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 The Polybromo (PB) protein functions as a key component of the human PBAF chromatin remodeling complex in 
regulation of gene transcription. PB is made up of modular domains including six bromodomains that are known as 
acetyl-lysine binding domains. However, histone-binding specificity of the bromodomains of PB has remained elusive. 
In this study, we report biochemical characterization of all six PB bromodomains’ binding to a suite of lysine-acety-
lated peptides derived from known acetylation sites on human core histones. We demonstrate that bromodomain 2 of 
PB preferentially recognizes acetylated lysine 14 of histone H3 (H3K14ac), a post-translational mark known for gene 
transcriptional activation. We further describe the molecular basis of the selective H3K14ac recognition of bromodo-
main 2 by solving the protein structures in both the free and bound forms using X-ray crystallography and NMR, 
respectively.
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Introduction

Histone lysine acetylation plays an important role in 
control of chromatin-directed gene transcription. Rec-
ognition of acetylated histones has been shown to occur 
through a protein-protein interaction domain, the bro-
modomain, which is the only known structured domain 
thus far that recognizes acetylated lysine on histones or 
transcriptional proteins [1-3]. Bromodomain interac-
tions with lysine-acetylated histones have been shown 
to aid the recruitment of transcriptional proteins as well 
as processivity of chromatin remodeling complexes to 
facilitate gene transcription [4-7]. Polybromo (PB) is a 
chromatin remodeling protein found in metazoans that 
regulates gene expression in association with the PBAF 
remodeling complex during heart development [8, 9], 
in activation of nuclear hormone receptors [10] and in 
response to some cancers [11]. PB has a unique domain 
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architecture consisting of a DNA-binding domain, two 
BAH (bromodomain adjacent homology) domains and 
six bromodomains [12]. It has been postulated that 
PB bromodomain-mediated interactions with lysine-
acetylated histones are responsible for its unique ability 
to regulate gene transcription [13, 14]. However, the 
histone binding selectivity of the PB bromodomains has 
remained elusive.

We report here our study on the binding of PB bro-
modomains to a library of lysine-acetylated peptides 
derived from known acetylation sites in core histones. 
While each of the PB bromodomains shows varying 
degree of selectivity to acetylated histone peptides, the 
second bromodomain (BRD2) of PB shows a distinct 
preferential binding to lysine 14-acetylated histone 3 
(H3K14ac) over all other histone peptides. We charac-
terized the structural basis of H3K14ac recognition by 
the PB BRD2 by using X-ray crystallography and NMR 
techniques. The NMR solution structure of the BRD2/
H3K14ac complex reveals that the binding specificity 
for this transcriptional activation mark is established 
through interactions with the H3 residues flanking the 
acetyl-lysine 14, including specific recognition of A15 
of histone H3 by the BRD2 residues Val269, Leu207 and 
Glu206.
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Figure 1 Histone binding specificity of the human Polybromo bromodomains. (A) Organization of protein functional units in 
human Polybromo, consisting of bromodomains (BRD, blue), bromodomain adjacent homology (BAH) domain (green) and 
high mobility group (HMG) box (yellow). Numerals refer to copies of these conserved protein modules in the protein. (B) Dot 
blot assay showing GST-fusion BRDs of human Polybromo binding to an array of lysine-acetylated peptides that are derived 
from known acetylation sites in core histones (shown at low right corner). The binding was detected by western blot analysis 
using anti-GST antibodies. Peptides marked by single, double and triple asterisks are non-histone peptides derived from HIV 
Tat-K50, HIV Tat-K50ac and p53-K382ac, respectively. The sequences of the peptides are listed in Table 1. (C) Presentation 
of quantitative assessment of histone binding data of the Polybromo BRDs in B after normalization of dot blot signal inten-
sity, color-coded in three categories of high, medium and low. (D) Peptide microarray assay using fluorescein-labeled BRD2 
showing its selective binding to H3K14ac over other histone peptides. (E) 2D 1H-15N HSQC spectra of 15N-labeled BRD2 (0.25 
mM) showing chemical shift perturbations of the protein residues on binding to the H3K14ac peptide (~2.5 mM). Protein NMR 
signals in the free form and in the presence of the H3K14ac peptide are color-coded in black and red, respectively.
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Results

