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Recent data demonstrate that small synthetic compounds specifically targeting bromodomain proteins can
modulate the expression of cancer-related or inflammatory genes. Although these studies have focused on the
ability of bromodomains to recognize acetylated histones, it is increasingly becoming clear that histone-like
modifications exist on other important proteins, such as transcription factors. However, our understanding of
the molecular mechanisms through which these modifications modulate protein function is far from complete.
The transcription factor GATA1 can be acetylated at lysine residues adjacent to the zinc finger domains, and
this acetylation is essential for the normal chromatin occupancy of GATA1. We have recently identified the
bromodomain-containing protein Brd3 as a cofactor that interacts with acetylated GATA1 and shown that this
interaction is essential for the targeting of GATA1 to chromatin. Here we describe the structural basis for this
interaction. Our data reveal for the first time the molecular details of an interaction between a transcription
factor bearing multiple acetylation modifications and its cognate recognition module. We also show that this
interaction can be inhibited by an acetyllysine mimic, highlighting the importance of further increasing the
specificity of compounds that target bromodomain and extraterminal (BET) bromodomains in order to fully

realize their therapeutic potential.

Covalent posttranslational modifications (PTMs) on the his-
tone proteins that package eukaryotic DNA have been shown
to be essential for normal gene expression. The histone code
hypothesis (28) posits that specific combinations of PTMs
specify distinct transcriptional outcomes, and although it has
been suggested that such a one-to-one correspondence is not
supported by existing data (56), the biological significance of
these PTMs in gene regulation is clear. The molecular mech-
anisms underlying the addition, removal, and recognition of
these modifications are also now beginning to be understood.
For example, the acetylation of lysine side chains in histone
N-terminal tails has been strongly linked to the activation of
nearby genes (32), and it has been shown that acetyllysine-
containing sequences are specifically recognized by bromodo-
mains, helical bundles that carry an acetyllysine-specific bind-
ing pocket (45).

A substantial body of work has also supported the hypoth-
esis that inhibition of the addition, removal, or recognition of
these PTMs could constitute a powerful method to treat a
number of human disorders. Recently, for example, much ef-
fort has been focused on the specific inhibition of bromodo-
mains from the bromodomain and extrarerminal (ET) domain
(BET) family, and several compounds based on a thienotria-
zolodiazepine platform (JQ1 and I-BET) have been demon-
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strated to mimic bromodomain targets and show considerable
promise as therapeutic agents (17, 49).

Emerging data (reviewed in references 2, 15, 20, 35, and 57)
indicate that certain transcription factors (TFs), in addition to
histones, are subject to PTMs, such as acetylation and meth-
ylation. The tumor suppressor p53 was the first transcription
factor that was shown to be acetylated (36); the enzymes re-
sponsible, p300 and p300/CREB-binding protein (CBP)-asso-
ciated factor (P/CAF), had already been identified as p53 co-
activators (22), and the structural basis of this interaction has
been described recently (44). Numerous other transcription
factors have since been shown to be functionally acetylated.
Hormone-dependent activation by androgen receptor depends
on the acetylation of several lysines (18, 19), and acetylation
of the architectural DNA protein HMG 1(Y) is essential for
the induction of beta interferon that takes place following
viral infection (46). The human immunodeficiency virus type
1 (HIV-1) trans-activator protein Tat can also be acetylated
and bind to the host bromodomain P/CAF, competing effec-
tively against the binding of HIV-1 TAR RNA to Tat (43).
K288 of erythroid Kriippel-like factor (EKLF) is acetylated in
vitro and in erythroid cells by CBP (62), and a K288R mutant,
when introduced into EKLF-null cells by retroviral infection,
does not localize to the promoter of the target gene B-globin
(55) and cannot activate B-globin expression. In addition, re-
cent mass spectrometric data indicate that at least 1,000 cyto-
solic/mitochondrial proteins, many of which are gene-regula-
tory proteins, are acetylated in human cells (63).

These and other data point clearly to the existence of an
additional level of regulatory control in gene transcription that
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FIG. 1. Sequence alignments. (A) Sequence alignment of human bromodomains that are part of the BET family (Brd2, Brd3, Brd4, and Brdt),
as well as GCNS, P/CAF, and CBP. Dark-gray and light-gray bars indicate regions that are completely conserved and highly similar regions,
respectively. Arrows indicate residues that were significantly perturbed in '"'N-HSQC titrations with tetra-acetylated (4Ac) GATAL1 peptides (Fig.
3); boxed residues are binding residues, as identified from the structure (Fig. 6). The names of the different regions of the BD1 structure (Fig. 6)
are shown above. (B) Sequence alignment of the C tail regions of GATA1, GATA2, and GATA3. Completely conserved residues are indicated
with gray shading, and the acetylation sites in GATAL1 that are important for Brd3 binding are boxed. h, human.

revolves around PTMs to nonhistone proteins. Although ~40
to 50 high-resolution structures containing modified histone
peptides have been reported (Protein Data Bank, October
2010), little is known about transcription factor modifications
at a biochemical and structural level.

