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Abstract

Chemical modifications of histone tails influence genome accessibility and the

transcriptional state of eukaryotic cells. Lysine acetylation is one of the most

common modifications and acetyllysine-binding bromodomains (BDs) provide

a means for acetyllysine marks to be translated into meaningful cellular

responses. Here, we have investigated the mechanism underlying the reported

association between the Bromodomain and Extra Terminal (BET) family of

BD proteins and the essential histone variant H2A.Z. We use NMR spectros-

copy to demonstrate a physical interaction between the N-terminal tail of

H2A.Z and the BDs of BRD2, BRD3, and BRD4, and show that the interaction

is dependent on lysine acetylation in H2A.Z. The BDs preferentially engage a

diacetylated H2A.Z-K4acK7ac motif that is reminiscent of sequences found in

other biologically important BET BD target proteins, including histones and

transcription factors. A H2A.Z-K7acK11ac motif can also bind BET BDs—with

a preference for the second BD of each protein. Chemical shift perturbation

mapping of the interactions, together with an X-ray crystal structure of

BRD2-BD1 bound to H2A.Z-K4acK7ac, shows that H2A.Z binds the canonical

AcK binding pocket of the BDs. This mechanism mirrors the conserved bind-

ing mode that is unique to the BET BDs, in which two acetylation marks are

read simultaneously by a single BD. Our findings provide structural corrobora-

tion of biochemical and cell biological data that link H2A.Z and BET-family

proteins, suggesting that the function of H2A.Z is enacted through interactions

with these chromatin readers.
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1 | INTRODUCTION

The reversible acetylation of lysine sidechains in histones
and other transcriptional regulators is an important
aspect of transcriptional control in eukaryotic organisms.
Histone lysine acetylation is predominantly associated
with gene activation and, conversely, silenced areas of

the genome carry low levels of histone acetylation.1,2 It is
thought that the mechanism by which acetylated lysines
impact gene expression relies to a large extent on the rec-
ognition of these marks by “reader” domains on tran-
scriptional regulatory proteins. Bromodomains (BDs) are
the most abundant domains that are capable of specifi-
cally engaging acetyllysine (AcK) residues.3 BDs are
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widespread in proteins that control the expression of
essential developmental and regulatory genes.4 Not sur-
prisingly, dysregulation of BD function and mutation of
BD-containing proteins have been associated with several
chronic disease states such as cancer and inflammation.5

The Bromodomain and Extra Terminal (BET) family
of BD-containing proteins has received much attention
for their promise as drug targets for a wide range of
human diseases.6,7 The BET family in eukaryotes com-
prises four members; BRD2, BRD3, and BRD4 are widely
expressed (Figure 1a), whereas BRDT displays testes-
specific expression. Each of the BET proteins contains
two tandem BDs separated by a �100–150-residue linker,
and both domains have been shown to bind AcK in a
deep pocket. A characteristic feature of these domains is
that they preferentially bind diacetylated motifs—
sequences that contain two AcK residues, most com-
monly in an AcK-X-X-AcK arrangement. For example,
diacetylation of the N-terminal tail of histone H4
(K5acK8ac) drives the recruitment of BRD4 and BRDT to
chromatin, resulting in the compaction of chromatin.8

Lysine acetylation is also emerging as a common feature
of many DNA-binding transcription factors, including
GATA-family transcription factors, TWIST1, and
E2F1.9–13 Diacetylation of GATA1 (K312acK315ac) cre-
ates a motif that binds BRD3-BD1, an interaction that is
crucial for GATA1 chromatin occupancy and erythroid
maturation.9,10,14

Histone variants are an important additional layer
of regulatory control for the eukaryotic genome.
Approximately 20 variants of core histone genes are
known, and these proteins play diverse roles in genome
biology.15 Although these variants can have preferen-
tial distributions in the genome (e.g., H2A.X is central
to the DNA damage response) and their deposition into
nucleosomes can dramatically alter higher order chro-
matin structure and in turn gene transcription, rela-
tively little is known about the biochemical basis for
their activity.16

H2A.Z is one of the most studied histone variants
and is upregulated in several human diseases such as
cancer.17–19 It is found across Eukarya and shares 60%
sequence identity with the canonical H2A.20,21 Inter-
estingly, H2A.Z is the only histone variant that is obli-
gate for viability and development in numerous
organisms.22 Two H2A.Z paralogues exist—H2A.Z.1
and H2A.Z.2—that differ by three amino acids in
humans and emerging data suggests that these par-
alogues might have non-redundant functions.23,24 We
will refer to the two paralogues together as H2A.Z,
unless otherwise indicated. H2A.Z is found in nucleo-
somes at both promoter and enhancer regions and has
also been connected with both activation and repres-
sion of gene expression in different contexts.17

Recently, it has been realized that these contexts can
be distinguished, at least in part, by post-translational
modifications (PTMs) of H2A.Z. Acetylation of the
H2A.Z N-terminal tail is correlated with the occupa-
tion of promoters and enhancers of active genes.25,26 In
contrast, ubiquitination of H2A.Z in gene bodies is cor-
related with transcriptional repression.27 The mecha-
nisms through which these modifications signal for
gene activation are, however, unclear.

