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Abstract

Gene specific recruitment of bromodomain-containing proteins to chromatin is affected by post-
translational acetylation of lysine on histones. Whereas interactions of the bromodomain with
acetylation patterns of native histones (H2A, H2B, H3, and H4) have been well characterized, the
motif for recognition for histone variants H2A.Z | and H2A.Z 11 by bromodomains has yet to be
fully investigated. Elucidating these molecular mechanisms is crucial for understanding
transcriptional regulation in cellular processes involved in both development and disease. Here, we
have used protein-observed fluorine NMR to fully characterize the affinities of H2A.Z | and 11
acetylation patterns for BPTF’s bromodomain and found the diacetylated mark of lysine 7 and 13
on H2A.Z 11 to have the strongest interaction with K7ac preferentially engaging the binding site.
We further examined the selectivity of H2A.Z histones against a variety of bromodomains,
revealing that the bromodomain of CECR2 binds with the highest affinity and specificity for
acetylated H2A.Z | over isoform 11. These results support a possible role for different H2A.Z
transcriptional activation mechanisms that involve recruitment of chromatin remodeling
complexes.

Graphical Abstract
Transcriptional
Regulation
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Eukaryotic DNA is packaged within the nucleus of the cell in a condensed chromatin
structure containing histone proteins within repeating nucleosomal subunits.! Each
nucleosome consists of ~147 bp of DNA wrapped left-handedly around an octameric bundle
of two copies of each conserved histone (H2A, H2B, H3, and H4).2 Various patterns and
types of chemical modifications to the protruding N- and C-termini of histones directly

affect the compaction of this chromatin assembly into euchromatic (transcriptionally active)
and heterochromatic (transcriptionally repressive) states. This histone code plays a key role
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in the expression or silencing of genes not only by regulating genome accessibility but also
by recruiting various transcriptional effector proteins in a gene specific manner.3

Bromodomains are structural motifs within epigenetic regulatory proteins that function
through recognition of the N-e-acetylation of lysine on histones, playing an integral role in
the transcription of growth-promoting and cell cycle-regulating genes.* Aberrant levels of
bromodomain-containing proteins and dysregulation of their interactions have been
implicated in many types of cancers,>11 inflammation,12 and neurological diseases.!3
Therefore, there is a need to map histone modification motifs that bromodomains recognize
to better understand gene transcription during these cellular processes. One such
bromodomain-containing protein is the bromodomain- and PHD finger-containing
transcription factor (BPTF). BPTF is the largest protein subunit of the nucleosome
remodeling factor (NURF) and contains an N-terminal DNA binding domain, two copies of
a plant homeodomain (PHD) finger, and a bromodomain near its C-terminus (Figure 1A).14
The bromodomain of BPTF has been characterized as interacting with H4 K16ac,15-17 and
its C-terminal PHD domain recognizes H3 K4me3.18:19 The association of BPTF with
chromatin is likely bivalent, through engagement of both of these domains with doubly
modified nucleosomes.1®

Adding to the complexity of the chromatin landscape are histone variants, which are
encoded by genes that are separate from their canonical counterparts and differ in primary
sequence. Their deposition into nucleosomes can dramatically alter higher-order chromatin
structure and, in turn, gene transcription.20-21 H2A.Z is a H2A variant that is abundant in the
promoter regions of genes.22-24 |t is expressed as two isoforms [l and Il (Figure 1B and
Figure S1)] that have been shown to have unique, yet poorly understood, cellular roles.25-28
For example, overexpression of H2A.Z | has been associated with liver cancer,2® while
H2A.Z 11 has been shown to drive malignant melanoma.3C In the context of chromatin,
H2A.Z Il nucleosomes are enriched with H3 K4me3 versus H2A.Z I-containing
nucleosomes.2> Alternatively, bromodomain-containing protein BRD2 selectively
immunoprecipitates H2A.Z I-containing nucleosomes.3! These results support differential
mechanisms based on the primary sequence of the H2A.Z isoforms and subsequent protein—
protein interactions.