The transcription factor GATAI regulates the expression of
all erythroid and megakaryocyte-specific genes. Mutations in
GATAL1 are associated with congenital anemias and mega-
karyoblastic leukemias (16, 40). We showed previously that
CBP acts as a GATAI coactivator that can bind to the zinc
finger region of GATALI (3), and we and others subsequently
demonstrated that GATAI1 can be acetylated by CBP in vitro at
specific lysine residues adjacent to each of the two zinc finger
domains (4, 26). Further, mutation of the lysines identified by
in vitro acetylation with CBP prevented retrovirally introduced
GATAL from driving erythroid differentiation in G1E cells, a
GATAI1-null cell line which is poised in a preerythroid state
(26), whereas binding of this GATA1 mutant to DNA in vitro
was unperturbed. Importantly, we have recently shown that
acetylation of the lysine residues located adjacent to the C-ter-
minal zinc finger of GATAIL regulates the chromatin occu-
pancy of the protein (33). It has further been demonstrated
that GATA2 (24), -3 (61), and -4 (30) are all functionally
acetylated at specific lysines.

We have recently identified the BET family protein Brd3
(58) as a cofactor that is able to bind to GATA1 (Fig. 1) in an
acetylation-dependent manner and have demonstrated that
the localization of GATAL at erythroid gene promoters is
contingent on the ability of a specific region of GATAL to be
acetylated (33). BET family proteins contain two bromodo-
mains and a C-terminal ET domain (the function of which is
not known). The best-characterized members of the family are
Brd2 and Brd4, and one striking attribute is that they have
been shown to associate with chromatin during mitosis (12),

perhaps acting as molecular “bookmarks” to aid in the resto-
ration of the parental gene expression pattern following cell
division.

Here, we have eclucidated the molecular basis for the
GATAI1-Brd3 interaction by identifying the lysine residues in
GATAL that are critical for the Brd3 interaction and then
using solution nuclear magnetic resonance (NMR) spectros-
copy to determine the three-dimensional (3D) structure of a
GATA1-Brd3 complex. Our data show that nonhistone pro-
teins can take on multiple posttranslational modifications that
can be recognized by a single recognition module and point to
what is likely to be an intimate relationship between the reg-
ulation of gene expression via reversible histone modifications
and via modifications made to other gene-regulatory proteins
and indicate that bromodomain inhibitors, such as JQ1 and
I-BET, are likely to need optimization to prevent unwanted
side effects in essential processes, such as erythropoiesis.

MATERIALS AND METHODS

Preparation of proteins. A construct encoding the first bromodomain (BD1)
of Brd3 (residues 25 to 147) (Fig. 1) was codon optimized by GENEART
(Regensburg, Germany) for expression in Escherichia coli and cloned into
pGEX-6P (GE Healthcare). Brd3 BD2 (residues 307 to 419) (Fig. 1) and BD1
mutants were all cloned into the same expression vector. All constructs were
overexpressed as fusions with glutathione (GSH) S-transferase (GST) at 37°C
upon induction with IPTG (isopropyl-B-p-thiogalactopyranoside) under stan-
dard conditions; isotopically labeled BD1 and BD2 constructs were overex-
pressed using the protocol described in reference 7. Proteins were purified using
GSH affinity chromatography and subjected to PreScission protease cleavage and
gel filtration (Superdex-75 in NMR buffer [20 mM Tris, 100 mM NaCl, 1 mM
dithiothreitol, pH 7.0]). Protein concentrations were verified by determining
absorbances at 215, 225, and 280 nm (60). The correct folding of BD1 point
mutants was confirmed by one-dimensional (1D) '"H NMR spectroscopy.

Preparation of peptides. All acetylated and nonacetylated GATA1 peptides
were synthesized by Peptide 2.0 Inc. (Chantilly, VA). Peptides were subjected to
high-pressure liquid chromatography (HPLC) purification, resulting in a purity



2634 GAMSJAEGER ET AL.

of at least 90%. They were dissolved in NMR buffer prior to usage, and their
concentrations were verified by determining absorbances at 215 and 225 nm (60).
The sequence used for the monoacetylated peptides [K(Ac)312, K(Ac)314,
K(Ac)315, and K(Ac)316], diacetylated peptides [K(Ac)312/314, K(Ac)314/315,
and K(Ac)312/315], and a triacetylated peptide [K(Ac)312/314/315] was CRKA
SGKGKKKRGSNL, that for the tetra-acetylated (4Ac) peptide was KASGKGK
KKRGSN, that for the peptide used in the NMR structure determination (see
Fig. 6) [K(Ac)312/315] was KASGKGKKKRGSN, that for competition experi-
ments (see Fig. 7A) [K(Ac)308/312/315] was RNRKASGKGKKKRGS, and that
for sequence specificity experiments [K(Ac)312/315 with a flanking K] was KA
SKKKKKKRGSN. All sequences are based on the mouse GATAL1 sequence and
were acetylated at the positions indicated in their corresponding names (see
above; acetylated lysines are in italics).

