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The monocytic leukemia zinc finger protein MOZ and the related factor MORF form tetrameric complexes
with ING5 (inhibitor of growth 5), EAF6 (Esa1-associated factor 6 ortholog), and the bromodomain-PHD
finger protein BRPF1, -2, or -3. To gain new insights into the structure, function, and regulation of these
complexes, we reconstituted them and performed various molecular analyses. We found that BRPF proteins
bridge the association of MOZ and MORF with ING5 and EAF6. An N-terminal region of BRPF1 interacts with
the acetyltransferases; the enhancer of polycomb (EPc) homology domain in the middle part binds to ING5 and
EAF6. The association of BRPF1 with EAF6 is weak, but ING5 increases the affinity. These three proteins form
a trimeric core that is conserved from Drosophila melanogaster to humans, although authentic orthologs of
MOZ and MORF are absent in invertebrates. Deletion mapping studies revealed that the acetyltransferase
domain of MOZ/MORF is sufficient for BRPF1 interaction. At the functional level, complex formation with
BRPF1 and ING5 drastically stimulates the activity of the acetyltransferase domain in acetylation of nucleo-
somal histone H3 and free histones H3 and H4. An unstructured 18-residue region at the C-terminal end of the
catalytic domain is required for BRPF1 interaction and may function as an “activation lid.” Furthermore,
BRPF1 enhances the transcriptional potential of MOZ and a leukemic MOZ-TIF2 fusion protein. These
findings thus indicate that BRPF proteins play a key role in assembling and activating MOZ/MORF acetyl-
transferase complexes.

The gene of MOZ (monocytic leukemia zinc finger protein,
also referred to as MYST3 and KAT6A), located on chromo-
some 8p11, was first identified as a fusion partner in chromo-
some translocation t(8;16)(p11;p13) (2, 52). This recurrent
translocation is associated with a monocytic subtype of acute
myeloid leukemia and results in the fusion of the MOZ N-
terminal domain to the C-terminal part of the transcription
coactivator CBP. Two other leukemia-associated chromosomal
rearrangements lead to the expression of proteins fusing MOZ
fragments to the CBP paralog p300 and the p300/CBP-inter-
acting nuclear receptor coactivator TIF2 (transcription inter-
mediary factor 2, also known as steroid receptor coactivator 2
[SRC-2] and nuclear receptor coactivator 2 [NCOA2]) (6, 8,
29, 34). One of the resulting fusion proteins, MOZ-TIF2, is
known to promote self-renewal of leukemic stem cells (17, 25),
suggesting that the chromosome abnormalities play a causal
role in leukemogenesis. In addition, it was recently reported
that MOZ is fused to NCOA3 (22), a TIF2 paralog synony-
mous with SRC-3 and AIB1 (amplified in breast cancer 1).
MOZ is highly homologous to MORF (MOZ-related factors,
also named Querkopf, MYST4, and KAT6B) (11, 64). The

MORF gene is rearranged in leukemia patients with t(10;
16)(q22;p13) (46) and in leiomyoma cases with t(10;17)(p11;
q21) (40). The CBP gene is the fusion partner in the former
translocation, while the GCN5 gene is a potential candidate in
the latter translocation. All of these findings suggest that de-
regulated acetylation has an important role in oncogenesis. In
addition, recent studies indicate that MOZ and MORF play
key roles in hematopoiesis, skeletogenesis, neurogenesis, and
other developmental processes (16, 26, 38, 39, 62, 64). There-
fore, MOZ and MORF are intimately linked to both normal
development and cancer development (63, 69).

At the molecular level, available data suggest that this pair
of paralogs functions as transcriptional coactivators with in-
trinsic histone acetyltransferase (HAT) activity (3, 11, 12, 27,
28, 48). Both possess the MYST domain, a catalytic core con-
served among members of the MYST family of acetyltrans-
ferases (2, 52). Within this family, there are five members in
humans, with the other three being TIP60, HBO1, and hMOF
(1, 30, 51, 56). Although histones have been considered to be
the major substrates, two recent studies show that in response
to DNA damage, TIP60 and hMOF acetylate p53 at lysine 120
within the DNA-binding domain (59, 60). Moreover, DNA
damage promotes TIP60 acetylation of ATM, upregulating the
kinase activity (57). MOZ and MORF display similarities to
the closest Drosophila protein Enok (enoki mushroom) only in
the MYST domain and N-terminal part (53, 69), so unlike the
other three mammalian MYST proteins, MOZ and MORF do
not have authentic orthologs in Drosophila flies. The MYST
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domain often remains intact in fusion proteins expressed from
the aforementioned chromosome translocations (68), but the
significance remains elusive. Known target DNA-binding tran-
scription factors of MOZ and MORF include Runx proteins
(3, 27, 28, 48), PU.1 (26), Nrf2-MafK (44), and perhaps per-
oxisome proliferator-activated receptor � (58). Available evi-
dence suggests that MOZ and MORF control related patho-
logical and developmental processes by acetylating histones
and other proteins, but additional studies are needed to elu-
cidate the underlying molecular mechanisms.

We have recently identified MOZ and MORF to be catalytic
subunits of ING5 complexes (18), which reiterates that HATs
often form multisubunit complexes in vivo (32, 43). ING5 is the
fifth member of the novel ING (inhibitor of growth) tumor
suppressor family (55). The other subunits of the MOZ/MORF
complexes are EAF6 (homolog of yeast Esa1-associated factor
6) and BRPF1, -2, or -3 (bromodomain-PHD finger protein 1,
2, or 3). BRPF1 and BRPF2 are also known as BR140 (bro-
modomain protein of 140 kDa) and BRD1 (bromodomain
protein 1), respectively (37, 65). By using an analogy to the
Esa1 and TIP60 complexes (19), we postulated that different
subunits of MOZ/MORF complexes regulate the acetyltrans-
ferase activity (18). To test this hypothesis, we carried out
complex reconstitution and detailed molecular analysis. Here
we present evidence that BRPF1 binds to the MYST domains
of MOZ and MORF, stimulates acetyltransferase and coacti-
vator activities, and bridges interaction with ING5 and EAF6.
These results not only provide novel insights into the patho-
logical and developmental processes involving MOZ, MORF,
and associated subunits, but also shed light on regulation of the
acetyltransferase activity in other MYST protein complexes.

