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ABSTRACT

HBO1, a member of the MYST family of histone
acetyltransferases (HATs), is required for global
acetylation of histone H3K14 and embryonic devel-
opment. It functions as a catalytic subunit in mul-
tisubunit complexes comprising a BRPF1/2/3 or
JADE1/2/3 scaffold protein, and two accessory pro-
teins. BRPF2 has been shown to be important for the
HAT activity of HBO1 toward H3K14. Here we demon-
strated that BRPF2 can regulate the HAT activity of
HBO1 toward free H3 and H4, and nucleosomal H3.
Particularly, a short N-terminal region of BRPF2 is
sufficient for binding to HBO1 and can potentiate its
activity toward H3K14. The crystal structure of the
HBO1 MYST domain in complex with this segment
of BRPF2 together with the biochemical and cell bi-
ological data revealed the key residues responsible
for the HBO1-BRPF2 interaction. Our structural and
functional data together indicate that the N-terminal
region of BRPF2 plays an important role in the bind-
ing of HBO1 and a minor role in the binding of nucleo-
somes, which provide new mechanistic insights into
the regulation of the HAT activity of HBO1 by BRPF2.

INTRODUCTION

In eukaryotic cells, covalent modifications at specific sites
of histones, such as acetylation, methylation, phospho-
rylation, ubiquitination and sumoylation can influence
chromatin structure and dynamics, and hence regulate
diverse cellular processes including transcription, DNA
replication and repair, and cell cycle progression (1,2).
Among the many histone modifications, lysine acetyla-
tion has been extensively studied and is well known to
regulate chromatin accessibility (3,4). Lysine acetylation

is deposited on chromatin by histone acetyltransferases
(HATs) and removed by histone deacetylases (HDACS).
Based on their sequence and structure similarities,
HATs are grouped into four major families, namely
GenS/PCAF, MYST, p300/CBP and Rtt109 (3). The
MYST family HATs, including KATS5/Tip60/Esal,
KAT6a/MOZ/MYST3/Sas3, KAT6b/MORF/MYST4,
KAT7/HBO1/MYST2, KAT8/MOF/MYST1/Sas2 are
conserved in both sequence and structure from yeast to
human in their catalytic HAT domains (also called MYST
domains) with each containing a characteristic acetyl-CoA
(AcCoA) binding motif and a zinc finger. However, these
enzymes have different substrate specificities and function
in distinct biological processes (5,6).

HBOI1 of the MYST family was initially identified as a
binding partner of the origin recognition complex (ORC)
and was found to contain a conserved MYST domain
and has the HAT activity toward histones H3 and H4
(Supplementary Figure S1A) (7-14). In addition, HBO1
can exert activity on some non-histone proteins includ-
ing ORC2, MCM2 and CDC6 (15). Owing to its broad-
spectrum acetyltransferase activities, HBO1 acts as a mul-
tifunctional protein in both transcription activation and
DNA replication. Deletion of HBOI in embryonic cells
causes profound reduction of global H3K 14 acetylation
and embryonic lethality at E10.5 due to decreased ex-
pression of genes that regulate embryonic patterning (12).
HBOI can regulate DNA replication in two ways: it pro-
motes the assembly of pre-replicative complex (Pre-RC) by
acetylating H4K5/8/12 and interacting with Pre-RC com-
ponents (10,15-18); and it also promotes the loading of
CDC(C45 to activate DNA replication in S phase by acety-
lating H3K 14 (14). However, HBO1 overexpression leads to
excessive replication activation and cell proliferation, which
could be a marker of tumorigenesis particularly among tes-
ticular germ cell tumors, breast adenocarcinomas and ovar-
ian serous carcinomas (8).
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HATs usually interact with scaffold proteins and other
accessory partners to form HAT complexes and exert func-
tions (3,19,20). HBO1 forms HAT complexes with scaffold
proteins JADE1/2/3 or BRPF1/2/3, and accessory pro-
teins ING4/5 and Eaf6 (6,9-11,14,21-23). The scaffold pro-
teins bridge HBO1 and the accessory proteins, and the in-
terplay and proper assembly modulate the substrate speci-
ficities and activities of the HAT complexes. In addition,
HBOI can bind to different scaffold proteins and this dif-
ferential association also helps to determine the acetylation
sites of histones or the substrate specificities of the HAT
complexes. The HBO1-JADE1/2/3 complexes can acety-
late both H3 and H4 on free histones but are more spe-
cific toward H4 (H4K5/8/12) in the context of chromatin
(9-11,21,23). The HBO1-BRPF1/2/3 complexes can acety-
late free H3 and H4 but prefer to acetylate H3 on chro-
matin with slightly varied specificities: the HBO1-BRPF1
complex can specifically acetylate H3K14/23 (11), and the
HBO1-BRPF2 and HBO1-BRPF3 complexes have a high
specificity toward H3K 14 (13,14,22).

BRPF2 (also called BRD1 or BRL) is a scaffold protein
of 1189 residues consisting of a PZP, bromo and PWWP
domain, which are typical recognition modules involved
in binding chromatin and/or specific histone modifications
(Supplementary Figure S1A) (13,24). BRPF2 deficient mice
exhibits profoundly decreased level of global acetylation of
H3K14, similar to HBOI deletion mice and remarkably im-
paired fetal liver erythropoiesis (13). BRPF2 and HBOI1
largely co-localize in the genome and share a significant por-
tion of their target genes involved in transcriptional regula-
tion. The N-terminal region (residues 1-198) of BRPF2 is
mapped to be responsible for its interaction with the MYST
domain of HBO1 (13). These data indicate that the interac-
tion between HBO1 and BRPF2 is important for the proper
function of HBOI, particularly in the global acetylation
of H3K14. However, the molecular mechanisms for how
BRPF2 interacts with HBO1 and how the interaction regu-
lates the function of HBO1 are unclear.