Several reports describe a connection between H2A.
Z, specifically the H2A.Z.1 isoform, and the BET-
family protein BRD2. BRD2 co-purifies with and is
enriched at H2A.Z nucleosomes, particularly those at
promoters that display H2A.Z acetylation.18 Accord-
ingly, it has been shown that BRD2 does not colocalize
with an acetylation-deficient H2A.Z mutant,
suggesting an acetylation dependent interaction.23 Sim-
ilarly, Draker et al. demonstrated that BRD2 cooperates
with H2A.Z to favor activation of androgen-receptor
(AR) related genes, and that interaction of H2A.Z
nucleosomes with BRD2 is dependent on the AcK-
binding properties of the BRD2 BDs.22 However, they
were unable to detect a direct interaction between acet-
ylated H2A.Z and BRD2.

FIGURE 1 Domain architecture of the BET family proteins used in this study and H2A.Z acetylation marks. (a) Domain topologies of

the ubiquitously expressed human BET proteins BRD2, BRD3, and BRD4. The bromodomains (BDs), extra terminal domain (ET), and the C-

terminal domain of each protein are indicated. (b) Sequence comparison of the N-terminal residues of human H2A.Z, H2A, and H4. The

acetylation sites investigated in this study are boxed in gray. The AcK residues of the H4 diacetylation motif that is known to mediate an

interaction with the BET BDs is also shown
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Thus, unresolved questions remain regarding whether
acetylated H2A.Z directly interacts with BRD2. To address
these questions, we examined the ability of acetylated H2A.
Z motifs (K4acK7ac and K7acK11ac) to bind the BDs of
BRD2, as well as BRD3 and BRD4. Using 15N-HSQC NMR
spectroscopy, we demonstrate that H2A.Z binds the BET
BDs in an acetylation dependent manner. The BET BDs
preferentially bind the H2A.Z-K4acK7ac acetylation pattern
with weak affinities in the single digit mM range—affinities
that are comparable to those measured for some other
important BET BD-acetylated histone interactions. H2A.Z-
K7acK11ac on the other hand selectively interacts with the
second BD of each BET protein, although the interactions
are weaker than that for the corresponding interactions
with H2A.Z-K4acK7ac. NMR chemical shift perturbation
analysis demonstrates a conserved binding mode for both
acetylation states to the canonical AcK binding pocket of
the BET BDs. These data, together with an X-ray crystal
structure of BRD2-BD2 in complex with H2A.Z-K4acK7ac,
confirm that the interactions closely mimic the mechanism
of binding that has been characterized for BET-BD interac-
tions with histones and transcription factors. Our work sup-
ports the idea that H2A.Z activity might be mediated by
direct interactions with BET BDs.

2 | RESULTS

2.1 | The bromodomains of BRD2
selectively bind acetylated H2A.Z peptides
with a preference for a K4acK7ac
modification pattern

To investigate the possibility of a direct interaction between
the BDs of BRD2 and H2A.Z, we searched the literature for
reports of H2A.Z acetylation sites. Residues K4, K7, and
K11 of H2A.Z were found to be the most frequently
reported positions of acetylation and, furthermore, doubly
acetylated species (K4acK7ac and K7acK11ac) were present
at significant abundance in vivo.25,28 Given the known pref-
erence of BET-BDs for Kac-X-X-Kac motifs, we therefore
decided to assess the ability of BRD2-BD1 and BRD2-BD2
to bind a H2A.Z (1–15) peptide bearing (a) no acetylation
(H2A.Z-unacetylated), (b) acetylation on K4 and K7 (H2A.
Z-K4acK7ac), or (c) acetylation on K7 and K11 (H2A.Z-
K7acK11ac).