Both bromodomain-containing proteins and H2A.Z are related to oncogenic function, and
hyperacetylation of H2A.Z is localized at transcription start sites and enhancer regions.32
Therefore, transcriptional activation by the recruitment of chromatin remodelers or
transcription factors through a direct bromodomain-H2A.Z interaction is feasible. Both
BPTF and H2A.Z are found at gene promoters, supporting this transcriptional activation
mechanism.33:34 Additionally, BPTF was shown to co-immunoprecipitate with H2A.Z-
containing nucleosomes in bladder cancer, while the activation of H2A.Z target genes was
largely erased with the suppression of BPTF expression in a sShRNA-based knockdown.3%
Whereas interactions of the bromodomain with acetylation patterns of native histones have
been well characterized, the recognition motifs for H2A.Z | and 1l have yet to be fully
investigated. The first direct interaction of the bromodomain of BPTF and H2A.Z was
characterized using acetylated H2A.Z | peptides, where diacetylation at lysine 4 and lysine
11 had the greatest affinity for BPTF (Ky = 780 £M).36 The sequence of H2A.Z | differs
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from that of H2A.Z 11 by three amino acid residues (T14 vs Al4, S38 vs T38, and V127 vs
A127), and only one of these residues lies in the N-terminal tail region. Such a difference
may affect how BPTF engages this tail region on the two isoforms.

Here, we more fully characterize the affinities of acetylation patterns of N-terminal tail
peptides of both isoforms of H2A.Z for BPTF. Using protein-observed fluorine NMR (PrOF
NMR) as a primary assay to quantify these weak interactions, we found diacetylated H2A.Z
Il K7ac,K13ac to have the strongest interaction (Ky = 310 = 30 ¢M) with BPTF. This affinity
was validated using surface plasmon resonance (SPR) giving a Ky of 195 + 30 /M and is
comparable to the affinity of the physiologically relevant canonical histone target of BPTF,
H4 K16ac (Ky = 99-210 1aV).15 Structural analyses using IH Carr—Purcell-Meiboom-Gill
(CPMG) NMR and X-ray crystallography confirmed the BPTF binding site preferentially
engages a single acetylated lysine residue in the peptide sequence, K7ac. We further
assessed the selectivity of H2A.Z histone peptides against a panel of bromodomains,
revealing that the bromodomain of CECR2, a member of the CERF nucleosomal remodeling
complex, binds with the highest affinity (Ky = 130 ¢M) and specificity for acetylated H2A.Z
I over H2A.Z 1. These results support a H2A.Z transcriptional activation mechanism that
involves recruitment of chromatin remodeling complexes.

MATERIALS AND METHODS

Peptide Synthesis.

Peptides were synthesized using standard A-9-fluorenylmethoxycarbonyl (Fmoc) solid
phase synthesis methods on NovaSyn TGR resin (Novabiochem, 0.25 mmol/g) using a
Liberty Blue automated microwave synthesizer and N,V -diisopropylcarbodiimide (DIC)
and Oxyma for amino acid activation. All peptides were cleaved from the solid support in a
95/2.5/2.5 trifluoroacetic acid (TFA)/triisopropylsilane/water mixture for 2-5 h followed by
evaporation of solvent under a nitrogen stream. The crude peptides were precipitated into
cold diethyl ether and purified by reverse phase high-performance liquid chromatography
(HPLC) on a C-18 column using 0.1% TFA water and CH3CN as solvents (4 to 24%
CH3CN gradient over 30 min). The peptide molecular weight was confirmed using an Ab-
Sciex 5800 matrix-assisted laser desorption ionization (MALDI) time-of-flight mass
spectrometer (representative spectra shown in Figure S2). Peptide theoretical and observed
masses are listed in Table S1, and HPLC traces can be found in the Supporting Information
(pp S22-S32).

Unlabeled and Fluorinated Protein Expression.