Here we demonstrate that a short N-terminal region of
BRPF2 (residues 31-80) is sufficient to interact directly with
HBOI and additionally can enhance the HAT activity of
HBOI toward H3K14 in vitro. We also report the crys-
tal structure of the MYST domain of HBOI in complex
with this BRPF2 segment, which together with biochemi-
cal and cell biological data reveals the key residues involved
in the HBO1-BRPF?2 interaction. Together, our structural
and functional data indicate that the N-terminal region of
BRPF2 plays an important role in the binding of HBO1 and
a minor role in the binding of nucleosomes. These findings
provide new mechanistic insights into the regulation of the
HAT activity of HBO1 by BRPF2 and possibly other scaf-
fold proteins.

MATERIALS AND METHODS
Cloning, expression and purification

cDNA fragments corresponding to the MYST domain of
HBOI (residues 336-611) and various BRPF2 fragments
were all amplified with polymerase chain reaction from the
cDNA library of human HEK 293T cells. The HBO1 and
BRPF2 mutants were generated using the QuikChange®

Site-Directed Mutagenesis kit (Strategene). All constructs
were confirmed by DNA sequencing.

For in vitro HAT activity assay and structural study
of HBOI, cDNA fragment corresponding to the MYST
domain of HBOI1 was cloned into the pET-22b plas-
mid (Novagen) with an N-terminal Hise tag. The plasmid
was expressed in Escherichia coli BL21 (DE3) Codon-Plus
strain (Novagen) and the transformed cells were grown
at 37°C in Luria-Bertani medium until ODggy reached
0.8 and then induced with 0.2 mM Isopropyl B-D-1-
Thiogalactopyranoside at 16°C for 24 h. The cells were har-
vested by centrifugation, resuspended in a lysis buffer [20
mM Tris—-HCI (pH 8.0), 300 mM NacCl, 10% (w/v) glyc-
erol and 1 mM phenylmethylsulfonyl fluoride] and then
lysed by sonication. The precipitate was removed by cen-
trifugation and the HBOI protein was purified by affinity
chromatography using a Ni-NTA column (QIAGEN) with
the lysis buffer supplemented with 20 and 300 mM imida-
zole serving as the washing and elution buffer, respectively.
The HBOI protein was further purified by gel filtration us-
ing a Superdex 200 10/300 column (GE Healthcare) pre-
equilibrated with the storage buffer containing 20 mM Tris—
HCI (pH 8.0), 300 mM NaCl and 2 mM dithiothreitol.

For structural study of the HBOI-BRPF2 complex,
cDNA fragment corresponding to the MYST domain of
HBOI1 was cloned into the pET-28a plasmid (Novagen)
without tag and cDNA fragment corresponding to the N-
terminal region of BRPF2 (residues 31-80) was cloned into
the pET-22b plasmid with an N-terminal Hisg tag. The two
plasmids were co-expressed in E. coli BL21 (DE3) Codon-
Plus strain as described above. The HBO1-BRPF2 com-
plex was first purified with affinity chromatography using
a Ni-NTA column. After removal of the N-terminal Hisg
tag of BRPF2 by Tobacco etch virus protease (TEV), the
HBOI1-BRPF2 complex was further purified with affinity
chromatography using a Ni-NTA column and gel filtration
chromatography using a Superdex 200 16/60 column (GE
Healthcare).

For Glutathione S-transferase (GST) pull-down assays,
cDNA fragment corresponding to the MYST domain of
HBO1 was cloned into the pET-22b plasmid with an N-
terminal Hisg tag or the pGEX 4T-1 plasmid (GE Health-
care) with an N-terminal GST tag; and cDNA fragment
corresponding to BRPF2 (residues 31-80) was cloned into
the pGEX 4T-1 plasmid with an N-terminal GST tag or
cloned into the pET-28-Sumo plasmid (Novagen) with an
N-terminal Hisg-Sumo tag. The HBO1 and BRPF2 pro-
teins were expressed in E. coli BL21 (DE3) Codon-Plus
strain as described above and purified with affinity chro-
matography using a Ni-NTA column or glutathione-coated
sepharose beads (GE Healthcare).

In vitro HAT activity assays

In vitro HAT activity assays of HBO1 were carried out at
30°C. The standard reaction solution (30 wl) consisted of
0.05 uM HBOI, 0.1 mM AcCoA and 20 pg/ml recombi-
nant full-length H3 or H4 (NEB) or 0.05 wM nucleoso-
mal core particles (NCPs), supplemented with the reaction
buffer containing 50 mM Tris—HCI (pH 8.0), 300 mM NaCl
and 10% (v/v) glycerol. The NCPs were reconstituted with



146-mer DNA and histone octamer using salt gradient de-
position and the quality of the NCPs was assessed with var-
ious methods as described previously (25). For HAT activ-
ity assays of the HBO1-BRPF2 complex, the reaction so-
lution was supplied with 0.05 pM wild-type (WT) or mu-
tant Sumo—BRPF2. The reaction was stopped at 60 min by
adding: sodium dodecyl sulphate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) loading buffer. The reaction mix-
ture was resolved by SDS-PAGE and the acetylated H3K 14
was analyzed by western blotting with an antibody highly
specific to acetylated H3K 14 (Abcam).