Figure 2a,b show sections of 15N-HSQC spectra of
BRD2-BD1 and BRD2-BD2 during titrations with the
indicated H2A.Z peptides. No chemical shift perturba-
tions (CSPs) were observed upon addition of up to
10 molar equivalents of the unacetylated H2A.Z peptide
(H2A.Z-unacetylated) to either BD. In contrast, several
signals in the spectra of both BD1 and BD2 showed clear

CSPs upon addition of comparable quantities of H2A.Z-
K4acK7ac or H2A.Z-K7acK11ac. For each BD, both pep-
tides induced CSPs in the same subset of peaks and, fur-
thermore, the directions of movement were conserved,
suggesting a shared binding mode. All signals were in fast
exchange and the CSPs for the peaks displaying the
greatest movement were quantified and fit to a simple 1:1
binding model to calculate the affinities for each interac-
tion (Table 1). Representative CSP data and fits for a sin-
gle peak for each titration performed for BRD2-BD1 and
BRD2-BD2 are shown in Figure 2c,d. KD values of
1.4 mM and 1.5 mM were obtained for the interaction of
H2A.Z-K4acK7ac with BRD2-BD1 and BRD2-BD2,
respectively. A weaker affinity of 2.2 mM was measured
for the interaction of H2A.Z-K7acK11ac with BRD2-BD2,
whereas the KD for the same peptide with BRD2-BD1
was estimated to be >10 mM.

We note that the binding that we observed for all
titrations performed did not reach saturation at the con-
centrations that we used in our experiments. As a result,
it is difficult to precisely quantify the differences in affin-
ity observed between H2A.Z-K4acK7ac and H2A.Z-
K7acK11ac and also between H2A.Z-K7acK11ac binding
to BRD2-BD1 and BRD2-BD2. However, it is clear that
H2A.Z-K4acK7ac triggers greater CSPs in both
BRD2-BD1 and BRD2-BD2 in comparison to H2A.Z-
K7acK11ac, consistent with a preference of the BRD2
BDs for the H2A.Z-K4acK7ac motif.

Similarly, if we compare the CSPs that BRD2-BD1 and
BRD2-BD2 undergo in response to addition of H2A.Z-
K7acK11ac, it is notable that the CSPs induced by the pep-
tide are �55% smaller than the CSPs induced by the H2A.
Z-K4acK7ac peptide for the BRD2-BD1 titration (Figure 2c).
On the other hand, the CSPs induced by H2A.Z-K7acK11ac
are only �40% smaller than the CSPs induced by H2A.Z-
K4acK7ac in the BRD2-BD2 titration, hinting at the possi-
bility that the H2A.Z-K7acK11ac peptide weakly prefers
BRD2-BD2 over BRD2-BD1 (Figure 2d).

Together our data confirm that BRD2 BDs can bind
directly to the N-terminal tail of H2A.Z in a lysine-
acetylation dependent manner and further demonstrate a
preference of these BDs for the H2A.Z-K4acK7ac acetyla-
tion pattern.

2.2 | The BDs from other BET-family
proteins display similar H2A.Z-binding
properties to BRD2

To assess the H2A.Z-binding behavior of BRD3 and
BRD4, the other broadly expressed BET family members,
we performed the corresponding 15N-HSQC titrations.
Figure 3a–d show sections of 15N-HSQC spectra for each
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titration and Figure 3e–h shows representative CSP data
and fits for a single peak from each titration. The affini-
ties calculated from the CSP data are given in Table 1.
Both H2A.Z-K4acK7ac and H2A.Z-K7acK11ac induced

sizeable CSPs to the same set of signals in each titration,
whereas no significant CSPs were observed in any of the
BD spectra upon addition of up to �10 molar equivalents
of the unacetylated peptide. Overall, the H2A.Z-

FIGURE 2 15N-HSQC titration data for BRD2 BD-H2A.Z peptide interactions. (a) 15N-HSQC titrations monitoring the addition of the

indicated H2A.Z peptides (up to 1.1 mM peptide—�10 molar equivalents) to BRD2-BD1 (�100 μM). (b) 15N-HSQC titrations monitoring the

addition of the indicated H2A.Z peptides (up to 1.1 mM peptide—�10 molar equivalents) to BRD2-BD2 (�100 μM). (c) Binding curves

derived by tracking the 15N CSP in BRD2-BD1 N97 in response to titration with the indicated H2A.Z peptide variants. The data were fitted to

a simple 1:1 binding isotherm using GraphPad. (d). Binding curves derived by tracking the 15NCSP induced in BRD2-BD2 D374 in response

to titration with the indicated H2A.Z peptide variants. The data were fitted to a simple 1:1 binding isotherm using GraphPad
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K4acK7ac peptide induced larger CSPs in all BDs. The
KD values for the interaction between the peptide and
BDs (�1.2–2.1 mM) were comparable to the affinities
measured for the same peptide with the BRD2 BDs, indi-
cating a family-wide preference of the BET BDs for the
H2A.Z-K4acK7ac acetylation pattern.