Histone binding specificity of the PB BRDs
To understand the molecular basis of acetylated his-

tone recognition by the individual bromodomains of 
human PB, we cloned and purified GST-fusion proteins 
of all six bromodomains (Figure 1A) and assessed their 
histone binding using a dot blot assay. Specifically, we 
spotted a library of N-terminal biotinylated acetyl-lysine 
(Kac) peptides that are derived from known acetylation 
sites of the four core histones (Table 1) on a streptavidin 

membrane and incubated the membrane with individual 
GST-BRD proteins. In addition, we also included a pair 
of lysine 50-acetylated and non-acetylated HIV Tat pep-
tides [15] and lysine 382-acetylated p53 peptide [16] on 
the membrane as reference. The GST-BRDs bound to 
the membrane-immobilized peptides were visualized by 
probing with an anti-GST-HRP antibody (Figure 1B). 
The results reveal that each BRD exhibits a different pat-
tern in binding to the multiple histone acetyl-lysine pep-
tides present on the blot (Figure 1C). For instance, BRD1 
binds strongly to H3K36ac, whereas BRD2 specifically 

Table 1 Peptides used on blots and microarrays
	 Protein	 Acetylation sites	 Acetyl-Lys-containing sequences
	 H3 (GGSG + aa 1-11)	 H3-K4ac	 Biotin-GGSGART-Kac-QTARKST
	 H3 (aa 2-16)	 H3-K9ac	 Biotin-RTKQTAR-Kac-STGGKAP
	 H3 (aa 7-21)	 H3-K14ac	 Biotin-ARKSTGG-Kac-APRKQLA
	 H3 (aa 11-25)	 H3-K18ac	 Biotin-TGGKAPR-Kac-QLATKAA
	 H3 (aa 16-30)	 H3-K23ac	 Biotin-PRKQLAT-Kac-AARKSAP
	 H3 (aa 20-34)	 H3-K27ac	 Biotin-LATKAAR-Kac-SAPATGG
	 H3 (aa 29-43)	 H3-K36ac	 Biotin-APATGGV-Kac-KPHRYRP
	 H3 (aa 108-122)	 H3-K115ac	 Biotin-NLCVIHA-Kac-RVTIMPK
	 H3 (aa 115-129)	 H3-K122ac	 Biotin-KRVTIMP-Kac-DIQLARK
	 H4 (GGS + aa 1-12)	 H4-K5ac	 Biotin-GGSSGRG-Kac-GGKGLGK
	 H4 (aa 1-15)	 H4-K8ac	 Biotin-SGRGKGG-Kac-GLGKGGA
	 H4 (aa 5-19)	 H4-K12ac	 Biotin-KGGKGLG-Kac-GGAKRHR
	 H4 (aa 9-23)	 H4-K16ac	 Biotin-GLGKGGA-Kac-RHRKVLR
	 H4 (aa 13-27)	 H4-K20ac	 Biotin-GGAKRHR-Kac-VLRDNIQ
	 H4 (aa 70-84)	 H4-K77ac	 Biotin-VTYTEHA-Kac-RKTVTAM
	 H4 (aa 72-86)	 H4-K79ac	 Biotin-YTEHAKR-Kac-TVTAMDV
	 H2A (GGS + aa 1-12)	 H2A-K5ac	 Biotin-GGSSGRG-Kac-QGGKARA
	 H2A (aa 2-16)	 H2A-K9ac	 Biotin-GRGKQGG-Kac-ARAKAKT
	 H2A (aa 6-20)	 H2A-K13ac	 Biotin-QGGKARA-Kac-AKTRSSR
	 H2A (aa 8-22)	 H2A-K15ac	 Biotin-GKARAKA-Kac-TRSSRAG
	 H2A (aa 29-43)	 H2A-K36ac	 Biotin-RVHRLLR-Kac-GNYSERV
	 H2A (aa 112-126)	 H2A-K119ac	 Biotin-QAVLLPK-Kac-TESHHKA
	 H2B (GGS + aa 1-12)	 H2B-K5ac	 Biotin-GGSPEPA-Kac-SAPAPKK
	 H2B (aa 5-19)	 H2B-K12ac	 Biotin-KSAPAPK-Kac-GSKKAVT
	 H2B (aa 8-22)	 H2B-K15ac	 Biotin-PAPKKGS-Kac-KAVTKAQ
	 H2B (aa 13-27)	 H2B-K20ac	 Biotin-GSKKAVT-Kac-AQKKVGK
	 H2B (aa 17-31)	 H2B-K24ac	 Biotin-AVTKAQK-Kac-DGKKRKR
	 H2B (aa 78-92)	 H2B-K85ac	 Biotin-SRLAHYN-Kac-RSTITSR
	 H2B (aa 101-115)	 H2B-K108ac	 Biotin-LLPGELA-Kac-HAVSEGT
	 H2B (aa 109-123)	 H2B-K116ac	 Biotin-KAVSEGT-Kac-AVTIKYT
	 H2B (aa 103-127)	 H2B-K120ac	 Biotin-GTKAVTI-Kac-YTSSKGS
	 HIV-1 Tat (aa 45-58)	 Tat-K50ac	 Biotin-GISYGR--Kac-KRRQRRRP
	 HIV-1 Tat (aa 45-58)	 Tat-K50	 Biotin-GISYGR--K---KRRQRRRP
	 p53 (aa 375-388)	 p53-K382ac	 Biotin-GQSTSRH-Kac-KLMFKTE
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prefers H3K14ac over the other histone peptides. BRD3 
interacts broadly with H3K115ac, H4K12ac, H2AK15ac 
and H2BK15ac, and BRD4 binds specifically to H3 at 
K14ac and K115ac. BRD5 and BRD6 appear to bind 
to H3K36ac and H3K122ac, and H2BK24ac and H2B-
K116ac, respectively. Note that some acetylation sites 
such as H3K36ac and H2BK116ac appear to be recog-
nized commonly by several BRDs of PB. Finally, BRD3, 
BRD4 and BRD6 also show interactions to the HIV Tat 
peptides with a small preference for the acetylated form 
by the latter two, whereas none of the PB BRDs shows 
any binding to the p53-K382ac peptide.