MATERIALS AND METHODS

Plasmids and baculoviruses. Expression constructs for MOZ and MORF
mutants were engineered from pcDNA3.1-Flag, a derivative of pcDNA3.1 (In-
vitrogen). Expression plasmids for full-length and deletion mutants of BRPF1,
ING5, and EAF6 were subcloned into pcDNA3.1-Flag or pcDNA3.1-HA. The
mutants were generated by PCR with Expand thermostable DNA polymerase
(Roche). Baculovirus shuttle vectors were created by insertion of the coding
sequences of BRPF1 proteins, ING5, and EAF6 into a pAcSG2-based vector for
expression of hemagglutinin (HA)-tagged proteins. Linearized BaculoGold viral
DNA (BD Biosciences) was used for generation of recombinant baculoviruses.
The baculovirus for the MORF mutant H361 (Flag tagged) was described pre-
viously (11), and the virus for the MOZ mutant H810 (also Flag tagged) was
generated on a pAcSG2-based vector for expression of Flag-tagged proteins in
Sf9 cells. Expression plasmids for maltose-binding protein (MBP) fusion proteins
were prepared from pMAL-C2 (New England Biolabs), and green fluorescent
protein (GFP) constructs were derived from pEGFP-C2 (BD Biosciences). Gal4
fusion constructs were prepared using a vector expressing the N-terminal 147
residues of the yeast Gal4 DNA-binding domain as described previously (11).

Generation and purification of polyclonal antibodies. The HAT domain of
MORF was expressed as an MBP fusion protein and affinity purified on amylose
resin as described previously (47). The purified fusion protein was dialyzed
extensively against phosphate-buffered saline (PBS) and used for immunization
of two rabbits. Antisera were subjected to affinity purification on CNBr-activated
Sepharose 4 Fast Flow resins (GE Life Sciences) conjugated with the fusion
protein. The HAT domain of MORF is almost identical to the corresponding
region of MOZ (11), so the antibody recognizes both proteins. BRPF1, BRPF3,
and ING5 antibodies were similarly generated except that full-length ING5 and
the N-terminal 295 and 194 residues BRPF1 and BRPF3, respectively, were
expressed as MBP fusion proteins and affinity purified on CNBr-activated Sepha-
rose 4 Fast Flow resins conjugated with the respective fusion proteins.

Protein expression in and affinity purification from HEK293 cells. To examine
protein interaction in HEK293 cells, 10 �g of expression plasmids was trans-
fected into 5 � 105 to 10 � 105 cells (in a 10-cm dish) with 20 �l of the SuperFect

transfection reagent (Qiagen). Forty-eight hours posttransfection, cells were
washed twice with PBS and lysed in situ on ice in 1.0 ml cold buffer K150 (20 mM
sodium phosphate [pH 7.0], 0.15 M KCl, 30 mM sodium pyrophosphate, 0.1%
NP-40, 5 mM EDTA, 10 mM NaF, 0.1 mM Na3VO4, 2 �g/ml pepstatin A, 2
�g/ml aprotinin, 2 �g/ml leupeptin, and 1 mM phenylmethylsulfonyl fluoride).
Soluble extracts were used for affinity purification on anti-Flag M2 agarose beads
(Sigma). After being washed four times with 0.3 ml buffer K150 in a cold room,
bound proteins were eluted in the same buffer containing Flag peptide (0.2
mg/ml). Eluted proteins were resolved by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred to a nitrocellulose membrane
for immunoblotting with anti-Flag and anti-HA antibodies. Blots were developed
with the SuperSignal West Pico substrate (Pierce).

Immunoprecipitation of endogenous proteins. Five or six 15-cm dishes of
nearly confluent HEK293, WI-38, and NIH 3T3 cells were washed three times
with PBS and used for isolation of nuclei as described previously (66). Nuclei
were resuspended in 2.5 ml of cold buffer N150 (the same as for buffer K150
except that NaCl was used instead of KCl and the NP-40 concentration was
0.15%), transferred to two 1.5-ml tubes, and sonicated on ice for 10 s per tube
with a Virsonic 100 sonicator (setting 5; VirTis). After being rotated at 4°C for
30 min, soluble extracts were collected by centrifugation for preclearing incuba-
tion with 100 �l protein A-Sepharose (GE Life Sciences) per tube. With further
rotation at 4°C for 3 h, the slurry was centrifuged at 15,000 rpm for 5 min at 4°C
with an Eppendorf microcentrifuge. The supernatants were carefully collected,
and the centrifugation was repeated. The precleared extract was equally divided
into six aliquots for immunoprecipitation with 0.6 �g goat anti-ING5 (Abcam)
and anti-�-TRCP (Santa Cruz Biotechnology) polyclonal antibodies or with a
similar amount of rabbit anti-MORF, anti-BRPF1, anti-BRPF3, and anti-GFP
(Santa Cruz Biotechnology) antibodies. Protein A- or G-Sepharose beads (20 �l;
GE Life Sciences) were added to tubes containing rabbit or goat polyclonal
antibody, respectively. After rotation at 4°C for 14 to 18 h, the beads were
washed once with 0.5 ml of buffer N150 and three times with buffer N300 (same
as N150 except the NaCl concentration was 300 mM). Bound proteins were
resolved by SDS-PAGE (8% or 10%) for immunoblotting with rabbit anti-
MORF, anti-BRPF1, anti-BRPF3, and anti-ING5 antibodies. PBS containing
0.15% Tween 20 and 5% low-fat milk powder was used as the blocking and
antibody incubation buffers. Incubation with the primary antibodies and the
secondary antibody was carried out for 14 to 18 h at 4°C and 1 h at room
temperature, respectively. After extensive washing, blots were developed with
the SuperSignal West Femto maximum sensitivity chemiluminescent substrate
(Pierce).

Protein interaction in vitro. Radiolabeled BRPF1 or deletion mutants were
synthesized in the presence of [35S]methionine using a TNT T7-coupled in vitro
transcription and translation kit (Promega). For binding assays, bacterial extracts
containing MBP fusion proteins were incubated in 20 �l amylose resin for 30 min
at 4°C (with rotation). The resin was washed twice in buffer K150 and used for
incubation with in vitro synthesized products. After rotation at 4°C for 1 h, the
beads were washed four times with buffer K and used for elution with the same
buffer containing 10% maltose. Eluted proteins were separated by SDS-PAGE
for autoradiography.

Reconstitution of MOZ and MORF complexes in Sf9 insect cells. Sf9 cells
were maintained at 27°C as suspension culture in spinner flasks (Bellco) as
described previously (47). For small-scale expression or complex reconstitution,
exponentially growing cells were added to 10-cm tissue culture dishes, about 7 �
106 cells per dish, to achieve 90 to 95% confluence after attaching. The dishes
were incubated at 27°C for 1 h to allow the cells to attach. The dishes were then
transferred back to a tissue culture hood for virus addition. For complex recon-
stitution, the baculovirus for Flag-H361 or Flag-H810 was used to coinfect the
cells along with viruses for HA-tagged BRPF1, ING5, and/or EAF6. For analysis
of BRPF1 domains, viruses for deletion mutants were used to replace those for
full-length BRPF1. Forty to 48 h postinfection, dishes were scraped and cell
suspension was collected in 15-ml Falcon tubes for centrifugation (�2,500 � g at
room temperature for 5 min). About 10 ml of PBS was used to resuspend and
wash each cell pellet, which was then resuspended in 1 ml PBS and transferred
to a 1.5-ml Eppendorf tube. After centrifugation at �2,500 � g and room
temperature for 5 min, the resulting pellet was resuspended in 1 ml cold buffer
N150 and sonicated on ice for 10 s using a Virsonic 100 sonicator (setting 5;
VirTis). After rotation at 4°C for 30 min and centrifugation, soluble extracts were
collected and incubated with 20 �l of anti-Flag M2 agarose beads (Sigma), which
were pretreated with 0.1 M glycine-HCl (pH 2.5) for 4 to 5 min, neutralized with
0.1 M Tris-HCl (pH 7.5 to 8.0), and preequilibrated with buffer N150. After
rotation at 4°C for 2 to 4 h, the beads were collected by brief centrifugation at 4°C
and washed once with 0.5 ml of buffer N150 and three times with buffer N300 in
a cold room. Washed beads were mixed with 30 �l of buffer N150 containing Flag
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peptide (0.4 mg/ml). After rotation at 4°C for 1 h, the eluate was collected by
brief centrifugation at 4°C and flash-frozen in aliquots on dry ice. For analysis of
purity and complex composition, 2 to 5 �l of the eluate was resolved by SDS-
PAGE (10%) and stained overnight with “blue silver” (5), prepared from
Coomassie colloidal blue G-250.