The pNIC28-Bsa4 plasmid containing the bromodomain of BPTF was a kind gift from S.
Knapp (Nuffield Department of Medicine, University of Oxford, Oxford, U.K.). The
pNIC28-Bsa4 plasmids containing the bromodomain of CECR2 (Addgene plasmid 39066;
http://n2t.net/addgene:39066; RRID, Addgene_39066), the first bromodomains of BRD4
(Addgene plasmid 38943; http://n2t.net/addgene:38943; RRID, Addgene 38943) and BRDT
(Addgene plasmid 38898; http://n2t.net/addgene:38898; RRID, Addgene_38898), and the
second bromodomain of BRD2 (Addgene plasmid 39074; http://n2t.net/addgene:39074;
RRID, Addgene_39074) were a kind gift from N. Burgess-Brown. The pET28a(+) plasmid
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containing the first bromodomain of BRD2 (residues 71-194), the second bromodomain of
BRD4 (residues 333-460), and the PCAF bromodomain was purchased from GenScript. The
procedure for fluorinated protein expression of Gee et al. was followed.3” Escherichia coli
strain BL21 (DE3) containing the pRARE plasmid was transformed with the plasmid
containing the desired protein gene and plated on agar plates containing kanamycin and
chloramphenicol. The plate was incubated overnight at 37 °C. A 5 mL LB culture containing
antibiotics was inoculated using a single colony from this plate and grown overnight at 25
°C while being shaken at 220 rpm. The primary culture was used to inoculate 1 L of LB
medium containing chloramphenicol (35 mg/L) and kanamycin (100 mg/L). This secondary
culture was grown at 37 °C and 220 rpm until the optical density at 600 nm had reached 0.6—
0.8. At this point, for unlabeled protein expression, an equilibration time of 60 min at 20 °C
and 220 rpm was followed by the addition of 1 mM isopropyl B-p-1-thiogalactopyranoside
(IPTG) to induce protein expression. For 5FW labeling, the cells were pelleted by
centrifugation and resuspended in 1 L of defined medium and 5-fluoroindole (80 mg)
dissolved in dimethyl sulfoxide (DMSO, 200 z1) was added. After a recovery time of 60
min at 37 °C and 250 rpm, followed by a 30 min cooling to the induction temperature of 20
°C, the culture was induced with 1 mM IPTG and allowed to shake for 16-20 h. Cells were
pelleted by centrifugation at 8000g and stored at —20 °C until they were purified (method
included in the Supporting Information). Quadrupole time-of-flight (Q-TOF) LC/MS was
used to confirm protein identity and to determine percent fluorine incorporation (Figure S3
and Table S2).

Protein-Observed Fluorine NMR (PrOF NMR).

All experiments were performed on a Bruker Avance 111 HD 500 instrument with a 5 mm
Prodigy TCI inverse cryoprobe (1°F S:N 2000:1). 5FW-labeled bromodomains were diluted
in 50 mM Tris, 100 mM NacCl, pH 7.4 buffer by the addition of D,O and 0.1% TFA to final
concentrations of 5% and 0.05%, respectively. Two one-dimensional 1°F NMR spectra of the
control protein sample were recorded at an O1P of =75 ppm, NS =16, D1 =1,and AQ =0.5
(TFA reference set to —=75.25 ppm) and an O1P of —125 ppm, NS = 750-1000, D1 = 0.7, and
AQ = 0.05s (protein resonances). Peptide stock solutions of 15-35 mM were prepared in
Milli-Q water and titrated into bromodomain protein solutions (40-50 zM). The change in
the chemical shift of the protein resonance (A&yps) Was plotted as a function of ligand
concentration to generate binding isotherms using eq 1

K+ [L]+ [Pl —/(Kg+ [L] + [P])* — 4[PL]
2[PL]

Abops = Abmax @D

where Aémax 1S the maximum change in the fluorine chemical shift, [L] is the ligand
concentration, [P] is the protein concentration, and [PL] is the bound complex concentration.
The PrOF NMR titration of 5SFW-BRD2(1) with bromosporine (BSP) to assign the WPF
shelf 5FW resonance is shown in Figure S4. All peptide titrations were performed in a single
replicate unless otherwise specified. Raw NMR data and binding isotherms for each titration
are included in the Supporting Information.
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1H CPMG NMR.

CPMG data were acquired on a Bruker 700-MHz Avance instrument with a CryoProbe 5
mm TXI and excitation sculpting water suppression. For these experiments the peptides
were dissolved in water, unlabeled BPTF was buffer exchanged into CPMG buffer [50 mM
phosphate and 100 mM NaCl (pH 7.4) in D,0], and all dilutions were performed using the
CPMG buffer. A series of three experiments were conducted: (1) peptide only (50 /M), (2)
peptide (50 M) with BPTF or CECR2 (10-30 M), and (3) peptide (50 ¢M) with BPTF or
CECR2 (10-30 M) and TP-238 (25 1M). The following parameters for 1H CPMG were
used: £=0.004 s, L = 120, number of scans = 128, and acquisition time = 2 s.

Surface Plasmon Resonance (SPR).

For analysis of histone peptides, the anti-glutathione S-transferase (GST) antibody was
immobilized on a CM5 chip using the GST capture kit (GE Healthcare) according to the
manufacturer’s specifications. GST-BPTF was immobilized by injecting 10 pg/mL protein
for 180 s. Peptide—protein interactions were analyzed with a 60 s association time followed
by a 90 s dissociation. The surface was regenerated with a 10 mM glycine-HCI (pH 2.1)
solution for 120 s, followed by reimmobilization before the beginning of each eight-point
titration. Data were analyzed using Biaevaluation software.

