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Recognition of acetylated chromatin by the bromodomains
and extra-terminal domain (BET) family proteins is a hallmark
for transcriptional activation and anchoring viral genomes to
mitotic chromosomes of the host. One of the BET family pro-
teins BRD2 interacts with acetylated chromatin during mitosis
and leads to transcriptional activation in culture cells. Here, we
report the crystal structures of the N-terminal bromodomain of
human BRD2 (BRD2-BD1; residues 74 —194) in complex with each
of three different Lys-12-acetylated H4 peptides. The BRD2-BD1
recognizes the H4 tail acetylated at Lys-12 (H4K12ac), whereas the
side chain of hypoacetylated Lys-8 of H4 binds at the cavity of the
dimer interface of BRD2-BD1. From binding studies, we identified
the BRD2-BD1 residues that are responsible for recognition of the
Lys-12-acetylated H4 tail. In addition, mutation to Lys-8 in the Lys-
12-acetylated H4 tail decreased the binding to BRD2-BD1, impli-
cating the critical role of Lys-8 in the Lys-12-acetylated H4 tail for
the recognition by BRD2-BD1. Our findings provide a structural
basis for deciphering the histone code by the BET bromodomain
through the binding with a long segment of the histone H4 tail,
which presumably prevents erasure of the histone code during the
cell cycle.

In eukaryotes, genomic DNA is complexed with core his-
tones, consisting of two H2A-H2B dimers and one H3-H4 tet-
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ramer, to form a nucleoprotein architecture called the nucleo-
some (1, 2). These four core histones include a central core
domain, and N- and C-terminal tail regions. The N-terminal
histone tails, especially that of histone H4, are rich in lysine
residues, onto which several different acetyltransferases and
methyltransferases covalently add post-translational modifica-
tions (3, 4). The histone codes defined by combinations of such
a histone tail modification are considered as a key regulatory
mechanism for DNA metabolisms that trigger alteration of the
chromatin structure and/or association of several different
trans-acting factors (5-7). Among these post-translational
modifications, acetylation of the histone tails and its recogni-
tion are typical hallmarks for activation of chromatin DNA (4,
7, 8, 10). The acetylated N-terminal tails of the histones are
selectively recognized by the bromodomain, an ~110-amino
acid-long domain found in several chromatin-associated
factors, including nuclear histone acetyltransferases, ATP-de-
pendent chromatin-remodeling factors, and the bromodomain
and extra-terminal domain (BET)® family of nuclear proteins
(11, 12). The human BET family, including BRD2, BRD3, BRD4,
and BRDT, has a unique architecture with two tandem bro-
modomains and a conserved extra-terminal domain (13—
15). In the intact nuclei, the BET protein BRD2 associates
through its bromodomains mainly with the acetylated lysine
12 (K12ac) of H4, one of the active marks of chromatin, and
activates transcription (16). Another study indicates that
BRD2 binds chromatin containing Lys-12- or Lys-5-acety-
lated histone H4, although it scarcely bound to those con-
taining Lys-16-acetylated H4 or Lys-9-acetylated H3 (17).
Interestingly, the BET proteins BRD2 and BRD4 associate
with such acetylated chromatins throughout the cell cycle
(16, 18, 19), whereas other non-BET bromodomain proteins
dissociate from the chromosomes during mitosis (20-22).
This tight retention on chromosomes is a unique feature of
the BET proteins, which is utilized by papilloma virus and
presumably by Kaposi sarcoma-associated herpesvirus, for
tethering their genomes to the mitotic chromosome of the
host and for propagating them during cell division of the
host (23, 24). Furthermore, disruption of Brd?2 in mice causes
severe obesity without type 2 diabetes (25), suggesting that
BRD?2 is a potential therapeutic target.

¢ The abbreviations used are: BET, bromodomain and extra-terminal domain;
BRD2, bromodomain-containing 2; BD1, bromodomain 1; MES, 4-morpho-
lineethanesulfonic acid; PCAF, p300/CBP-associated factor.
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Crystal Structure of the Human BRD2 Bromodomain Complex

