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ABSTRACT

The ATPase family, AAA domain containing 2B (ATAD2B) protein has a C-terminal
bromodomain that functions as a ‘reader’ of acetylated lysine residues on histone
proteins. However, the molecular mechanisms by which it recognizes chromatin with
multiple post-translational modifications remain poorly understood. To gain insights into
the recognition of acetylated lysines by the ATAD2B bromodomain, we investigated the
recognition of combinatorial histone H4 post-translational modifications using structural
and functional approaches. Using isothermal titration calorimetry, we assessed the
binding affinities of the ATAD2B bromodomain with distinct histone H4 peptides harboring

multiple modifications. Our results show that the ATAD2B bromodomain selectively
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recognizes acetyllysine residues amongst multiple histone H4 modifications. Most of
these adjacent modifications are permissive and exhibit distinctive binding affinities,
however, some combinations weaken the acetyllysine interaction. Three novel protein-
ligand structures reveal a unique binding mode for the ATAD2B bromodomain compared
to the ATADZ2 bromodomain, and highlight distinctive residues involved in the coordination
of acetylated lysines in the context of adjacent post-translational modifications. To
investigate the association of ATAD2B with chromatin, we performed CUT&RUN
experiments in human breast cancer cells and compared the genome-wide chromatin
binding sites to different regulatory histone modifications. Our results support an
association of ATAD2B with endogenous acetylated histone H4. Overall, our study
highlights how the interplay between various histone modifications, and combinations

thereof, impact the ‘reader’ activity of the ATAD2B bromodomain.

INTRODUCTION

DNA is tightly packaged within the eukaryotic nucleus in the form of chromatin. The
primary units of chromatin are nucleosomes, which are comprised of ~146 base pairs of
DNA wrapped around an octamer of histone proteins that includes two copies of each of
histone H3, H4, H2A, and H2B(1-3). Histone proteins are subject to a wide variety of post-
translational modifications (PTMs) by the enzymatic addition of covalent chemical groups
to their globular domain and to the amino-terminal tails that extrude from the nucleosome
core particle There are many different histone PTMs, including methylation,
phosphorylation, acetylation, ubiquitylation, SUMOylation, glycosylation, and ADP-
ribosylation, that govern different biological processes through the regulation of chromatin
structure and function (4,5). Distinctive combinations of multiple types of histone PTMs
can be present simultaneously on histones, commonly referred to form a ‘histone code’
(6). These unique patterns of histone PTMs can serve as binding sites for a variety of
effector proteins that can translate the histone code into biological readouts that include
the activation and repression of the gene expression (6-8). Despite intensive research to
understand the different histone ‘reader’ proteins that selectively recognize individual
PTMs, little is known about the combinatorial recognition of different histone

modifications.
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Among the protein ‘reader’ domains known to bind to the various histone PTMs,
bromodomains are acknowledged as the primary reader of acetylated lysine residues (9).
Histone acetylation is recognized to regulate the relaxation of chromatin structure via
repulsive electrostatic interactions between the negative charges on the acetyl group and
the DNA phosphodiester backbone, permitting the accessibility of sequence-specific
transcription factors to the DNA (10,11). Histone acetylation also serves as a docking site
for the recruitment and assembly of protein complexes at distinct regulatory elements
within the chromatin (12-14). The histone PTM ligand binding specificity of bromodomains
is dictated by both the amino acid sequence surrounding the acetyllysine modification on
the histone as well as the residues lining the bromodomain pocket (15). While high-
resolution structures of different bromodomains in combination with acetylated histone
ligands have provided critical insight into ligand recognition, the impact of combinatorial
patterns of different PTMs on histone ligand selectivity remains uncharacterized.

ATAD2 and ATAD2B are two highly similar bromodomain-containing proteins that
harbor conserved AAA+ ATPase domains (ATPases Associated with diverse cellular
Activities) (16). ATAD2 and ATAD2B are paralogs and share a high degree of amino acid
similarity (97% similarity in the ATPase domains and 74% in the bromodomains (17)).
Their bromodomains also have similar ligand binding preferences and recognize mono-
and di-acetylated lysine residues on histone H4 lysine 5 and 12 (18-21). Importantly, this
H4K5acK12ac modification is often associated with newly synthesized histone H4 (22).
While ATAD2 has been demonstrated to serve as a chromatin-binding protein and current
research indicates it functions in the regulation of chromatin structure and transcription
(19,20), the function of ATAD2B remains elusive.

In this study, we investigated the selectivity of the ATAD2B bromodomain for different
H4 ligands containing multiple combinations of PTMs, including several acetylated lysines
adjacent to phosphorylation or methylation marks. Using crystallographic structural
analysis of the bromodomain in a complex with multiply modified histone peptides, we
solved three novel high-resolution structures of the ATAD2B bromodomain in complex
with histone H4 ligands, which reveal how adjacent modifications impact bromodomain
recognition. To evaluate the binding of ATAD2B in the context of cellular chromatin, we
performed genome-wide chromatin binding analysis of ATAD2B in human breast cancer
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cells. Our results show that ATAD2B binding is strongly correlated with its preferred
acetylated lysine modifications on histone H4. Altogether, these results provide new
insights into the interaction of the ATAD2B bromodomain with histone H4 PTMs and
highlight the potential for combinations of histone modifications to regulate bromodomain
selectivity.

MATERIALS AND METHODS
Plasmid construction

The ATAD2B bromodomain-containing protein (residues 953-1085, Uniprot code:
Q6PL18) was cloned into a pGEX-6P-1 plasmid containing an N-terminal GST tag and a
precision protease cleavage site followed by the bromodomain sequence. GenScript
performed codon optimization, gene synthesis, and subcloning into pGEX-6P-1. The
plasmid was then transformed into Escherichia coli BL21(DE3) pLysS competent cells
(Novagen) for protein expression.

Protein expression and purification

GST-ATAD2B bromodomain-containing BL21(DE3) pLysS cells were grown following
our previously established protocol (21). Briefly, the transformed cells were grown at 37
°Cin 2 -4 L of Terrific broth (TB) media supplemented with ampicillin and chloramphenicol
antibiotics. The cells were grown to an O.D.soo~ 0.6 before induction with 0.25 mM
isopropyl B-D-1-thiogalactopyranoside (IPTG), and then grown at 18°C overnight. Next,
the cells were harvested at 5,000 RPM for 10 min at 4°C. The cell pellet was then
suspended in 100 mL of lysis buffer (50 mM Tris—HCI pH 7.5, 500 mM NaCl, 0.05%
Nonidet P-40 alternative, 1 mM dithiothreitol (DTT)) containing 0.1 mg/mL of lysozyme,
and 1 tablet of protease inhibitor (Pierce protease inhibitor tablets, EDTA-free, Thermo
Fisher). The cells were lysed by sonication, and cell lysate was centrifuged at 10,000 g
for 30 mins. The supernatant was incubated with glutathione agarose resin (Thermo
Scientific) at 4°C with gentle agitation for 1 h. The suspension was poured into 25 mL
Econo-Column Chromatography Columns (Bio-Rad) and washed with ten times the resin
volume of wash buffer (20 mM Tris—HCI, pH 7.5, 500 mM NaCl, 1 mM DTT). For the GST-
tagged ATAD2B BRD, the protein was eluted using 50 mM reduced glutathione and
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dialyzed into 20 mM sodium phosphate buffer, pH 7.0, 150 mM NaCl and 1 mM DTT. For
ITC and X-ray studies, the GST tag was cleaved off by incubating the washed beads in
wash buffer supplemented with PreScission Protease (~100 uL at 76 mg/mL) (GE
Healthcare) overnight at 4°C. The eluted ATAD2B bromodomain protein was
concentrated to a total volume of approximately 3 mL. Protein purity and concentration
were assessed as described previously (21). For western blot analysis, the cleaved GST
tag was collected from the beads by eluting with 50 mM reduced glutathione and dialyzed
into 20 mM sodium phosphate buffer, pH 7.0, 150 mM NaCl, and 1 mM DTT.