Interestingly, as observed for the BRD2 BD experi-
ments, H2A.Z-K7acK11ac displayed selectivity for BD2
domains over BD1 domains. KDs of �1.5–2.5 mM were
measured for the interactions between H2A.Z-K7acK11ac
and the second bromodomains (BD2s) of BRD3 and
BRD4, whereas the affinity for the peptide for the first
bromodomains (BD1s) of BRD3 and BRD4 was estimated
to be >10 mM. Consistent with these KD differences, the
magnitudes of the CSPs induced by H2A.Z-K7acK11ac
for the BD1s were �40–45% smaller than the CSPs
induced for the same BDs in response to titration with
H2A.Z-K4acK7ac (Figure 3e,g). In contrast, the magni-
tudes of the CSPs induced by H2A.Z-K7acK11ac for the
BD2s were only �20–30% smaller than the CSPs induced
for the same BDs in response to titration with H2A.Z-
K4acK7ac (Figure 3f,g). Overall, the acetylated H2A.Z
peptides demonstrate the same pattern of binding as
observed for the BRD2 BDs.

2.3 | Structural mapping indicates that
H2A.Z-K4acK7ac And H2A.Z-K7acK11ac
Bind BET BDs in the canonical AcK
binding pocket

To delineate the mechanism of acetylated H2A.Z recogni-
tion, we made backbone assignments for each BET BD
by collecting and analyzing triple resonance NMR spectra
(HNCACB, CBCA[CO]NH, HNCO, and HN[CA]CO)
using 15N/13C-labeled BDs. 1H and 15N CSPs were then
calculated and plotted for each BD (Figures S1 and S2)
and mapped onto the structure of that domain (Figure 4).
For the H2A.Z-K4acK7ac titrations, the residues that
experience the greatest CSPs are localized to the same
section of each protein, suggesting a conserved binding

mode of the peptide to the BET BDs (Figure 4a). These
residues overlap closely with the canonical AcK binding
pocket (Figure S3). Other surfaces of each BD show little
to no CSP.

Figure 4b shows that, although the CSPs are smaller
for the H2A.Z-K7acK11ac titrations, the pattern of
changes closely mimics those observed for H2A.Z-
K4acK7ac. These data show that the canonical AcK
pocket is the preferred binding site for both peptides.

2.4 | The crystal structure of a
BRD2-BD2:H2A.Z-K4acK7ac complex
demonstrates that the interaction
mechanism is conserved with other BD-
diacetylated peptide complexes

Lastly, to corroborate the binding mode of the preferred
H2A.Z-K4acK7ac acetylation state with the BET BDs, we
used X-ray crystallography to determine the structure of
a complex formed between BRD2-BD2 and H2A.Z-
K4acK7ac (Figure 5a, Table S1, PDB ID 7JX7). Molecular
replacement using a structure of BRD2-BD2 (PDB ID:
3ONI) as a search model revealed significant electron
density in the canonical AcK binding site.29 We were able
to build the H2A.Z-K4acK7ac peptide into this density
iteratively through rounds of manual building and refine-
ment and the final refined structure showed continuous
density for residues 2–7 (Figure 5b). The electron density
for the two AcK residues present in the structure was
clear, allowing us to unambiguously determine the orien-
tation of the peptide and identities of the two AcK
residues.

The structure of BRD2-BD2 in this complex is indis-
tinguishable from previous structures of the same
domain (RMSD over ordered Cα atoms = 0.4 Å with PDB
3ONI). The N-terminal AcK (K4ac) of the H2A.Z-
K4acK7ac peptide occupies the canonical AcK binding
pocket and the side chain acetyl group of K4ac forms the
canonical hydrogen bond with the conserved BRD2-BD2
N429 side chain amide (Figure 5b,c). The backbone

TABLE 1 Affinities of H2A.Z I peptides for BET BDs as determined by 15N-HSQC titration

KD (mM)

Peptide BRD2-BD1 BRD3-BD1 BRD4-BD1 BRD2-BD2 BRD3-BD2 BRD4-BD2

H2A.Z I-
unacetylated

AGGAKAGKDSGKAKT No binding observed

H2A.Z I-
K4acK7ac

AGGAKAGKDSGKAKT 1.4 2.1 1.2 1.5 1.6 1.2

H2A.Z I-
K7acK11ac

AGGAKAGKDSGKAKT >10 2.2 2.1 1.5
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amide of K4ac additionally forms a hydrogen bond with
the sidechain carbonyl group of N429 (Figure 5c).
Finally, H433 of BRD2-BD2 participates in a hydrogen
bond with the backbone carbonyl group of K4ac
(Figure 5c). These interactions likely stabilize the posi-
tion of K4ac in the AcK binding pocket. In turn, the C-
terminal AcK (K7ac) forms van der Waals interactions

with the BET BD “WPF shelf” that is well known to
mediate interactions with the second AcKs of
diacetylated motifs from other proteins (Figure 5d).