TABLE 1 TABLE 2
Histone H4 peptides used in this study Summary of data collection and refinement statistics
H4 . a Acetylated  N-terminal BD1 + P1 BD1 + P2 BD1 + P3
tide Primary sequence lysine position region X
pep Y g Data collection . . .
Pl  SGRGKGGKGLGK(ac)GGA 12 1-15 Wavelength 09791 A 09791 A 09791 A
P2 SGRGK(ac)GGKGLGK(ac)GGA 5,12 1-15 Resolution 20t02.04A  20to2.04A  20to2.04 A
P3  LGK(ac)GGAKRHRKV 12 10-21 Redundancy” 35(238) 3.6(3.0) 3.6 (3.6)
- — - Unique reflections 25,699 26,362 26,788
K(ac) indicates an e-acetylated lysine. Completeness 96.1% (78.1%) 98.4% (88.1%)  99.5% (98.9%)
. . Riperge 8.9% (30.5%)  8.4% (36.7%)  5.7% (21.2%)
Recently, we showed from structural and biochemical stud- = —
. . . . Refinement statistics
ies that the N-terminal bromodomain of BRD2 forms a dimer Resolution 20t0204A  20t023A  20t02.04 A
: : o cutoff 0 0 0
(26). Ir} this st}ldy, to understanq t‘he molecular rpechamsm of Reflomione 24,375 17759 25421
BRD?2 in the histone code recognition, we determined the crys- No. of protein residues 333 333 333
g Y
. . . . No. of peptide residues 25 20 2
tal structures of the N-terminal bromodomain (BD1; see Fig. No. of vrrer moleculos 250 250 250
1A) of BRD2 in complex with the acetylated histone H4 tails. Reryst’ 18.8% 17.9% 19.2%
: : Riee 24.8% 24.3% 23.1%
We found that the BRD2-BD1 bromodomain recognized a long Average B factors 3186 3163 3148
segment of the histone H4 tail that is acetylated at Lys-12 Root mean square deviations ) )
H4K12 F 1 and bioch ical ] 1 Bond lengths 0.017 A 0.022 A 0.017 A
( ac). From structural and biochemical analyses, we also Bond angles 1550 169" Lag-

suggest that not only K12ac but also Lys-8 are important for
the recognition of the Lys-12-acetylated histone H4 tail by
BRD2-BD1.

EXPERIMENTAL PROCEDURES

Expression and Purification of BRD2-BD1—The BRD2-BD1
protein used for crystallization and binding analysis was
expressed and purified as described previously (26). Several
BRD2-BD1 mutants were directly introduced into the prepared
pET15b-BRD2-BD1 constructs by PCRs, using a QuikChange
II XL site-directed mutagenesis kit (Stratagene). The wild-type
and the BD1 mutants (Y113A, 1154A, N156A, P158D,
D160A, P111D/D112A, D112A/I116E, K157A/D160A, and
P156D/D160A) were expressed in Escherichia coli Rosetta
(DE3) and were purified by chromatography on a HisTrap
HP column and a HiLoad 16/60 Superdex 75 gel filtration
column (GE Healthcare). The purity of the proteins was con-
firmed by SDS-PAGE.

Crystallization—All crystallization trials were carried out
using the hanging-drop vapor-diffusion method by mixing 1 ul
of protein solution (5 mg ml~" in 20 mm Tris-HCI buffer (pH
8.0) containing 150 mMm NaCl and 2 mm dithiothreitol) with 1 ul
of various reservoir solutions and equilibrating the mixtures
against 500 ul of reservoir solution at 20 °C. Single crystals of
size ~0.5 X 0.3 X 0.03 mm?® were obtained in a drop con-
taining 25-30% polyethylene glycol monomethyl ether 5000,
0.2 M ammonium sulfate, 0.1 M MES buffer (pH 6.7). For the
protein complex with the peptide P2 (Table 1), the soaking
method was employed by including the peptide (2 mm) in a
drop containing the native protein crystals and incubating
the mixture for 24 h before starting the data collection. In the
cases of the P1 and P3 peptide complexes, the co-crystalliza-
tion procedure was carried out by mixing the respective
peptide and protein solutions (10:1 molar ratio) and incubat-
ing them at 4 °C for about 4 h before setting up the crystal-
lization experiment. In this case, the polyethylene glycol
monomethyl ether 5000 concentration and the pH in the
reservoir solution were slightly different from the conditions
used for obtaining the native crystals. All of the crystals were
soaked briefly in a cryoprotectant containing 10% (w/v) glyc-
erol and were flash-frozen in liquid nitrogen prior to the
start of data collection.
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“ Numbers in parentheses are values in the highest resolution shell.

’ Rierge = 2Mops — (D|/2(Iy summed over all observations and reflections.
Reryst = 3|Fobs = Featel /2 Fops:

@ Riree calculated with 5% of data omitted from refinement.