Peptide affinity assays. Peptides were synthesized by Rockefeller University
and Peptide 2.0 Inc. (Chantilly, VA). An N-terminal cysteine was added to allow
coupling to Sulfo-link resin (Pierce). Peptides were coupled according to the
manufacturer’s instructions. Peptide affinity assays were performed by incubating
25 to 50 ng immobilized peptide with nuclear extracts prepared from 8 million to
10 million G1E-ER4 cells stably expressing hemagglutinin (HA)-Brd3. Nuclear
extracts were prepared as described previously (3) and diluted to 150 mM NaCl.
Following stringent NaCl washes, resin was boiled in sodium dodecyl sulfate
(SDS) sample buffer, separated on a 10% SDS-PAGE gel, transferred to a
nitrocellulose membrane, and assayed by anti-HA Western blotting. Affinity
assays were performed in the presence of 10 mM sodium butyrate, 1 mM
phenylmethylsulfonyl fluoride (PMSF), and protease inhibitor cocktail (Sigma),
which was added according to the manufacturer’s recommendation. For the
GST-pulldown assays, 1 pg of purified GST Brd3 BD1 protein was incubated
with 25 to 50 ng immobilized peptide overnight in the presence of 10 mM sodium
butyrate, 1 mM PMSF, and protease inhibitor cocktail (Sigma). Resin was
washed five times with buffer containing 450 mM NaCl, 50 mM Tris, pH 7.5, and
0.5% Igepal and eluted by boiling it in SDS sample buffer. Western blotting was
performed using anti-GST antibodies (sc-138; Santa Cruz).

SPR measurements. Kinetic analysis was carried out on a Biacore 3000 surface
plasmon resonance (SPR) instrument (Biacore AB, Uppsala, Sweden). Biotiny-
lation of tetra-acetylated GATAL1 peptides was performed by chemical synthesis
as follows. The biotin labeling reagent EZ-Link maleimide-polyethylene glycol 2
(PEG2)-biotin (Thermo Scientific, Rockford, IL), dissolved in NMR buffer to a
final concentration of 20 wM, was added to the peptides in a 20-fold excess. The
reaction mixture was then left at 4°C for 5 h. Labeled peptide was then separated
from excess biotin using a Superdex peptide HR 10/30 column operating on a
BioLogic fast protein liquid chromatography (FPLC) system by monitoring the
absorbance at 215 nm. Biotinylated 4Ac GATALI peptides were immobilized on
a streptavidin-coated SA sensor chip (Biacore AB, Uppsala, Sweden). The buffer
used for all experiments was NMR buffer with 0.005% P20 detergent. The chip
was pretreated according to the manufacturer’s instructions with conditioning
solution (three 1-min injections at 20 pl/min with 50 mM NaOH, 1 M NaCl). The
biotinylated GATA1 peptide was diluted to 100 nM and injected onto one of the
sensor chip channels (Fc-2 or Fc-4) at a flow rate of 20 wl/min for 2 min, resulting
in an immobilization level of approximately 50 to 100 response units (RU). The
sensor chip was then washed with running buffer. Upstream, unmodified channel
surfaces were used for reference subtraction. Kinetic measurements with Brd3
BD1 protein concentrations across the range of 1 uM to 200 pM (40 ul) were
performed at 25°C with a KINJECT protocol and a flow rate of 20 pl/min.
Wild-type and mutant protein samples were sampled alternately, zero-concen-
tration samples were included for double-referencing, and 3 to 5 cycles were
performed. Data analysis was initially performed with the BIAevaluation soft-
ware (Biacore). However, no reliable off rates could be obtained due to the fast
off-kinetics (measurement was limited by the data collection rate); therefore, a
steady-state analysis (48) using Origin 7.0 (OriginLab Corp., Northampton, MA)
was performed. Interactions for which an injection of 50 uM BD1 did not result
in an SPR signal of >10 RU were considered not detectable (ND) (see Fig. 4).
For the Biacore competition experiments (see Fig. 7C), the published methods
(50, 52) for the estimation of the binding constant were used.

NMR spectroscopy. NMR samples contained 0.5 to 1.5 mM purified >N and
13C-labeled, '*N-labeled, and unlabeled Brd3 BD1 in NMR buffer (1 pl 10 uM
2,2-dimethyl-2-silapentane-5-sulfonic acid [DSS]) as a chemical shift reference
and either 5 to 10% (vol/vol) D,O or 100% D,O. Samples of ['°N]Brd3 BD2 and
BD1 mutants were prepared similarly. BD1-GATA1 complex samples were
prepared by adding 1.0 to 1.1 molar equivalents of GATA1 K(Ac)312/315 pep-
tide to Brd3 BD1 at 0.5 to 1.5 mM for structure determination (see Fig. 6) and
at 300 wM for all HSQC titrations (see Fig. 2, 3, 5, and 7). Spectra were recorded
at 298 K on Bruker 600-MHz and 800-MHz spectrometers equipped with cryo-
probes. All homonuclear 2D data were collected and analyzed as described
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TABLE 1. NMR structure statistics