HAT assays and substrate preparation. HAT activity determination was car-
ried out as described previously (47), except that a 10-min incubation at 30°C was
used for oligonucleosomes. MOZ and MORF proteins were affinity purified
from Sf9 cells in buffer N150 for acetylation of histone octamers and oligonu-
cleosomes, which were prepared from nuclei of HeLa S3 cells essentially as
reported previously (15).

Indirect immunofluorescence and live green fluorescence microscopy. For
indirect fluorescence microscopic analysis, NIH 3T3 cells were seeded at 2 � 104

cells per well on flamed glass coverslips in 12-well tissue culture plates. The
SuperFect transfection reagent (Qiagen) was used to transfect the cells, and
indirect immunofluorescence microscopy was performed as described previously
(23). For live green fluorescence microscopy, HEK293 cells were seeded at 4 �
104 cells per well in 12-well tissue culture plates and transfected with expression
plasmids for GFP or its fusion proteins. Eighteen hours posttransfection, green
fluorescence of live cells was examined under an Axiovert 135 microscope
(Zeiss), which was linked to a Regia CCD camera. An imaging system from the
QImaging Corporation was used to control the camera for image capture. Image
files were further processed with Adobe Photoshop and Illustrator.

Reporter gene assays. Reporter gene assays were performed as described
previously (23, 48). The luciferase (Luc) reporter constructs 6OSE2-Luc, OG2-
Luc, and GM-CSF-Luc have been described previously (14, 48). For internal
control, a cytomegalovirus immediate early promoter-driven �-galactosidase ex-

pression plasmid was cotransfected. D-(�)-Luciferin (Boehringer Mannheim)
and Galacto-Light Plus (Tropix) were utilized as substrates for luciferase and
�-galactosidase, respectively. Chemiluminescence from these substrates was
measured on 96-well plates by a FLUOstar Optima luminometer (BMG
Labtech). The resulting data were directly copied for Excel calculation, and the
calculated results were transferred for statistical analysis and graph generation
with GraphPad Prism 5.

RESULTS

Interaction of MOZ and MORF with BRPFs, ING5, and
EAF6. To gain further insight into the molecular anatomy of
MOZ and MORF complexes (18), we first carried out coim-
munoprecipitation to analyze the interaction of Flag-MOZ
with HA-tagged BRPF1, ING5, and EAF6. As shown in Fig.
1A, MOZ coprecipitated BRPF1 but not ING5 or EAF6 (lanes
1 to 4). Coexpression of BRPF1, however, promoted associa-
tion of ING5 with MOZ (Fig. 1A, compare lanes 3 and 5),
supporting the view that BRPF1 bridges the interaction be-
tween MOZ and ING5 (18). In contrast, expression of BRPF1
or ING5 had minimal effects on EAF6 association with MOZ
(Fig. 1A, compare lanes 4, 6, and 7). When both ING5 and
BRPF1 were expressed, EAF6 copurified efficiently with MOZ

FIG. 1. Interaction of MOZ and MORF with BRPFs, ING5, and EAF6 in vivo. (A) The expression plasmid for Flag-MOZ was transfected into
HEK293 cells along with those for HA-tagged BRPF1, ING5, and EAF6 as specified. Extracts were prepared in buffer K150 for affinity purification
on M2 agarose, and bound proteins were eluted with Flag peptide for subsequent Western blotting (WB) with anti-HA (�HA) and anti-Flag
(�Flag) monoclonal antibodies. The asterisks denote degraded MOZ fragments. (B) Nuclear extracts were prepared from HEK293 cells for
immunoprecipitation with goat and rabbit anti-MORF (�MORF), anti-ING5 (�ING5), anti-BRPF1 (�BRPF1), and anti-BRPF3 (�BRPF3)
polyclonal antibodies as indicated at the top, with the goat anti-�-TRCP and rabbit anti-GFP antibodies as the negative controls. Precipitated
proteins were resolved by SDS-PAGE (10% for detection of ING5 and 8% for MOZ/MORF, BRPF1, and BRPF3). For immunoblotting, rabbit
anti-MORF, anti-BRPF1, anti-BRPF3, and anti-ING5 polyclonal antibodies were used as shown on the right. Between the two anti-ING5
antibodies, the goat antibody is more efficient for immunoprecipitation (especially coimmunoprecipiation of MOZ/MORF, BRPF1, and BRPF3)
and the rabbit antibody is more specific for immunoblotting. The anti-MORF antibody also recognizes MOZ. As the control, extracts (�1% of
the input for one immunoprecipitation) were loaded on lanes 7. Nonspecific bands are marked with asterisk at their right. Compared to the goat
anti-ING5 antibody, the anti-MORF, anti-BRPF1, and anti-BRPF3 antibodies were less efficient in coimmunoprecipitation, perhaps because the
epitopes for the antibodies are masked in the complexes and the antibodies destabilize the complexes (the antigens encompass the sites required
for complex formation; see Materials and Methods). IgG H, immunoglobulin G heavy chain.
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(Fig. 1A, lanes 8 to 9), indicating that the presence of both
ING5 and BRPF1 is essential for tetrameric complex forma-
tion. Moreover, coexpression of these two proteins appeared
to stabilize EAF6 (Fig. 1A, compare lanes 4 and 6 to 9, top
panel). These results indicate that BRPF proteins play a key
role in assembling tetrameric complexes containing MOZ and
MORF.