Structure Determination—Complete diffraction data sets for
each of the protein complex crystals with the acetylated histone
H4 peptides (P1, P2, and P3) were collected at beamline BL44B2
at SPring-8, Harima, Japan. The crystal-to-detector distance
was set to 190 mm. The oscillation range per image was 1.0°,
with no overlap between two contiguous images. The data were
processed and scaled with the HKL2000 program suite (27).
The structures of BD1-P1, BD1-P2, and BD1-P3 complexes,
respectively, were solved by the molecular replacement proce-
dure using the apo-form of BD1 as a model (26). The crystals of
BD1 complexes belonged to the space group C2, with three BD1
molecules, and contained two H4 tail peptide chains in the
asymmetric unit. After maximum likelihood refinement with
REFMACS, from the CCP4 suite (28), the 2mF, — DF, and
mF, — DF,_maps were calculated to identify and to build the H4
tail in the complex structure. The graphics program O (29) was
used to build the model of the complexes. The crystallographic
data and refinement statistics of the BD1-P1, BD1-P2, and
BD1-P3 complexes are summarized in Table 2. The stereo-
chemistry of the protein and the H4 tail peptides is good, as
checked with PROCHECK (30).

Surface Plasmon Resonance Binding Assays—For binding
assays of BRD2-BD1 mutants, the biotinylated H4 tail peptide
acetylated at Lys-12 (K12ac), corresponding to the sequence of
the N-terminal 15 residues of histone H4, was purchased from
NeoMPS Inc. The peptide was immobilized on flow cell 2 and
D-biotin was immobilized on flow cell 1, as a reference, of a
sensor chip SA (Biacore, GE Healthcare). The binding affinities
of the BRD2-BD1 proteins against the H4 tail peptide were
examined on a Biacore 3000 (Biacore, GE Healthcare), with PBS
(pH 7.4) as the running buffer. The reference value from the
blank flow cell 1 was subtracted from the value of the function-
alized flow cell 2 to obtain the actual response units. For binding
assays to the H4 peptides with different acetylation patterns,
biotinylated H4 tail peptides corresponding to the sequence of
the N-terminal 20 residues of histone H4 were purchased from
Toray Research Center Inc. Binding assays were carried out on
a Biacore 3000 (Biacore, GE Healthcare). The BRD2-BD1 pro-
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tein was loaded for 1 min with a 20
ul/min flow rate onto the peptide-
immobilized sensor chip SA, and
the flow was further continued for 1
min to detect the dissociation of the
protein from the immobilized pep-
tides in the PBS buffer. The results
were analyzed using the BlAevalua-
tion software version 4.1 (Biacore,
GE Healthcare).

RESULTS AND DISCUSSION

BRD2-BD1 Complexed with a
Histone H4 Tail Peptide 1—As the
BRD2 bromodomains prefer to
interact with N-acetyl-lysine either
at positions 5 or 12 of histone H4
(H4K5ac or H4K12ac) (16, 17), we
have attempted to crystallize BRD2-
BD1 with various acetylated H4 tails
(Table 1), and finally we determined
the complex structure of BRD2-
BD1 with the Lys-12-acetylated his-
tone H4 tail peptide (peptide, P1;
residues 1-15) (Fig. 1, A and B). The
BD1-P1 complex crystal was
obtained by co-crystallization, and
it diffracted beyond 2.2 A resolu-
tion. The tertiary structure of BD1
in the complex is very similar to the
native structure of BD1 (26) and
BD2 (31, 32) as well as to other
known bromodomain structures
(33-38). As observed in the native
structure of BD1, the noncrystallog-
raphy symmetry arrangement of the
three molecules is unique, as com-
pared with those found in other pro-
tein structures. The molecules are
not related by 3-fold symmetry.
Molecule A is transformed into
molecule B by 2-fold symmetry,
whereas the third noncrystallogra-
phy symmetry molecule C is related
by a rotation of 110° to the molecule
B. Molecule C forms a dimer with
a molecule generated by crystallo-
graphic symmetry (supplemental
Fig. 1).

The difference Fourier map
clearly showed the electron density
for the acetylated histone H4 tail in
the cleft region of BD1 (Fig. 1B and
supplemental Fig. 2). The acetylated

H4 tail bound to molecules A and B, but it was absent from
molecule C (data not shown). The absence of the H4 tail in the
binding site of molecule C is most likely due to the extended
regions (i.e. N and C termini) of molecule B that blocked the
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FIGURE 1. Crystal structure of the BRD2-BD1 bromodomain in complex with Lys-12-acetylated histone
H4 tails. A, schematic representation of human BET proteins. B, structure of the BD1 dimer complex. The BD1
molecules and the H4K12ac tails are shown as ribbon and sticks, respectively. C, recognition mode of K12ac.
The hydrophobic environment around K12ac and water molecules (red balls) is indicated by the stick
model. Molecular interactions involving K12ac are shown with broken lines. D, electrostatic surface poten-
tial of the BD1 dimer in the complex. The H4K12ac tails bound to the protein dimer are depicted as sticks.
The residues Ser-1 to Gly-6 of the H4K12ac tail, which associate with molecule B, run through the dimeric
interface. Lys-8 side chain interacts with the negatively charged cavity of BD2, which is produced by the
dimer association. E, stereo view of the close-up view of the BD1 complex structure in the binding site
region. The BD1 molecules A and B are shown as a ribbon diagram, and the H4K12ac tails are shown as
sticks. F, electrostatic interaction of Lys-8 in the H4K12ac tail at the BD1 dimeric interface. Structural
figures were generated with PyMol.