In vitro GST pull-down assays

To validate the functional role of the key residues of BRPF2
involved in the interactions with HBO1, WT or mutant
GST-BRPF2 (30 wg) was immobilized on glutathione-
coated sepharose beads and then incubated with untagged
HBOI (100 pg) in a buffer containing 20 mM Tris—HCI (pH
8.0), 300 mM NaCl and 10% (w/v) glycerol at 4°C for 2
h. The beads were washed four times with the buffer and
then analyzed with SDS-PAGE followed by Coomassie blue
staining.

To analyze the interactions of HBO1 with different
BRPF2 fragments, GST-HBO1 (30 wg) was loaded on
glutathione-coated sepharose beads and incubated with
WT or mutant Sumo-BRPF2 (100 pg) at 4°C for 2 h, and
the beads were then analyzed as described above.

To analyze the potential binding of BRPF2 with H3,
GST-BRPF2 (30 pg) was first loaded on glutathione-
coated sepharose beads. After mixing with Bovine serum al-
bumin (100 wg) (Sigma) to prevent nonspecific binding, his-
tone mixture from calf thymus (100 pg) (Sigma) was added
and incubated at 4°C for 2 h. The beads were washed four
times with a buffer containing 20 mM Tris—HCI (pH 8.0), 1
mM PMSF, 2 mM DTT, 1 mM ethylenediaminetetraacetic
acid, 1% NP-40 and 0.5 M NaCl, and then analyzed with
SDS-PAGE followed by Coomassie blue staining.

Crystallization, data collection and structure determination

Prior to crystallization, the HBO1-BRPF2 complex was
mixed with AcCoA (Sigma) at a molar ratio of 1:3. Crys-
tallization was performed using the sitting drop vapor dif-
fusion method at 16°C by mixing 1 pl protein solution (10
mg/ml) with 1 pl reservoir solution containing 2% Tacsi-
mate (pH 8.0), 0.1 M Tris—HCI (pH 8.5) and 12% (w/v)
polyethylene glycol 3350. The crystals were cryoprotected
with the reservoir solution supplemented with 20% (v/v)
glycerol and then flash frozen in liquid nitrogen. The diffrac-
tion data were collected at —175°C at beamline 19U1 of
National Facility for Protein Science in Shanghai, China
and were processed, integrated and scaled together with
HKL3000 (26). The structure of the HBO1-BRPF2 com-
plex was solved using the molecular replacement (MR)
method as implemented in Phenix (27) using the structure of
the MYST domain of human MOF (PDB code: 3QAH) (28)
as the search model. Residues 39-62 of BRPF2 were clearly
defined in the initial MR-phased electron density map and
the model was manually built with COOT (29). Structure
refinement was performed using Phenix (27) and Refmac5
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(30). Structural analyzes were carried out using programs
in CCP4 (31). The structure figures were generated using
PYMOL (http://www.pymol.org). Statistics of the diffrac-
tion data, structure refinement and quality of the structure
model are summarized in Table 1.

Immunofluorescence microscopy analyzes

Immunofluorescence microscopy analyzes were performed
to analyze the co-localization of HBO1 and WT or mu-
tant BRPF2. Full-length BRPF2-GFP was cloned into
the pEGFP-N3 vector (Clontech) and full-length Myc-
HBOLI into the pcDNA3.0 vector (Invitrogen). HEK 293T
cells were cultured on coverslips in Dulbecco’s modified
eagle’s medium (Hyclone) supplemented with 10% fetal
bovine serum (Biochrom), then transiently transfected with
the plasmids using lipofectamin 2000 (Invitrogen). A to-
tal of 24 h after transfection, the cells were fixed with 4%
paraformaldehyde at room temperature for 15 min. Then,
the cells were permeabilized with 0.1% Triton X-100 in PBS
for 10 min and incubated sequentially with rabbit anti-Myc
antibody and the secondary antibody. After incubating 4',6-
diamidino-2-phenylindole (DAPI) (Sigma) at room temper-
ature for 5 min, the coverslips were mounted on glass slides
and the confocal images were acquired utilizing a Leica TCS
SP8 confocal microscope with a 63 x oil immersion lens.

In vivo immunoprecipitation and HAT activity assays

cDNAs encoding full-length Flag-BRPF2 and full-length
His-HBOI1 were cloned into the pCDH vector (SBI). HEK
293T cells were transfected with WT or mutant full-length
Flag-BRPF2 and full-length His-HBOI1. Cells were har-
vested 48 h post-transfection, and nuclear extracts were pre-
pared using the nuclear and cytoplasmic protein extraction
kit (Beyotime). Immunoprecipitation (IP) was performed
based on the method described previously (32) with mod-
ifications. Specifically, the nuclear extracts were incubated
with anti-Flag M2 magnetic beads (Sigma) at 4°C for 8 h.
After washing three times with the buffer, the bound pro-
tein complexes were eluted with a 3x Flag peptide (Sigma)
and then subjected to HAT assays using NCPs as the sub-
strate. In HAT assays, the 30 .l reaction mixture consisted
of 20 pl eluted protein complex, 0.1 mM AcCoA and 0.05
M NCPs. The reaction was carried out at 30°C for 60 min,
and the reaction mixture was analyzed with SDS-PAGE,
Coomassie blue staining and western blotting with antibod-
ies specific to His, Flag or acetylated H3K 14.