To verify the specificity of these histone interactions, 
we labeled the PB BRD proteins with a fluorescent dye 
and used them as probes in another binding assay using 
the same acetylated peptide library. In this peptide array 
assay, the peptide library was first mechanically spot-
ted in triplicate on a glass slide. Figure 1D illustrates 
the binding results for green fluorescent labeled BRD2 
using GST as a negative control. In the analysis of this 
assay, the fluorescent intensity at the spots containing an 
H3K14ac peptide was comparable to the positive control 
of directly spotted fluorescent molecules. This signal was 
much higher than all other peptide signals, underscoring 
the highly specific nature of BRD2/H3K14ac binding. 
Finally, we confirmed BRD2/H3K14ac binding by using 
2 dimensional (2D) 1H-15N heteronuclear single quantum 
correlation (HSQC) NMR spectroscopy. As shown in 
Figure 1E, the backbone amide NMR resonances of the 
15N-labeled BRD2 protein showed chemical shift pertur-
bations in the 2D 15N-HSQC spectra on addition of the 
H3K14ac peptide, but not of a corresponding non-acety-
lated H3K14 peptide (data not shown). Taken together, 
these results establish that H3K14ac, which is an acetyla-
tion mark known for gene transcriptional activation, is 
likely a specific interaction site for PB BRD2.

We next determined the binding affinity of PB BRD2 
to the H3K14ac peptide in an NMR titration experi-
ment by plotting protein chemical shift changes in the 
2D HSQC spectra as a function of peptide concentration 
to Kd of ~500 µM. This is a weak interaction but falls 
in the range of binding affinity previously reported for 
other BRD/lysine-acetylated peptide interactions such as 
human BRG1/H3K14ac (Kd of 1 mM) [17] and PCAF 
BRD/H3K14ac (Kd of 128 µM) [18]. It is noted that 
several recent papers reported single-digit micromolar 
affinities for BRD-acetylated histone peptide binding 
obtained using steady-state fluorescence anisotropy 
measurements [19, 20]. However, in our hands, we have 
never been able to obtain an affinity this high, includ-
ing using a fluorescence polarization assay with a FITC-
tagged H3K14ac peptide. In general, we have found that 

bromodomain binding to lysine-acetylated histone and 
non-histone peptides is significantly weaker in affinity 
than lysine-methylated histone binding by the chromodo-
mains [21] or the PHD fingers [22].