entry of the H4 tail to molecule C. The electron density was
missing for residues 1-7 in molecule A, as the residues in this
region are flanking away from the protein (supplemental Fig.
2A). However, to our surprise, the full-length N-terminal H4
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FIGURE 1—continued

tail from residues 1 to 15 was readily traceable for molecule B,
except for the side chains of Arg-3 and Lys-5 (supplemental Fig.
2B). As the H4 tail bound to molecule B was most well defined, the
explanations below are based on the results for molecule B, unless
otherwise stated.

In the complex structure, the acetylated H4 tail binds in the
narrow cleft region with an extended, nonspecific conforma-
tion. The main chain atom N of K12ac produces a bifurcated
electrostatic interaction with the side chains of Asn-156 and
Asp-160. The side chain of K12ac sits in the deep hydrophobic
pocket, formed by the residues Pro-98, Phe-99, Val-103, Leu-
108, Lys-110, Cys-152, and Ile-162 (Fig. 1C). The acetyl group of
K12ac is positioned in the cavity in such a way that the OH of
the carbonyl group electrostatically interacts with N62 of Asn-
156, as well as indirectly with the Tyr-113 side chain through a
water molecule (Fig. 1C), which is conserved in other bromo-
domain structures (13). A series of hydrogen bond networks
between the water molecules exist on one side of the K12ac
side chain. The side chain atom N¢ of K12ac electrostatically
interacts with a water molecule (Fig. 1C). The other water
molecule acts as a bridge between N¢ of K12ac and the car-
bonyl group of Pro-98. Moreover, the hydrophobic residues
Phe-99, Val-103, and Ile-162 surround the methyl (CH,;)
group of K12ac (Fig. 1C). The charge distribution on the
cavity surface, based on the electrostatic surface analysis, is
complementary to that of the aliphatic moiety (Fig. 1D).

Recognition of Histone H4 Tail Peptide 1 by BRD2-BDI1—
Based on the BD1-P1 complex structure, the H4K12ac tail
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interacting BD1 residues in the pep-
tide-binding site are highlighted in
Fig. 1E. The main chain nitrogen
and carbonyl oxygen atoms of
Gly-13 (the +1 position to K12ac)
form hydrogen bonds with O81 of
Asp-160. The carbonyl oxygen atom
of Gly-13 contributes a main chain
hydrogen bond to the amino group
of Asp-161. Gly-14 (+2 position)
does not interact with the protein.
Ala-15 (+3 position), which is posi-
tioned at the end of the cleft, forms
two hydrogen bonds, through its
main chain N and O atoms, with the
carbonyl group of Thr-159 and the
carbonyl group of Thr-168 of
the dimer-related molecule A,
respectively.

The residues Lys-8 (—4 position)
and Leu-10 (—2 position), which
bind at the other side of the shallow
pocket, have numerous interactions
with the protein. An electrostatic
interaction is formed between the
carbonyl group of Leu-10 (—2 posi-
tion) and N¢ of Lys-157 (Fig. 1E).
However, the other residue Lys-8
(—4 position) forms many hydro-
philic interactions with the main
chain atoms of the protein, through its positively charged side
chain (Fig. 1, D and F). The N¢ of Lys-8 interacts with the car-
bonyl groups of Tyr-153, Ile-154, and Asn-156, which are
located in helix aj, and with Tyr-153 and Ile-154 of the neigh-
boring dimeric molecule A (Fig. 1F). In addition, it interacts
with a tightly bound water molecule. In the case of the H4 tail
bound to molecule A, no such interactions exist, because Lys-8
of the H4 tail cannot be accommodated in the same orientation
as that observed on molecule B. The electron density for the
side chain of Lys-8 of the H4 tail bound to molecule A is weak
(supplemental Fig. 24), because it is exposed to the solvent
region.

Gly-6 and Gly-7 of the H4 tail are located away from mole-
cule B, and thus lack interactions with the protein. Due to a kink
at Gly-7, a turn comprising residues 5-7 is located near the BC
loop (156 —158) of the adjacent molecule A. Unexpectedly, the
first seven residues (Ser-1 to Gly-7) are sandwiched in a pocket
formed between the dimeric interface (Fig. 1D), which pos-
sesses an electronegative surface. Although the main chain was
traceable from Ser-1 to Lys-5, no electron density for the side
chains of Arg-3 and Lys-5 was visible (supplemental Fig. 2B).
These results imply that the formation of such a dimeric inter-
face minimizes the flexibility of the N-terminal tail of histone
H4 on BRD2-BD1.

