causing a slight hook effect in the AlphaLISA
assay. We also observe that BAF binds unmodified H3K14
peptide, which is enhanced in the presence of crotonylation
(Figure 3E). Earlier work has demonstrated that lysine mark
recognition domains, including those found in chromatin
remodelers, bind to unmodified histone tails, where acetyl-/
acylation functions to enhance binding affinities and promote
the interaction.14,43−45 DPF domains play a critical role in these
binding events, where mutations in either PHD1 or PHD2
domains result in diminished histone tail binding.15

Footprinting data also exposed conformational effects to H3
tail peptides within BRM, with changes in both the ATPase- and
bromodomains (Figure 3A−D). Direct binding assays indicated
that the ATPase is primarily responsible for H3 binding within
BRM (Figure 3E), whereas changes in the bromodomain are
likely attributable to conformational rearrangements. These data
are somewhat surprising given the well-characterized nature of
bromodomain recognition of marked lysines on histone tails,
including those of BRM and BRG.10,42,46,47 It is possible that our
AlphaLISA assay is not capable of capturing the BRM
bromodomain−H3 interaction, and additional studies using
methods that yield full thermodynamic binding parameters may
be required. Although ATPase binding to histone tails is less
well-understood, recent structural characterization of BAF in
complex with a mononucleosome provides a hypothesis and
potential model for the interaction,17 where the ATPase module
contains a “nucleosome recruitment” region that recognizes and
binds histone tails in order to initiate chromatin remodeling.

■ CONCLUSIONS
Mass spectrometry-based protein footprinting provided a
detailed map of H3K14Cr histone tail interactions in the
context of the full BAF chromatin remodeling complex. The data
localized binding to key residues in the PHD1 and PHD2
domains of BAF45D, consistent with experiments performed on
the isolated DPF domain, and revealed potential conformational
changes in the ATPase and bromodomain of BRM. Integrating
footprinting results with structural modeling and binding assays
elucidated the molecular basis for crotonylamide recognition by
BAF45D. Furthermore, the novel finding of direct histone tail
engagement by the BRM ATPase suggests additional mecha-
nisms for BAF recruitment and chromatin remodeling. This
study illustrates the power of footprinting methods to map
binding interfaces in large, multisubunit complexes and provides
new insights into BAF reader functions.
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