3D structures of BRD2 reveal its selective interaction 
with H3K14ac

To understand the molecular basis of this selective 
interaction, we then sought to solve a 3D structure of the 
BRD2/H3K14ac peptide complex. We co-crystallized 
BRD2 in the presence of an H3K14ac peptide and col-
lected a full data set with the crystals that reflected to a 

Table 2 Statistics of the crystal structure of the free PB BRD2
Data collection statistics1	
  	 Wavelength	 0.978 Å
  	 Space group	 P31
  	 Unit cell dimensions (Å)	
    	 a	 78.96
    	 b	 78.96
    	 c	 50.65
  	 Resolution range (Å)	 50-1.5 (1.55-1.50)
  	 No. of observed reflections	 177392
  	 No. of unique reflections	 56078
  	 Data completeness (%)	 99.5 (99.9)
  	 Redundancy	 3.2 (3.0)
  	 Rsym (%)2	 7.8 (20.6)
  	 I/σ(I)	 31.22 (5.85)	
Refinement statistics	
  	 Resolution range (Å)	 28.3-1.501 (1.54-1.50)
  	 Number of reflections	 53140
  	 Rfactor (%)3	 17.4 (19.5)
  	 Rfree (%) 	 19.9 (22.9)
  	 Mean overall B-factor (Å2)	 25.97
  	 Number of protein atoms	 1872
  	 Number of water molecules	 716
  	 Heteroatoms	 30.1
  	 R.M.S. bond deviations (Å)	 0.006
  	 R.M.S. angle deviations (degrees)	 0.941	
Ramachandran Plot	
  	 Most favored region (%)	 99.15
  	 Additionally allowed (%)	 0.85
  	 Generously allowed (%)	 0.0
  	 Disallowed (%)	 0.0
1Values given in parentheses are for the highest resolution shell.
2Rsym = Σhkl [(Σ |Ii − <I>|) / Σ |Ii|]
3Rfactor = (Σhkl ||Fo|−|Fc||) / Σhkl|Fo|.
 Five percent of the data were used for Rfree
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maximum resolution of 1.5Å. Using the Balbes program 
[23], we generated an initial molecular replacement 
structure and refined it to a final Rwork of 0.17 with the 
Phenix program [24] (see Table 2). The structure shows 
a left-handed four-helix bundle (Figure 2A), the typical 
bromodomain fold [25]. Compared to the structures of 

other bromodomains [3], BRD2 has shortened Z and A 
helices, but a longer ZA loop that consists of two short 
one-turn helices A′ and Z′. The peptide, however, did not 
co-crystallize with the protein. Interestingly, we observed 
that the carboxylate oxygen of the C-terminal residue Ala 
from an adjacent BRD2 symmetry molecule in the unit 

Figure 2 Structural insights into selective H3K14ac recognition by BRD2 of human Polybromo. (A) Ribbon representation 
of a 1.5 Å resolution crystal structure of the BRD2 in the free form. (B) Superimposition of the final 20 NMR structures of the 
BRD2 bound to H3K14ac peptide. The secondary structural elements are colored in blue and H3 residues K14ac, A15 and 
P16 of the H3K14ac peptide are shown in orange. (C) Superposition of the crystal structure (green) and the most represen-
tative NMR structure (blue) of the BRD2, showing major structural changes of the protein in the ZA loop owing to H3K14ac 
peptide binding. (D) Acetyl-lysine binding site, showing the key BRD2 residues for H3K14ac recognition, including the con-
served Asn263, and Leu205, Glu206, Leu207, Val269, as well as Tyr220 and Tyr262. The former forms hydrogen bond with 
the acetyl group of H3K14ac, whereas the latter show intermolecular NOEs to the peptide. Note that the conserved Tyr220 is 
also found to be involved in acetyl-lysine binding in other BRDs. (E) Binding site surface where residues donating NOE are 
colored in red and residues with HSQC chemical shift colored in blue. (F) Structure-based sequence alignment of BRDs from 
the human Polybromo and other transcriptional proteins such as PCAF, BRG and CBP and RSC4. Asterisks highlight the res-
idues in the BRD2 of human Polybromo that are involved in H3K14ac interactions, as shown by the NMR structural analysis.