Opverall, we observed six electrostatic interactions between
the main chain of the protein and the side chains of the H4 tail.
Intriguingly, the BD1-P1 complex structure revealed that at
least 10 residues of the H4 tail interact with BRD2-BD1, as
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A [p1ss] [is4] [v1s3] [kis7]  [Dieo]—[Dtet]

—c:;s—zc;7——<:;g—| L10 |—G!1..‘1—| Ki2ac |;2313:614—
R : g 0

o4 i f2y +3

|Y153|||15;.| |D1.12| ||;111|

B 765432101234567

H4 05 ---SGRGKGGKGLGK
08 SGRGKGGKGLGKGGA
12 KGGKGLGKGGAKRHR
16 GLGKGGAKRHRKVLR
20 GGAKRHRKVLRDNIQ

H3 09 RTKQTARKSTGGKAP
14 ARKSTGGKAPRKQLA
18 TGGKAPRKQLATKAA
23 PRKQLATKAARKSAP
27 LATKAARKSAPATGG

H2A 05 ---SGRGKQGGKARA
09 GRGKQGGKARAKAKT
13 QGGKARAKAKTRSSR
15 GKARAKAKTRSSRAG

H2B 05 ---PEPAKSAPAPKK
12 KSAPAPKKGSKKAVT
15 PAPKKGSKKAVTKAQ
20 GSKKAVTKAQKKDGK
24 AVTKAQKKDGKKRKR

FIGURE 2. Schematic diagram for the BD1 residues interacting with Lys-
12-acetylated histone H4 tail. A, interactions between BD1 and the H4 tail.
The residues of BD1 that interact with the H4K12ac side chain are not indi-
cated for clarity. The interacting residues corresponding to molecules A and B
are labeled in blue and red, respectively. B, superposition of residues 1-15 are
from the N-terminal histone tails. The K12ac residue and the sequence recog-
nized by BD1, including the hypoacetylated Lys-8 in H4, are colored red and
blue, respectively. The lysine residues that can be acetylated in the histone
tails are also colored red.

summarized in Fig. 2A. The sequence preference of BRD2-BD1
deduced from the BD1-P1 complex structure is XXKX-
LXKacXXA, where X should be a flexible residue such as glycine
(Fig. 2A). Among all of the core histone sequences, this
sequence is only found around K12ac of H4 (Fig. 2B). These
results presumably explain a mechanism for highly selective
association between BRD2 and H4K12ac (16).

Structure of the BD1 Complex with Histone H4 Peptide 2—
Although the aforementioned results showed that the bromo-
domain BD1 of BRD2 binds to the acetyl-lysine at position 12 of
histone H4, we carried out an additional structural analysis of
another complex with a peptide containing acetyl-lysines at
positions 5 (H4K5ac) and 12 (H4K12ac) of the H4 peptide, P2
(Table 1), to determine whether this protein essentially binds
to H4K12ac. The structure of this protein complex indeed
revealed that the BRD2-BD1 specifically interacts with the
H4K12ac residue (supplemental Fig. 3). The mode of peptide
binding to the protein is similar to that found in the BD1-P1
complex. However, the electron density for the peptide residues
up to and including H4K5ac was completely missing, for both
molecules A and B. Notably, as also observed in the BD1-P1
complex, Lys-8 of peptide P2 contributes similar hydrophilic
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FIGURE 3. Surface plasmon resonance binding between Lys-12-acety-
lated histone H4 tails and BRD2-BD1 mutants. The binding activity to the
K12ac H4 tail peptide was compared between the wild-type BD1 (WT, red line)
and the BD1 point mutants (Y113A, 1154A, N156A, P158D, D160A, P111D/
D112A, D112A/1116E, N156D/D160A, and K157A/D160A). The mutations are
located in the H4 tail-interacting region as shown in Fig. 1E.

interactions with the main chain atoms of the protein residues
in the secondary binding site region. The electrostatic surface
potential study suggested that the side chain of Lys-8 could
enter into the narrow negatively charged cavity formed by the
ag helices of molecules A and B (Fig. 1, D and F). Thus, the
results gleaned from the analyses of the BD1-P1 and -P2 com-
plexes suggest that Lys-8, which is positioned in the secondary
binding site, might be a potential candidate for stabilizing the
recognition of K12ac for the BD1 interaction.