Overlay of the conformations adopted by the
diacetylated GATA1 (K312acK315ac) motif bound to
BRD3-BD1 and the diacetylated H4 (K5acK8ac) motif
bound to BRD4-BD1 shows that the AcK residues from

FIGURE 3 15N-HSQC titration data for BRD3 and BRD4 BD-H2A.Z interactions. (a–d) 15N-HSQC titrations monitoring the addition of

the indicated H2A.Z peptides (up to 1.1 mM peptide—�10 molar equivalents) to BRD3-BD1 (a), BRD3-BD2 (b), BRD4-BD1 (c), and

BRD4-BD2 (d). The concentrations of BDs in each experiment are �100 μM. (e-h) Binding curves derived by tracking the 15NCSPs induced

in BRD3-BD1 I114 (e), BRD3-BD2 D339 (f), BRD4-BD1 I138 (g), and BRD4-BD2 D381 (h), in response to titration with the indicated H2A.Z

peptide variants. The data were fitted to a simple 1:1 binding isotherm using GraphPad
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each peptide take up near identical locations
(Figure 5e).9,32 The peptide backbones likewise share
similar trajectories, diverging mainly at the less organized
termini of the peptides. Overall, the interaction between
H2A.Z-K4acK7ac and BRD2-BD2 displays many of the
conserved contacts formed during several biologically rel-
evant BET BD-diacetylated histone and transcription fac-
tor motif interactions.

3 | DISCUSSION

There has been considerable focus on the BET-family
proteins for their promise as therapeutic targets. Despite
this focus, much remains unresolved regarding their bio-
chemical activity. In this study, we have demonstrated
that these proteins can recognize a specific pattern of

diacetylation on the essential histone variant H2A.Z—a
protein whose mechanism of action has also proven
somewhat elusive.

3.1 | The balance of H4 vs H2A.Z
acetylation for BRD2 recruitment to H2A.Z
nucleosomes

Although the binding that we measured for H2A.Z-
K4acK7ac and H2A.Z-K7acK11ac was weak, the KD

values are comparable to measured affinities for several
important BET BD-acetylated histone interactions that
have been determined using NMR.33,34 For example, 15N-
HSQC data reveal a KD of 2.9 mM for the interaction
between BRD2-BD2 and H4-K12ac; this is the only acety-
lation mark on H4 that is critical for BRD2 engagement

FIGURE 4 Structural mapping of the 1H and 15N CSP data for the interactions of BET BDs with H2A.Z-K4acK7ac and H2A.Z-

K7acK11ac. (a) CSPs observed upon the formation of a complex with H2A.Z-K4acK7ac are mapped onto the structures of the BET BDs (PDB

IDs: 4UYF for BRD2-BD1, 3ONI for BRD2-BD2, 3S91 for BRD3BD1, 3S92 for BRD3-BD2, 4LYI for BRD4-BD1, and 5UVV for

BRD4-BD2).29–31 CSP magnitude is displayed through a purple–red–yellow gradient in which purple indicates no CSP and yellow indicates

the maximum CSPs. Unassigned residues are gray. (b) CSPs observed upon the formation of a complex with H2A.Z-K7acK11ac are mapped

onto the structures of the BET BDs (PDB IDs: 4UYF for BRD2-BD1, 3ONI for BRD2-BD2, 3S91 for BRD3BD1, 3S92 for BRD3-BD2, 4LYI for

BRD4-BD1, and 5UVV for BRD4-BD2).29–31 CSP magnitude is displayed through a purple–red–yellow gradient in which purple indicates no

CSP and yellow indicates the maximum CSPs. Unassigned residues are gray
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in vivo.34,35 More recently, a study investigating the bind-
ing of H2A.Z.1 and H2A.Z.2 to BDs from diverse
bromodomain-containing protein families reports simi-
larly KDs (3 mM and 0.5 mM for the interaction between
a H2A.Z-K7acK13ac peptide and BRD4-BD1 and
BRD4-BD2, respectively).36

It has been suggested that H4 acetylation is the main
determinant of BRD2 recruitment to H2A.Z nucleo-
somes, an idea that is in line with the known ability of
the BET protein BRD4 to bind to H4-K12ac and
H4-K5acK8ac.8,22,35 However, a recent study demon-
strated that recruitment of BRD2 to the H2A.Z-

FIGURE 5 Crystal structure of BRD2-BD2 in complex with H2A.Z.1-K4acK7ac (1.75 Å resolution, PDB ID: 7JX7). (a) Ribbon diagram

representation of BRD2-BD2 (gray) in complex with H2A.Z.1-K4acK7ac (purple, shown as sticks). (b) Close up of the interaction between