A                                         B                                        C

D                                                         E
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cell forms a hydrogen bond to side-chain amide nitro-
gen of Asn263 of the BRD2 molecule (data not shown). 
Given that the highly conserved Asn263 in BRD2 is ex-
pected to directly participate in acetyl-lysine recognition 
by forming a hydrogen bond to the acetyl group (see be-
low), as shown in other BRD structures [3], this crystal 
packing problem likely prevented us from obtaining co-
crystal for the BRD2/H3K14ac peptide complex.

To capture the molecular basis of BRD2/H3K14ac 
recognition, we collected a full set of heteronuclear mul-
tidimensional NMR spectra of the complex and solved 
the solution structure of BRD2 bound to H3K14ac. The 
top 20 NMR structures are well defined by the NMR 
data (Figure 2B; see Table 3). The average minimized 
NMR structure of BRD2 in complex with the H3K14ac 
peptide is similar to the crystal structure of the free form 
but differs in the orientation of the ZA loop, visible in 
a superimposition of the two structures (Figure 2C). In 
the NMR structure, the ZA loop is flexed away from 

the binding site, creating a shallow binding cavity im-
portant for peptide binding. In the structures of PCAF 
BRD bound to HIV-1 Tat-K50ac peptide [15] or CBP 
BRD bound to p53-K382ac peptide [16], intermolecular 
NOEs were observed with peptide residues up to Kac ± 
3 position, and the Kac binding pocket is formed along 
the ZA-loop with the A′ helix contributing about half of 
all protein-to-peptide contacts, notably the conserved 
tyrosines such as Tyr262 and Tyr220 (Figure 2D), which 
do not interact with the peptide in our structure. In this 
BRD2 structure, most of the observed inter-molecular 
NOEs are between hydrophobic residues Val269 and 
Leu207 of BRD2 and the side-chain methyl group of 
A15 and also involve the side chain Cβ, Cγ and Cδ meth-
ylene groups of K14ac of the H3 peptide (Figure 2D). 
Although the residues showed intermolecular NOEs 
(Figure 2E, red) clustered near A15 and K14ac, there is 
a wider spread of protein residues that exhibited signifi-
cant chemical shift perturbations (Figure 2E, orange) 
indicative of the dynamic BRD/lysine-acetylated pep-
tide interactions. In addition, the acetyl-methyl group of 
K14ac interacts with Val269, and acetyl amide is within 
a hydrogen bond distance to the side-chain carbonyl 
oxygen of the highly conserved Asn263 of BRD2. More-
over, given the close distance observed in the structure, 
H3R17 and Glu206 may form electrostatic interactions 
that could further stabilize the complex. We did not ob-
serve intermolecular NOEs between the protein residues 
in the ZA loop and K14ac of the peptide, which could 
involve electrostatic and/or hydrogen bonding interac-
tions that were not detected in the NOE-based NMR 
spectra. Collectively, the NMR structural analysis pro-
vides new insight into the inter-molecular interactions 
that likely constitute the selectivity of PB BRD2 binding 
to H3K14ac.

Histone binding selectivity of the PB BRD2
We further examined the molecular basis of the 

H3K14ac binding selectivity of BRD2 over the other 
BRDs of PB based on the new structure. In PB BRD2, 
H3A15 at the Kac+1 position appears to play an impor-
tant role in control of the selective H3K14ac recognition 
by the BRD2, as reflected by a number of intermolecular 
NOEs that are even more than that with K14ac (Figure 
2E, red). The structure-based sequence alignment reveals 
that the key residues of BRD2 are not all conserved 
among the PB BRDs (Figure 2F). Specifically, Glu206 
in BRD2 is substituted with a shortened side chain 
Asp in BRD4 and BRD6, and Ala in BRD5; Leu207 is 
changed to Pro in BRD3 and Ser in BRD6; and Val269 
is replaced by Glu in BRD1. Interestingly, the residues 
corresponding to Glu206 and Leu207 of BRD2 are very 