We also analyzed interaction of endogenous proteins using
polyclonal antibodies against MOZ/MORF, BRPF1, BRPF3,
and ING5 (antibodies against BRPF2 and EAF6 were not yet
available). For this, nuclear extracts were prepared from
HEK293 cells for immunoprecipitation. As shown in Fig. 1B,
the goat anti-ING5 polyclonal antibody, but not the goat anti-
�-TRCP antibody, efficiently precipitated endogenous ING5
(compare lanes 1, 2, and 7, bottom two panels). Importantly,
immunoblotting with the respective antibodies detected MOZ/
MORF, BRPF1, and BRPF3 in the immunoprecipitate from
the anti-ING5 antibody but not that from the anti-�-TRCP
antibody (Fig. 1B, lanes 1, 2, and 7, top three panels), indicat-
ing that endogenous ING5 interacts with endogenous MOZ/
MORF, BRPF1, and BRPF3. Consistent with this, the anti-
BRPF3 but not the anti-GFP antibody coprecipitated ING5
(Fig. 1B, compare lanes 3, 6, and 7, bottom three panels).
MOZ/MORF was also detected in the immunoprecipitate
from the anti-BRPF3 antibody (Fig. 1B, lane 3, top panel). In
addition, BRPF1 appeared to be present in the anti-MORF
immunoprecipitate (Fig. 1B, compare lanes 4 to 5, top two
panels). Some of these interactions could also be detected in
WI38 and NIH 3T3 fibroblasts (data not shown). Together,
these findings strongly support the view that ING5 forms com-
plexes with MOZ, MORF, and BRPF proteins in vivo.

Subcellular localization of MOZ and the noncatalytic sub-
units of its complex. Next we examined subcellular localization
of the proteins involved. For this, HA-BRPF1 was expressed
alone or with other subunits for analysis of subcellular local-
ization by fluorescence microscopy. When expressed alone in
NIH 3T3 cells, HA-BRPF1 was mainly cytoplasmic, accumu-
lating in dot-like structures (Fig. 2A). When MOZ was coex-
pressed, BRPF1 was found exclusively in the nucleus (Fig. 2B).
As reported previously (27, 28), MOZ was mainly nuclear (Fig.
2C), so the change of BRPF1 subcellular localization suggests
that MOZ promotes nuclear localization of BRPF1. Similar to
MOZ, both ING5 and EAF6 promoted the nuclear localiza-
tion of BRPF1 (Fig. 2D to E). These results are consistent with
the physical association of these four proteins.

We also expressed GFP-BRPF1 in HEK293 cells and ana-
lyzed effects of expression of MOZ, ING5, and EAF6 by live
green fluorescence microscopy. As in NIH 3T3 cells, GFP-
BRPF1 formed cytoplasmic dots in HEK293 cells (see Fig.
S1A in the supplemental material). While the effect of MOZ
expression was less dramatic in these cells than that in NIH
3T3 cells (data not shown), ING5 expression promoted BRPF1
translocation to the nucleus, where it formed dots (see Fig.
S1A in the supplemental material). Expression of EAF6 alone
had minimal impact, but upon coexpression of both ING5 and
EAF6, BRPF1 became exclusively nuclear (see Fig. S1A in
the supplemental material). GFP-ING5 was pannuclear or
showed nucleolar accumulation in some cells; when BRPF1
was coexpressed, GFP-ING5 became enriched in nuclear dots
(see Fig. S1B in the supplemental material). GFP-EAF6 local-

ized to nucleoli in the majority of cells, but when both BRPF1
and ING5 were coexpressed, this fusion protein accumulated
in nuclear dots (see Fig. S1C in the supplemental material).
These results indicate that BRPF1, ING5, and EAF6 localize
to nuclear dots when they are expressed together, providing
further support for their physical association.

Mapping the BRPF1-binding domains of MOZ and MORF.
To locate the minimal domains of MOZ and MORF required
for BRPF1 binding, we first analyzed three mutants of MOZ
(N352, N760, and C1409) (Fig. 3A) and three mutants of
MORF (N716, C1238, and H424) by coimmunoprecipitation.
As shown in Fig. 3B, BRPF1, ING5, and EAF6 coprecipitated
with N716 and H424, but not with the other four mutants,
indicating that the MYST domain is responsible and sufficient
for complex formation. To substantiate this, we expressed dif-
ferent MORF mutants as MBP fusion proteins in Escherichia
coli and performed in vitro binding assays. These assays re-
vealed that BRPF1 interacts with mutant H361, but not with
N359, C1564, or C1567 (Fig. 3A and C), supporting direct
interaction of the MYST domain with BRPF1. Moreover, the
MYST domain of MOZ or MORF interacts similarly with
different BRPF proteins in vitro (see Fig. S2A in the supple-
mental material). To determine how the MYST domain may
interact with BRPF1, we analyzed mutants H361, H553, and
H460 (Fig. 3A) by in vitro binding assays. As shown in Fig. 3D,
these three mutants were all able to bind BRPF1, indicating
that the binding does not require residues 424 to 459 and 553
to 588, regions corresponding to the C2HC finger and the
acetyl coenzyme A (acetyl-CoA) binding motif, respectively
(11).

It was unexpected that the MOZ mutant N760 failed to form
a complex with BRPF1, ING5, and EAF6 (Fig. 3A and B). The
MYST domain is highly conserved in MOZ, and mutant N760
contains almost the entire MYST domain except residues 761
to 810, so we considered whether this small region is critical for
complex formation. To address this, we expressed mutants
H810, H760, and H783 (Fig. 3A) as MBP fusion proteins in E.
coli for in vitro binding assays. Mutants H810 and H783 but not
H760 were able to bind BRPF1 (Fig. 3E), indicating that res-
idues 761 to 782 are essential for binding. This is in agreement
with the inability of mutant H760 to form a tetrameric complex
with BRPF1, ING5, and EAF6 in HEK293 cells (Fig. 3A to B).
We also affinity purified the MBP fusion proteins and com-
pared their HAT activities. As reported previously (11, 12),
mutant H810 was active in acetylating free histones (Fig. 3F).
In comparison, H783 had 20% of the activity, whereas H760
was totally inactive (Fig. 3F), indicating that residues 761 to
782 are crucial for HAT activity. Interestingly, this region is
conserved between MOZ and MORF but more divergent in
other MYST proteins (see Fig. S2B in the supplemental ma-
terial) (2, 52, 67). At the structural level, it is located right next
to the catalytic center (see Fig. S2C in the supplemental ma-
terial) (24, 67), so this region has an important role in modu-
lating acetyltransferase activation.

Locating the MOZ/MORF-binding sites of BRPF1. To de-
termine how BRPF1 bridges the association of ING5 and
EAF6 with MOZ or MORF, we first mapped the MOZ/
MORF-binding site on BRPF1. For this, deletion mutants
BR1, BR2, and BR3 (Fig. 4A) were expressed as HA-tagged
fusion proteins in HEK293 cells along with Flag-tagged H361,
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a MORF mutant able to bind BRPF1 (Fig. 3A). Cell extracts
were prepared for affinity purification on M2 agarose, and
bound proteins were eluted with Flag peptide for immunoblot-
ting with anti-Flag and anti-HA antibodies. As shown in Fig.