Parameter Value
NMR distance constraints
Total no. of intramolecular constraints, 1,617
No. of intraresidue constraints..... 539
No. of interresidue constraints.. 1,078
No. of sequential constraints (Ji 414
No. of medium-range constraints
li—j=4% 251
No. of long-range constraints (|i — j| > 4).. 413
No. of intermolecular constraints 39
TALOS dihedral constraints
Phi 55
PSiuiiiii e 55
Ramachandran analysis (20 structures)
Most favorable region (%) . 85.2
Additional allowed region (%) ......cccocveuvrureurcrneerenninnee. 12.9
Generously allowed 1egion (%) .....cccoeeeeeueuvueererececeennn 1.1
Disallowed region (%) ........ 0.9
Structure statistics (20 structures)
Violations (means + SD) .
No. of distance constraints (A)
(no violations were >0.5 A) 0.32 = 0.02
Dihedral constraints (°)
(no violations were >5°)....... 0.36 = 0.07
Maximal distance constraint (A) .......cccevecceuenenenne 0.36
Maximal dihedral angle constraints (°).........ccccecee... 0.50

Deviations from idealized geometry

Bond lengths (A) 0.00338 = 0.00007

Bond angles (°) 0.508 = 0.009
Impropers (°) 1.19 + 0.05
Average pairwise RMSD (A)
(residues 25-147 [BD1]; residues
311-316 [GATAL])
HEAVY ..ttt 0.965
Backbone 0.612

previously (37). Mixing times were 60 and 150 ms for all total correlation
spectroscopy (TOCSY) and nuclear Overhauser enhancement spectroscopy
(NOESY) spectra, respectively. >N and '3C chemical shift assignments were
made from the standard suite of triple-resonance experiments as described
previously (11). NOE-derived distance restraints were obtained from 3D '3C-
separated NOESY and 3D !>N-separated NOESY spectra. Intermolecular
NOEs were also obtained from 3D !3C-separated 'N'3C-filtered (in F1 or F3)
NOESY experiments (5, 27, 65). GATAL1 peptide assignments were made based
on a series of 2D '"N'3C-filtered (in F1 and F2) NOESY and TOCSY experi-
ments recorded in the absence and presence of increasing amounts of BD1. All
NMR data were processed using TOPSPIN (Bruker, Karlsruhe, Germany) and
analyzed with SPARKY 3 (21). The weighted chemical shift changes in Fig. 3 and
5 were calculated according to the protocol of Ayed et al. (1).

Structure calculations. Initial structures of Brd3 BD1 without the GATAI
peptide were calculated in CYANA (23) from manually assigned unambiguous
NOEs from '°N and '*C NOESY spectra. ® and W restraints for BD1 were
included on the basis of an analysis of backbone chemical shifts in the program
TALOS (10). GATALI residues 308 to 310 as well as 317 to 320 were disordered
in solution and therefore not included in the structure calculations. Final calcu-
lations of the BD1-GATAI complex structure were then carried out using ARTA
1.2 (38) implementing CNS 1.1 (6), using the standard protocols provided, with
the experimentally determined tautomeric state of the histidine side chains fixed
(51) and the preassigned intermolecular NOEs present. Final assignments made
by ARIA 1.2 were checked manually and corrected where necessary. In the final
set of calculations, the 20 lowest-energy structures were refined in a 9-A shell of
water using standard ARIA 1.2 water refinement modules (minimization and
dynamics steps; for details, see references 29 and 39). The 20 conformers with the
lowest value of total energy were analyzed and visualized using MOLMOL (31),
PYMOL (Schrodinger, NY), and PROCHECK-NMR (34) (for structure calcu-
lation statistics, see Table 1).

Protein Data Bank accession number. The protein structure of Brd3 BD1
bound to GATA1 has been deposited into the Protein Data Bank (PDB iden-
tifier [ID], 2L5E, BMRB 17270).



Vor. 31, 2011

A

5 ZZZZ
3 >> > >
5 3 & o 8 8 98
me g Lot on
BD1 BD2 ET 52868300
[FHATL B I Brd3[= - |
T I NG — - ABD1[= |
1701 I N E— - ABD2[sm == = |
EON CNA_—__—T11 4BD12[=1 i |
WB: aHA
B
117.8 & | 1178
e [BD2 .
’é‘ =
5 5
g ) ° ® 1z
=3
= 6 243
o
3 e
0 b ® o 2
qE> -] . =
5 & = g
g ° 2
124.1 ] ae|124.1

8.9 "H chemical shift (ppm) 8.0 89 "H chemical shift (ppm) 8.0

FIG. 2. The first bromodomain of Brd3 is required for GATAI
binding. (A) Peptide affinity assays using nuclear extracts from cells
expressing bromodomain mutant forms of Brd3. (B) Portion of '*N-
HSQC spectra of BD1 (left) and BD2 (right) of Brd3, in the absence
(black) and presence (red) of one molar equivalent of 4Ac GATAL1
peptide. WB, Western blot.