Histone peptide synthesis

All histone H4 N-terminal tail peptides with and without modifications were purchased
from GenScript. Amino-acid sequence information of each peptide is available in Table
1. All peptides were synthesized with N-terminal acetylation (Na-ac) and a free C-
terminus, and were purified by HPLC to 98% purity. Mass Spectrometry was used to
confirm their identity.

Isothermal titration calorimetry

For isothermal titration calorimetry (ITC), the protein was dialyzed for 48 h into 20 mM
sodium phosphate buffer, pH 7.0, 150 mM NaCl, and 1 mM tris(2-carboxyethyl)
phosphine (TCEP) (Thermo Scientific) and protein concentration was estimated using a
NanoDrop ND-1000 spectrophotometer at Axso nm. The ITC experiments were carried out
at 5°C using a MicroCal iTC200 or a MicroCal PEAQ-ITC instrument (Malvern
Paralytical). The calorimetric titrations were performed with each histone tail ligand in the
syringe (at concentrations of 2.5 mM or 5 mM) and with the ATAD2B bromodomain-
containing protein in the sample cell (at concentrations ranging from 0.05 mM to 0.2 mM).
The histone ligand was added to the sample cell through a series of 20 individual 2 pL
injections that were spaced at time intervals of 150 s while maintaining a continuous
stirring speed of 750 RPM. These were preceded by a 0.4 uL preliminary injection of the
peptide ligand, which was excluded from the data integration and binding constant
calculation. Control runs of histone peptide into the protein buffer were conducted under

identical conditions and subtracted from the ligand into protein runs to correct for the heat
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of dilution for each peptide. MicroCal PEAQ-ITC software was used for data analysis, and
all data were fitted using a single set of binding sites model to calculate the stoichiometry
(N) and the binding constant (Kp). All experiments in which binding occurred were
performed in triplicate, while runs with no binding were performed in duplicate. To
calculate the Kp, the average of the three runs was taken as the mean Kp, and the
standard deviation was calculated from the mean. All values of Kp values and standard
deviations for each ligand tested are reported in Table 1.

X-ray crystallography and structure determination

The ATAD2B bromodomain was further purified for all crystallization experiments
through size exclusion chromatography using a Superdex 75 16/60 Sephacryl S-100
high-resolution gel filtration column (GE/Cytiva) on an AktaPrime system (GE/Cytiva).
Purified ATAD2B BRD was dialyzed into 25 mM N-(2-hydroxyethyl)- piperazine-N'-ethane
sulfonic acid (HEPES) buffer at pH 7.5, 150 mM NaCl, and 1 mM DTT, and then
concentrated to 15 mg/mL with Amicon® Ultra (MILLIPORE) concentrators with a 3 kDa
MW cut-off (3 MWCO), and the protein concentration was estimated using a UV-Vis
spectrophotometer at A2so nm. The BRD-histone ligand complex was prepared in a 1:10
molar ratio with the bromodomain at 10 mg/mL (0.64 mM) and ligand at 6.4 mM,
respectively, and stored on ice before setting up crystallization screens.

For the ATAD2B-H4K12ac (4-17) complex, sitting-drop trays were set up using the
Hampton Research Index HT screen in a 96-well VDX plate (Hampton Research, Aliso
Viejo, CA, USA) at 4°C. Each 2 uL drop contained 0.5 pL of the complex and 1.5 uL of
the mother liquor with a 25 pL reservoir volume. Cryoprotection was achieved by dragging
the crystal through LV oil added to the drop. The crystal used for the structure solution
grew in 1.8 M ammonium citrate tribasic at pH 7.0 and was mounted on B1A (ALS style)
reusable goniometer bases inserted with a 75 um Dual Thickness Microloop LD built on
18 mm / SPINE length rods (pins) from MiTeGen (lthaca, NY, USA).

For the ATAD2B-H4S1phKb5ac (1-15) complex, sitting drop trays were set up using
the Hampton Research Index HT screen in a 96-well VDX plate at 4°C. The 2 uL crystal
drop contained 0.5 uL of the complex and 1.5 pL of the mother liquor with a 25 pL

reservoir volume. The crystal was harvested using a 300 um Dual Thickness Microloop
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LD built on an 18 mm / SPINE length rod (pin) with a B1A (ALS style) reusable goniometer
base from MiTeGen. The final crystal was obtained from a condition containing 0.2 M
ammonium sulfate, 0.1 M BIS-TRIS (pH 5.5), 25% w/v PEG 3350, and was cryoprotected
by sweeping the crystal in the loop through LV oil.

For the ATAD2B-H4S1CKb5ac (1-15) complex, a sitting drop tray was set up using the
Hampton Research Index HT screen, in a 96-well VDX plate at 4°C. The crystal used for
structure determination grew in 0.2 M Ammonium sulfate, 0.1 M Tris pH 8.5, 25% w/v
PEG 3350. Each drop was 2 uL volume made from 0.5 puL of the complex and 1.5 uL of
the mother liquor with a 25 ulL reservoir volume. The crystal was harvested using a 200
um Dual Thickness Microloop LD built on an 18 mm / SPINE length rod (pin) inserted in
a B1A (ALS style) reusable goniometer base from MiTeGen. An LV oil sweep was used
for cryoprotection.

Data collection was carried out at the Advanced Light Source at the Lawrence
Berkeley National Lab on beamline 4.2.2, which is equipped with an RDI CMOS-8M
detector. The diffraction data were processed using XDS (23), and the structure was
solved by a molecular replacement using PHASER (24). For all structures, the starting
model was a structure of the apo ATAD2B BRD, PDB ID: 3LXJ (25). After obtaining an
initial solution, several rounds of structure refinement and building were carried out with
PHENIX-1.19.2 (26) and COOT 0.8.9.3. A structural model of the ATAD2B bromodomain
in complex with the histone ligands was built into the composite omit map, which showed
clear density for the ligand using COOT 0.8.9.3 (27), followed by iterative rounds of
refinement and rebuilding in PHENIX-1.19.2 (26) and COOT 0.8.9.3. The final structures
were solved at 2.0 A resolution for ATAD2B-H4K12ac (4-17), at 1.4 A for ATAD2B-
H4S1phK5ac (1-15), and at 2.7 A for ATAD2B-H4S1CK5ac (1-15) and were deposited
into the Protein Data Bank under PDB IDs: 8EOQ, 8ESJ and 7TZQ, respectively, after
validation using MolProbity (28). The hydrogen bonds and hydrophobic interactions were

determined using the PLIP (29) program.

