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PROTEIN STRUCTURE REPORT
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Abstract

BRD4, which is a member of the BET (bromodomains and extraterminal) protein family, interacts
preferentially with acetylated chromatin and possesses multiple cellular functions in meiosis, embryonic
development, the cell cycle, and transcription. BRD4 and its family members contain two bromodo-
mains known to bind acetylated lysine, and a conserved ET domain whose function is unclear. Here we
show the solution structure of the ET domain of mouse BRD4, which provides the first three-
dimensional structure of an ET domain in the BET family. We determined the NMR structure of BRD4-
ET with a root-mean-square deviation of 0.41 A for the backbone atoms in the structured region of
residues 608—676 on the basis of 1793 upper distance limits derived from NOE intensities measured in
three-dimensional NOESY spectra. The structure of the BRD4-ET domain comprises three a-helices and a
characteristic loop region of an irregular but well-defined structure. A DALI search revealed no close structural
homologs in the current Protein Data Bank. The BRD4-ET structure has an acidic patch that forms a
continuous ridge with a hydrophobic cleft, which may interact with other proteins and/or DNA.
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protein family, a class of transcriptional regulators whose
members are present in animals, plants, and fungi
(Florence and Faller 2001; Wu and Chiang 2007). The
BET proteins typically have two tandem N-terminal bro-
modomains followed by an ET domain. As predicted by the
presence of bromodomains, these proteins have been found
to be associated with acetylated chromatin. BET proteins
areinvolvedin diverse cellular phenomena such as meiosis,
cell-cycle control, and homeosis and have been suggested
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to modulate chromatin structure and affect transcription via
a sequence-independent mechanism (Wu and Chiang
2007).

For the bromodomains, including BET-type bromodo-
mains, abundant structural information is available, and
their function as acetylated lysine-binding domains is
well characterized (Mujtaba et al. 2007; Nakamura et al.
2007; Wu and Chiang 2007). In addition, the crystal
structure of papillomavirus DNA tethering complex E2
with the C-terminal fragment 1343—1362 of human BRD4
has recently been determined (Abbate et al. 2006). In
contrast, so far no structural information is available for
the ET domain of any of the BET proteins, presumably
because attempts to crystallize the ET domain have been
unsuccessful. The function of the ET domain is assumed
to be protein binding. For example, the C-terminal region
of yeast Bdf1 containing an ET domain is responsible for
the interaction with the Taf67 (TAF7) subunit of TFIID
(Matangkasombut et al. 2000). The C-terminal region of
BRD4 containing the ET domain also interacts with Kaposi’s
sarcoma-associated herpesvirus-encoded latency-associated
nuclear antigen 1 (LANA-1) (Ottinger et al. 2006; You et al.
2006). However, the molecular mechanism for these inter-
actions remained elusive because of the lack of structural
information for the ET domain.

Here, we report the solution structure of the ET domain
(residues 601-683) of mouse BRD4 (BRD4-ET). Based on
structural features of the BRD4-ET domain, we discuss
possible roles of the ET domain.

Results and Discussion
Structure determination

The protein construct used for the structure determination
comprised 90 amino acid residues, including seven non-
native residues at its N terminus that are related to the
expression system used (see Materials and Methods). The
C-terminal 83 residues constitute the BRD4-ET domain,
corresponding to residues 601-683 of the full-length
mouse BRD4 protein. The line widths of the signals in
the NMR spectra were indicative of a monomeric protein
(Fig. 1). The resonance assignments of the backbone
amide protons and the nonlabile protons are complete for
the structured region of the protein, residues 608-676
(Fig. 2A). Among the labile side-chain protons, the amide
groups of all asparagine and glutamine residues and the &-
proton resonance of Argb666 were assigned using intra-
residual NOEs.