RESULTS

BD1 of Brd3 recognizes acetylated GATAL. In recent work,
we demonstrated that a peptide corresponding to residues 302
to 324 of GATAL in which lysines K312, K314, K315, and K316
bear acetylated side chain amino groups (Fig. 1B) can pull the
bromodomain protein Brd3 from GIE cell nuclear lysates
(33a). In order to probe the molecular basis for this interac-
tion, we first determined which of the Brd3 bromodomains is
responsible for the interaction with acetylated GATA1. We
carried out pulldown experiments using biotinylated tetra-
acetylated (4Ac) and monoacetylated GATAL peptides
bound to streptavidin-coated agarose beads and nuclear ex-
tracts from G1E-ER4 cells that expressed mutant forms of
HA-tagged Brd3 (Fig. 2A). A mutant lacking the first bro-
modomain (BD1) was not able to bind, whereas in the absence
of the second bromodomain (BD2), an interaction could still
be detected, indicating that BD1 but not BD2 is essential for
GATAL1 binding.

To corroborate this finding, we expressed and purified uni-
formly '*N-labeled BD1 and BD2 and recorded the '*N-het-
eronuclear single-quantum-coherence (HSQC) spectrum of
each protein before and after the addition of one molar equiv-
alent of a GATALI peptide (residues 308 to 320) acetylated at
K312, K314, K315, and K316 (4Ac GATAL). As shown in Fig.
2B and C, the magnitude of the observed chemical shift
changes is substantially larger in the case of BD1, indicating
that stronger binding to this domain occurs. These data cor-
roborate our in vivo observations that recruitment of Brd3 to
GATAI1-occupied sites requires BD1 but not BD2 (33a).

By making resonance assignments for BD1 in the absence
and presence of one molar equivalent of the 4Ac peptide, we
could further see that the largest chemical shift changes are
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FIG. 3. Summary of chemical shift changes of '"N-labeled BD1
upon addition of 1 molar equivalent of 4Ac GATAI. Changes larger
than the average plus 1 standard deviation are depicted as dark-gray
bars. The names of the different regions of the BD1 structure (Fig. 6)
are shown above the graph.

restricted to the regions predicted to be the interhelical ZA
and BC loops (Fig. 1A and 3). These regions are known to be
important for acetyllysine recognition in histone-binding bro-
modomains, such as that of the p300/CBP-associated factor
(P/CAF) (13).

Hydrophobic residues are critical for the interaction. In
order to further characterize the GATA1-BD1 binding inter-
face, we made a series of point mutations in BD1 and tested
their ability to bind to GATAL. Biotinylated 4Ac peptide was
immobilized on streptavidin-coated chips and treated with so-
lutions of BD1 mutants with single-alanine mutations in sur-
face plasmon resonance (SPR) experiments. Dissociation con-
stants were calculated from equilibrium binding data (Fig. 4).
Replacement of any of the hydrophobic residues W57, V63,
L68, Y73, and M125 with alanine completely eliminated bind-
ing. Y60A and Y115A mutations also significantly reduced
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FIG. 4. A mutational analysis reveals critical GATA1-binding res-
idues in Brd3. Summary of affinity constants (*standard errors) for
BD1 and various alanine mutants (gray bars), as well as microchimeric
D121/1122 mutants (dark-gray bars), for binding to GATAI, as mea-
sured by SPR. Asterisks indicate a significant (P < 0.05) difference in
affinity from that of the wild type (WT). ND, the binding was not
detectable.
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binding, whereas changes to the charged residues Q61 and
K67, as well as N93 (which is distant from the GATA1-binding
surface), did not affect the interaction (Fig. 4, light-gray bars).
Interestingly, mutation of the conserved asparagine N116 did
not yield a significant affinity change. This residue is conserved
within all bromodomain family proteins, and a hydrogen bond
to the oxygen of an acetyl group is generally observed in the
structures of bromodomain-acetyllysine complexes. Overall,
these results indicate that hydrophobic interactions are the
strongest determinant of binding affinity to 4Ac GATAL

Comparison of the BD1 sequence with BD2 (Fig. 1) reveals
that most of the residues that contact GATAL1 are conserved.
Conservative mutations exist in D121 and 1122, which are
changed to E396 and V397 in BD2. We created microchimeric
point mutations at these positions in BD1, creating D121E,
1122V, and I122A mutants (Fig. 4, dark-gray bars), and tested
their ability to bind to GATA1 by SPR. Intriguingly, 1122V
binds slightly more strongly than the wild type, whereas the
conservative change D121E eliminates binding. This result
indicates that the size of residue 121 is critical for optimal
binding and explains why BD1 is the bromodomain respon-
sible for mediating the interaction between Brd3 and acety-
lated GATAL