4B, mutant BR1 coprecipitated with H361 as efficiently as
full-length BRPF1 (lanes 1 to 2). Mutant BR2 was much less
efficient, and BR3 was unable to do so (Fig. 4B, lanes 3 and 4).
These results suggest that BRPF1 contains two MORF-binding

A

B

GFP

GFP-EAF6

HA-BRPF1

D

HA-BRPF1

MergeHoechst

GFP-ING5

HA-BRPF1
E Merge Hoechst

GFP-EAF6

GFP-ING5

HA-BRPF1

+Flag-MOZ

C

Flag-MOZ

FIG. 2. Subcellular localization of BRPF1, ING5, and EAF6. (A, B) The expression plasmid for HA-BRPF1 was transfected into NIH 3T3 cells
with (�Flag-MOZ) or without the Flag-MOZ expression plasmid. BRPF1 expression was detected by immunostaining with anti-HA antibody and
a Cy3-labeled secondary antibody. Unlike BRPF1, both BRPF2 and BPRF3 were mainly nuclear (data not shown). (C) The expression plasmid
for Flag-MOZ was transfected into NIH 3T3 cells. Expression of Flag-MOZ was detected by immunostaining with anti-Flag antibody and a
Cy3-labeled secondary antibody. (D) The expression plasmid for GFP-ING5, GFP-EAF6, or GFP was transfected into NIH 3T3 cells. After
fixation, GFP signals were analyzed by green fluorescence microscopy. (E) The expression plasmid for HA-BRPF1 was transfected into NIH 3T3
cells along with that for GFP-ING5 (top) or GFP-EAF6 (bottom). HA-BRPF1 was detected by immunostaining with anti-HA antibody and the
Cy3-labeled secondary antibody, whereas localization of GFP fusion proteins was determined by green fluorescence microscopy.
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BRPF1

460

FIG. 3. Mapping the BRPF1-binding site on MOZ and MORF. (A) Schematic representation of MOZ, MORF, and their deletion mutants, with the
BRPF1-binding ability summarized on the right. Domains are labeled as follows: NEMM, N-terminal part of Enok, MOZ, or MORF; PHD, PHD zinc finger;
ED, glutamate/aspartate-rich region; SM, serine/methionine-rich region; and P, proline/glutamine stretch. (B) Expression plasmids for HA-BRPF1, HA-ING5,
and HA-EAF6 were cotransfected into HEK293 cells along with the construct for a Flag-tagged MOZ or MORF deletion mutant (N352, N760, C1409, N716,
C1238, or H424). Extracts were prepared for affinity purification on M2 agarose, and bound proteins were eluted with Flag peptide for immunoblotting with
anti-HA and anti-Flag antibodies. (C to E) The indicated MOZ/MORF mutants were expressed as MBP fusion proteins for immobilization on amylose agarose
and subsequent incubation with [35S]methionine-labeled BRPF1 (�[35S]BRPF1). After extensive washing, bound proteins were eluted and analyzed by
SDS-PAGE and Coomassie blue staining. The gels were dried for autoradiography. The input lanes represent 20% of [35S]methionine-labeled BRPF1 used for
one binding assay. (F) Equal amounts of MBP fusion proteins, expressed in and affinity purified from bacteria, were subjected to HAT activity determination
using mixed free histones (calf thymus; Sigma) as the substrates.
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sites, with a strong one located within the N-terminal region
and a weak one in the middle. To delineate the strong binding
site, we analyzed six other mutants, BR4 to BR9 (Fig. 4B).
Among them, BR4, BR5, BR8, and BR9 coprecipitated with
H361 (Fig. 4B, lanes 5 to 10), indicating that the binding site
encompasses residues 59 to 222 of BRPF1 (Fig. 4A).

To map the binding site further, we performed a multiple-
sequence analysis of known BRPF proteins. This analysis re-
vealed that BRPF proteins are conserved from Caenorhabditis
elegans to humans (see Fig. S3A in the supplemental material).
From the analysis, it became clear that residues 59 to 222 of
BRPF1 possess two conserved subdomains, BN1 (BRPF N-
terminal conserved region 1) and BN2 (see Fig. S3B in the
supplemental material). Based on this, we generated three
more mutants, BR10, BR11, and BR12 (Fig. 4A; see Fig. S3B
in the supplemental material). Mutant BR10 interacted with
H361 only slightly less efficiently than BR9 (Fig. 4C, compare
lanes 1 to 2 and 5 to 6). In coprecipitation with H361, mutant
BR12 was at least as efficient as BR9 (Fig. 4C, compare lanes
1, 4, 5, and 8). Unlike BR7 (Fig. 4A and B), mutant BR11
coprecipitated with H361 (Fig. 4C, lanes 3 and 7), albeit less
efficiently than BR9. These results indicate that the BN2 sub-
domain is important for MORF binding. We also analyzed the
interaction of BR9, BR10, and BR12 with the MOZ mutant
H810, which is equivalent to H361 (Fig. 3A). Surprisingly,
mutant BR10 was unable to bind H810 (Fig. 4D). This finding
is unexpected and supports the idea that the BN2 subdomain is
even more important for MOZ interaction. Together, the
above results indicate that the BN2 subdomain, and perhaps
also the BN1 subdomain, form the binding site for MOZ/
MORF (Fig. 4A).

To substantiate this, we performed in vitro binding assays.
For this, mutant H361 was expressed as an MBP fusion protein
to pull down [35S]methionine-labeled BRPF1 and mutants. As
shown in Fig. S4A in the supplemental material, BRPF1, BR1,
BR5, and BR8, but not BR3 or BR7, associated with MBP-
H361, supporting evidence that the BN1 and BN2 subdomains
mediate direct interaction with MOZ and MORF (Fig. 4A).

Mapping the ING5- and EAF6-binding sites on BRPF1. We
then performed coimmunoprecipitation to determine which
domain of BRPF1 interacts with ING5. ING5 interacted with
BRPF1, BR1, and BR2, but not with BR3, BR4, BR5, or BR6
(see Fig. S4B in the supplemental material), indicating that
domain M mediates the interaction (Fig. 4A). Similarly, the
EAF6-binding site was mapped to the same region (see Fig.
S4C in the supplemental material). We also analyzed the in-

teraction of ING5 and Eaf6 with BRPF1 using in vitro binding
assays. MBP-ING5 associated efficiently with BRPF1 and BR2
in vitro (Fig. 4E, lanes 1 to 4 and 6 to 7). In contrast, the
interaction of MBP-EAF6 with BRPF1 was undetectable (Fig.
4E, lanes 5 and 8). Coimmunoprecipitation experiments sug-
gested that ING5 may stabilize the interaction of EAF6 with
MOZ (Fig. 1A), and EAF6 precipitated with BRPF1 when
they were overexpressed in HEK293 cells (see Fig. S4C in the
supplemental material), so we examined whether ING5 binds
to EAF6 directly. As shown in Fig. 4F, ING5 could not form a
stable complex with EAF6, but the presence of BRPF1 pro-
moted formation of a trimeric complex. This is consistent with
the finding from live green fluorescence microscopy that
BPRF1 forms a trimeric complex with ING5 and EAF6 (see
Fig. S1 in the supplemental material). Therefore, different
regions of BRPF1 mediate interaction with MOZ/MORF,
ING5, and EAF6 (Fig. 4A).