Structure of the BD1 Complex with Histone H4 Tail Pep-
tide 3—To determine whether Lys-8 of histone H4 is essen-
tial for the acetyl lysine position selectivity for the BD1
interaction, we solved yet another complex structure for an
acetylated histone H4 peptide, P3 (Table 1), lacking residues
1-9 altogether. Remarkably, the complex structure for pep-
tide P3 revealed that the peptide binds very weakly to the
protein (supplemental Fig. 4). For molecule A, no electron
density was observed, except for a weak electron density in
the H4K12ac side chain-binding region. For molecule B, the
electron density was also absent, except for H4Kl2ac.
The electron density did not improve for the other residues,
even after several rounds of refinement. This result suggests
that the instability of this peptide binding is due to the lack of
the anchoring residue at the —4 position of H4K12ac (cor-
responding to Lys-8 of histone H4), which electrostatically
interacts with the BRD2-BD1 surface at the secondary bind-
ing site. Because the co-crystallized crystals of the BD1-P3
complex did not show any additional electron density in the
peptide-binding site, we also tried the soaking method for
this protein complex, which had been incubated with the P3
peptide overnight. However, the soaked experiment also
failed to detect the additional electron density (data not
shown).

When analyzed, the crystal packing of the above described
structures, the peptide molecules do not have any potential
interactions with any of the symmetry-related molecules, and
the long segment of the peptides in the dimer is exposed to the
solvent region. The observations provide further evidence that
the complex formation in the crystals is not due to any kind of
artifact but mainly to the specific recognition between the H4
peptide and the bromodomain.
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FIGURE 4. BRD2-BD1 interaction to histone H4 tails with different patterns of acetylation. Dose-dependent binding results ranging from 5 to 80 um of the
protein concentration are shown. Acetylation patterns of the histone H4 (1-20) peptides immobilized to the sensor chip are as follows: A, no acetylation;
B, Lys-12-acetylated; C, Lys-5-acetylated; D, Lys-12-acetylated with K8A mutation; £, di-acetylated at Lys-12 and Lys-5.

Binding Assay for BDI1 and the Histone H4 Tail Interaction—
To examine the specific recognition of the Lys-12-acetylated
H4 tail by BRD2-BD1, we performed surface plasmon reso-
nance analyses with a series of BD1 mutants (single mutants
Y113A,1154A, N156A, P158D, and D160A and double mutants
P111D/D112A, D112A/I116E, N156D/D160A, and K157A/
D160A). The BD1 binding to the H4K12ac tail peptide was
drastically reduced by all of the tested mutations (Fig. 3). As
predicted (26), the weak binding of the I154A mutant, which
positions at the dimeric interface and interacts with H4K8
through its carbonyl group (Fig. 1F), implies that the alteration
of dimerization, and probably the reduction in Lys-8 binding,
substantially decreased the H4K12ac binding activity of BRD2-
BD1. Mutations to the H4-interacting residues such as Tyr-113,
Asn-156, and Asp-160 further decreased the BD1 binding to the

MARCH 5, 2010+ VOLUME 285+-NUMBER 10

K12ac-containing H4 tail peptide, supporting that these resi-
dues are indeed responsible for the recognition of Lys-12-acety-
lated H4 tail in solution.

Interaction with the Histone H4 Tail with Different Patterns of
Acetylation—To address the preference of BRD2-BD1 for the
acetylation status of the histone H4 tail, we analyzed the bind-
ing activity using histone H4 tail peptides with different pat-
terns of acetylation (Fig. 4). As expected, BRD2-BD1 did not
bind to nonacetylated H4 tail peptide (Fig. 44). BD1 bound to
the Lys-12-acetylated H4 tail peptide and to a less extent to the
Lys-5-acetylated peptide (Fig. 4, Band C). The dissociation con-
stants were approximately estimated to be 930 um and 1.8 mm
for K12ac and K5ac, respectively, as calculated by the steady-
state affinity binding model. Based on the crystal structures and
the in vitro binding assay, BRD2-BD1 and the H4K12ac tail are
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considered to bind each other in an equal ratio. To assess
whether BRD2-BD1 binding to the Lys-12-acetylated H4 tail is
affected by the side chain of Lys-8, we next performed the effect
of K8A mutation on BD1 binding (Fig. 4D). As expected, the

interaction between BD1 and the
Lys-12-acetylated H4 tail peptide
was significantly weakened by the
K8A mutation. The dissociation
constant was estimated to be ~3.0
mM. These results suggest that the
residues Lys-8 K12ac of H4 substan-
tially contribute to the selective
interaction between BRD2-BD1 and
histone H4 in solution.