The BD1-GATAL interaction requires two acetylated lysines.
Although K312 has been identified as the major acetylation
target by CBP in vitro and in vivo, lysines 308, 314, and 315 in
the C tail of GATAL can all be modified by CBP (26, 33). To
establish which lysines in GATA1 must be acetylated for max-
imal Brd3 binding activity, we titrated a range of mono-, di-,
and triacetylated GATAL1 peptides into '°N-labeled BD1 (Fig.
5B) and quantified the resulting chemical shift changes. Sur-
prisingly, acetylation of any single lysine resulted in very small
chemical shift changes. In contrast, the diacetyl combination
K(Ac)312/315 mimics the binding mode of the 4Ac peptide
(Fig. 5A), whereas any other combination of acetylated resi-
dues that does not include K312 and K315 results in measur-
ably weaker binding. Figure 5B shows the weighted chemical
shift changes of the backbone HY and N atoms of D121 upon
addition of one molar equivalent of GATA1 peptide for each
acetylation combination. To confirm these findings, we incu-
bated GATAI1 peptides bearing K(Ac)312/314 or K(Ac)312/
315 modifications with nuclear extracts from G1E cells (26)
expressing full-length HA-Brd3 or recombinant GST-BD1
protein (Fig. 5C). As expected, only K(Ac)312/315 was able to
interact with Brd3 and BD1. Overall, these data indicate that
diacetylated GATAL is the target of Brd3 BD1 and that a
specific diacetylated combination is recognized preferentially.

Structure of a BD1-GATA1 K(Ac)312/315 complex. We next
used NMR spectroscopy to determine the solution structure of
the complex formed by Brd3 BD1 and the same 13-residue
GATAL peptide that has been used for the SPR studies acety-
lated at lysines 312 and 315 [K(Ac)312/315]. The family of
structures was calculated from using a total of 1,657 intramo-
lecular and 39 intermolecular NOEs (Table 1 and Fig. 6) and
displayed a backbone root mean square deviation (RMSD) of
0.61 A (PDB ID, 2L5E). Brd3-BD1 exhibits the classical bro-
modomain fold consisting of a left-handed bundle of four he-
lices (aZ, oA, oB, and aC) with a peptide-binding pocket
defined by the short BC and the longer ZA loops (Fig. 6B).
The majority of intermolecular NOEs were observed be-
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FIG. 5. Two acetylated lysines with specific spacing are required for
optimal binding. (A) Portions of '*N-HSQC spectra of '*N-labeled
BD1 (black) and in the presence of 1 molar equivalent of tetra-acety-
lated (upper part), diacetylated (K312 and K315) (middle), and mono
acetylated (K315) (lower part) GATA1l peptides (all in red).
(B) Weighted chemical shift changes for BD1 residue D121 as a func-
tion of GATALI acetylation (following the addition of 1 molar equiv-
alent of peptide) obtained from '*N-HSQC spectra with initial BD1
concentrations of ~300 wM. (C) Peptide binding assays carried out by
incubating the indicated GATAI peptides with nuclear extracts from
G1E-ER4 cells expressing HA Brd3. Bound material was analyzed by
Western blotting using anti-HA antibodies.

tween the acetyl group of K312 or K315 of GATAI and
residues on the binding surface of BD1, underscoring the
importance of the diacetyl modification for binding. The
side chain of K312 is located in a deep hydrophobic pocket
made up of BD1 residues F59, V63, L68, L70, Y73, Y115, and
C112 (Fig. 6C). A hydrogen bond is formed between the car-
bonyl oxygen of the acetyl group and the side chain amide of
N116, as expected. The acetyl group of GATAL K(Ac)315 is
situated approximately 7.3 + 1.1 A away from K(Ac)312 (av-
erage distance between the carbonyl atoms of the acetyl group)
and is recognized by BD1 residues W57, P58, and 1122 as well
as D121 and M125; these residues lie somewhat outside the
main hydrophobic pocket that accommodates K(Ac)312. The
substantial number of hydrophobic residues that contact
GATAL corroborates the results of our mutational analysis
(Fig. 4).

The side chain of 1122 contacts both residue 312 and residue
315 of GATAI, consistent with the large chemical shift
changes seen for this residue in "’N-HSQC titrations (see, for
example, Fig. 5A). Intermolecular NOEs were also observed
between the backbone of positively charged K314 and the side
chain of negatively charged D121 in Brd3, suggesting that this
aspartic acid plays a role in GATAI recognition. In keeping
with this observation, acetylation of K314 results in reduced
chemical shift changes for D121 (Fig. 5B). Mutation of D121
to a larger glutamic acid would most likely lead to steric clashes
between this residue and the backbone of the GATA1 peptide,
consistent with our SPR results (Fig. 4). Overall, except for
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FIG. 6. NMR solution structure of a BD1:GATA1 K(Ac)312/315
complex. GATALI residues 308 to 310 and 317 to 320 were disordered
in solution and therefore not included in the structure calculations.
(A) Overlay of the family of the 20 best structures (RMSD, back-
bone = 0.61 A). The GATA1 peptide is shown in orange. (B) Lowest-
energy structure from panel A showing the acetylated lysines of
GATAL that bind BD1. The four helices and the two loops of the
bromodomain are named according to the work of Dhalluin et al. (13).
(C) Detailed view of the GATALI binding site of Brd3-BD1, with
GATAI1-binding residues colored in magenta (PDB code 2L5E).
(D) Space-filling representation of the Brd3-BD1 surface, with the
GATAL peptide shown in orange. Blue, white, and red areas indicate
positive, neutral, and negative charges, respectively. (E) Structure of
diacetylated histone H4 peptide (orange) bound to the first bromodo-
main (BD1) of Brdt (blue), with H4-binding residues colored in
magenta (PDB code 2WP2). (F) Space-filling representation anal-
ogous to the representation in panel D. The H4 peptide is colored
salmon in panels E and F.