RESULTS

A short N-terminal region (residues 31-80) of BRPF2 is suf-
ficient to bind to HBO1 and can potentiate the HAT activity
of HBO1

It was previously demonstrated that the scaffold proteins
BRPF1/2/3 can interact with HBO1 and the accessory pro-
teins ING4/5 and Eaf6 to form the HAT complexes, and
the BRPF proteins contain two conserved domains homol-
ogous to those of the EPC proteins which serve as dock-
ing sites for HBO1 and the accessory proteins, respectively
(11,13,14,22). The N-terminal region (1-198 residues) of
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Table 1. Summary of diffraction data and structure refinement statistics

Diffraction data
Wavelength (A)
Space group

Cell parameters

a, b, c(A)

a, B,y () |
Resolution (A)
Observed reflections
Unique reflections (I/o(I) > 0)
Average redundancy
Average /o ()
Completeness (%)
Rmerge (%))b

Refinement and structure model
Reflections (Fo > Oo ( Fo))
Working set

Test set

R-factor/Free R-factor®
Average B factor (Az)

All atoms

Protein

Ligand/ion

Water

RMS deviations

Bond lengths (A)

Bond angles (°)
Ramachandran plot (%)
Most favored regions
Allowed regions

0.9786
2

126.4,39.3,87.7
90.0, 122.1, 90.0
50.0-2.40 (2.49-2.40)°
52 870

14322

3.7(3.7)

18.0 (3.6)

97.9(97.9)

7.8(52.2)

12912
680
0.233/0.260

49.0
49.4
40.2/41.1
38.5

0.007
1.2

95.8
3.9

4Numbers in parentheses refer to the highest resolution shell.
® Rinerge = Zpar Billi (hkd); - <I(hkl)> |/ Sy Sl (hkl).
CR-factor = Xyl LFy | - 1F 1/ Zppil Fy 1.

BRPF2 containing the conserved domain I was identified to
interact directly with the HBO1 MYST domain (13). Simi-
larly, the N-terminal region (residues 1-127) of BRPF3 was
shown to be sufficient for HBO1 binding (22). In addition, a
short region N-terminal to the conserved domain I of both
BRPF and JADE proteins was shown to be responsible for
histone tail selection on chromatin for acetylation (11).

To confirm the interaction between BRPF2 and HBOI
and dissect the exact region of BRPF2 directly interacting
with HBO1, we performed in vitro GST pull-down assays
with GST-fused HBO1 MYST domain (residues 336-611)
and Sumo-fused N-terminal fragments of BRPF2 (Figure
1A). As expected, BRPF2 (1-205) can bind tightly to the
HBO1 MYST domain. Intriguingly, BRPF2 (1-80) and
BRPF2 (31-80) can also bind to HBO1 comparable to
BRPF?2 (1-205), whereas BRPF2 (81-205) and BRPF2 (1-
30) cannot, indicating that the N-terminal region of BRPF2
encompassing residues 31-80 is sufficient to bind to the
HBOI1 MYST domain.

To explore whether the interaction of BRPF2 with HBO1
has any effect on the function of HBO1 independent of the
accessory proteins, we performed in vitro HAT activity as-
says of the HBO1 MYST domain towards H3K 14 by it-
self and in the presence of different BRPF2 fragments. As
shown in Figure 1B, compared with the HBO1 MYST do-
main alone, the acetylation level of H3K 14 on free histone
H3 is enhanced in the presence of BRPF2 (1-205). In ad-
dition, both BRPF2 (1-80) and BRPF2 (31-80) retain the
potentiating effect on the HAT activity of the HBO1 MYST
domain comparable to BRPF2 (1-205), but BRPF2 (81—

205) and BRPF2 (1-30) have no effect (Figure 1C). More-
over, we found that BRPF2 (31-80) can also enhance the
HAT activity of the HBO1 MYST domain towards free
histone H4 and nucleosomal H3 at levels comparable to
BRPF2 (1-205) (Figure 1D). It is noteworthy that the acety-
lation activities of the complexes containing the BRPF2
fragments towards NCPs are still inefficient (Figure 1D).
Nevertheless, these results indicate that the N-terminal re-
gion (residues 31-80) of BRPF?2 is responsible for binding
the HBO1 MYST domain and this binding can potentiate
the HAT activity of HBO1.

Structure of the HBO1-BRPF2 complex

To investigate the molecular basis for how BRPF2 inter-
acts with HBO1 and potentiates its HAT activity, we car-
ried out structural studies of the HBO1 MYST domain
(residues 336-611) alone and in complex with BRPF2 (31—
80). HBO1 alone was unstable at high concentration and
crystallization did not yield any crystals. Meanwhile, coex-
pression of the HBO1 MYST domain and BRPF2 (31-80)
yielded a stable complex (HBO1-BRPF2) with a 1:1 molar
ratio, which was purified with high purity and homogene-
ity (Supplementary Figure S1B and C). The HBO1-BRPF2
complex was crystallized in the presence of AcCoA and the
crystal structure of the HBOI-BRPF2 complex was solved
at 2.4 A resolution by the MR method (Table 1). There
is one HBO1-BRPF2 complex bound with an AcCoA in
the asymmetric unit (Figure 2A). The MYST domain of
HBOI is well defined except for two short C-terminal re-