MCF7 mammalian cell culture and acid extraction of histones
MCF7 breast cancer cells were grown in in Phenol Red DMEM (Cytiva, cat. no.
SH30243.FS) supplemented with a 1% Penicillin-Streptomycin cocktail and 10% heat-
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inactivated FBS (Corning). Cells at 70 - 80% confluency were used for histone extraction
by removing media, adding 5 mL Accutase (Innovative cell technologies), and incubating
for 5 mins. The cells were collected by centrifugation at 500 g for 5 mins at 4°C, and the
cell pellet was washed twice with cold PBS supplemented with 10 mM sodium butyrate.
The final cell pellet was collected after centrifugation at 17,000 g for 2 mins at 4°C, was
snap-frozen in liquid nitrogen and stored at -80°C.

Histones were extracted using a previously described protocol (30). Briefly, cell pellets
were thawed on ice and combined with the nuclei isolation buffer (NIB) (15 mM Tris-HCI
at pH 7.5, 60 mM KCI, 15 mM NaCl, 5 mM MgCl2, 1 mM CaClz, 250 mM sucrose, 1 mM
DTT, 0.5 mM phenylmethylsulfonyl fluoride (PMSF), 0.3% NP-40 alternative and 10 mM
sodium butyrate) to a final ratio of 1:10, respectively (e.g. for every 100 puL cell pellet 1000
uL of NIB buffer was added). After gentle mixing by pipetting, the cells were placed on
ice for 5 min. Nuclei were pelleted at 600 g for 5 min at 4°C. The supernatant was
discarded, and the pellet was redissolved in the NIB buffer without NP-40 to a final ratio
of 10:1 of buffer to pellet. The nuclei were pelleted at 600 g for 5 min at 4°C. This step
was repeated three times to remove any detergents, and the final pellet was collected at
max speed (15,000 to 21,000 x g) for 5 min at 4°C. Acid extraction of histones was
performed by adding cold 0.2 M hydrochloric acid to the pellet with gentle mixing at a final
ratio of 5:1 of acid to pellet. After incubation on ice for 5 min, the sample was centrifuged
at max speed for 5 min at 4°C. The supernatant was transferred to a fresh tube and cold
trichloroacetic acid (TCA) at 1 mg/mL was added to a final volume of one-quarter of the
supernatant and vortexed to ensure thorough mixing. After incubation on ice for 5 min,
the sample was centrifuged at max speed again for 5 min at 4°C. The supernatant was
discarded, and cold, 0.1 mL acetone with 0.1% HCI was added to the precipitate. After 2
min of centrifugation at max speed, the supernatant was carefully removed by aspiration.
This step was repeated using cold, pure acetone and a speed vac was used to ensure all
the acetone was evaporated. The histones were redissolved in 20 mM sodium phosphate
buffer, pH 7.0, 150 mM NaCland 1 mM DTT and centrifuged at >17,000 g for 5 mins to
remove any insoluble components. The supernatant was used for histone protein

concentration estimation using the Bradford Assay (Bio-Rad).
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LC-MS/MS

Cell pellets were collected from plates of MCF-7 cells and the histones were acid
extracted after nuclei isolation as described above and previously in (30). Isolated
histones were then resuspended in 85 uL 5% acetonitrile and 0.2% trifluoroacetic acid
(TFA) to prepare for high-performance liquid chromatography (HPLC) separation. The
histones were separated by type into families and specific variants as described
previously (Holt et al., 2021). Briefly, Reverse Phase HPLC fractionation was performed
with a Thermo U3000 HPLC system (Thermo Fisher Scientific, Waltham, MA) with a 150
x 21-mm Vydac 218TP 3-ym C18 column (HiChrom, Reading, UK, part. no.
218TP3215), using a linear gradient at a flowrate of 0.2 mL/min from 25% B to 60% B for
60 min. The composition of buffers used were A: 5% acetonitrile and 0.2% TFA; B: 95%
acetonitrile and 0.188% TFA. After chromatographic separation and histone fraction
collection, histone H4 was selected for further study, dried down and resuspended in
additional MS buffer A (2% acetonitrile, 0.1% formic acid) for mass spectrometric
analysis.

Dried H4 fractions were then diluted using the following calculation, ug H4 = (Peak
area —6.0114)/31.215 to calculate the dilution to 200 ng H4/uL in MS buffer A (2%
acetonitrile, 0.1% formic acid). 1 uL (200 ng) histone H4 was then loaded onto a 10 cm,
100 um inner diameter C3 column (ZORBAX 300SB-C3 300 A 5 um) for online high-
performance liquid chromatography (HPLC) on a Thermo U3000 RSLC nano Pro-flow
system. A 70-minute linear gradient using buffer A: 2% acetonitrile, 0.1% formic acid, and
B: 98% acetonitrile and 0.1% formic acid was used, and the samples were maintained at
a temperature of 4°C. The column eluant was introduced into a Thermo Scientific Orbitrap
Fusion Lumos by nanoelectrospray ionization. A static spray voltage of 1800 V and an
ion transfer tube temperature of 320°C were set for the source. The MS1 experiment used
a 60 k resolution setting in positive mode. An AGC target of 5.0e5 with 200 ms maximum
injection time, three micro scans, and a scan range of 700-1400 m/z were used. A
targeted charge state of +15 was selected for histone H4. An intensity threshold of 1e5
was set for the selection of ions for fragmentation. The target precursor selected for MS2
fragmentation included all major H4 peaks and chose the top 20 most abundant m/z. ETD
fragmentation at a 14 ms reaction time, 5.0e5 reagent target with 200 ms injection time
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was used. MS2 acquisition was performed using the orbitrap with the 60 k resolution
setting, an AGC target of 5.0e5, a max injection time of 200 ms, a ‘normal’ scan range,

and three micro scans.

H4 proteoform quantitation

Identification of H4 at the desired charge state of +15 was observed in mass spectra.
Raw files were converted to mzXML. Data processing was performed by a custom
analysis suite as previously described (30,31).

Histone Pull-down assay

20 uM of the GST-tagged ATAD2B bromodomain in 20 mM sodium phosphate buffer,
pH 7.0, 150 mM NaCl, and 1 mM DTT was incubated with 50 ug of histones extracted
from the above step with gentle shaking for 1 hour at 4°C. To rule out non-specific
interactions with the GST tag, a GST control was set up with 50 ug of extracted histones
incubated with 20 uM of GST alone for 1 hour at 4°C with gentle shaking.