AlphaScreen.

The AlphaScreen assay procedure for BPTF was adapted from the manufacturer’s protocol
(PerkinElmer). Nickel chelate (Ni-NTA) acceptor beads and streptavidin donor beads were
purchased from PerkinElmer. The biotinylated histone H4 K5ac,8ac,12ac,16ac peptide was
purchased from EpiCypher, with the sequence Ac-SGRGK-
(Ac)GGK(AC)GLGK(AC)GGAK(AC)RHRKVLR-Peg(Biot).

All reagents were diluted in the assay buffer [50 mM HEPES-Na* (ChemImpex), 100 mM
NaCl (SigmaAldrich), 0.05% CHAPS (RPI), and 0.1% BSA (SigmaAldrich) (pH 7.4)]. Final
assay concentrations (after the addition of all assay components) of 30 nM for the His9-
tagged BPTF bromodomain and 50 nM for the biotinylated peptide were used. Three-fold
serial dilutions were prepared with varying concentrations of the test peptide and a fixed
protein concentration. Five microliters of these solutions was added to a 384-well plate
(ProxiPlate-384, PerkinElmer). The plate was sealed and kept at room temperature for 30
min, followed by the addition of 5 1 of the biotinylated peptide. Five microliters of nickel
chelate acceptor beads was added to each well under low-light conditions (<100 Ix), to a
final concentration of 20 4g/mL, and the plate was incubated at room temperature in the dark
for 30 min. This was followed by the addition of 5 zA_ (final concentration of 20 tg/mL) of
streptavidin donor beads under low-light conditions. After incubation for 30 min in the dark,
the plate was read in AlphaScreen mode using a PerkinElmer EnSpire plate reader. The test
peptides were run in duplicate, and 1Csq values were calculated in GraphPad Prism 5.
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Evaluation of Interactions of the Acetylated H2A.Z | and Il Peptides with 5FW-BPTF Using

PrOF NMR.

Interactions of bromodomains with acetylated histone substrates are relatively weak, with
affinities in the low micromolar to millimolar K range.38 PrOF NMR is an attractive tool
for measuring these interactions because fluorine chemical shifts are highly sensitive to
changes in the environment.3° Fluorine was incorporated into the BPTF bromodomain
biosynthetically using a fluorinated precursor of tryptophan, 5-fluoroindole. This resulted in
the sequence selective labeling of W2950 as 5-fluorotryptophan (5FW), which lies in a
three-residue hydrophobic motif in BPTF common to several bromodomains near the acetyl
lysine binding site that is known as the WPF shelf (Figure 2A).40 Fluorination has been
shown not to have a significant effect on protein structure or its binding interactions, making
the 5FW a useful reporter for readily characterizing peptide binding events.#! This construct,
5FW-BPTF, was used to evaluate the affinities of the acetylated H2A.Z peptides.

Peptides were synthesized representing the 19 N-terminal amino acids of H2A.Z with an
additional N-terminal tyrosine residue acting as a chromophore for accurate concentration
determination. In this region, there are five lysine residues (K4, K7, K11, K13, and K15)
with the potential to be acetylated. The two isoforms of H2A.Z differ by a single amino acid
residue at position 14 in this region: a threonine in H2A.Z | and an alanine in H2A.Z 11. To
determine the preferred acetylation state of H2A.Z that is “read” by BPTF, mono-, di-, and
two triacetylated patterns of H2A.Z 1l peptides were synthesized. The H2A.Z | peptides with
equivalent acetylation patterns not previously reported3® were also synthesized for
comparison. Measuring the chemical shift response of the BPTF 5FW resonance in the 19F
NMR spectrum over a ligand titration series allowed each peptide’s affinity to be quantified
(Figure 2B,C).

The H2A.Z 11 monoacetylated peptides (K4, K11, K13, and K15) all showed weak affinities
for BPTF in the range of 1.3-1.7 mM, whereas K7ac and the unacetylated peptide showed
nonsaturating and nonbinding behavior, respectively (Table 1). Diacetylation enhanced the
affinity of the peptide for BPTF. Of the diacetylated patterns, the H2A.Z 11 peptide with
K7ac and K13ac had the highest affinity with a K of 310 + 30 ¢/M (Figure 2C). To validate
the affinity of the H2A.Z K7ac,K13ac peptide for BPTF, we characterized the Kj in a direct
binding SPR assay using immobilized glutathione S-transferase (GST)-tagged BPTF that
was not labeled with fluorine. This gave a closely agreeing Ky of 195 + 30 ¢M (Figure 2D
and Figure S5), suggesting 5FW labeling minimally perturbs BPTF binding and supports
PrOF NMR as a reliable assay for characterizing BPTF-histone interactions. This affinity
determined by SPR for the H2A.Z 11 K7ac,K13ac peptide is very similar to the reported
binding affinity of the H4 K16ac peptide for BPTF (Ky = 99-210 1M), supporting a
physiologically relevant affinity for the interaction of H2A.Z 11 with BPTF.1