Of the 2944 cross peaks that were identified in the
three-dimensional NOESY spectra, 99.6% could be
assigned by the program CYANA (Giintert 2003). The
fact that virtually all NOEs can readily be assigned and are
consistent with a monomeric structure makes it unlikely
that under the conditions of the NMR experiments the
protein could form a stable multimeric structure. Also,
surface plasmon resonance measurements (see below)
showed that the BRD4-ET domain has no self-association
activity, which further supports the existence of BRD4-ET
as a monomer in solution. Almost 20 NOE distance
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Figure 1. Two-dimensional ['°N,"H]-HSQC spectrum of BRD4-ET. Cross peaks are labeled with the one letter code and the sequence

number of the corresponding amino acid.
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Figure 2. Solution structure of mouse BRD4-ET. (A) Sequence alignment
of BRD4-ET (residues 601-683) with its homologs. The colors are chosen
according to the similarity (red box and white character for conserved
residues; red character for similarity in a group; blue frame for similarity
across groups). (B) Superposition of the backbone atoms of the 20
conformers that represent the solution structure of BRD4-ET for best fit
of the backbone atoms N, C* C' of residues 608-676. The «-helical
segments are indicated in green. (C) Ribbon diagram of the BRD4-ET
domain, viewed as in B, and colored from blue (N terminus) to red (C
terminus). (D) Electrostatic surface potential of the BRD4-ET domain
showing the acidic region. The surface is colored red and blue for potential
values below —5kgT and above +5kg7, respectively, where kg is the
Boltzmann constant and 7 the room temperature. (E) Superposition of the
BRD4-ET domain (cyan) with the N-terminal SAP domain of SUMO
ligase PIAS1 (pink) (PDB code 1V66). An extra helix (indicated by the
arrow) in the SAP domain is replaced by the long a,/ai3 loop in the BRD4-
ET domain structure.

restraints per residue, including 324 long-range distance
restraints between protons five or more residues apart in
the sequence, were used in the final structure calculations
with CYANA and in the subsequent restrained energy
refinement with the program OPALp (Koradi et al. 2000).
The 20 energy-minimized conformers that represent the
solution structure of the BRD4-ET domain (Fig. 2B)
showed excellent agreement with the experimental data
and are well defined with RMSD values to the mean
coordinates of 0.41 A for the backbone and 0.83 A for all
heavy atoms in the structured region of residues 608—676
(Table 1). More than 99% of the (b,) backbone torsion

2176 Protein Science, vol. 17

angle pairs were found in the most favored or additionally
allowed regions of the Ramachandran plot. The solution
structure of BRD4-ET and the conformational restraints
were deposited in the Protein Data Bank (PDB) with
accession code 2JNS. The chemical shifts were deposited
in the Biological Magnetic Resonance Data Bank (BMRB;
www.bmrb.wisc.edu) with accession number 15125.

Solution structure of BRD4-ET

The BRD4-ET domain is an a-helical protein with three
a-helices, Tyr613-Lys625 (), Lys630-Arg641 (a,), and
Thr664-Leu676 (a3) (Fig. 2C). The helices have most of
the characteristic CO(/)-NH(i + 4) hydrogen bonds. In
addition, several 3;p-helix type hydrogen bonds are
present in the majority of the conformers at the end of
helix a, in helix a,, and for CO(642)-NH(645), CO(645)-
NH(648), CO(649)-NH(652), and CO(656)-NH(660) in the
loop region connecting helices o, and a3 (ax/oz loop).
Helix « is arranged antiparallel with respect to the helices
a; and a3. The hydrophobic core of the protein includes the
residues with less than 10% solvent accessible surface area,
Met611, Leu619, 11e623, Leu626, Val634, Val635, Ile637,
Asn639, 11653, Phe657, Leu660, Thr664, Leu665, Leu668,
and Val672. Almost all of these buried residues are located
in the three helices o, oy, and a3 or in the as/a3 loop (see
below).