Effect of BRPF1, ING5, and EAF6 on the HAT activity of
MOZ/MORF. We subsequently investigated how the associ-
ated subunits affect the HAT activity of MOZ and MORF. To
analyze this systematically, we generated recombinant baculo-
viruses expressing these subunits. Given the observation that
the MYST domain of MOZ/MORF is sufficient for BRPF1
binding (Fig. 3A), we employed the baculovirus for Flag-H361
to assemble complexes in Sf9 cells. Different combinations of
baculoviruses for HA-BRPF1, HA-ING5, and HA-EAF6 were
used to coinfect Sf9 cells with that for Flag-H361. Proteins
were affinity purified on M2 agarose and analyzed by colloidal
blue staining (Fig. 5A). HA-BRPF1 copurified with Flag-H361
to an almost stoichiometric level (Fig. 5A, lanes 1 to 2), further
supporting the view that the interaction is specific. HA-ING5
did not efficiently copurify with Flag-H361 unless HA-BRPF1
was present (Fig. 5A, lanes 3 and 5), confirming that the in-
teraction of ING5 with MORF is indirect. HA-EAF6 copuri-
fied with Flag-H361 only when both HA-ING5 and HA-
BRPF1 were present (Fig. 5A, lanes 4 and 6). Similar results
were obtained with Flag-tagged H810 (Fig. 5B), the mutant
corresponding to the MYST domain of MOZ (Fig. 3A). In
addition, mutant BR1, but not BR4 or BR5, was capable of
forming the tetrameric complex with H361 (Fig. 5C) and H810
(data not shown). Together, these results are consistent with
the mapping data described above (Fig. 4A) and provide
strong support for the conclusion that BRPF1 plays a scaffold-
ing role in complex formation.

We then compared HAT activities of the reconstituted com-
plexes. BRPF1 drastically increased the activity of the MORF

FIG. 4. Delineation of MOZ/MORF-, ING5-, and EAF6-binding sites of BRPF1. (A) Schematic representation of BRPF1 and deletion
mutants, with numbers indicating positions of the N- or C-terminal residues. MORF-, ING5-, and EAF6-binding abilities are summarized on the
right. Domains of BRPF1 are labeled as follows: BN, BRPF1 N-terminal domain; I and M, the N- and C-terminal halves of the Epc homology
domain, respectively; PHD, PHD finger; Zn, monoknuckle zinc finger; bromo, bromodomain; and PWWP, conserved proline-tryptophan-
tryptophan-proline domain. (B, C) Interaction of BRPF1 and mutants with the MYST domain of MORF. The expression vector for Flag-H361
(Fig. 3A) was transfected into HEK293 cells with expression plasmids for BRPF1 and mutants as indicated. Extracts were prepared for affinity
purification on M2 agarose, and purified proteins were analyzed by immunoblotting with anti-HA and anti-Flag antibodies. The description for
panel D is the same as that for panel C except that interaction of BR9, BR10, and BR12 with the MOZ mutant H810 (Fig. 3A) was analyzed.
(E) BRPF1 associates with ING5 and EAF6 in vitro. Bacterial extracts expressing MBP, MBP-ING5, and MBP-EAF6 were incubated with amylose
agarose in the presence of [35S]methionine-labeled BRPF1 and BR2. Bound proteins were analyzed by SDS-PAGE, followed by Coomassie blue
staining and autoradiography. (F) Interaction of ING5 with BRPF1 and EAF6 in vivo. HEK293 cells were transfected with expression plasmids
for Flag-ING5, HA-EAF6, and HA-BRPF1 as indicated. Extracts were prepared for immunoprecipitation on M2 agarose and immunoblotting with
anti-HA and anti-Flag antibodies. An asterisk (lane 4, top panel) denotes the residual immunoglobulin G light chain.
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FIG. 5. Reconstitution and characterization of MOZ and MORF complexes. (A, B) Sf9 insect cells were infected with the baculovirus for
Flag-H361 (A) or Flag-H810 (B) along with recombinant baculoviruses for HA-tagged BRPF1, ING5, and EAF6 as indicated. Extracts were
prepared in buffer N150 for affinity purification on M2 agarose, and bound proteins were eluted with Flag peptide. Purified complexes were
resolved by SDS-PAGE and detected by colloidal blue-derived “blue silver” staining. (C) Sf9 insect cells were infected with baculoviruses for
Flag-H361 and HA-tagged ING5 and EAF6, along with recombinant baculoviruses for HA-tagged BRPF1 and mutants as indicated. Complexes
were purified and analyzed as described for panel A. (D, E) HAT activity determination. Complexes reconstituted as described for panels A and
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HAT domain toward free histones H3 and H4 (Fig. 5D, com-
pare lanes 1 and 5 with lane 2). ING5 increased this activity
further, while EAF6 had minimal effects (Fig. 5D, compare
lanes 2 and 3 with lanes 4 and 6, respectively). With oligonu-
cleosome as the substrate, only histone H3 was acetylated (Fig.
5E, lanes 1 to 7), indicating that substrate specificity changes
when histones are presented in a different form. As with free
histones H3 and H4, BRPF1 and ING5 stimulated the acetyl-
transferase activity of the MORF MYST domain toward nu-
cleosomal histone H3. One acetylation site was lysine 14 (Fig.
5F), but lysines 9, 18, and 23 were not acetylated (data not
shown). Consistent with the affinity for ING5, mutant BR1, but
not BR4 and BR5, enhanced the ability of H361 to acetylate
nucleosomal histone H3 (Fig. 5G). With free and nucleosomal
histones, the MOZ mutant H810 exhibited similar responses to
BRPF1 and ING5, although the effect of BRPF1 on free his-
tones is less dramatic compared to the MORF HAT domain
(Fig. 5D and E, lanes 8 to 14). These results indicate that both
BRPF1 and ING5 activate the MYST domain to acetylate
nucleosomal histone H3 and free histones H3 and H4.

The HAT assays also revealed that the MYST domain of
MOZ or MORF acetylates BRPF1 (Fig. 5E). ING5 appeared
to stimulate the acetylation (Fig. 5E, compare lane 3 with lanes
2 and 4 and also lane 10 with lanes 9 and 11). At least some of
the acetylation sites were located at the region corresponding
to mutant BR5 (Fig. 5G). Consistent with the results from in
vitro assays, BRPF1 was acetylated in vivo (Fig. 5H). Further
studies are needed to determine the functional consequence of
BRPF1 acetylation. Notably, the mutants were acetylated to
similar levels (compare Fig. 5C and G), indicating that domain
M is essential for efficient acetylation of histones H3 and H4
but not so important for BRPF1 acetylation. Weak acetylation
of ING5 and EAF6 was detectable in vitro (Fig. 5E, lanes 3, 6,
10, and 13, and G, lanes 2 and 3), but there is no evidence for
this modification in vivo (Fig. 5H).