D121, the interaction is predominantly mediated by hydropho-
bic contacts (Fig. 4 and 6C), with significant contributions
made by the aromatic residues W57 and Y73.

BD1 and BD2 do not bind cooperatively to the acetylated C
tail of GATAL. We also identified K308 and K314 in the C tail
of murine GATAL as additional candidate acetylation sites in
vitro (26). In light of this and the recent finding that two
molecules of the second bromodomain of the highly related
BET family protein Brd2 (Brd2 BD2) can bind diacetylated
(K5/K12) histone H4 (59) simultaneously, we used NMR spec-
troscopy to investigate the possibility that BD2 might act to-
gether with BD1 in binding the C tail of GATALI by binding to
either acetylated K308 or K314. Unlabeled BD2 was added
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FIG. 7. (A) Portions of '"N-labeled HSQC spectra of ["*N]BD1
(~300 wM) before (black) and after (red) addition of GATA1 peptide
are shown. Spectra obtained in the presence of both GATAL1 peptide
(1 molar equivalent) and different amounts of unlabeled BD2 (purple
and green) are also shown. The GATA1 peptide used in the three
different experiments is indicated in each spectrum. (B) Portion of a
I5N-HSQC spectrum of BD1 alone (black) and in the presence of
GATALI peptide (red) or compound GW841819X (green). (C) SPR
curves showing BD1 binding (25 wM) to the 4Ac-GATAL1 peptide
immobilized on a Biacore SA chip at increasing concentrations of
GW841819X.

to a complex of "*N-labeled BD1 bound to one of several
acetylated GATAL1 peptides: K(Ac)312/315 (Fig. 7A, left),
K(Ac)312/314/315 (middle), or K(Ac)308/312/315 (right).
However, in all three cases, only weak competitive binding of
BD2 was observed, as evidenced by shifts in the positions of
GATAI-binding residues (e.g., W57 and Y60) back toward
their unbound positions (black peaks in Fig. 7A). Thus, it
appears that BD2 most likely does not contribute to the bind-
ing of the GATA1 C tail.

Binding specificity of BD1 is in part due to steric con-
straints. In our structure of BD1 bound to GATALI, specific
interactions were not observed for any residues outside the
sequence that is flanked by the two acetylated lysines. We
therefore asked whether the sequence context in which each
acetylated lysine is found has a bearing on which lysine occu-
pies the canonical acetyllysine-binding pocket or whether ei-
ther lysine could occupy the pocket. We tested by NMR the
ability of a GATAL C tail peptide containing a G311K G313K
double mutation [so that K(Ac)312 is placed in the same se-
quence context as K(Ac)315] (Fig. 1) to bind to BD1. **N-
HSAQC titration data indicate that this peptide binds in the
same region of BD1 but with significantly lower affinity ([2.5 +
1.0] X 10° M~! compared to [1.1 = 0.6] X 10* M~! for the
wild-type peptide). Thus, the sequence context of the lysine
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that binds in the canonical recognition pocket is clearly impor-
tant for optimal binding and larger residues are not as well
tolerated in the positions that flank K312.

Specific inhibition of GATA1l binding by an acetyllysine
mimic. The addition of the acetyllysine mimic GW841819X
(GlaxoSmithKline), which is chemically almost identical to
JQ1 and I-BET (17, 49), to '*N-labeled BD1 gives rise to
chemical shift changes in essentially the same set of resonances
that are involved in GATAL1 binding (Fig. 7B), indicating
structurally similar binding modes. The addition of increas-
ing concentrations of this compound in SPR experiments
(Fig. 7C) in which immobilized 4Ac peptide is treated with
BD1 shows clearly that GW841819X competes directly with
GATA1 for BDI1 binding. The affinity constant for the
GW841819X-Brd3 interaction is estimated to be around 70
nM based on the results of these experiments, which is in
agreement with the published data for JQ1 and I-BET (17, 49).

DISCUSSION

Structural differences and similarities between BET family
bromodomain acetyllysine recognition. We have shown here
that Brd3 interacts directly with GATALI and that the interac-
tion takes place in a region of GATAL that is not involved in
binding to DNA or any other protein that is known to be
important for the proper association of GATAI1 with its
genomic targets (40). The recognition is sequence specific and
involves two distinct acetylated lysines that are also conserved
in GATA2 and GATA3, suggesting that Brd3 might also be
able to bind these transcription factors. Indeed, preliminary
pulldown experiments performed with acetylated GATA2
show an interaction with Brd3 (data not shown).

We have determined the structural basis for this interaction,
and our data represent the first structural insight into the
recognition of nonhistone proteins carrying multiple acetyla-
tion marks. Our data show that two acetylated lysines in a
highly basic sequence adjacent to the DNA-binding domain of
GATAI1 are recognized by the BD1 bromodomain of Brd3.
The recognition is specific, in that both K312 and K315 must be
acetylated for maximum binding, and other combinations of
acetylated lysines (e.g., K312 and K314) do not bind with the
same affinity.