To isolate the ATAD2B bound histones 50 uL of Pierce glutathione agarose (Thermo
Scientific) was pre-equilibrated in the same buffer as the protein and incubated with the
GST-ATADZ2B and histone complex for 1 hour at 4°C with gentle shaking. Samples were
spun down at 500 g for 2 mins and the supernatant was discarded. The beads were
washed thrice with 500 uL of wash buffer (20 mM sodium phosphate buffer, pH 7.0, 150
mM NaClz, 1 mM DTT, and 1.0% NP-40 alternative) each time with gentle mixing and
spun down at 500 g for 2 mins to remove the wash supernatant. Finally, 50 uL of 2X
Laemmle sample buffer (supplemented with 2-Mercaptoethanol, Bio-Rad) was added to
the beads and boiled for 5 mins at 95°C. The beads were spun down at >17,000 g for 5
mins, and the supernatant was loaded onto a 4-15% precast SDS-PAGE gel (Mini-
PROTEAN, Bio-Rad) and run at 100 V for 1.5 h. The gel was then transferred to a 0.45
mM PVDF membrane (Thermo Scientific) at 100 V for 1 h at 4°C. The membrane was
first rinsed in TBST buffer (50 mM Tris pH 7.4, 150 mM NaCl, and 0.1% Tween-20) and
then blocked with 5% BSA (bovine serum albumin, Thermo Scientific) shaking at 4°C for
1 h. The membrane was rinsed three times (5 mins each) with TBST buffer.
Immunoblotting was performed using the following antibodies: anti-GST (ABclonal, Cat.
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No. AE006), anti-H4K5ac (EpiCypher, Cat. No. 13-0051), and anti-H4K12ac (EpiCypher,
Cat. No. 13-0037). Antibody incubations were carried out for 16 h overnight at 4°C with
gentle rocking. The membranes were then rinsed three times (10 mins each) with TBST
buffer before incubation with HRP-conjugated secondary antibody (ECL Anti-Rabbit IgG,
Cytiva) in 2.5% BSA for 1 hour at 4°C. After rinsing the membrane three times (5 mins
each) with TBST buffer, chemiluminescence was used for protein visualization using the
SuperSignal West Pico PLUS substrate (Thermo Scientific) following the manufactures

protocol.

CUT&RUN

CUT&RUN experiments were performed in the MCF7 cell line, using specific antibodies
for the following proteins: ATAD2B (Invitrogen, Catalog # PA5-83233, Lot:), histone
H4K5ac (Invitrogen, Ref # MA-32009; Lot:), histone H4K8ac (Epicypher Ab - Ref. 13-
0036; Lot:), and histone H4K12ac (EpiCypher, SKU:13-0037, Lot:). Biological replicates
were generated for ATAD2B. Cells were harvested at ~70-80% confluency, and the
samples were prepared following the EpiCypher CUTANA ChIP/CUT&RUN Kit protocol
(Epicypher, SKU: 14-1048) with minor adjustments, including adding 5 mM sodium
butyrate and 1uM trichostatin-A to the wash and antibody buffers. An IgG antibody served
as a negative control to evaluate non-specific background signal from chromatin captured
during immunoprecipitation, and an E. Coli spike-in control was added for normalizing
enrichment during analysis. CUT&RUN libraries were prepared according to the NEBNext
Ultra Il DNA Library Kit for lllumina, and each sample was uniquely barcoded with the
NEBNext Multiplex Oligos for Illumina. Minor adjustments in library preparation included
changes in PCR cycling parameters and library clean-up as described in the EpiCypher
protocol. Libraries were pooled and sequenced using 75 base pair paired-end reads on
the NextSeq 500 High Output platform obtaining a sequencing depth of at least 10 million
reads per sample. CUT&RUN data analysis was performed using the CUT&RUNTOools
pipeline (32), including Bowtie2 to map reads to the human reference genome (hg38) and
MACS2 for calling peaks (33,34). The Segsetvis and ssvQC packages were used to
evaluate replicate concordance, quality control, and visualization (35). ATAD2B

correlation analysis with histone PTMs was performed using the diffbind R package (36)
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with the top 20% of peaks for all datasets. ChlP-seq datasets were downloaded from the
ENCODE portal (https://www.encodeproject.org/) (37,38) accessions: ENCFF714DEQ,
ENCFF378IVZ, ENCFF959VSM, ENCFF348DEB, ENCFF660MSN, ENCFF991HJA,
ENCFF188VRU, ENCFF268RXB, ENCFF518MOR, ENCFF595UXF, ENCFF538BHD,
ENCFF340KSH, ENCFF739SBL). The H4K5ac, H4K8ac, and H4K12ac were generated
by CUT&RUN analysis as described above.

RESULTS
Combinatorial histone PTMs influence ligand recognition by the ATAD2B
bromodomain

Our prior studies compared the histone modifications recognized by the ATAD2 and
ATADZ2B bromodomains using an unbiased histone PTM ligand binding screen containing
288 distinctive peptides with both single and combinatorial histone modifications (21). We
found that the ATAD2B bromodomain could bind to acetylated lysine modifications within
the context of other marks, including methylation and phosphorylation at sites adjacent to
an acetylated lysine residue (21). We hypothesized that while the bromodomain only
recognizes acetylation marks, neighboring PTMs (of varying shape, size, and charge)
would influence the interaction with the acetyllysine group. Thus, we first performed
quantitative histone peptide binding analysis by ITC to study the mechanisms underlying
histone PTM recognition. The histone peptides used in the experiments were selected
from the top histone H4 ligands (21) and have uniform amino-acid sequence lengths to
allow for a direct comparison (Table 1, Supp. Fig. S1). As expected, the ATAD2B
bromodomain preferentially bound histone H4K12ac (Kp = 22.84 + 2.07 uM), and no
binding was observed for H4K8ac, H4K16ac, and H4K20ac peptides. Among the di-
acetylated histone peptides tested, H4K5acK12ac exhibited the highest affinity (Ko =
25.91 + 3.96 uM), which is similar to its affinity with mono-acetylated H4K12ac. The tri-
acetylated H4K5acK12acK16ac peptide bound with an affinity of Kp= 34.06 £ 6.31 uM. It
is interesting to note that acetylation at K8 was less tolerated in the presence of K5
acetylation and resulted in weaker binding affinities of the H4K5acK8acK12ac (Kp= 78.30
+ 2.92 uM) and the H4K5acK8acK12acK16ac peptides (Kp = 62.77 + 10.93 uM)
compared to H4K5acK12ac and H4K5acK12acK16ac, respectively (Table 1).
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The influence of neighboring modifications on acetyllysine recognition was most
prominent when a negatively charged phosphoryl group at the N-terminus was present
(H4S1phKbac). Compared to H4K5ac with a Kpof 5.2 + 1.0 uM (21), the binding affinity
for the ATAD2B BRD with the H4S1phK5ac peptide was significantly decreased (Kp =
84.21 £ 13.12 uM). Interestingly, the presence of a hydrophobic methyl group at K8 was
better tolerated than acetylation at K8, as methylated ligands exhibited an increased
binding affinity with the ATAD2B BRD (compare H4K5acK8me1K12ac (Kp = 48.233 +
244 uM) and H4Kb5acK8mei1K12acK16ac (Kb = 4793 + 1.44 uM) with
H4K5acK8acK12ac (Kp = 78.30 + 2.92 uM) and H4K5acK8acK12acK16ac (Kp = 62.77 +
10.93 uM). The presence of bulky di-methyl groups at R3 in H4R3me2K5ac (residues 1-
24) was also permissive and did not alter the binding affinity of the ATAD2B BRD
considerably (compare Kp= 55.50 + 11.20 uM with the mono-acetylated H4K5ac Kp=
50.52 + 4.39 uM).