Table 3 Statistics of NMR structure of PB BRD2 bound to 
H3K14ac peptide (PB BRD2/H3K14ac complex)
NMR distance and dihedral constraints	
Distance restraints	 2003
  	 Total NOEs	 1877
  	 Short range (|i – j| ≤ 1)	 985
  	 Medium range (1 < |i – j| < 5)	 537
  	 Long range (|i – j| ≥ 5)	 355
Hydrogen bonds	 106
Inter-molecular constraints	 20	
Dihedral angle restraints
  	 Ψ	 84
  	 Φ	 84	
Deviations from idealized covalent geometry
  	 Bond lengths (Å)	 0.0077 ± 0.000063
  	 Bond angles (°)	 0.85 ± 0.012
  	 Impropers (°)	 2.14 ± 0.087
Ramachandran analysis1

  	 Most favored (%)	 80.5 (97.5)
  	 Additional allowed (%)	 15.5 (2.5) 
  	 Generously allowed (%)	 2.3 (0.0) 
  	 Disallowed  (%)	 1.6 (0.0) 	
RMSD from average structure
  	 Backbone (N, C, C) atoms (&)	 0.35 ± 0.088 (0.23 ± 0.063)
  	 Heavy atoms (&)	 0.72 ± 0.080 (0.66 ± 0.048)
1Values are for the entire protein and peptide. 
Values in parenthesis are calculated using the structured regions in-
cluding residues 179-195, 204-209, 218-223, 230-239, 245-262 and 
268-291.
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different from those in the BRDs of PCAF and CBP 
(Figure 2F), but similar to those in human BRG1 and 
RSC4 BRDs. This observation is consistent with the pre-
vious report of BRG1 BRD interaction with H3K14ac in 
gene transcriptional activation [17], and also provides an 
explanation as to how CBP BRD can recognize a bulky 
hydrophobic amino acid H4V21 at (Kac+1) position, 
as shown in the CBP BRD/H4K20ac complex structure 
[16]. Taken together, these differences of the key amino 
acid residues at the peptide-binding site collectively 
account for the selective recognition of H3K14ac by 
PB BRD2 but not or with reduced affinity by the other 
BRDs.

Discussion

Since the discovery of bromodomains as acetyl-lysine 
binding modules, the functional importance of these pro-
tein domains in gene transcription has been established 
[3, 25]. Despite bromodomains’ in vitro low affinities of 
(10-100 µM) binding to histones [18, 26, 27], they have 
been shown to be able to guide biological processes by 
regulating the recruitment and assembly of multi-protein 
complexes that are important for gene transcription [3, 
15, 16]. The modest affinity interaction domains such as 
bromodomains can work in tandem to create stable bind-
ing interfaces in protein complexes. This phenomenon 
was illustrated with the double bromodomains of BRD4, 
a bromodomain-ET domain (BET) family protein, which 
has been shown to be involved in gene transcription 
elongation during mitosis through cooperative interac-
tions between the tandem bromodomains with acetylated 
lysines 8 and 12 of histone H4 [28-31]. Interestingly, 
even at such relatively modest affinity, these domains 
exhibit distinct preference for binding partners, thus pro-
viding positional cues for dynamic and transient protein-
protein interactions within multiple protein complexes 
needed for complex gene transcriptional regulation. As 
the only multi-bromodomain protein in the PBAF chro-
matin remodeling complex, PB likely utilizes these char-
acteristic features to coordinate nucleosome structural 
change at target loci for transcriptional activation [13, 
32].

Hyperacetylated histones and nucleosomes have been 
shown in vitro to be better binding partners for bromodo-
main proteins [33-37]. Recently, it has been reported that 
the first bromodomain of the testes-specific BET protein, 
BRDT, prefers to bind di-acetylated histone 4 containing 
acetylated lysines 5 and 8 with binding affinity Kd of 21.9 
µM, which is at least 10-20 fold higher than the affinity 
of the same bromodomain binding to individual acety-
lation sites [38]. The site-specific interaction of BRDT 

with hyperacetylated histone H4 was shown to play an 
important role in proper compaction of chromatin during 
sperm development.