On the basis of the increased affinity of BPTF for diacetylated peptides over monoacetylated
peptides, we next investigated higher acetylation states of H2A.Z and an additional PTM.
Interestingly, a triacetylated H2A.Z 11 peptide including K7ac and K13ac (H2A.Z 11
K7ac,K13ac,K15ac) did not enhance BPTF binding. Rather, a loss of affinity was observed,
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up to 3-fold, in comparison with those of most diacetylated motifs. This suggests the greater
affinity of diacetylated peptides over their monoacetylated counterparts is not simply due to
an avidity effect and supports secondary interactions at the protein—peptide interface that
contribute to binding. Similarly, incorporating another known PTM of H2A.Z,43
monomethylated lysine at position 4, into the sequence in combination with K7ac and
K13ac did not lead to enhanced affinity, which has been reported for certain bromodomain-
histone recognition events in other contexts.38

Next, we compared H2A.Z Il sequences to H2A.Z | sequences with an identical acetylation
pattern. This builds on the previously reported affinities of 5SFW-BPTF for acetylated H2A.Z
| peptides,36 with the untested diacetylated motifs synthesized and tested via PrOF NMR in
this report (Table 1). Given an identical modification pattern, strong selectivity for one
isoform of H2A.Z versus the other was not observed. However, it is worth noting that the
peptide affinities of H2A.Z 11, as a whole, are equivalent to or slightly stronger than those of
H2A.Z 1. The previously reported highest-affinity isoform | peptide, H2A.Z | K4ac,K1lac
(Ky = 780 pM), shows an affinity similar to that of the equivalent isoform Il peptide (Kg =
760 1M). Interestingly, the acetylation pattern of H2A.Z 11 we found to produce the highest
affinity for BPTF was not evaluated in the original report, but we find that diacetylation at
K7ac and K13ac is also the highest-affinity acetylation pattern of isoform | (Ky = 520 uM).
Given the similarities in affinity, we cannot reach a conclusion about a significant rationale
for a difference in isoform function based solely on the recruitment of the bromodomain of
BPTF, despite the amino acid difference.

AlphaScreen and 1H CPMG NMR Competition Assays.

We next sought to test bromodomain binding site engagement by H2A.Z 11 versus a
nonfunctional binding mode using an AlphaScreen assay. H2A.Z Il K7ac,K13ac competed
with a tetraacetylated H4 peptide and gave an average ICsq value of 830 M, confirming a
specific interaction (Figure S6). Given that our results support direct engagement with the
bromodomain binding site, we sought to obtain higher-resolution structural information to
evaluate the importance of the second acetylation modification. Whereas BET
bromodomains tend to engage doubly acetylated histones,38 interactions of BPTF with
canonical histones typically engage singly modified histones.1> We obtained the co-crystal
structures of both H2A.Z | K4ac,K11ac (Figure S7A and Table S3) and H2A.Z |1
K7ac,K13ac (Figure S7B and Table S3) with BPTF, revealing a single Kac residue lodged in
the hydrophobic binding pocket. Unfortunately, the electron density in the region of the
peptide backbone was not sufficiently resolved despite the high resolution of these co-crystal
structures [1.22 and 1.51 A (Table S3)]. Therefore, assignment of the bound acetylated
peptides was not possible and suggests either of the acetylated lysines is potentially engaged
by the histone binding site. The results indicate that the regions flanking the acetylated
lysines lack sufficient binding potential with BPTF residues beyond the Kac site, explaining
the relatively weak binding affinity of these peptides.