Histones post-translational modifications are dynamic, and are often found in different
abundances on both the N- and C-terminal regions of the histone proteins (6,39-43). The
modified histone ligands in the dCypher screen were designed and synthesized to cover
known post-translational modifications on the canonical and variant histones in a
combinatorial manner. However, it does not necessarily represent the physiologically
relevant combinations of modifications on individual histone molecules (also known as
histone proteoforms) that are biologically available within the cell. To assess this, we used
a top-down proteomic approach, which omits protein digestion, to identify and quantify
the abundance of intact histone H4 proteoforms in MCF7 human breast cancer cells
(Table 1, right column). These proteoform profiles confirm that mono-, di-, tri- and tetra-
acetylated histone H4 are biologically relevant ligands, and that phosphorylation and
methylation marks surrounding the acetylated lysine modifications are also available
within these cells. Thus, the combination(s) of physiologically relevant combinations of
histone PTMs likely influence the histone recognition activity of the ATAD2B

bromodomain.
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Molecular mechanisms of acetyllysine recognition by the ATAD2B bromodomain

While recognition of mono-acetylated histone H4 by the ATAD2 bromodomain is
established (20,44), there is little information on how its ATAD2B paralog coordinates
acetyllysine modifications. Thus, to elucidate the mechanisms involved in acetyllysine
recognition, we co-crystallized the ATAD2B BRD with the mono-acetylated H4K12ac
(residues 4-17) histone ligand. The X-ray crystal structure of this complex was solved at
a resolution of 2.0 A by molecular replacement using the apo ATAD2B-BRD crystal
structure (PDB ID: 3LXJ) (Figure 1A, Supp. Table S1). As illustrated in the 2F.—Fc
composite omit map, good ligand density was observed for residues Gly 6 to Arg 17 of
the histone H4 peptide within the canonical bromodomain pocket (Figure 1B). Multiple
hydrogen bonds and hydrophobic interactions contribute to histone ligand coordination
(Figure 1C).

As observed in Figure 1C, our structure reveals a canonical binding mode for the
acetyllysine group defined by a hydrogen bond between the carbonyl of the acetyllysine
moiety and the conserved N1038, as well as a water-mediated hydrogen bond to residue
Y995 of the ATAD2B BRD. Our structure also reveals a distinct binding interactions in the
ATAD2B BRD characterized by multiple hydrogen bonds formed between the histone
backbone residues and the BRD ZA/BC loop residues. These include hydrogen bonds
between Gly 7 and Gly 8 with the L1035 and E1036 residues, respectively, and Gly 9 and
Gly 11 of the histone backbone with the Y1037 residue in the BRD pocket. Additional
hydrogen bonds between Leu 10 and Arg 17 of the histone ligand to residues D994 and
S993, further contribute to the histone peptide read-out. Additional specificity for the
histone ligand is achieved through hydrophobic interactions between the aliphatic
acetyllysine side chain and the hydrophobic ‘gatekeeper’ residue 11048, the ‘NIF’ shelf
residues 1982 and F983, and the ‘ZA loop’ residues V992 and V987 in the ATAD2B BRD.
Overall, our crystal structure illustrates that the ATATD2B BRD adopts the canonical
binding pocket for the acetylated lysine modification recognition and highlights a diverse
network of polar and non-polar interactions that coordinate the recognition and selection
of the H4K12ac mark.
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Molecular mechanisms contributing to altered ATAD2B BRD binding affinity by
adjacent histone modifications

Based on the H4K12ac structure, where several polar contacts between the histone
residues surrounding the acetyllysine mark interact with BRD residues, we hypothesized
that PTMs neighboring the acetyllysine mark would also influence the BRD histone
peptide binding activity. We co-crystallized the ATAD2B-BRD with a histone H4 ligand
(residues 1-15) containing adjacent phosphorylation and acetylation modifications
(H4S1phK5ac) and solved the crystal structure at a resolution of 1.4 A (Figure 2A, Supp.
Table S2). Electron density for histone residues 1-6 was observed within the ATAD2B
BRD binding pocket (Figure 2B). Similar to H4K12ac, coordination of the K5 acetyllysine
occurs via hydrogen bonds and hydrophobic contacts to the BRD through conserved
residues N1038, Y995, and the hydrophobic residues of the ZA and BC loop region,
respectively. Y1037 of the BRD forms hydrogen bonds with Gly 2 and Gly 4 in the histone
ligand. Notably, fewer hydrogen bond and hydrophobic interactions were observed with
coordination of the H4S1phKb5ac ligand than with the H4K12ac ligand, which is likely
reflective of the lower binding affinity for the H4S1phK5ac ligand. Furthermore, the bulky
phosphate group pushes the histone ligand backbone residues away from the BC loop.
Overall, our structure of the ATAD2B BRD in complex with the histone H4S1phK5ac
ligand highlights that although the coordination of the acetyllysine modifications at
H4K5ac and H4K12 are conserved, the phosphorylation of Ser 1 likely introduces steric
clashes that reduce the number of protein-ligand contacts, resulting in a weaker overall
binding affinity.

Histone H4 mutations demonstrate altered ATAD2B bromodomain recognition
Our crystal structures of ATAD2B in complex with the H4K12ac and H4S1phK5ac
ligands outline the importance of specific contacts to the histone tail backbone residues
in coordinating the acetylated histone ligands. Thus, we also examined whether mutations
in histone H4 residues adjacent to acetylated lysine modification could impact
bromodomain binding activity. A recent study identified ‘oncohistone’ mutations in histone
genes associated with cancer (45). Several oncohistone mutations occur at or adjacent
to sites of known PTMs (45,46), and we selected the top four N-terminal mutations that
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are close to histone H4K5 and assessed their impact on ATAD2B bromodomain binding
(Table 2, Supp. Figure S3). Mutation of Ser 1 or Arg 3 to Cys decreased the binding
affinity for the Kbac mark compared to the wild-type H4K5ac (Table 2) (21). Furthermore,
mutation of Gly 4 to either Asp or Ser completely abolished the recognition of the K5ac
group by the BRD (Table 2). The X-ray crystal structure of the ATAD2B bromodomain in
complex with H4S1CK5ac was solved at a resolution of 2.79 A (PDB ID: 7TZQ, Figure
3A, Supp. Table S3). As illustrated by the 2F,—F. composite omit map, ligand density
was observed for the first seven residues of the histone peptide inside the ATAD2B BRD
binding pocket (Figure 3B). As expected, coordination of the acetyllysine group in the
ATAD2B BRD binding pocket was well conserved except for a missing water-mediated
hydrogen bond between the ATAD2B BRD residue Y995 and the acetyllysine group of
the H3S1CKbac ligand (Figure 3C). This structure illustrates that although the K5ac
coordination in the binding pocket is similar what we observed in the S1phK5ac and
H4K12ac structures, the oncomutation H4S1CKb5ac results in reduced interactions with
the N-terminus of histone H4. Thus, our structural data, taken in conjunction with our ITC
binding data, demonstrate that mutations within the histone H4 backbone decrease the
affinity of the ATAD2 BRD with acetylated histone H4 ligands.