Effect of BRPF1, ING5, and EAF6 on transcriptional acti-
vation by MOZ. MOZ and MORF are known coactivators for
the Runx family of transcription factors (3, 27, 28, 48), so we
investigated how associated subunits might be involved. For
this, reporter gene assays were performed with the reporter
6OSE2-Luc, which contains six copies of the Runx2-responsive
element from the murine osteocalcin gene 2 promoter to drive
the transcription of the luciferase gene (21, 48). As reported
previously (18), BRPF1 synergized with full-length MOZ in
potentiating Runx2-dependent transcription (Fig. 6A and B).
This effect was dose dependent (data not shown). We also
tested two other reporters, OG2-Luc and GM-CSF-Luc, under

the control of 0.2- and 0.65-kb native fragments of murine
osteocalcin gene 2 and granulocyte macrophage colony-stimu-
lating factor (GM-CSF) promoters, respectively (14, 21, 48).
Runx2 and Runx1 are known to activate OG-Luc and GM-
CSF-Luc, respectively. As with 6OSE2-Luc, BRPF1 potenti-
ated the activation of both promoters (Fig. 6C and D). We also
analyzed G658E and C543G, two MOZ mutants known to
inactivate the acetyltransferase activity and disrupt the C2HC
zinc finger of the MYST domain, respectively (17). Neither
mutant synergized with BRPF1 (Fig. 6A), indicating that both
the acetyltransferase activity and the C2HC finger are impor-
tant for functional interaction with BRPF1.

To delineate which domain of BRPF1 is required for syner-
gizing with MOZ transcription, we analyzed various deletion
mutants. As shown in Fig. 6B and in Fig. S5B in the supple-
mental material, mutants BR1 and BR4 were comparable to
full-length BRPF1, whereas mutant BR13 was slightly more
active, and the other mutants had minimal or inhibitory effects.
Similar results were obtained with the reporter OG2-Luc (Fig.
6C). These results suggest that the region from the bromodo-
main to the N-terminal end of the PWWP domain is respon-
sible for the synergizing effect on activation by MOZ (Fig. 6E).
These results also indicate that the PWWP domain has a neg-
ative role. Consistent with this, mutant BR13 was more active
than full-length BRPF1 when the reporter GM-CSF-Luc was
used (Fig. 6D). With this reporter, mutants BR1, BR4, BR5,
and BR9 were comparable to full-length BRPF1, but the other
three mutants had minimal effects, suggesting the MOZ/
MORF-interacting region is important for activation.

To determine if BRPF1 possesses a portable transacting
domain, we investigated whether BRPF1 can activate tran-
scription when tethered to a promoter by the Gal4 DNA-
binding domain. Gal4-BRPF1 exhibited no activation potential
(data not shown), supporting evidence that transcriptional
stimulation by BRPF1 is context dependent.

In similar assays, Gal4-ING5 repressed reporter gene activ-
ity (data not shown). Related to the repressive effect of ING5,
we found that coexpression of ING5 diminished the ability of
BRPF1 to activate Runx2-dependent transcription of both
6OSE2-Luc and OG2-Luc (see Fig. S6A in the supplemental
material). The effect on 6OSE2-Luc is different from what was
previously observed (18); the reason for this discrepancy is
unclear, even though we have made great efforts and investi-
gated various possibilities. Different from these two reporters,
the GM-CSF promoter activity was activated by ING5 (see Fig.
S6B in the supplemental material), indicating that the effects
are context dependent. Coexpression of EAF6 inhibited the

B were incubated with HeLa histone octamers (D) or oligonucleosomes (E) in the presence of [14C]acetyl-CoA. Reaction mixtures were resolved
by SDS-PAGE (15%) for “blue sliver” staining (top) and autoradiography (bottom). In the particular preparation used for the assay shown on lanes
1 to 7 (E), the NP-40 concentration in the purification buffers was 0.1% and ING5 appeared to associate with H361 (lane 5), but the band on this
lane disappeared when the NP-40 concentration increased to 0.15%, indicating that the association is not specific. Note that about 50-fold-larger
amounts of the enzymes were used for assays with nucleosome substrates. (F) MORF complexes were reconstituted as described for panel A for
acetylation in the presence of regular acetyl-CoA. Reaction mixtures were resolved by SDS-PAGE for immunoblotting with anti-acetylated histone
H3 antibodies specific to lysines 9, 14, 19, and 23. (G) Complexes were reconstituted as described for panel C and used for acetylation of
oligonucleosomes as described for panel E. (H) Flag-MOZ was expressed in HEK293 cells along with HA-BRPF1, HA-ING5, and HA-EAF6.
Extracts were prepared in buffer K150, supplemented with trichostatin A and nicotinamide, for affinity purification on M2 agarose. Purified
proteins were immunoblotted with a mixture of anti-Flag and anti-HA antibodies (left) or with an acetyl-lysine antibody (right). As a control,
Flag-PCAF was expressed, affinity purified, and analyzed similarly (lanes 2 and 4).
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FIG. 6. Transcriptional coactivation by BRPF1 and mutants. (A) The 6OSE2-Luc reporter and a �-galactosidase reporter were cotransfected
into HEK293 cells along with expression plasmids for Runx2 (0.05 �g), BRPF1 (0.2 �g), and MOZ (0.1 �g) or its point mutants (0.3 �g each) as
indicated. Luciferase activities were measured and normalized against �-galactosidase activities. Normalized luciferase activity from the trans-
fection with Runx2 was arbitrarily set to 1.0. In the insert, expression levels of MOZ and point mutants (all Flag tagged) were determined by
immunoblotting with anti-Flag antibody, with an asterisk marking the position of nonspecific bands. (B) The expression plasmids for Runx2 (0.05
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activities of all three reporters (data not shown). Further stud-
ies are needed to determine how ING5 and EAF6 regulate
endogenous target genes.

Effect of BRPF1 on transcriptional regulation by MOZ-
TIF2. Leukemia-associated chromosome translocations involv-
ing MOZ or MORF often express fusion proteins containing
the intact MYST domain (68), but the significance remains
unclear. Having established that this domain is sufficient for
tetrameric complex formation with BRPF1, ING5, and EAF6
(Fig. 3), we asked whether the leukemic fusion proteins form
similar complexes with these subunits. For this, coimmunopre-
cipitation was performed with MOZ-TIF2, a leukemic fusion
protein able to promote stem cell renewal and regulate tran-
scription (17, 25, 27). As shown in Fig. 7A, this fusion protein
formed a tetrameric complex almost as efficiently as the wild-
type MOZ. In addition, this fusion protein stimulated the ac-
tivity of GM-CSF-Luc, and BRPF1 synergized with the fusion
protein in the activation (Fig. 7B). The effect appeared to be
specific to the GM-CSF promoter as minimal impact was ob-
served with the reporter 6OSE2-Luc (Fig. 7C). Thus, BRPF1
interacts with MOZ-TIF2 and modulates its transcriptional
potential.