Nucleic Acids Research, 2017, Vol. 45, No. 10 5711

A B
Sumo-BRPF2 HBO1 - + +
© BRPF2 (1-205)- - -
» S S
RO AN IR Sumo - -+ -
H3 + o+ + +
GST-HBO1
H3K14ac -
LI —
Sumo-BRPF2
20
D a2 O 1-209) qpr2 @ 80)
- Sumo ‘ A
10%Input
H4ac . = -.
H4
5) K
arer2 (2% oer 31800
- sumo ‘
H3K14ac " .- -
Nucleosomal core particles
C 205) 0) 209)
A- A-8 2 @)
RPFz( pF'ZK RPF
- sumo ° el ol
H3K14ac

s R T

pr2 00 op2 (13 0) op2 (180

‘ S el ‘
H3K14ac - * -
s ———

- Sumo

greF2 209 g2 180
- Sumo ‘ ‘
ST T ————

HE e ————————

Figure 1. BRPF?2 can potentiate the HAT activity of HBO1 towards H3K 14 in vitro. (A) In vitro GST pull-down assay of the GST-tagged HBO1 MYST
domain with different Sumo-tagged BRPF2 fragments. Equal loading of BRPF2 is shown. The band corresponding to the GST tag band is indicated by
an asterisk. (B) Potentiation of the HAT activity of the HBO1 MYST domain by the N-terminal region of BRPF2 (1-205). In vitro HAT activity assay
was performed on free full-length H3. The acetylation levels of H3 were analyzed with an antibody highly specific to acetylated H3K 14 using half of the
reaction mixture. Equal loading of H3 is shown with Coomassie blue staining of the other half of the reaction mixture. (C) In vitro HAT activity assay of
the HBO1 MYST domain towards H3K 14 in the presence of different Sumo-BRPF?2 fragments. The molar ratio of BRPF2 and HBO1 was set at 0.5:1,
1:1 and 2:1, respectively. Equal loading of H3 is shown as in (B). (D) In vitro HAT activity assay of the HBO1 MYST domain toward free full-length H4
and nucleosomal H3 in the presence of Sumo-BRPF2 (1-205) and Sumo-BRPF2 (31-80).
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Figure 2. Structure of the HBO1-BRPF2 complex. (A) A ribbon representation of the overall structure of the HBO1-BRPF2 complex. The HBO1 MYST
domain and the BRPF2 (residues 39-62) fragment are colored in green and yellow, respectively. The bound AcCoA and Zn>" are shown with a red stick
model and a gray sphere, respectively. (B) Electrostatic surface representations of HBO1 and BRPF2 showing good complementarity in both geometrical
and electrostatic properties. (C and D) Hydrophobic interactions between HBO1 and BRPF2. HBO1 is shown with an electrostatic surface and BRPF2
is shown with a ribbon diagram. The residues involved in the hydrophobic interactions are shown with side chains. (E) Hydrophilic interactions between
HBOI1 and BRPF2. Both HBO1 and BRPF2 are shown with ribbon diagrams. The hydrophilic interactions are indicated with dotted lines and distances.

gions (residues 586-591 and 607-611) (Supplementary Fig-
ure S2A and B). However, only the central portion of the
BRPF2 fragment (residues 39-62) is visible; both the N-
terminal and C-terminal regions are disordered. In addi-
tion, we also obtained crystals of the HBOI1-BRPF2 (1-
80) complex at the same crystallization condition as for the
HBO1-BRPF2 (31-80) complex, and solved the structure
of the HBO1-BRPF2 (1-80) complex at 2.5 A resolution,
which is however almost identical to that of the HBO1-

BRPF2 (31-80) complex and did not reveal any additional
residues at the N-terminus (data not shown).

The MYST domain of HBO1 consists of 8 a-helices and
11 B-strands (Figure 2A and Supplementary Figure S2C).
The central region, consisting of four B-strands (36-39) fol-
lowed by an a-helix (a4), shows structural homology with
the catalytic domains of other HATS, such as MOF, MOZ,
GenS, p300 and Rtt109, albeit the N- and C-terminal struc-
tural elements flanking the central region are highly diver-
gent compared with HATs from other families (3,33). Ex-



cept for the region that interacts with BRPF2, the MYST
domain of HBOI superposes very well with these of other
MYST family members. For example, the MYST domains
of HBO1 and MOF (34) have a root-mean-square deviation
of 1.07 A over the aligned 245 Ca atoms (Supplementary
Figure S3A). The characteristic motif A with the Arg/GlIn-
X-X-Gly-X-Gly/Ala sequence (35) is located in the B9-a4
loop and participates in the recognition and binding of Ac-
CoA. Residues Cys368, Cys371, His384 and Cys388 form
a classic zinc finger to coordinate a Zn** ion. Cofactor Ac-
CoA is bound at the active site with the same conforma-
tion as that in MOF, and the catalytic residue Glu508 and
the key residues Arg483, Gly485 and Gly487 of motif A of
HBO1 assume the same positions and orientations as the
equivalent residues of MOF (Supplementary Figure S3A).

Residues 39-62 of BRPF2 fold into a B-hairpin and an
extra B-strand, which interact with the C-terminal region
of the HBO1 MYST domain (Figure 2A). Interestingly, the
interacting mode between HBO1 and BRPF2 is completely
different from the MOF-MSLI1 complex, in which MSL1
forms a long a-helix and interacts with the N-terminal part
of the MOF MYST domain (36) (Supplementary Figure
S3B). These results indicate the diversity in the interacting
modes of HATs with their scaffold proteins.

Interactions between HBO1 and BRPF2

As shown in Figure 2A, BRPF2 wraps around the C-
terminal region of HBOI. At the interaction interface,
HBOI1 and BRPF2 show good complementarity in both
geometrical and electrostatic properties (Figure 2B). The
HBOI-BRPF2 complex is stabilized by extensive hy-
drophobic and several hydrogen-bonding interactions and
the interactions bury about 975.9 A? surface areas. Specif-
ically, Ile51 and Leu57 of BRPF2 are embedded in a hy-
drophobic cleft formed by Ile541, Val556, Leu565, Val574,
Lys571 and His572 of HBO1 (Figure 2C); and 11e59 of
BRPF?2 is inserted into a hydrophobic pocket formed by
Leu531, Phe534, 11e539 and Lys576 of HBOI (Figure 2D).
Additionally, residues 53-60 of BRPF2 form several hydro-
gen bonds with Lys537, 11e539, Ile541, Val574 and Lys576
of HBOI via their main chains (Figure 2E).