Genome-wide ATAD2B chromatin binding correlates with acetylated histone H4
modifications

To further explore the mechanisms underlying histone PTM recognition by ATAD2B,
we tested whether ATAD2B could bind natively acetylated histone proteins extracted from
MCF7 breast cancer cells. We expressed and purified the ATAD2B BRD as a GST-fusion
protein and incubated it with histones isolated from the MCF7 cells. Acetylated histones
with H4K5ac and H4K12ac modifications were pulled down by the ATAD2B bromodomain
(Figure 4A). To investigate the association of ATAD2B with chromatin in cells, we
determined the genome-wide binding sites of ATADZ2B in the human breast cancer MCF7
cell line using CUT&RUN analysis. Two independent replicates identified a high degree
of overlap between ATAD2B replicate datasets, demonstrating a consensus dataset of
over 36,000 shared peaks (Figure 4B and Supp. Figure S2). A comparison of the
ATADZ2B peaks with different regulatory histone PTMs from MCF7 cells demonstrated
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that the top 20% of ATAD2B peaks were correlated with the histone H4 acetyllysine
modifications (H4K5ac, H4K8ac, and H4K12ac), more than any other regulatory PTM
modifications in MCF7 cells (Figure 4C). To further examine the enrichment patterns of
these H4Kac PTMs, we compared the enrichment signal of these modifications at the
consensus ATAD2B binding sites (Figure 4D). ATAD2B showed broad enrichment
patterns for several genes, including MYC, E2F1, and BRCA1, with similar signal
enrichment patterns for ATAD2B and the H4K5ac, H4K8ac, and H4K12ac (Figure 4E).
These results indicate that ATAD2B binds to chromatin and shares genomic enrichment
patterns with multiple histone H4 PTMs known to be recognized by the ATAD2B

bromodomain.

DISCUSSION

Understanding the mechanisms by which different bromodomains recognize
distinctive patterns of histone modifications is essential for our understanding of their
function as putative chromatin regulators. ATAD2 and its closely related paralogue
ATADZ2B, belong to sub-family IV of the human bromodomains (16). The bromodomains
of these related proteins share a high degree of structural similarity and exhibit
comparable ligand preferences for histone H4 acetylation modifications in vitro
(20,21,42,43). Our prior study utilized a screen for different histone PTMs on histone
peptides and found that both ATAD2 and ATAD2B bromodomains exhibit a preference
for di-acetylated H4K5acK12ac. However, the ATAD2B bromodomain was more
promiscuous, and could bind to a higher number of ligands containing distinctive
arrangements of PTMs on the histone peptides including adjacent acetylation and
methylation modifications (21). This suggests that structural differences between the
ATAD2 and ATAD2B bromodomains contribute to distinctive histone-binding properties.
These unique properties may provide insight into their unique cellular functions and will
allow the development of specific agents that specifically target either protein by blocking
the bromodomain acetyllysine binding activity.

ATADZ has been widely studied in the context of cancer and is thought to be involved
in chromatin remodeling activities associated with transcription, DNA damage repair, and

cell cycle progression (19,20,47,48). However, the precise role for histone ligand
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recognition by the ATAD2 bromodomain in these various processes remains largely
uncharacterized. A recent study by Lazarchuk et al. showed that ATAD2 may play a role
in DNA replication during S phase of the cell cycle by protecting newly synthesized
histones containing H4K5acK12ac modifications from histone deacetylases HDAC1 and
HDAC2 until they are incorporated into chromatin (49). Yet, the cellular function of
ATAD2B remains uncharacterized. Understanding the similarities and differences
between the ATAD2 and ATAD2B bromodomain-histone PTM interactions may shed light
on the unique functions of the ATAD2B protein.

Here, we directly measured the binding affinities of the ATAD2B bromodomain to
histone H4 peptide ligands containing different PTMs. Our results from ITC analysis
demonstrated that the mono-acetylated H4K12ac and di-acetylated H4K5acK12ac are
the preferred ligands of the ATAD2B bromodomain, exhibiting the highest affinities
compared to other mono-, di-, tri-, and tetra-acetylated histone H4 PTMs (Table 1). Thus,
the H4K12ac modification likely drives the ATAD2B bromodomain interaction with
acetylated histones. The di-acetylated H4K5acK12ac modification has been identified as
an abundant proteoform in acute myeloid leukemia cells (50). Moreover, this di-acetylated
mark is highly enriched in newly synthesized histones found in the nascent chromatin
(22,51). Interestingly, both ATAD2 and ATAD2B were found to be localized newly
synthesized chromatin (52). Thus, our ITC data demonstrating a strong affinity for the
histone H4K5acK12ac ligand by the ATAD2B bromodomain also supports a role for
ATADZB in the regulation of nascent chromatin via interaction with di-acetylated H4
histones.

Within the chromatin, histones often contain multiple PTMs in various combinations
(53-57). Our ITC data demonstrates how multiple PTMs on the histone H4 tail modulates
the ATAD2B BRD binding activity. Among the di-, tri-, and tetra-acetylated histone H4
peptides tested, acetylation at K8 had a negative effect on the histone tail recognition
(Table 1). However, methylation at K8 was well tolerated (Table 1). Moreover, analysis
of the ITC data show that individual PTMs adjacent to the preferred H4K5/K12 acetylation
sites impact ligand recognition by the ATAD2B bromodomain. Namely, adjacent
acetylation and methylation modifications are permissive in the context of ATAD2B
bromodomain binding activity, whereas phosphorylation adjacent to the acetyllysine
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moiety negatively impacted acetylation coordination (Figure 5). Structural analysis
indicates that phosphorylation on Ser 1 impedes H4K5ac recognition by blocking close
interactions with the N-terminal tail of Histone H4 via steric hindrance. Interestingly,
histone H4 phosphorylation at Ser 1 (H4S1ph) is also associated with newly synthesized
histones (58), and it is most abundant during the mitotic and S phases of the cell cycle
(59). Phosphorylation of S1 on histone H4 is also induced following DNA damage and is
possibly associated with DNA double-strand break repair (60). This is reminiscent of a
previous study reporting inhibition of H3K9me3 recognition by the heterochromatin
protein 1 (HP-1) in the presence of S10ph (61), and these studies highlight how ATAD2B
activity may be modulated in the cell (Figure 5).

To compare the ATAD2 and ATAD2B bromodomain binding mechanisms, residue-
specific information provided by our high-resolution crystal structure of the ATAD2B BRD
in complex with the histone H4S1phK5ac ligand show that the K5ac insertion in ATAD2B
BRD is similar to Kbac coordination by the ATAD2 BRD (PDB ID: 4QUU, 4TT2) (20,62).
However, some key differences were observed between the two bromodomain structures
(PDBIDs: 8ESJ and 4QUU). Notably, the orientation of the H4K5ac peptide in the ATAD2
4QUU structure is such that the N-terminal R3 residue of the histone ligand is positioned
close to D1066 of the ATAD2 BRD, resulting in a hydrogen bond (20). D1066 is on the
BC loop, and the hydrogen bond pulls the loop into closer contact with the histone ligand.
In our ATAD2B BRD structure (Figure 2), the histone ligand orientation places the N-
terminus residue, S1ph, away from the corresponding D1040 residue in ATAD2B, which
instead forms a hydrogen bond with E1036 of the ATAD2B BRD. This leaves the BC loop
in our ATAD2B BRD structure more flexible.