To further test bromodomain binding site engagement by H2A.Z 11 and to identify which
acetyllysine is engaged by BPTF, we turned to a ligand-observed 1H CPMG NMR
competition experiment. This ligand-observed NMR experiment takes advantage of the
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transfer of a protein’s short transverse relaxation time ( 7,) to bound ligand, detecting ligand
binding interactions as a function of the decrease in signal intensity of specific ligand
resonances (H2A.Z peptides in this case).** Recovery of the peptide resonance intensities
can be induced upon the addition of a competitor, which displaces the ligand from the
binding site.*> 1H NMR spectra of H2A.Z |1 K7ac,13ac show two singlet resonances near
1.9 ppm corresponding to the protons of the two acetyl methyl groups. When BPTF was
added, decreases in the resonance intensity of both methyl resonances were observed but to
varying degrees. The upfield resonance decreased more than the downfield resonance in a
protein-dependent manner (Figure 3A and Figure S8), indicating that while each Kac on the
peptide engages BPTF’s binding site to some extent, a single Kac residue is preferred.
Addition of BPTF bromodomain chemical probe TP-23846 restores the resonance intensity,
supporting a binding site specific interaction (Figure 3A).

To identify which acetyllysine is engaging BPTF in the binding site, we synthesized the
H2A.Z 11 peptide with a deuterated acetyllysine at position 13 (K13ac-d3) and K7ac. The 1H
NMR spectrum of this peptide shows a single resonance corresponding to the K7 acetyl
methyl group (Figure 3B). Spiking in the nondeuterated H2A.Z K7ac,13ac peptide shows
the increased intensity of the upfield resonance, allowing us to assign the downfield
resonance to K13ac and the upfield resonance to K7ac. A CPMG competition experiment
using the deuterated peptide reveals a decrease in the K7ac resonance upon addition of
BPTF with restoration by TP-238 (Figure 3C). The complementary CPMG competition
experiment using the H2A.Z 11 K7ac-d3,13ac deuterated peptide reveals an insignificant
decrease in the K13ac resonance upon addition of BPTF without restoration by TP-238
(Figure S9). These results show that BPTF preferentially engages K7ac on H2A.Z I1. This is
supported by proteomics studies of H2A.Z acetylation levels.2® In this case, acetylation near
the N-terminus appears to be more prevalent, with the most abundant marks being K4ac,
K7ac, and K11ac. It is possible that K13ac results in increased affinity due to the elimination
of an unfavorable interaction at the protein—peptide interface through the neutralization of
positive charge or additional noncovalent interactions outside the binding site.

Determining H2A.Z Selectivity against a Panel of Bromodomains.

To address whether an H2A.Z interaction was specific to the bromodomain of BPTF, we
selected seven additional bromodomains to characterize interactions using our PrOF NMR
method. There are 61 human bromodomains across 46 different proteins separated into
families based on similarity of sequence and structure.38 For our panel, we chose two
bromodomains in the same family as BPTF: PCAF and CECR2. Similar to BPTF, CECR2 is
a component of an imitation switch (ISWI) nucleosome remodeling complex, the CECR2-
containing remodeling factor (CERF).#” We also chose five bromodomains in the
bromodomain and extra terminal (BET) family, BRD2(1), BRD2(2), BRD4(1), BRD4(2),
and BRDT(1) (Figure 4A). These bromodomains each contain a WPF shelf and were
expressed as 5SFW-labeled constructs to be used in PrOF NMR experiments. Each
bromodomain’s affinity for both H2A.Z | K7ac,K13ac and H2A.Z 11 K7ac,K13ac peptides
was determined to evaluate a possible isoform specific binding interaction (Figure 4).
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Overall, BET bromodomains showed weaker affinity for these H2A.Z diacetylated peptides
than BPTF (Figure 4B). The second bromodomains of BRD2 and BRD4 showed tighter
binding than their first bromodomains and also had ~2-fold higher affinity for H2A.Z 1. The
BRD?2 results are supported by immunoprecipitation studies of H2A.Z-containing
nucleosomes, resulting in co-purification of BRD2.31 PCAF showed a weaker affinity for
H2A.Z than BPTF (Ky = 2.3-2.5 mM). Surprisingly, CECR2 showed the strongest binding
to H2A.Z | (Ky = 130 pM), whereas its affinity for H2A.Z 11 remained weak (Figure 4B,C).
A direct interaction of H2A.Z | with unlabeled CECR2 was furthered supported by the
competitive CPMG experiment described above (Figure 4D and Figure S10).