Sequence alignment shows that the three key residues
(Ile51, Leu57 and Ile59) of BRPF2 involved in the hy-
drophobic interactions with HBOT1 are highly conserved in
other species as well as in BRPF1 and BRPF3 (Supplemen-
tary Figure S4A). To analyze their functional roles, we first
performed mutagenesis and in vitro GST pull-down assays.
The results show that single mutation of these residues to
alanine significantly compromised the binding of BRPF2
with HBOI and impaired its ability to potentiate the HAT
activity of HBO1 on H3K 14 (Figure 3A). Triple mutation of
these residues to alanine almost abolished both the binding
and potentiating abilities of BRPF2 (Figure 3A). Consis-
tently, drastic mutation of these residues to lysine had more
severe effects (Figure 3B).

We then performed in vivo cell biological assays to ex-
amine the co-localization patterns of HBO1 and BRPF2.
HEK 293T cells were co-transfected with the full-length
HBO1 and BRPF2 in WT or mutants carrying sin-
gle mutation I5S1A, L57A and I59A, double mutation
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I51A/L57A, 1I51A/159A and L57A/I59A, or triple mu-
tation I51A/L57A/159A. As shown in Figure 3C, WT
BRPF2 was co-localized with WT HBOI1 with a relatively
concentrated distribution pattern, in agreement with the
previous chromatin immunoprecipitation (CHIP) assay re-
sults showing that both HBOl and BRPF1/2 localized
near the transcription starting sites of active genes in nu-
cleus (11). In the cells co-transfected with BRPF2 mu-
tants carrying single mutations, the co-localization pattern
did not show notable changes (data not shown). However,
in the cells co-transfected with BRPF2 mutants carrying
double or triple mutations, HBO1 showed diffuse distri-
bution in nucleoplasm and reduced co-localization with
BRPF2, which could be attributed to the disruption of
the HBO1-BRPF?2 interaction by the mutations. Analyzes
of BRPF2 mutants harboring drastic mutations to lysine
showed similar results (Figure 3C). Together, the biochem-
ical and cell biological data demonstrate that the identified
key hydrophobic residues of BRPF2 are important for the
HBO1-BRPF?2 interaction and the biological function of
the HBO1-BRPF2 complex.

The N-terminal region of BRPF2 has interaction with his-
tones in vitro

Our biochemical data show that BRPF2 (31-80) can po-
tentiate the HAT activity of the HBO1 MYST domain to-
ward free H3 and H4 as well as nucleosomal H3 (Figure
IB-D). Thus, we tried to co-crystallize the HBO1-BRPF2
complex with an H3 peptide (residues 1-21); unfortunately,
the yielded structure is basically identical to that of the
HBOI1-BRPF2 complex: no histone peptide is bound in
the complex. Intriguingly, although the structural data in-
dicate that residues 39-62 of BRPF2 play an essential role
in HBOI1 binding, the biochemical data show that BRPF2
(39-62) was insufficient to potentiate the HAT activity of
HBOI1 (Figure 4A). Meanwhile, the BRPF2 fragment en-
compassing residues 39-66 could potentiate the HAT activ-
ity of HBOI to an extent comparable to that of BRPF2 (31—
80), but the BRPF2 fragment encompassing residues 31-62
could not (Figure 4A). On the other hand, in vitro GST pull-
down assays showed that BRPF2 (31-62) and BRPF2 (39—
62) could bind to HBOI at similar levels as BRPF2 (31-80)
and BRPF2 (39-66) (Figure 4B). These results prompted
us to examine whether the N-terminal region of BRPF2 is
also involved in histone binding. As the binding abilities of
the HBO1-BRPF2 complexes with histones are not signif-
icantly affected (data not shown), which is reminiscent of
the results that the binding partners of Rtt109 or Esal can
potentiate the HAT activity but have only minor effects on
the Ky, for histone peptide (37-40), thus, we analyzed the
binding abilities of different BRPF2 fragments with free hi-
stones. BRPF2 (31-80) and BRPF2 (39-66) had the abili-
ties to bind free H3 and H4; however, the binding of BRPF2
(31-62) and BRPF2 (39-62) to histones was weakened (Fig-
ure 4C). These data together indicate that the N-terminal
region of BRPF2 (residues 31-80) can bind to both HBO1
and histones in vitro.

It is common that histone-interacting proteins bind to
histones with negatively charged regions (41-43). In the
BRPF2 (39-66) fragment, there are two negatively charged
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segments consisting of acidic residues E41/E43/E45 and
E62/D63/D64, respectively. Residues E41/E43/E45 do not
participate in HBO1 binding in the HBO1-BRPF?2 struc-
ture and instead form a negatively charged surface patch,
which is solvent accessible and hence could be involved in
histone binding (Figure 4D). Residues D63/D64 are dis-
ordered in the HBO1-BRPF2 structure and therefore are
also not involved in HBO1 binding, but could be involved in
histone binding as well. Additionally, these acidic residues
are strictly conserved across different species (Supplemen-
tary Figure S4A). To examine whether these two regions
are involved in histone binding and thereby potentiate the
HAT activity of HBOI, we prepared four BRPF2 (31-80)
mutants, namely E62A/D63A/D64A, E41A/E43A/E45A,
E62K/D63K/D64K and E41K /E43K /E45K, in which the
acidic residues were substituted with alanine or lysine. Al-
though the mutants could bind to HBO1 at similar levels as
WT BRPF2 (31-80) (Figure 4E), they exhibited compro-
mised binding ability to free histones (Figure 4F) and had
reduced potentiating effect on the HBOI1 activity toward
H3K14 (Figure 4G). As expected, the E62K/D63K/D64K
and E41K/E43K/E45K mutants had more severe effects
than the E62A/D63A/D64A and E41A/E43A/E45A mu-
tants. These data together suggest that BRPF2 (31-80)
might bind to histones in vitro via the two negatively
charged surface patches.