Furthermore, the histone H4R3 residue in the ATAD2 BRD structure (PDB ID: 4QUU)
forms two water-mediated hydrogen bonds with E1062, whereas in our ATAD2B BRD
structure bound to H4K5ac R3 has a flipped side-chain orientation that is closer to the ZA
loop residues S993 and D994, resulting in new hydrogen bond contacts. In contrast, no
hydrogen bond interactions are observed between the ZA loop residues and the H4K5ac
ligand in the ATAD2 BRD structure (PDBID: 4QUU). These differences in coordination of
the Kb5ac moiety could help explain the effects of adjacent PTMs on acetyllysine
recognition by the ATAD2B BRD.
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Structural analysis of the ATAD2B BRD in complex with the histone H4K12ac ligand
(Figure 1) confirms that coordination of the acetyllysine moiety is consistent between the
ATADZ2 and ATAD2B BRDs (20). However, there are notable differences in interactions
with the histone ligand backbone residues between the ATADZ2 and ATAD2B
bromodomains. In the crystal structure of the ATAD2 BRD bound to H4K12ac (PDB 1D
4QUT), the histone ligand was coordinated mainly through water-mediated interactions
between the protein and the histone peptide backbone except for histone residue G9,
which forms hydrogen bonds with D1066 and D1071 of the ATAD2 BRD (20). In our
ATAD2B BRD H4K12ac structure, an intricate network of specific contacts is observed
through eight direct hydrogen bonds between the BRD residues and the histone ligand
backbone (Figure 1C). These distinctive differences in coordination of H4K12ac by the
ATAD2 and ATAD2B BRDs is indicative of unique binding modes between the two
bromodomains, which is also reflected in significant differences in their binding affinity for
the same PTM histone ligand.

Oncohistones have been described in various tumors where histone genes harbor
mutations in regions encoding both the tail and core residues (45,46). Within histone H4,
the most frequently observed mutations occur at the N-terminal tail. ATAD2B
bromodomain binding analysis demonstrates that the most frequent somatic mutation,
H4R3C has a negative effect on the recognition of the adjacent KSac modification. Based
on the ATAD2B BRD-H4S1phK5ac and ATAD2B BRD-H4S1CKb5ac structures, the
reduced binding affinity for the H4R3CKbac ligand likely results from the loss of the
positively charged R3, which no longer supports hydrogen bond formation between ZA
loop residues in the BRD binding pocket and this histone H4 tail residue. Although there
is a slight decrease in binding affinity, a conservative mutation of H4S1 to Cys in the
H4S1CK5ac ligand does not significantly alter the coordination of H4K5ac within the
ATADZ2B BRD binding pocket.

We also found that the ATAD2B bromodomain can pull down endogenous histones
with the H4K12ac modification (Figure 4A), which supports a cellular role for ATAD2B in
histone H4 binding. Hyperacetylation of the histone H4 N-terminal tail has been
associated with chromatin decompaction and transcriptional activation (63-66). To
investigate the chromatin binding patterns of ATAD2B with various histone modifications,
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we identified the genome-wide binding sites of ATAD2B in MCF7 cells, and compared the
corresponding enrichment patterns to data generated by the ENCODE project (37,38).
ATAD2B exhibits a genomic localization pattern that correlates with histone H4
acetylation post-translational modifications and is enriched at sites of H4K5ac, K8ac, and
K12ac. Together, these data suggest the role for H4 acetyllysine PTMs in recruiting the
ATADZ2B protein to the chromatin to carry out its biological functions.

The interplay between diverse histone PTMs forms the ‘histone code,” which drives
the recruitment of reader proteins to the chromatin, and ultimately dictates specific cellular
outcomes. Our current study highlights the importance of studying crosstalk between
various histone post-translational modifications to understand how they modulate
bromodomain binding activity. Adjacent histone PTMs can either promote or inhibit the
affinity of the bromodomain module with the chromatin, which, in turn, regulates essential
cellular processes such as gene transcription. Future investigations focused on revealing
how individual and combinatorial histone modifications direct the localization of ATAD2B
to specific regulatory sites along the genome are needed in order to understand how
complex epigenetic signals created by the ‘histone code’ drives gene regulation in specific
biological contexts. Furthermore, understanding the molecular mechanisms underlying
these interactions will provide new insights for the development of therapeutic
interventions to treat disease, particularly cancer. Our results on the ligand binding activity
of the ATAD2B bromodomain are important for understanding the function of the ATAD2B

protein in normal biological and cellular processes.
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deposited in PDB and will be made available upon publication. The CUT&RUN data will
also be made available through the NCBI GEO database upon publication.
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The atomic coordinates and structure factors for the ATAD2B BRD in complex with
histone H4K12ac (4-17), H4S1phKb5ac (1-15), and H4S1CKb5ac (1-15) have been
deposited with the Protein Data Bank under the accession numbers — 8EOQ, 8ESJ, and

7TZQ respectively.
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TABLES

Table 1: ATAD2B BRD ligand binding affinities and cellular abundance of histone
H4 PTMs. The dissociation constants for the ATAD2B BRD interaction with multiple
modifications on histone H4 peptides were determined by ITC. The identity and
abundance of specific PTMs in MCF7 cells were carried out by mass spectrometry. All
histone H4 peptides carry an N-terminal acetylation group (Na-ac).

Peptides used for ITC Dissociation N % Abundance
Constant (uM)

H4 unmodified (residues 1-24) No Binding NA 53.17 £0.75
H4K5ac (1-24) 50.52 £ 4.39 1.00 3.62 +1.62
H4K8ac (1-24) No binding NA 6.69 + 0.29
H4K12ac (1-24) 22.84 +2.07 1.00 8.52+1.63
H4K16ac (1-24) No binding NA 9.77 £ 0.48
H4K20ac (1-24) No binding NA *

H4K5acK8ac (1-24) 94.57 + 17.16 1.00 225+1.11
H4K5acK12ac (1-24) 25.91 + 3.96 1.03 7.92+0.23
H4K8acK12ac (1-24) 30.90 £ 1.55 1.00 11.95 + 1.64
H4K12acK16ac (1-24) 35.56 + 3.57 1.00 29.83 +7.03
H4K12acK20ac (1-24) 2913 +4.72 1.00 *
H4K5acK8acK12ac (1-24) 78.30 £ 2.92 1.00 6.44+1.78
H4K5acK12acK16ac (1-24) 34.06 + 6.31 1.00 7.84 £ 1.04
H4K8acK12acK16ac (1-24) 47.83+7.22 1.00 25.18 £ 2.69
H4K5acK8acK12acK16ac (1-24) 62.77 £ 10.93 0.99 27.24 £ 411
H4S1phK5ac (1-15) 84.21 +13.12 1.00 *
H4R3me2K5ac (1-24) 55.50 + 11.20 1.08 *
H4K5acK8me1K12ac (1-24) 48.23 £ 2.44 0.927 *
H4K5acK8me1K12acK16ac (1-24) 47.93+ 1.44 1.00 *
H4K16acK20me3 (1-24) No Binding NA *

NA- Not applicable, *- Below detection limits
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Table 2: Binding affinities of the ATAD2B bromodomain with the histone H4
oncohistone peptides that also carry an acetyllysine modification on K5 as
measured by ITC. The apparent dissociation constants (Kp) are given in micromolar.

Amino acid mutations are highlighted in the sequence.