H2A.Z.1-K4acK7ac and BRD2-BD2. The 2Fo-Fc map for the H2A.Z.1-K4acK7ac density is shown as an orange mesh. The conserved

asparagine (N429) that forms a hydrogen bond with the AcK is shown as sticks, with the hydrogen bonds as red dashed lines. (c) Depiction

of all hydrogen bonds formed between BRD2-BD2 and the H2A.Z.1-K4acK7ac. Hydrogen bonds are shown as red dashed lines. (d) Surface

representation of BRD2-BD2 highlighting the WPF shelf and conserved N429 residue in orange and red, respectively. The H2A.Z.1-K4acK7ac

peptide is shown as a cartoon with the two AcK residues shown as sticks. The C-terminal AcK (K7ac) contacts the WPF shelf. (e) Overlay of

H2A.Z.1-K4acK7ac with the BD-bound conformations of diacetylated GATA1 (K312acK315ac, PDB ID: 2L5E, red) and diacetylated H4

(K5acK8ac, PDB ID: 3UVW, orange)
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containing promoters of genes that are upregulated dur-
ing DNA repair is abrogated following the expression of a
H2A.Z mutant that cannot be acetylated, arguing that a
direct interaction of the type observed in the current
study could play a role in BRD2 recruitment.23 It is there-
fore possible that BRD2 recognizes additional properties
on H2A.Z that augment its interaction with H2A.Z nucle-
osomes, though the relevant properties have not been
identified.

It is worth noting that the presence of two BDs with
AcK-binding potential in BET proteins allows for both
H4 and H2A.Z binding to occur simultaneously, and
indeed there is evidence that combinations of multiple
low-affinity interactions can synergistically improve spec-
ificity, affinity and dynamics in the regulation of chroma-
tin biology.37,38 It is known that H2A.Z nucleosomes are
enriched for H4 acetylation relative to H2A nucleosomes,
and our data support the idea that BRD2 might therefore
preferentially be recruited to nucleosomes in which both
H2A.Z and H4 are acetylated. Furthermore, the interac-
tions between BET family BDs and acetylated nucleo-
somes have recently been reported to be enhanced by
direct interactions between the BDs and nucleosomal
DNA itself.39 In such a situation, BRD2 could effectively
read out multiple nucleosome “signals” at the same time:
acetylation of K4 and K7 or K7 and K11 on H2A.Z, acety-
lation of K5 and K8 or K12 of H4, nucleosomal DNA,
and the very presence of the histone variant H2A.Z.8

Interrogation of multivalent binding of this type repre-
sents an important direction for future analysis.

3.2 | A conserved target recognition
mode for BET-family BDs

There are now 12 published examples of BET-family BDs
recognizing target proteins through a diacetylated AcK-
X-X-AcK motif (�40% of all published BET BD-native
ligand structures).8,9,11,32,40,41 The preference for BET
BDs to bind diacetylated sequences highlights the distinc-
tive role played by BET-family proteins in chromatin
biology for their ability to recognise two PTMs via a sin-
gle domain—and therefore read the acetylation of four
lysines through its two BDs.

We found H2A.Z-K4acK7ac diacetylation to be the
preferred target motif for each of the tested BET BDs. It
has been demonstrated that the sequence context of the
AcK residues is important for BET-BD recognition—the
first position between the lysines is most often Ala or
Gly, whereas the second position most prominently fea-
tures Arg and Gly. H2A.Z conforms to this consensus
(Figure 1b).32,41 Given the high level of conservation of
histone proteins, this observation further supports our

proposal that recognition of the characteristic H2A.Z-
K4acK7ac diacetylation motif by BET-family proteins is
functionally relevant.

Complexes have also been isolated for BET BDs
bound to diacetylated sequences with more than two resi-
dues between the AcK moieties. In histone H4, two dis-
tinct diacetylation motifs with three residues between the
AcKs (K12acK16ac and K16acK20ac) have been demon-
strated to bind BRD4-BD1 in a manner that positions the
two AcK residues in the same locations (the first AcK
hydrogen bonding with the conserved BD Asn and the
second forming contacts near the WPF shelf) that are
observed for AcK-X-X-AcK type interactions
(Figure S4).32 This distinct diacetylation pattern resem-
bles the H2A.Z-K7acK11ac acetylation state investigated
in this study. Although the binding of the H2A.Z-
K7acK11ac peptide was weaker than H2A.Z-K4acK7ac,
the affinities measured for H2A.Z-K7acK11ac binding to
BD2 domains are within the range of the KD values calcu-
lated for H2A.Z-K4acK7ac. Taken together with our 15N-
HSQC CSP analysis, these data suggest that the H2A.Z-
K7acK11ac peptide might interact with the BET BD2s
using a diacetylation-dependent mechanism.