DISCUSSION

In this study, we find that H2A.Z Il K7ac,13ac attains moderate affinity (Ky = 195-310 xM
by SPR and PrOF NMR) for BPTF and approaches that of previously characterized H4
K16ac (Ky = 99-210 M by ITC and fluorescence polarization1®). This affinity is not likely
enough for BPTF enrichment of modified H2A.Z-containing nucleosomes and selectivity
over other bromodomains, which is mare likely the result of a multivalent interaction. The
deposition of H2A.Z into chromatin positively correlates with H3 K4me3,%8 a modification
that facilitates a higher-affinity interaction with the PHD domain of BPTF (Ky = 2.7 1M).*°
This implicates a bivalent recognition event of BPTF’s bromodomain with acetylated H2A.Z
and its PHD domain with methylated H3 may be possible. Ruthenburg et al. uncovered a
similar multivalent interaction using modified histones in synthetic nucleosome constructs.1>
The incorporation of H3 K4me3 along with acetylated H4 histones into nucleosomes led to
enhanced affinity and specificity of the BPTF bromodomain for H4 K16ac over other H4
acetylation patterns. Moving beyond the scope of using isolated synthetic peptides, future
studies placing H2A.Z histones in a nucleosome context may help elucidate affinity
differences and isoform specific recognition interaction of H2A.Z with BPTF.%0

Comparing our H2A.Z 11 peptide affinities to those previously reported for H2A.Z I, we
found BPTF does not show strong selectivity for either H2A.Z | or 11 sequences given an
identical acetylation pattern. Although the N-terminal tail region of isoform Il differs from
that of isoform | only by the amino acid at position 14 (T14 vs Al4), it is possible that this
single change could affect BPTF binding. Wysocka et al. found that the single amino acid
change between isoforms | and |1 in the core histone sequence (S38 vs T38) altered the
protein conformation and therefore increased the instability of H2A.Z 11 nucleosomes.>?
Isoform 11 of H2A.Z is more enriched in H3 K4me3-containing nucleosomes,2® which
suggests an isoform specific modification pattern recognized by BPTF could be possible in a
multivalent chromatin binding event. Further investigation of these interactions in a more
native context is necessary to probe BPTF’s selectivity for H2A.Z isoform modification
patterns.

Seven other bromodomains were also evaluated for their affinity for H2A.Z peptides with
K7,13 acetylation patterns. Of these constructs, BET bromodomains had weaker affinities
for H2A.Z than BPTF, with most interactions in the millimolar Ky range. The second
bromodomain of BRD2 showed modest affinity for H2A.Z | (Ky = 680 M), representing a
2-fold selectivity over H2A.Z 1l. This isoform selectivity is supported by previous studies of
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association of BRD2 with H2A.Z-containing nucleosomes.3! Although it is believed that
this association occurs primarily through interactions between the bromodomains of BRD2
and acetylated H4 sites, experiments revealed that more BRD2 co-purified with H2A.Z |
than H2A.Z 11 when both nucleosomes had similar levels of H4 acetylation. The weak
binding and poor selectivity observed may indicate that members of the BET family of
bromodomain-containing proteins interact promiscuously with acetylated H2A.Z to facilitate
chromatin signaling events.

An unexpected finding was the bromodomain of CECR2 showing high selectivity for H2A.Z
I over isoform 11, with a Ky of 130 4M. Although a direct interaction between CECR2 and
H2A.Z has not been reported, our findings are supported by immunoprecipitation studies
showing H2A.Z co-purifies significant levels of SNF2L,31 the common ATP-dependent
chromatin remodeling subunit of NURF and CERF complexes that contain BPTF>2 and
CECR2,%7 respectively. Additionally, H2A.Z incorporation has been shown to stimulate in
vitro nucleosome remodeling activity of the ISWI class of mammalian remodelers, to which
both NURF and CERF belong.>3

CONCLUSION

By studying the patterns of N-terminal acetylation of H2A.Z histone variants that directly
interact with bromodomains, we identified a diacetylated motif that is responsible for BPTF
binding. Because both bromodomains and H2A.Z have been linked to transcriptional activity
in various cancers, these results support a direct interaction between the BPTF bromodomain
and acetylated H2A.Z as a possible mechanism for regulating disease progression.
Additional investigations of multivalent interactions of BPTF with H2A.Z-containing
nucleosomes may be necessary to determine if an isoform specific recognition event can
occur under more physiologically relevant conditions. Similarly, the relative abundance of
BPTF and CECR?2 in specific tissues may be relevant in dictating divergent transcriptional
activation mechanisms involving H2A.Z isoforms.
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BPTF bromodomain- and PHD finger-containing transcription factor
CMPG Carr—Purcell-Meiboom-Gill
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BET bromodomain and extraterminal
BRD bromodomain
DDT DNA binding homeobox and different transcription factor
PHD plant homeodomain
NURF nucleosome remodeling factor
CERF CECR2-containing remodeling factor
CECR2 cat eye syndrome chromosome region candidate 2
PrOF NMR protein-observed fluorine nuclear magnetic resonance
PCAF p300/CBP-associated factor
SPR surface plasmon resonance
ITC isothermal titration calorimetry
5FW 5-fluorotryptophan
PTM post-translational modification
SNF2L SWI/SNF-related, matrix-associated, actin-dependent regulator of
chromatin, subfamily A, member 1
ISWI imitation switch
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Figure 1.
BPTF engages chromatin through multiple domains that recognize specific potential histone