Dissociation
Peptide Name Peptide Sequence N
Constant, Ko (uM)
H4K5ac (1-15)@" SGRG(Kac)GGKGLGKGGA 52+£1.0 1.00
H4S1CK5ac (1-15) CGRG(Kac)GGKGLGKGGA 19.40 £ 2.91 1.00
H4R3CKb5ac (1-15) SGCG(Kac)GGKGLGKGGA 22.90 £ 1.41 1.07
H4G4DK5ac (1-15) SGRD(Kac)GGKGLGKGGA No Binding NA
H4G4SK5ac (1-15) SGRS(Kac)GGKGLGKGGA No Binding NA

NA- Not applicable.
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FIGURES

F983

Figure 1: Coordination of the histone H4K12ac ligand by the ATAD2B bromodomain. (A) A surface
representation of the ATAD2B BRD in complex with the H4K12ac ligand (residues 4-17) (PDB ID: 8EOQ).
The H4K12ac ligand residues are shown as orange sticks, while the cartoon representation of BRD (cyan)
highlights the ZA and BC loops in green and pink, respectively. (B) An isolated image of the simulated
annealing composite omit map (gray) around the histone ligand H4K12ac (orange) contoured at 1. The
composite omit map was calculated before building the histone ligand into the structure. All figures were
made using the PyMOL Molecular Graphics system using version 2.3, Schrodinger, LLC. (C) Coordination
of the H4K12ac ligand by the ATAD2B BRD. Residues lining the BRD pocket that are involved in ligand
coordination are displayed in cyan, while the H4K12ac ligand residues are in orange. Hydrogen bond
contacts are represented by a solid black line, and hydrophobic interactions are shown by dashed black
lines. All contacts were determined using the PLIP program (29).
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Figure 2: Coordination of the histone H4S1phK5ac ligand by the ATAD2B bromodomain. (A) A
surface representation of the ATAD2B BRD in complex with the H4S1phK5ac ligand (residues 1-15) (PDB
ID: 8ESJ). The H4S1phK5ac ligand residues are shown as pink sticks, while cartoon representation of BRD
(cyan) highlights the ZA and BC loops are in green and pink, respectively. (B) An isolated image of the
simulated annealing composite omit map (gray) around the histone ligand H4S1phK5ac (magenta)
contoured at 10. The composite omit map was calculated before building the histone ligand into the
structure. All figures were made using the PyMOL Molecular Graphics system using version 2.3,
Schrédinger, LLC. (C) Coordination of the H4S1phK5ac ligand by the ATAD2 BRD. Residues lining the
BRD pocket that are involved in ligand coordination are displayed in cyan, while the H4S1phK5ac ligand
residues are in magenta. Hydrogen bond contacts are represented by a solid black line and hydrophobic
interactions are shown by dashed black lines. All contacts were determined using the PLIP program (29).
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Figure 3: Coordination of the oncohistone H4S1CK5ac ligand by the ATAD2B bromodomain. (A) A
surface representation of the ATAD2B BRD in complex with the H4S1CK5ac ligand (residues 1-15) (PDB
ID: 7ZTQ). The H4S1CK5ac ligand residues are shown as purple sticks, while the cartoon representation
of BRD (cyan) highlights the ZA and BC loops in green and pink, respectively. (B) An isolated image of the
simulated annealing composite omit map (gray) around the histone ligand H4S1CK5ac (purple) contoured
at 10. The composite omit map was calculated before building the histone ligand into the structure. All
figures were made using the PyMOL Molecular Graphics system using version 2.3, Schrodinger, LLC. (C)
Coordination of the H4S1CKb5ac ligand by the ATAD2 BRD. Residues lining the BRD pocket that are
involved in ligand coordination are displayed in cyan, while the H4S1CK5ac ligand residues are in purple.
Hydrogen bond contacts are represented by a solid black line and hydrophobic interactions are shown by
dashed black lines. All contacts were determined using the PLIP program (29).


https://doi.org/10.1101/2022.11.14.516501
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.11.14.516501; this version posted November 15, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

B

Input GST pulldown
- + + ST
+  GST-ATAD2B BRD

41 kDa

GsT 26 kDa
HaKsac I' ¥ En kDa
e E e

8017 Q) 18844

[ Ireplicate 1] ] replicate 2

X ATAD2B |[ HaKSac |[ Haksac |[ Hekizac lgg
| ™ M sl N\
r HaK12ac 2 [\
HaKsac PN _
1 HaK5ac e —
ATAD2B = = =
[ | H2AFZ Spearman =
| HBK27me3  correlation = -
I H3K9me3 1 = = 3
[ ] H3K9Ime2 08 % == =
HaK4me2 06 & -= 5 :
=
H3K4me3 0.4 o =3 .
H3K9ac 0.2 Q =
H3K36me3 ° =3 3 0
H4K20me1 >
H3K79me2
. H3K27ac
— H3K4me1
H3F3A
IITIX®»IITIIIIXIIITIIITII
EEEERRR38833828%38% 5 ¢
2553780022288 3R8z%¢ 8 ° 8 ° 8 ° W o 8L ° 8
P8 3NIF3I I3 38 e3> s gl a3 ) 32
8 23RRr82°3338¢2 ‘ = = = = =
& &2R
5k
chiB: 27735000 147,737 0001 12773000 127,741,001
ATADZB ', _A.AA‘_A_. —
it . . B . ol et o —
H4aK8ax - - . D - _
HKI22C | aatha o ot . e

g

1YC =

€chr20.

5 Ky
33,680,000

33,685,001

ATA0Z ", Y
Ao o o — o~oa M ovosaa
H4Kga — e - - - e e o A
HAKI28C o aae. e — -_— At o a
lag
— E2F1
chri?. 431150000 43,120,001 43,125,001 43,130,001
ATAD2B
- PRSPV N —
H4K8ay -
H4K12ac A A -

=3 BACA!

Figure 4: ATAD2B is enriched with genomic sites of acetylated lysine on histone H4. (A) Immunoblot
showing the interaction of GST-tagged ATAD2B BRD (41 kDa) with endogenous histone H4 (15 kDa) from
MCF7 cells. Recombinant GST alone was used as a control. Specific antibodies were used for the GST
tag, and the H4K5ac and H4K12ac modifications. (B) Euler plot showing strong replicate concordance for
ATAD2B CUT&RUN samples. A total of 30,636 high-confidence peaks were identified across two biological
replicates for ATAD2B. (C) Correlation heatmap based on comparing ATAD2B and our H4Kac PTM
CUT&RUN data against all public ChlP-seq data for histone modifications in the breast cancer cell line
MCF?7. Clustering is derived from the Euclidian distance of signalValue for each factor and shows a strong
correlation between ATAD2B and the H4Kac PTMs. (D) Signal heat map of CUT&RUN signals for all factors
at the ATAD2B high-confidence peaks, showing strong signal correlation for histone H4Kac PTMs with the
signal at ATAD2B peaks. (E) UCSC genome browser snapshots of CUT&RUN signal (reads per kilo-million)
on multiple breast cancer-related genes (MYC, E2F1, BRCA1).
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Figure 5: Proposed mechanism for the histone code modulation of the ATAD2B bromodomain
activity. In the cell, ATAD2B is localized at the chromatin which is enriched with acetylation marks. The top
panel shows the BRD engaging with the acetylation marks. The presence of adjacent post-translational
modifications also influences the BRD activity of ATAD2B. The phosphoryl group at the N-terminus of the
histone H4 tail negatively impacts recognition of the adjacent acetyllysine group by the ATAD2B BRD
(middle), whereas methyl groups have little effect on the adjacent acetyllysine recognition (bottom). Thus,
recognition of acetyllysine by the ATAD2B BRD is mediated by the presence of multiple modifications on
individual histone tails of the nucleosome.
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