The most characteristic feature of the BRD4-ET struc-
ture is the an/aiz loop region of residues 642-663 between
helices a, and o3. The a,/az loop has no canonical

Table 1. Statistics for the NMR solution structure of BRD4-ET

NOE distance restraints

Number 1793
Intraresidual, |i —j| = 0 500
Sequential, |i —j| = 1 452
Medium range, 1 <|i —j| <5 517
Long range, |i —j| = 5 324

Maximal violation 0.10 = 0.01 A
Torsion angle restraints (Gp/):
Number 107

Maximal violation 1.0 = 0.6°

Final CYANA target function value
AMBER energy
RMSDs from ideal geometry
Bond lengths
Bond angles
RMSD to mean coordinates
Backbone atoms N, C%, C’ of
residues 608-676
All heavy atoms of residues 608-676
PROCHECK Ramachandran plot statistics
Most favorable regions
Additional allowed regions
Generously allowed regions
Disallowed regions

0.24 * 0.02 A
—2868 = 158 kcal/mol

0.0139 + 0.0001 A
1.72 + 0.03°

0.41 + 0.07 A
0.83 = 0.09 A

89.9 £ 2.7%
9.2 £28%
0.8 £ 0.7%
0.1 £0.3%
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regular secondary structure. Nevertheless, it is well
defined by a large number of NOE restraints, contributes
to the hydrophobic core of the protein, and contains 3;(-
helix-like turns at residues 643—-645 and 650-652. Three
proline residues, including Pro643 and Pro650 at the N
termini of the 3;y-helix-like turns, prevent the formation
of longer a-helices. The 135 long-range distance restraints
involved in the ay/a; loop region correspond to an average
of 6.1 long-range distance restraints per residue in the a,/o3
loop, compared with 4.7 long-range distance restraints per
residue over the entire structured region of the protein,
residues 608—676. The presence of many long-range NOE
restraints indicated that the loop possesses a well-defined
conformation and is not more flexible than the rest of the
protein. The loop is stabilized mainly by hydrophobic inter-
actions. The five hydrophobic residues Leu645, I1le653,
Ile655, Phe657, and Leu660 in the ar/a3 loop point toward
the interior of the protein and interact with buried hydro-
phobic residues located in the three helices (i.e., Leu619
and I1e623 of «;; Val634, Val635, and Ile638 of «,; and
Leu665 of a3). Five out of the six negatively charged resi-
dues in the ay/a; loop, Asp651, Glu652, Glu654, Asp656,
and Glu658 are exposed on the protein surface where they
form a negatively charged stretch. In contrast, the Glu642
side-chain carboxyl group forms an interior salt bridge with
the side-chain amide group of Lys661. Overall, the long o,/
a3 loop has a special and rather fixed conformation that is the
most characteristic feature of the BRD4-ET structure. This
unique conformation results in two adjacent pockets which
may be utilized for protein—protein interaction. One pocket is
formed by Glu642, Leu645, and Ser648 and bordered by the
negatively charged residues Glu652, Glu654, Asp656, and
Glu658. The other pocket is formed by Tyr613, Arg617, and
Asn624 from o and Leu63 from o, bordered by Asp651,
Glu654, Asp656, and Glu658 (Fig. 2D).

A search for structural homologs using the program
DALI (Holm and Sander 1993) revealed no proteins in the
PDB with a high structural similarity to BRD4-ET. The best
match with the structured region of BRD4-ET, residues
608-677, was found for the N-terminal SAP domain of the
SUMO ligase PIAS1 (PDB accession code 1V66) (Okubo
et al. 2004), however, only with a marginal Z-score of 4.2
and an RMSD of 3.0 A for the superposition of 55 out of the
69 residues (Fig. 2E). There is no detectable sequence
homology between the two proteins. The other proteins for
which DALI reported a weak structural homology are
mainly DNA-binding proteins (data not shown). The N-
terminal SAP domain of PIAS1 binds to the tumor sup-
pressor p53, which is a target protein for sumoylation by
PIASI1, and it has a strong binding affinity toward A/T-rich
DNA (Okubo et al. 2004), indicating that the PIAS1 SAP
domain binds to its protein partner as well as to the DNA.
The N-terminal SAP domain of PIASI has a helix in the
region corresponding to the a,/a; loop in BRD4-ET, in

which a ““nascent’ helical loop and several 3(-helix-type
hydrogen bonds are interrupted by proline residues.