As BRD2 binds chromatin that is
enriched in Lys-12- or Lys-5-acety-
lated histone H4 (17), we further
tested the BD1 binding activity to
di-acetylated H4 tail peptide at
Lys-12 and Lys-5. To our surprise,
BRD2-BD1 bound to the H4K5ac/
K12ac peptide noticeably with the
approximate dissociation constant
of 360 uMm (Fig. 4E). The observation
of considerable interaction with
BRD2-BD1, in an unknown manner,
may be due to influence of addi-
tional acetylated lysine (K5ac) in the
di-acetylated H4 peptide or may be
due to the possibility of more than
one mode of recognition by BRD2-
BD1 for the multiacetylated H4 tail
(see below).

Comparison between BET Family
Bromodomains—Sequence  com-
parisons of the first and second bro-
modomain modules, BD1 and BD2
from the BRD2 and BRD4 proteins,
revealed that the corresponding
bromodomains in BRD2 and BRD4
(i.e. BRD2-BD1 versus BRD4-BD1;
BRD2-BD2 versus BRD4-BD2) are
highly homologous as compared
with the nonequivalent bromodo-
mains BD1 versus BD2 (Fig. 5A).
The corresponding bromodomains
share more than 75% sequence
identity, whereas only about 44%
sequence identity exists between
BD1 and BD2. Sequence compari-
sons of other BET proteins also
yielded similar results (data not
shown). When the properties of
the residues of BRD2-BD1 that
interact with the acetylated H4
peptide were compared with those
of BRD4-BD1, an intriguing result
was observed; the acetylated H4
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1 hsBrd2 BD1/73-195
hsBrd2 BD2/345-467
hsBrd4 BD1/57-178
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2 hsCBP/1077-1197
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hsP-CAF/715-832

peptide-interacting residues are highly conserved between
the first bromodomains of BRD2 and BRD4 (Fig. 5A). This
suggests that the interaction mode of the first bromodomain
with the acetylated histone H4 in BRD4, as well as in other
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FIGURE 5—continued

BET proteins, might be similar to that observed in the BRD2-
BD1 complexes.

While we were preparing this manuscript, the crystal
structure of the BD1 domain of mouse BRDT (BRDT-BD1)
in complex with acetylated histone H4 peptide was reported
(39). Unexpectedly, BRDT-BD1 strongly associates with the
histone H4 peptide di-acetylated at Lys-5 and Lys-8
(H4K5acK8ac) although it faintly associates with the H4
peptides mono-acetylated either at Lys-5, Lys-8, Lys-12, or
Lys-16 (39). In addition, the side chains of K5ac and K8ac
bind to BRDT-BD1 at the same acetylated lysine-binding
pocket simultaneously. This feature is completely absent in
the structure of the BRD2-BD1 complex (supplemental Fig.
5). Another recent report indicates that the bromodomains
of BRDT specifically bind to histone H4 in which both Lys-5
and Lys-8 are acetylated, although it did not bind to those
acetylated at either Lys-5, Lys-8, Lys-12, or Lys-16 (40). This
preference of BRDT is quite different from that of BRD2 that
favors acetylation of Lys-12 most among the four single
acetylations (16). Thus, the N-terminal bromodomains of
BET proteins may flexibly recognize different patterns of H4
acetylation, possibly utilizing at least the two different man-
ners of H4 tail interactions. Consequently, multiple acetyla-
tion of H4 at Lys-5, Lys-8, and Lys-12 may contribute to tight
and complex association of BET proteins with chromatin.

In case of the second bromodomain of BRD2/BRD4, it also
recognize the N-terminal H4 tail acetylated at Lys-12

(H4K12ac) (16, 31, 32). By comparing the sequences between
BD1 and BD2, the functional residues of BD1 involved in the
acetylated histone H4 interactions are not highly conserved
with their equivalent residues in BD2 (Fig. 54). We have also
observed that the mode of acetylated histone H4 recognition by
BD2 is quite different from BD1, although both the bromodo-
mains recognize H4K12ac.”

Comparison with Other Bromodomain Structures—The
left-handed four-helical domain of BRD2-BD1 is conserved in
the bromodomain family (33-38). The overall structures of
these bromodomains are similar; however, the H4 tail-binding
site possesses major structural variations, particularly in the ZA
and BC loop regions (data not shown).