The N-terminal region of BRPF2 plays an important role in
the HBO1 binding in vivo

To investigate the functional role of the N-terminal region
of BRPF2 in vivo, full-length His-HBOT1 and full-length WT
or mutant Flag-BRPF2 were co-expressed in HEK 293T
cells and immunoprecipitated (IPed) with an anti-Flag an-
tibody. The IPed HBO1-BRPF2 complex was then sub-
jected to HAT activity assays using NCPs as the substrate.
As shown in Figure 5, full-length HBO1 was readily co-
purified with full-length WT BRPF2 and the IPed HBO1-
BRPF2 complex displayed specific HAT activity toward
H3K14 of the NCPs. In contrast, the binding of HBO1
with the BRPF2A80 mutant or the ISIA/L57A/159A and
IS1K/L57K /159K BRPF2 mutants was substantially dis-
rupted, yielding a significantly reduced amount of co-
IPed HBO1 and thus exhibiting a substantially weak-
ened HAT activity. These results are in agreement with
the in vitro assay results using the N-terminal region of
BRPF2 and the MYST domain of HBO1 and the results
of the co-localization experiments using full-length BRPF2
and full-length HBO1 (Figures 1 and 3). However, the in
vivo assay results show that the E41K/E43K/E45K and
E62K/D63K/D64K mutations had only very minor effect
on the HBOI binding and the IPed complexes exhibited
only slightly decreased HAT activity (Figure 5), which are
in discrepancy with the in vitro assay results showing that
the two mutants had moderate effects on the HBO1 bind-
ing and the HAT activity (Figure 4).

As BRPF2 also contains a PZP domain, bromo do-
main and PWWP domain, which are typically involved in
the binding of histones or chromatin and/or specific his-
tone modifications (Supplementary Figure S1), it is very
likely that in addition to the N-terminal region, these do-
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Figure 5. Examination of the functional role of the N-terminal region of
BRPF2 in vivo. HEK 293T cells were co-transfected with full-length His-
HBOI and WT or mutant Flag-BRPF2, and cells transfected with His-
HBOI alone served as the negative control. Immunoprecipitation (IP) ex-
periments were performed with nuclear extracts of the transfected cells us-
ing an anti-Flag antibody. The [Ped BRPF2-HBO1 complexes were then
subjected to HAT activity assays using NCPs as the substrate. The nuclear
extracts, the IPed complexes and the reaction mixture of the HAT activ-
ity assays were analyzed with sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE) and western blotting using antibodies spe-
cific to the Flag tag, His tag, and acetylated H3K 14. The band correspond-
ing to the full-length Flag-BRPF2 protein was denoted by an asterisk and
the band below might represent the degraded Flag-BRPF2 protein. Equal
loading of NCPs in the HAT activity assays were shown with SDS-PAGE
and Coomassi blue staining.

mains might also be involved and possibly play more im-
portant roles in the binding of chromatin. Indeed, the
previous in vitro and in vivo data showed that the PZP,
bromo and PWWP domains of the BRPF proteins are es-
sential for their binding to chromatin or histones and for
acetylation of chromatin (11,44-48). Based on these re-
sults, the discrepancy between our in vitro and in vivo data
on the E41K /E43K /E45K and E62K /D63K /D64K muta-
tions could be easily explained.

The in vitro HAT assays were carried out using the
N-terminal fragment of BRPF2 (residues 31-80) and the
MYST domain of HBO1 with free histones as the substrate.
The histone substrate has interactions only with the HBO1
MYST domain and the two negatively charged patches of
BRPF2 (31-80). Thus, mutations of the acidic residues of
BRPF2 (31-80) could moderately impair its binding abil-
ity with histones and thus compromise the HAT activity
of HBOI toward H3K14. On the other hand, the in vivo
HAT assays were performed using full-length HBO1 and
full-length BRPF2 with the NCPs as the substrate. The full-
length BRPF2 has interactions with the NCPs via the N-
terminal region and the PZP, bromo and PWWP domains,
the latters of which play more important roles in the bind-
ing of nucleosomes. Thus, mutations of the acidic residues in
the N-terminal region of BRPF2 had only minor effects on
the binding of BRPF2 with the NCPs and the HAT activity
of HBO1 toward H3K 14. As the in vivo HAT assays were
performed in a native context and the results are more rel-
evant to the biological function of BRPF2, the in vitro and



in vivo data together indicate that the N-terminal region of
BRPF2 plays an important role in the binding of HBO1 but
a very minor role in the binding of nucleosomes.

DISCUSSION

Multisubunit HAT complexes are responsible for acetylat-
ing specific lysine residues on histones to promote tran-
scription activation and DNA replication. HAT complexes
usually exhibit higher activities and specificities toward hi-
stones than HAT enzymes alone (3,6,40). The HAT en-
zymes are the catalytic subunits, the accessory proteins con-
tain different histone recognition modules such as PZP do-
main, chromo domain, bromo domain and PWWP domain
that can recognize and bind chromatin on specific histone
marks, and the scaffold proteins provide the docking sites
for the HAT enzymes and the accessory proteins; and the
interplay among these subunits can modulate the activi-
ties and substrate specificities of the HAT complexes. The
crystal structure of the HBO1-BRPF2 complex reveals the
molecular basis for the HBO1-BRPF2 interaction. Our in
vitro data indicate that the N-terminal region of BRPF2 can
bind to both the HBO1 MYST domain and free histones,
and can potentiate the HAT activity of HBOI1. In addi-
tion, our in vivo data indicate that the N-terminal region of
BRPF?2 plays an important role in the binding of HBO1 but
a minor role in the binding of nucleosomes. These results
not only provide new mechanistic insight into regulation
of the HAT activity of HBOI by BRPF2 but also have im-
portant implications in understanding the molecular mech-
anism underlying the regulation of other HAT complexes.