These results argue that the pair-wise bromodomain-
acetylation-mark binding model is likely to be sup-
planted by a more complex combinatorial model. They 
also support the notion that the PB bromodomains could 
sense a combinatorial status of acetyl marks on histones, 
thereby allowing them to work cooperatively with one 
another to facilitate chromatin remodeling and gene 
transcription. Although it can be argued that these inter-
actions are too weak to be of functional value, there is 
precedent for weak protein-protein interactions (Kd ~ 1 
mM) to be required for the assembly and bioactivity of 
multi-component protein complexes [39]. Given that the 
individual bromodomains are connected to each other in 
a large protein, it is expected that while each of the six 
bromodomains exhibits relatively modest affinity to their 
preferred binding site on histones, they could work coop-
eratively to facilitate the function of the PBAF remodel-
ing complex, leading to productive gene transcription 
[32]. It is interesting to note that the yeast ortholog RSC 
remodeling complex consists of three double bromodo-
main-containing proteins that possibly make up the col-
lective chromatin remodeling functions by the human PB 
[14, 40].

Protein modular domains have long been known to 
serve as functional units in signaling networks that en-
able proteins to establish molecular interactions for regu-
latory purposes with other proteins in a sequence-specific 
and modification-dependent manner [1, 3]. Recent pro-
teomic surveys show that there are a large number of 
cellular proteins that undergo lysine acetylation, and that 
lysine acetylation has been implicated in a wide array 
of cellular processes including chromatin remodeling 
and gene transcription in the cell nucleus, and likely in 
cytoplasmic cell signaling [41, 42]. As the only human 
protein that distinctly consists of more than two acetyl-
lysine binding bromodomains, PB is uniquely capable 
of coordinating multiple transcriptional proteins and 
histones for control of chromatin structure change and 
transcriptional activation of specific target genes. In this 
study, we demonstrate that each of the six PB bromodo-
mains has a different preference in binding to lysine-
acetylated histone peptides, and establish that the BRD2 
of PB selectively recognizes H3K14ac, an acetylation 
mark associated with transcriptional activation. Our 
structural analysis further provides the detailed molecular 
basis of the sequence-specific recognition of H3K14ac 
by the PB BRD2. Overall, our findings reported here 
have important implications for better understanding of 
the cellular functions that human PB plays in gene tran-
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scriptional regulation.

Materials and Methods

Sample preparation
The six bromodomains of human PB (NP_060635.2) consist 

of residues 46-152, 182-284, 351-452, 487-581, 626-739 and 743-
821 that were designed based on domain definitions in the SMART 
database [43]. The DNA encoding each of the six PB BRDs was 
cloned from cDNA library (a kind gift of Martin Walsh) into the 
pGEX-4T1 vector (GE Healthcare) resulting in an N-terminal GST-
fusion construct. These recombinant constructs were transformed 
into E. coli BL21 (DE3) cells for protein expression. Fusion pro-
teins were purified using a glutathione sepharose Fast Flow column 
(GE Healthcare) and further purified after thrombin cleavage of the 
GST tag by Superdex75 size exclusion column. 15N or 15N/13C/2H 
(90%) labeled proteins for the NMR study were prepared in the 
M9 minimal media using 15NH4Cl and 12C- or 13C6-d-glucose as the 
sole nitrogen and carbon sources in H2O or 90% 2H2O.

Peptide array assay
All 31 histone peptides and 3 non-histone peptides, used in the 

protein/peptide binding study consist of a central acetylated lysine 
flanked by seven residues on each side and an N-terminal biotin 
(Table 1). The peptide library was spotted on a streptavidin mem-
brane (Promega, Madison, WI, USA) at 1 mg/ml concentration 
and 1 µl per spot. The membranes were blocked with BSA and 
probed with the PB bromodomains. After incubation, the mem-
branes were washed and re-probed with 1:7 500 GST-HRP and ex-
posed using ECL reagent (GE Healthcare). Images were analyzed 
with ImageJ.22. Spot intensity was measured and normalized to 
negative controls spotted on the same membranes. Slides were 
scaled by defining the upper negative value as the mean intensity 
of the negative controls plus 2 standard deviations. This difference 
between the upper bound and the maximum pixel intensity on the 
slide was divided into three intensity bins of equal size, that is, 
low, medium and high, and visualized using MatrixtoPNG [44]. 
The peptide microarray was created with histone peptides that 
were mixed in a ratio of 1:1 in a protein-printing buffer (http://Ar-
rayit.com) and spotted in 100 nl triplicate spots on silicon slides 
using a GMS Arrayer (Mount Sinai Core Facility). Fusion protein 
constructs were randomly labeled using AlexaFluor 647 (Succidi-
mydyl ester small volume kit, Molecular Probes). After blocking 
of the slides, fluorescein-labeled proteins were used as probes for 
binding with the output measured by fluorescent intensity.