When we compared the BD1 complex structure with other
known bromodomain complex structures, such as Gen5 with
an acetylated H4 tail peptide (35), PCAF with an acetylated tat
peptide (38), and cAMP-response element-binding protein-
binding protein with an acetylated p53 peptide (37), we
observed from our structural studies that the H4 tail peptide in
the BD1 complex form more interactions with their protein
partners than those found in other bromodomain complexes
(Fig. 5B). The complex structure of the Gen5 bromodomain
with the H4 tail peptide, corresponding to residues 15-29
(AK(ac)RHRKILRNSIQGI) (35), showed that this bromodo-
main preferentially binds to the Lys-16-acetylated H4 tail.
Although they used a 15-amino acid-long peptide containing
H4K16ac, just 4 residues (i.e. residues 16—19) bound to the
protein, and only a limited number of contacts were formed
with 2 residues, H4K16ac+2 (His-18) and H4K16ac+3 (Arg-
19). When compared, the native structure of TAF1 double bro-
modomains (36) by superimposing monomer of the BD1 dimer
with that of the TAF1 double bromodomain for C* atoms, it
showed that the packing is quite different between them (sup-
plemental Fig. 6). The peptide binding regions of the TAF1
double bromodomain are quite close to each other, such that
two acetyl-lysine residues from a single H4 tail could interact
with them simultaneously. However, in the BD1 dimer case, the
two bromodomains interact with two independent peptides,
and hence BD1 may interact with two acetylated H4 tails
through its dimerization.

TAF1 binds to the N-terminal tail of histone H4, which is mono-
acetylated either at Lys-8, Lys-12, or Lys-16, as well as to that of
histone H3 acetylated at Lys-14, suggesting that TAF1 possesses
broader recognition specificity (16, 36). Similarly, the PCAF pro-
tein, which contains a single bromodomain, also has broader spec-
ificity for acetylated histone recognition (16, 33). This broader
specificity, which may be due to weaker interactions, would occur

7 T.Umehara, B. Padmanabhan, and S. Yokoyama, unpublished results.

FIGURE 5. Comparison of BRD2-BD1 with other bromodomains. A, sequence comparison of the BET and non-BET bromodomains. The name and region of
the BET family are indicated in red (i.e. BD1 and BD2 regions of human BRD2 and BRD4). The amino acid sequence alignment was produced by ClustalW (41) and
was manually modified. Red characters indicate identical residues in the BET family (group 1) of BRD2 and BRD4 bromodomains. Characters on the red
background indicate completely conserved amino acids among the BET (group 1) and non-BET (group 2) bromodomains. Blue circles denote residues that
interact with the acetylated histone H4 tail residues (except for the K12ac side chain interactions, for clarity). The figure was generated by ESpript (9). B, stereo
view of the superposition of BRD2-BD1-peptide complex with the other known bromodomain structures. The peptide in the BRD2-BD1 complex is shown as
sticks model for clarity. Color code is as follows: red, BD1 complex; cyan, TAF1-bromodomain-1; magenta, TAF1-bromodomain-2; slate blue, Gcn5-acetylated
histone H4 peptide complex; yellow, PCAF-tat-peptide complex; olive green, cAMP-response element-binding protein-binding protein-p53 peptide complex.
C, orientation of the acetylated H4 peptides in BRD2-BD1 (green) and Gen5 (slate blue) complexes.
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between the bromodomains of TAF1/PCAF and the H3/H4 tails;
thus, their association with or dissociation from the histones
would depend on their respective recognitions.

On the other hand, the BET family proteins, BRD2 and
BRD3, preferentially recognize the histone H4 N-terminal tail
acetylated at Lys-12 (16, 17). This narrow and specific recogni-
tion directly correlates with the structural features observed in
BRD2-BD1 where the long portion of the H4 peptide, spanning
about 10 amino acids, binds with the bromodomain (Fig. 1, B
and D, and Fig. 2).

Another noteworthy difference was observed in both the
location and direction of the bound peptides in the two bromo-
domain complexes from BRD2 and Gcenb5, and the backbones of
the peptides in the two corresponding structures are oriented
nearly antiparallel to each other (Fig. 5C). This suggests that the
interaction modes of the BRD2 and Gen5 bromodomains with
histone H4 are completely different and that the two sequences in
the vicinity of the acetylated Lys-12 and the acetylated Lys-16 are
recognized in different manners by BRD2 and Gcnb5, respectively,
although they both bind to acetylated H4 peptides. In the case of
the Gen5 complex structure (35), only a few intermolecular con-
tacts were observed compared with BRD2-BD1. Because the
acetylated histone H4 interacting residues are highly conserved
among the first bromodomains in the BET proteins, the orienta-
tion of the acetylated histone H4 tail may be the same for the first
bromodomain in BET protein family members.

In summary, this study describes how BRD2-BD1 deciphers
the histone code by means of recognizing H4K12ac, in which
the large numbers of intermolecular interactions occur with the
N-terminal 15 residues of the acetylated histone H4 tail. In
addition, the BRD2-BD1 can recognize two H4K12ac tails
simultaneously. We also suggest the role of Lys-8 in determin-
ing the recognition of a specific acetylated lysine position for
BRD2. These results provide a starting point for further struc-
tural and functional analyses aimed at understanding how the
BET family proteins interact with acetylated chromatin, and
how they regulate the transcriptional machinery in a histone
acetylation-dependent manner.
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