A number of structural studies over the last 10 to 15 years
have established a paradigm for acetyllysine recognition by
bromodomains (45), in which a pocket formed at one end of
the bromodomain helical bundle by the ZA and BC loops is
shaped to fit a single acetyllysine side chain. An asparagine
residue at the base of the pocket provides specificity by form-
ing a hydrogen bond with the acetyl group.

The recognition mode exhibited by GATA1 in complex with
Brd3 displays substantial similarities with this binding mode,
but the BD1 bromodomain additionally accommodates a sec-
ond acetyllysine in a nearby surface site. This arrangement was
recently observed in the structure of the closely related Brdt
protein bound to a diacetylated peptide derived from histone
H4 (acetylated at K5 and K8) (42), and overall, this structure
closely resembles the Brd3-GATAL structure (Fig. 6E and F).
Thus, the means of recognition of the two acetylated lysines
are similar and the same bromodomain residues are engaged
in binding the acetylated lysines. However, closer inspection
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reveals that aspects of the specificity of peptide binding in the
two structures differ. In the H4-Brdt complex, specificity is
created in part by recognition of the histone H4 residue L10,
which makes contact with three hydrophobic residues in Brdt
(F46, W48, and V115) (Fig. 6E). There is no corresponding
leucine in the GATA1 sequence, and instead we find that the
size of side chains flanking the two acetyllysines creates a
degree of specificity. That is, K(Ac)315 is flanked by two
lysines, whereas K312 is flanked by two glycines, and replace-
ment of these glycines with lysines reduces binding. Additional
specificity is achieved from an electrostatic interaction between
the backbone of K314 in GATAI1 and D121 in BDI. It is
notable in this regard that K314 is completely conserved be-
tween GATAL, -2, and -3 (Fig. 1) but is not observed in
GATAA4, -5, and -6. Further, with the exception of K16, all
lysines in H4 that are acetylated (K5, K8, and K12) are those
that are flanked by two glycines (64), perhaps indicating that
the size of these neighboring residues plays a role in driving
specificity, by determining which bromodomains can recognize
which acetylated target proteins.

Our data also indicate that the BD2 bromodomain of Brd3
does not play a significant role in the recognition of the
GATAL C tail. It remains possible that this domain instead
contacts a different target; this target could perhaps be either
acetylated lysines in other parts of GATAI (such as those
found immediately C terminal to the other zinc finger in
GATAL [26]) or acetylated N-terminal histone tails.

It is further notable that Brd3 BD1 exists as a monomer in
solution, in contrast to the related bromodomain protein Brd2
(47). A comparison between the two structures reveals that the
hydrophobic cavity that exists in Brd2 and which is important
for self-association is not present in Brd3, providing a possible
explanation for this observation.

The spacing between the two acetylated lysines is conserved
in other transcription factors. Our data demonstrate that the
correct spacing between the two acetylated lysines in the Brd3-
GATA1 complex is essential for optimal binding. Intriguingly,
the myogenic transcription factor MyoD is also functionally
acetylated at two lysines that are spaced three residues apart:
K99 and K102 (53). This acetylation event is essential for
normal myoblast differentiation in adult mice (14). Acetylation
of MyoD also increases its affinity for CBP (54), the enzyme
that also acetylates GATA1 (26). The transcription factors
E2F1 (41) and RelA (8, 9) have also been demonstrated to be
functionally acetylated, and in both cases, acetylation takes
place on two lysines that are three residues apart (K117 and
K120 for E2F1 and K318 and K321 for RelA). Moreover, the
more N terminal of the two lysines is flanked by two small
residues (cysteine and alanine for MyoD and two glycines for
E2F1), strongly suggesting that these acetylated sequences will
be recognized by bromodomain-containing proteins. Interest-
ingly, RelA is also monoacetylated at lysine 310, and this acet-
ylation has been shown to be essential for binding to Brd4 (25),
perhaps indicating that certain transcription factors can recruit
different bromodomains through different lysines, leading to
distinct functional outcomes.

Brd3 and antibromodomain drugs. We show here that the
acetyllysine mimic GW841819X can specifically block the in-
teraction between Brd3 and acetylated GATAL. In addition,
we have shown by chromatin immunoprecipitation (ChIP) ex-
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periments (33a) that the same drug substantially reduces the
chromatin occupancy of both Brd3 and GATAI from posi-
tively acting GATAL target sites. GW841819X is chemically
almost identical to the recently reported compounds JQ1 and
I-BET (17, 49), which have been shown to specifically inhibit
bromodomains from the BET family and which subsequently
lead, for example, to tumor regression and improved overall
survival in NUT midline carcinoma patient-derived xenograft
model cell lines (17). Since the modes of recognition of such
compounds are structurally similar, their administration could
potentially interfere with Brd3 recruitment by GATA1 to im-
portant target genes, thereby leading to unwanted side effects.
Our data therefore indicate a need for higher selectivity in such
compounds if they are to be used for therapeutic purposes.
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