3.3 | Specificity for H2A.Z in BET-family
proteins

BRD2, but not BRD3 or BRD4, was identified by mass
spectrometry (MS) following the immunoprecipitation
(IP) of FLAG-tagged H2A.Z nucleosomes isolated from
293 T cells.22 Related IP-MS approaches in SKmel147 and
HeLa Kyoto cells yielded the same outcome, strongly
hinting at H2A.Z exhibiting a preference for BRD2 over
BRD3 or BRD4.18,42 On the other hand, a recent inter-
actome analysis of BET-family proteins identified H2A.Z
as an interaction partner for both BRD2 and BRD3
(though not BRD4 and BRDT).41 Our biophysical data
indicate that the isolated BDs of all three of these BET
proteins have a similar capacity to bind H2A.Z-
K4acK7ac, suggesting that BRD2 (and perhaps BRD3)
might harbor additional sequence features that give rise
to the observed specificity—possibly through the recogni-
tion of a third partner protein or stabilizing interactions
of peripheral BET protein sequences with chromatin. It is
notable that only BRD2 and BRD3 share a predicted
coiled-coil domain and that this domain contributes to
BRD2 activity in cells that may aid in such interactions.43

Additionally, BRD2 is unique in that both of its BDs are
capable of interacting with nucleosomal DNA whereas
only the BD2s of the remaining BET family proteins can
bind DNA.39 It is possible that the increased capacity of
BRD2 to engage nucleosomal DNA compared to the
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other BET proteins many contribute to the specificity of
the BRD2-H2A.Z interaction observed in vivo.

Although H2A.Z-K4acK7ac displayed no specificity for
the BDs of BRD2, BRD3, BRD4, H2A.Z-K7acK11ac bound
preferentially to the BD2s of each BET BD we studied; KDs
with BD1s were weaker than 10 mM. Our data suggest that
H2A.Z-K7acK11ac might be a native BD2-specific recogni-
tion motif. This finding is somewhat surprising given the
high degree of structure and sequence conservation of the
AcK binding pocket of the BET BDs. This similarity has
been a notorious challenge for the development of para-
logue selective BET BD inhibitors and very few BET protein
or BD1 and BD2 selective inhibitors and native binding
partners have been reported.

As both diacetylated H2A.Z-K4acK7ac and H2A.Z-
K7acK11ac species are present at comparable abundances
in vitro, it is possible that both modification patterns may
play distinct but important roles in mediating an interac-
tion with BRD2.25 The selectivity we observe for H2A.Z-
K7acK11ac and the functional implications of both dia-
cetylation patterns we studied here require further inves-
tigation at a cellular level.

Overall, our findings provide evidence for the direct
interaction between acetylation H2A.Z motifs and the BD
modules of the BET family proteins. While our data are
confined to biophysical analysis of individual BDs and the
N-terminal tail of H2A.Z, they corroborate and extend a
number of previous studies that have identified a connec-
tion between BRD2 and H2A.Z in a cellular context.

4 | MATERIALS AND METHODS

4.1 | Protein expression and purification

The BDs from human BRD2 (BD1: 65–194; BD2: 347–455),
rat BRD3 (BD1: 25–147; BD2: 307–419), and human BRD4
(BD1: 42–168; BD2: 348–464) were expressed recombinantly
using BL21(DE3) Escherichia coli (E. coli) cell as N-terminal
GST-tagged fusion proteins. LB expression cultures were
inoculated with starter cultures (1:100 dilution, grown over-
night using colonies from fresh transformation plates).
Expression cultures were incubated with shaking at
150 rpm at 37�C until an OD600 of �0.6–0.8 was reached.
The cultures were then cooled to room temperature and
expression was induced with 0.25 mM IPTG. The cultures
were subsequently transferred to 18�C for expression for a
further �20–24 h with shaking at 150 rpm before being
harvested via centrifugation at 5,000g for 20 min. Cell pel-
lets were stored at −20�C.

15N-labeled and 15N/13C-labeled proteins were
expressed as described above until an OD600 of �0.6–0.8
was reached. Cultures were then harvested and gently

washed with M9 minimal media salts. The cultures were
resuspended in minimal medium (half the volume of the
original LB culture) supplemented with 15NH4Cl or
15NH4Cl +

13C-glucose. Cultures were incubated at 18�C
for �1 h before expression was induced with 0.25 mM
IPTG. Expression was allowed for a further �20–24 h
before harvesting and storage as described above.