It is well established that scaffold proteins bridge HATs
and their accessory proteins to modulate the specificity ac-
tivities of the HAT complexes (3,40). Intriguingly, it was
previously shown that the N-terminal region containing the
first 20 residues of Epll Enhancer of Polycomb A (EPcA)
is important for chromatin binding and the HAT activity
of yeast NuA4 complex (49,50), and the corresponding re-
gion of Epll can bind to the N-terminal tail of H2A in nu-
cleosomes (11,51). Very recently, it was demonstrated that
deletion of the corresponding region of JADE1 changed the
specificity of the MOZ-JADEI and HBO1-JADEI com-
plexes from H4 to H3 (11). Removal of the correspond-
ing region of BRPF1 also led to loss of the HAT activity
on chromatin for both HBO1 and MOZ, and additionally,
although the mutant HBO1 and MOZ complexes did not
seem to significantly change histone tail specificity on chro-
matin, they showed a significant loss of histone tail speci-
ficity in the nucleosomal HAT activity assays (11). These
results led to the proposal that this short N-terminal region
of the scaffold proteins may bind directly to histones and
dictates which histone tail on chromatin is acetylated by the
HAT complexes (6,11).

Sequence alignment shows that this short N-terminal re-
gion of EPcA corresponds to residues 42-65 of BRPF2
(Supplementary Figure S4B), which is the region involved
in the interaction with HBOI1 revealed by this work. Our
structural and functional data provide new insight into how
the N-terminal region of BRPF2 regulates the HAT ac-
tivity of HBO1. We demonstrate that in addition to bind-
ing to HBOI, the N-terminal region of BRPF2 can also
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interact with histones in vitro. Particularly, two negatively
charged patches of BRPF2 consisting of E41/E43/E45
and E62/D63/D64 might be involved in the interaction
with H3. This is consistent with the notion that histone-
interacting proteins usually bind to histones with negatively
charged regions (41-43). In the HBO1-BRPF2 structure,
the distance between the potential histone-binding site of
BRPF2 and the substrate-binding site of HBO1 is about
30-40 A (Supplementary Figure S5). Thus, we speculate
that the region of H3 around residues 30-50 might be in-
volved in the interaction with BRPF2. The interaction of
BRPF2 with this part of H3 may stabilize the conformation
of the H3 tail for proper positioning of H3K 14 at the active
site of HBO1 for acetylation, resulting in enhanced activity
of HBOI. This is reminiscent of the observation that yeast
NuA4 complex could acetylate full-length H4 much faster
than H4 peptides, leading to the suggestion that residues
21-52 of H4 might be involved in interaction with the NuA4
complex and thus enhances the HAT activity of Esal (39).
On the other hand, our in vivo functional data show that
the N-terminal region plays a minor role in the binding of
nucleosomes. This is consistent with the previous in vitro
and in vivo functional data showing that the PZP, bromo
and PWWP domains of BRPF proteins are essential for
their binding to histones or nucleosomes and for acetylation
of chromatin (11,44-48). Collectively, these data lead us to
propose that the N-terminal region of BRPF2 can interact
with HBOI to stabilize its conformation, and additionally,
itis also involved in the interaction with the N-terminal tails
of histones although BRPF2 binds to nucleosomes mainly
via the PZP, bromo and PWWP domains (Supplementary
Figure S6). The concurrent binding of BRPF2 with both
HBOI1 and histones can properly position the N-terminal
tails of histones at the active site of HBO1 for acetylation
and thus enhance the HAT activity of HBOI. It is also pos-
sible that the binding of the N-terminal region of BRPF2
can stabilize HBOI in a more physiological conformation
and hence enhances its interaction with histone substrate,
leading to the potentiation of the HAT activity of HBO1.
It has been demonstrated that HBOIl can form
HAT complexes with scaffold proteins BRPF1/2/3 or
JADE1/2/3, and HBOI can bind to different scaffold
proteins and this differential association can determine the
substrate specificities of the HAT complexes (8-14,22,23).
Sequence alignment shows that BRPF1/2/3 are highly
conserved in the N-terminal region responsible for HBO1
binding and particularly at the sites that are involved
in the hydrophobic interactions (Supplementary Figure
S4A), suggesting that BRPF1 and BRPF3 might employ
a similar mechanism to interact with and regulate the
activity of HBO1 as BRPF2. This suggestion is supported
by the functional data showing that although the HBO1-
BRPF1/2/3 complexes can acetylate free histones, they
all have high specificities towards H3K14 (11,13,14,22).
On the other hand, it was reported that JADEI binds to
the HBO1 MYST domain via a conserved region called
domain I (corresponding to residues 90-180 of JADEI
or residues 114-195 of BRPF2) (9), implying that JADEI
and its homologs JADE2/3 would bind to HBOI in a
manner different from that of BRPF1/2/3. The differed
interacting modes may account for the differentiated
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substrate specificities of the BRPF- and JADE-containing
HBO1 complexes.
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The crystal structure of the HBO1-BRPF2 complex has
been deposited with the Protein Data Bank under accession
code 5GKO9.
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