The electrostatic surface potential analysis of the BRD4-
ET domain revealed one acidic and two basic patches on
the protein surface. The acidic patch forms a continuous
ridge, largely contributed by the long a,/a; loop, with a
hydrophobic cleft/base produced by the o; and a, helices
(Fig. 2D). This acidic stretch of the BRD4-ET domain
(and its homologs in the BET family) may interact with
other proteins and/or DNA. The two basic patches, which
are mainly due to positively charged residues from the
C-terminal region, 677-683, or the a, and a3 helices,
respectively, may be potential sites for DNA recognition.

The BRD4 and BRD2 proteins recognize acetylated
N-terminal tails in the histone H4 through their two
bromodomains and remain bound to condensed chromo-
somes throughout mitosis (Florence and Faller 2001; Dey
et al. 2003). We have recently shown that BRD2 forms a
homodimer in solution as well as in the crystal structure
(Nakamura et al. 2007). The self-association of BRD2
occurs through the N-terminal bromodomain. The ET
domain did not show self-association activity as the N-
terminal bromodomain did (data not shown).

Binding analysis

Recent studies showed that the ET domain of BRD4, and
its homologs in BRD2 and BRD3, directly interact with
Kaposi’s sarcoma-associated herpesvirus-encoded latency-
associated nuclear antigen 1 (LANA-1) (Platt et al. 1999;
Viejo-Borbolla et al. 2005; Ottinger et al. 2006; You et al.
2006). The C-terminal region comprising the last 20
residues of LANA-1 (residues 1139-1162) is sufficient
for interacting with the BRD4-ET domain (Ottinger et al.
2006). Furthermore, the basic (pI = 10.82) stretch of
residues 1134-1143 (SSIVKFKKPL) was reported to be
indispensable for the BRD4-ET interaction.

To elucidate whether the BRD4-ET domain, especially
the two pockets formed by the unique a,/a; loop struc-
ture, contributes to the BRD4 interaction with LANA-1,
we performed binding experiments between the BRD4-
ET domain and a C-terminal peptide (residues 1134-
1163) of LANA-1 by surface plasmon resonance analysis.
We prepared the wild-type BRD4-ET domain and five
BRD4-ET domain variants with multiple mutations in the
pocket-forming residues (see Materials and Methods).
Although we examined this binding with high concen-
tration of the protein (up to 1 mM), we could not detect an
interaction between the BRD4-ET proteins and the
LANA-1 peptide (data not shown). We also tested the
ability of the BRD4-ET domain to interact with the BRD4-
ET domain itself, two BRD4 bromodomains, or the N-
terminal tail peptide of histone H4 (residues 1-15). In all
these studies, we could not observe an interaction with the
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BRD4-ET domain (data not shown). The BRD-ET domain
might require a longer C-terminal region of LANA-1 or
other endogenous factors for association. Further structural
and biochemical studies on ET complexes are required to
understand the molecular mechanisms of the ET domain in
BET family proteins.