A purification procedure consisting of GSH-affinity
chromatography, followed by HRV-3C cleavage for GST-
tag removal, and size exclusion chromatography (SEC)
was used to purify the BET BDs. Cells were lysed using
sonication in a buffer composed of 50 mM Tris pH 7.2,
500 mM NaCl, 5 mM β-mercaptoethanol, 0.1% v/v Triton
X-100, 1× complete EDTA-free protease inhibitor,
10 μg/ml DNase I, 10 μg/ml RNase A, and 100 μg/ml
lysozyme. Lysates were clarified via centrifugation at
18,000g for 30–60 min. The soluble fraction of the cell
lysate was incubated with GSH-Sepharose for �3–4 h to
isolate GST-tagged proteins. Proteins bound to the GSH-
Sepharose were eluted using a buffer comprising 50 mM
Tris pH 7.2, 150 mM NaCl, 10 mM reduced glutathione,
and 5 mM β-mercaptoethanol. The eluate was incubated
with HRV-3C protease overnight at 4�C to remove the
GST tag. The cleaved protein sample was then concen-
trated to a volume below 5 ml and injected onto a HiLoad
16/600 Superdex 75 SEC column. The protein was eluted
from the column in a buffer comprising 10 mM Tris
pH 7.2, 100 mM NaCl, and 1 mM DTT. Protein con-
taining fractions were pooled and concentrated before
aliquoting. 15N-labeled and 15N/13C-labeled protein was
concentrated to 5–10 mg/ml and unlabeled BRD2-BD2
expressed for crystallography was concentrated to
10–15 mg/ml. Protein aliquots were snap frozen in liquid
nitrogen and stored at −80�C.

The quality of protein purification was assessed using
SDS-PAGE analysis and monitoring UV absorbance at
280 nm.

4.2 | Peptide synthesis

All peptides used in this study were synthesized at a nomi-
nal percentage purity of >80% by Ontores Biotechnologies
(Hangzhou, China) with acetylation at the N-termini and
amidation at the C-termini. The identity and purity of the
proteins were assessed by Ontores Biotechnologies using
RP-HPLC and mass spectrometry, respectively.

4.3 | NMR spectroscopy

BET BDs were diluted to a concentration of �100 μM in
preparation for titration with H2A.Z peptides. NMR
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spectra were acquired at 298 K using Bruker Avance III
600- or 800-MHz NMR spectrometers fitted with TCI
probe heads and using standard pulse sequences from
the Bruker library. TOPSPIN3 (Bruker) and NMRFAM-
SPARKY were used for analysis of spectra.44 Spectra were
internally referenced to 10 μM 4,4-dimethyl-
4-silapentane-1-sulfonic acid.

Chemical shift assignments were made for all BET
BDs using the standard triple resonance approach. CSP
experiments were performed by collecting 15N-HSQC
spectra of 15N-labeled BDs before and after addition of
unlabeled peptide to the labeled BDs. Interactions were
assessed by tracking the CSPs induced upon titration
with H2A.Z peptides. CSP plots were generated by using
the APES algorithm in NMRFAM-SPARKY to generate
1H and 15N peak lists for 15N-labeled BDs before and after
addition of peptide.44 The CSP tracking data were fit to a
simple 1:1 binding model using GraphPad to calculate KD

values for each interaction. The 1H and 15N CSPs were
also plotted against BET BD residue number and mapped
to the structures of each BD.

4.4 | X-ray crystallography

The BRD2-BD2:H2A.Z-K4acK7ac complex was
crystalized via vapor-diffusion. BRD2-BD2 was mixed
with 10 M equivalents of H2A.Z-K4acK7ac and incubated
on ice for 30 min prior to dispensing into crystallization
trays. Crystallization was performed using various com-
mercially available sparse matrix screens. The
BRD2-BD2:H2A.Z-K4acK7ac mixture was dispensed into
an MRC two-drop, sitting drop 96-well crystallization
plate, using a Mosquito crystallization robot. Each condi-
tion was screen at a 1:1 and 2:1 protein to precipitant
ratio (maintaining a final 300-nl drop volume). The
experiments were conducted at 18�C. Crystals took sev-
eral weeks to grow in a solution containing 24% w/v PEG
1500, 20% w/v glycerol. Crystals of the complex were fro-
zen by plunge-freezing in liquid nitrogen.

X-ray diffraction data were collected at the Australian
Synchrotron using the Macromolecular Crystallography
MX1 beamline (bending magnet) at 100 K and a wave-
length of 0.9537 Å.45 Data were collected using an ADSC
QUANTUM 210r detector. XDS was used to index and
integrate the data and the data were processed further
using the CCP4i suite.46 The data were scaled and mer-
ged using AIMLESS and the molecular replacement pro-
gram PhaserMR was used to calculate the initial phases
using an existing X-ray structures of BRD2-BD2 as the
molecular replacement models (PDB ID: 3ONI).47 COOT
was used for manual model building and refinement was
performed by iterative rounds of manual building in

COOT followed by refinement using Phenix.48,49 The
quality of the final model was validated with the wwPDB
server and submitted to the PDB (PDB ID: 7JX7). Struc-
ture diagrams were generated using PyMol (Schrödinger,
Inc.). The data collection and refinement statistics for this
structure are outlined in Table S1.
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