Crystallization
Crystallization was performed at room temperature using sit-

ting drop Intelliplates (Hampton Research). The PB BRD2 protein 
of 0.7 mM was mixed with H3K14ac peptide (residues 1-20) with 
a 1:10 protein-to-peptide molar ratio immediately before plating. 
Lead crystals were optimized in sitting drop Intelli-plates, mixed 
in a ratio of 1:1 with 1 µl of 35% PEG 4000 solution of pH 5.5 
containing 10 mM sodium acetate. After 2 weeks, grown crystals 
were cryo-protected in 25% glycerol and flash frozen in liquid 
nitrogen. Data were collected to 1.5Å on the beam-line X4C at 
Brookhaven National Laboratory in space group P31 with unit cell 
parameters listed in Table 2.

Crystal structure determination
The crystal structure of the PB BRD2 in the free form was 

determined with the molecular replacement method. An initial 
molecular replacement structure was generated using the Balbes 
server [23] that was used for refinement by the Phenix program [24]. 
The starting search structure used in the initial Balbes search was 
the crystal structure of the fifth bromodomain of PB (PDB code 
3G0J). The crystal structure was refined to 1.5Å with Rfree value of 
0.19 after several iterative cycles of refinement.

NMR spectroscopy
NMR samples contained PB BRD2 of 0.5 mM in complex with 

an H3K14ac peptide (residues 1-20) (1:5 molar ratio for HSQC 
spectra and 1:10 molar ratio for 3D NMR data collection) were 
prepared in the 100 mM sodium phosphate buffer (pH 6.5), con-
taining 100 mM NaCl and 1.0 mM DTT in 90% H2O/10% 2H2O. 
NMR spectra were acquired at 25 °C on a Bruker 800, 600 or 500 
MHz spectrometer. 1H, 15N and 13C resonance assignments of the 
protein were determined with triple resonance NMR spectra [45] 
collected with 15N/13C- or 15N-labelled protein bound to an unla-
beled H3 peptide. 1H resonance assignments of the free H3 peptide 
were obtained with 2D ROESY and TOCSY spectra. The NOE-
derived distance restraints were obtained from 15N- or 13C-edited 
3D NOESY data collected using protein/peptide samples in 100% 
2H2O. 3JHN,Hα coupling constants measured from 3D HNHA data 
were used to determine φ-angle restraints. Other dihedral angle 
restraints were predicted from TALOS [46] based on resonance 
assignments, and hydrogen bond restraints were derived from 
secondary structure elements as determined by TALOS. Slowly 
exchanging amide protons were identified from a series of 2D 
15N-HSQC spectra recorded after H2O/2H2O buffer exchange. The 
intermolecular NOEs of the BRD2 bound to the H3 peptide were 
detected in 13C-edited (F1), 

13C/15N-filtered (F3) 3D NOESY spec-
tra. All NMR spectra were processed by using NMRPipe [47] and 
analyzed with NMRView [48].

NMR structure calculations
The solution structure of PB BRD2/H3K14ac peptide complex 

was calculated with a distance geometry-simulated annealing 
protocol with X-PLOR [49]. Initial structural calculations were 
performed with manually assigned NOE-derived distance re-
straints. Hydrogen-bond distance restraints, generated from the H/
D exchange data, were added at a later stage of structural calcula-
tions for residues with characteristic NOE patterns. The converged 
structures were used for the iterative automated NOE assignment 
by ARIA/CNS for refinement [49, 50]. Structural statistics calcu-
lated by CNS and PROCHECK-NMR [51] are provided in Table 3.

NMR titration of protein/peptide binding
Affinity of PB BRD2 binding to the H3K14ac peptide was 

measured by using 2D 1H-15N-HSQC NMR spectra by titrating a 
stock solution of the H3K14ac peptide into 15N-labeled BRD2 (0.2 
mM). Binding affinity was determined by monitoring the changes 
of chemical shift perturbations of selected protein residues as a 
function of peptide concentration using the same procedure as re-
ported previously [18].

Structure deposition
The PDB entry codes for the crystal structure of the PB BRD2 
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in the free form and the solution NMR structure of the BRD2 
bound to the H3K14ac peptide are 3LJW and 2KTB, respectively.
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