PTMs, including those on H2A.Z. (A) Domain diagram of BPTF showing its DNA binding
and differential transcription factor domain (DDT), two PHD domains, and the
bromodomain (BRD). Shown below are the histone modifications that have been
characterized to interact with the C-terminal PHD domain and BRD. (B) Sequence
alignment of the N-terminal tails of H2A.Z isoforms with their divergent amino acids
highlighted in yellow. Shown above the sequence are their known post-translational
modifications.
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Figure 2.
Binding experiment with H2A.Z |1 binding to 5SFW-BPTF. (A) X-ray crystal structure of

5FW-BPTF with WPF residues colored blue and 5FW of 2950 colored cyan.*2 (B) Stacked
19F NMR spectra with 44 M 5FW-BPTF and increasing concentrations of the H2A.Z I
K7ac,K13ac peptide showing the shift in the 5-fluorotryptophan resonance of W2950. (C)
Binding isotherms for titrations of 5SFW-BPTF with unacetylated and K7ac,K13ac H2A.Z |1
peptides. (D) Binding isotherm from the SPR sensorgram of H2A.Z Il K7ac,K13ac with
GST-BPTF.
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Figure 3.
Ligand-observed IH NMR CPMG competition experiment evaluating H2A.Z 11 K7,13ac for

BPTF binding site engagement. (A) Experimental spectra of the H2A.Z |1 K7,13ac peptide
alone (black) or with BPTF (red) or competitor TP-238 (blue) are overlaid. (B) Overlaid
spectra of the H2A.Z 11 K7ac,13ac-d3 peptide alone (black) or with the H2A.Z 11 K7,13
peptide (gray). The dashed line shows the alignment of the K7ac resonance. (C)
Experimental spectra for the H2A.Z 11 K7ac,13ac-d3 peptide alone (black) or with BPTF
(red) or the BPTF bromodomain competitor TP-238 (blue) are overlaid.
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Figure 4.
Evaluation of H2A.Z selectivity against a panel of bromodomains. (A) Branches of the

human BRD phylogenetic tree displaying family I, to which BPTF belongs, and the closely
related BET family. Bromodomains for which H2A.Z affinity was determined using PrOF
NMR are represented in bold. (B) Dissociation constants for H2A.Z K7ac,K13ac peptides
determined by PrOF NMR for various 5SFW-labeled bromodomain constructs (N.S. =
nonsaturating). (C) Binding isotherms for 5FW-CECR2 and H2A.Z | (blue) and Il (red)
K7ac,13ac peptides. (D) Ligand-observed 1H NMR CPMG competition experiment
evaluating H2A.Z | K7ac,K13ac for CECR2 binding site engagement. Experimental spectra
for the peptide alone (black) or with 5SFW-CECR?2 (red) or BPTF bromodomain competitor
TP-238 (blue) are overlaid. 2Average of two technical replicates.
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Dissociation Constants for H2A.Z | and |1 Acetylated Peptides for 5SFW-BPTF Determined by PrOF NMR
Binding Experiments

acetylation pattern

unacetylated

monoacetylated
K4ac

K7ac

Kllac
K13ac
K15ac

diacetylated
K4ac,K7ac

Kdac,K1lac

K4ac,K13ac
K4ac,K15ac

K7ac,K1llac
K7ac,K13ac

K4me,K7ac,K13ac
K7ac,K15ac
K1lac,K13ac
K1lac,K15ac
K13ac,K15ac
triacetylated

K4ac,K7ac,K1lac

K7ac,K13ac,K15ac

a

Kg (M)

H2A.Z |
NB

1300
1140
1300
1810

NS

990

780
780
630

1200
520

ND
750
1440
950
830

1510d

650

H2A.Z 11
NB

1290

NS

1360

1730

1700

660

760

790

430

780

310
340
370
790
880
910

810

960

B = nonbinding. NS = nonsaturating. ND = not determined.

b - :
Average of two experimental replicates.

cAverage of three experimental replicates (SD + 30 1/M).

dAffinities previously reported by Perell et al.36
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