Materials and Methods

Protein expression and purification

The histidine-tagged ET domain of mouse BRD4 (SwissPROT:
BRD4_MOUSE) protein was expressed for 6 h at 30°C, using an
E. coli cell-free protein synthesis system (Matsuda et al. 2007).
The protein was adsorbed to a 5 mL column of HisTrap HP (GE
Healthcare) and eluted with 20 mM Tris-HCI buffer (pH 8.0)
containing 500 mM NaCl and 500 mM imidazole. The protein
solution was incubated with TEV protease for 1 h at 30°C to
remove the histidine tag. The protein solution was desalted and
passed through a 1 mL column of HisTrap HP (GE Healthcare).
The TEV protease-digested protein comprised 90 amino acid
residues, including seven nonnative residues (GSSGSSG) at its
N terminus. The C-terminal 83 residues constitute the BRD4-ET
domain, corresponding to residues 601-683 of the full-length
mouse BRD4 protein. For the structure determination, a single,
uniformly '*C/'°N-labeled sample was concentrated to 1.05 mM
in 20 mM Tris-HCI buffer (pH 7.0), containing 100 mM NaCl,
1 mM dithiothreitol, and 0.02% NaN5 with the addition of D,O
to 10% v/v.

NMR spectroscopy

By use of Bruker DRX 600 or Bruker AV 800 spectrometers
['SN,'H]-HSQC (Fig. 1), ['*C,'H]-HSQC, HNCO, HN(CA)CO,
HN(CO)CA, HNCA, CBCA(CO)NH, HNCACB, HBHA(CO)NH,
CC(CO)NH, H(CCCO)NH, HCCH-TOCSY, HCCH-COSY, '°N-
resolved NOESY, and "*C-resolved NOESY (both with 80-ms
mixing time), spectra were recorded at 25°C. The raw NMR data
were processed using the program NMRPipe (Delaglio et al.
1995). The programs KUJIRA (Kobayashi et al. 2007) and
NMRView (Johnson and Blevins 1994) were used for the
spectrum analysis.

Structure calculation

Peak lists for the NOESY spectra were obtained by interactive
peak picking with the program NMRView. Torsion angle
restraints were obtained with the program TALOS (Cornilescu
et al. 1999). The three-dimensional structure was determined by
combined automated NOESY cross-peak assignment (Herrmann
et al. 2002) and structure calculation with torsion angle dynamics
(Giintert et al. 1997) implemented in the program CYANA
(Giintert 2003). The standard CYANA protocol of seven iterative
cycles of NOE assignment and structure calculation, followed by
a final structure calculation was applied. Each cycle of the
structure calculation started from 100 randomized conformers,
and 10,000 torsion angle dynamics steps were performed per
conformer. The 20 conformers with the lowest final CYANA
target function values were subjected to restrained energy refine-
ment in explicit solvent against the AMBER force field (Cornell
et al. 1995) using the program OPALp (Luginbiihl et al. 1996;
Koradi et al. 2000). PROCHECK-NMR (Laskowski et al. 1996),
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MOLMOL (Koradi et al. 1996), and PyMOL version 0.99
(www.pymol.org) were used to validate and to visualize the final
structures, respectively.

Surface plasmon resonance analysis

Surface plasmon resonance analysis was carried out on a Biacore
3000 instrument, using CMS5 sensor chips (GE Healthcare). The
polypeptide SSIVKFKKPLPLTQPGENQGPGDSPQEMT cor-
responding to the C-terminal residues 1134-1162 of LANA-1
(purchased from Toray Research Center) was immobilized on
the sensor chip by the amine-coupling method. Purified wild-
type or mutant BRD4-ET proteins (concentrations: 10 pM-1
mM) were each loaded for 1 min with a 20 pL/min flow rate
onto the chip, and the flow was further continued for 1 min to
detect the dissociation of the proteins from the immobilized
peptides in the HBS-EP running buffer composed of 10 mM
HEPES buffer (pH 7.4), 150 mM NaCl, 3 mM EDTA, and
0.005% Tween-20. Analogous binding assays were performed
using a BRD4-ET domain-liganded chip and LANA-1 analytes.
Six BRD4-ET proteins were studied: (a) wild-type, (b) D651A +
E652A + E654A + D656A + E658A, (c) E642A + L645E +
S648L, (d) R617 + N624A + L631E, (e) simultaneous muta-
tions at the eight positions of b and c, and (f) simultaneous
mutations at the eight positions b and d. The integrity of the
proteins used for the binding assays was confirmed by SDS-
PAGE analysis.
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