DISCUSSION

A scaffold role of BRPF proteins in MOZ/MORF complexes.
Reminiscent of p300 and CBP, MOZ and MORF form a pair
of enzymatic transcriptional coactivators with important roles
in leukemogenesis and normal developmental programs (63,
68). Compared to p300 and CBP, much less is known about
MOZ and MORF. The recent identification of MOZ and
MORF as catalytic subunits of quartet complexes provides an
opportunity for studying how associated subunits may regulate
the acetyltransferase activities and other functions of MOZ
and MORF (18). The results presented herein indicate that
BRPF proteins bridge the association of MOZ and MORF
with ING5 and EAF6 (Fig. 1 and 2). The BN1 and BN2
subdomains of BRPF1 interact with the acetyltransferases
(Fig. 4A and 8A; see Fig. S3 in the supplemental material),
which is consistent with a very recent report that the N-termi-
nal region of mouse BRPF1� (Fig. 6E; see Fig. S5B in the
supplemental material) interacts with MOZ (31). Our data
also show that an enhancer of polycomb (EPc) homology re-
gion, domain M, binds directly to ING5 and mediates associ-
ation with EAF6 (Fig. 4A and 8A).

This molecular anatomy provides direct support for the hy-
pothesis that the MOZ and MORF complexes are structurally
analogous to the TIP60-ING3 core complex and the HBO1-
ING4/5 complexes (18, 20). First, EAF6 is also present in
TIP60-ING3 and HBO1-ING4/5 complexes, and yeast Eaf6 is
a subunit of the NuA3 and NuA4 acetyltransferase complexes,

both of which contain yeast ING proteins (7, 19). NuA3 and
NuA4 are MYST acetyltransferase complexes possessing Sas3
and Esa1, respectively; Esa1 is the yeast ortholog of TIP60, and
Sas3 displays some functional similarity to MOZ (1, 30). Sec-
ond, BRPF1, BRPF2, and BRPF3 share domains I and M with
EPc1, a subunit of the TIP60 complex (18, 20). These two small
domains are homologous to an N-terminal region of Drosophila
Epc and have been collectively referred to as Epc-N (50). They
are also present in Jade (gene [J] for apoptosis and differen-
tiation in epithelia) 1, 2, or 3, a subunit of HBO1-ING4/5
complexes (18). Finally, different from Epc proteins, each
BRPF protein has two PHD fingers linked by a mononuclear
zinc knuckle separating domains I and M. Together, the PHD
fingers and the zinc knuckle are referred to as the PZPM
(PHD/Zn knuckle/PHD motif) domain (50). This domain is
conserved in Jade 1, 2, and 3, as well as in AF10 and the
histone methyltransferase NSD1, both of which are associated
with leukemia (50).

An activator role of BRPF proteins in MOZ/MORF com-
plexes. In addition to the scaffold role, BRPF proteins are
important for activating MOZ/MORF complexes, as reflected
by upregulating the acetyltransferase activity and transcrip-
tional activation potential of MOZ and MORF (Fig. 5 and 6).
For nucleosomal histone H3 and free histones H3 and H4,
BRPF1 stimulates the acetyltransferase activity of the MYST
domains of MOZ and MORF (Fig. 5D and E). In addition,
BRPF1 recruits ING5, which in turn increases the acetyltrans-
ferase activity further (Fig. 5D and E). This is very similar to
what has been reported for the TIP60 and Esa1 complexes
(20). Moreover, subunit interaction stimulates acetyltrans-
ferase activity and improves the substrate specificity of Dro-
sophila Mof (41). Thus, it has emerged as a common theme
that noncatalytic subunits regulate the acetyltransferase activ-
ity and substrate specificity of the MYST family of HATs.

Through its BN domain (see Fig. S3B in the supplemental
material), BRPF1 binds to a flexible region within the MYST
domain (see Fig. S2B and C in the supplemental material).
Besides the BN1 and BN2 subdomains, domain M and perhaps
the PHD finger region are required for BRPF1 to stimulate the
HAT activity of MOZ (Fig. 5G). It is interesting to note that
BRPF1 is acetylated by the MYST domain (Fig. 5E, G, and H).
Intersubunit acetylation also occurs in the Drosophila Mof
complex (4). It will be interesting to investigate whether and
how BRPF1 acetylation may affect the function and regulation
of MOZ/MORF acetyltransferase complexes.

For the stimulatory effects on the transcriptional activation
of MOZ, the region from the bromodomain of BRPF1 to the
C-terminal end of the PWWP domain is required for the re-
porters 6OSE2-Luc and OG2-Luc (Fig. 6B and C), but the BN
domain is important for GM-CSF-Luc (Fig. 6D), suggesting
that the domain requirement is dependent on the promoter

�g) and MOZ (0.05 �g) were cotransfected into HEK293 cells along with the same luciferase and �-galactosidase reporters as described for panel
A. In addition, the expression plasmid for wild-type BRPF1 (0.1 �g) or its mutants at the amounts needed to achieve comparable expression levels
shown in Fig. S5A in the supplemental material was cotransfected as indicated. Normalized luciferase activity from the transfection without any
effectors was arbitrarily set to 1.0. Descriptions for panels C and D are the same as those for panel B except that the OG2-Luc and GM-CSF-Luc
reporters were used as indicated. In panel D, 0.1 �g of the Runx1 expression plasmid was used instead of 0.05 �g of the Runx2 plasmid. (E)
Schematic representation of BRPF1 and deletion mutants, with coactivation potential summarized at right.
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context. While the inhibitory effects of ING5 on 6OSE2-Luc
and OG2-Luc are puzzling (see Fig. S6A and B in the supple-
mental material) and contradict our previous observation (18),
BRPF1 recruits ING5 for activation of the GM-CSF promoter
(see Fig. S6C in the supplemental material). Further investi-
gation is needed to determine the role of BRPF proteins,
ING5, and EAF6 in activation of endogenous genes and to
elucidate the underlying molecular mechanisms.

A key role of the MYST domain in complex formation and
activation. Analysis of different deletion mutants revealed that
the MYST domain is sufficient for complex formation (Fig. 3).
Consistent with this, this domain is sufficient to promote tet-
rameric complex formation both in vivo and in vitro (Fig. 3A
and 5A and B). More importantly, BRPF1 binds to this domain
and stimulates its HAT activity (Fig. 5D and E). By itself, the
MYST domain has minimal activity toward nucleosome sub-
strates (11), but BRPF1 drastically stimulates this activity (Fig.
5E). Thus, the MYST domain of MOZ or MORF is sufficient
for formation of functional acetyltransferase complexes, which
is consistent with the fact that this is the only domain con-
served in other members of the MYST family (1, 30, 51, 69).

Strikingly, BRPF1 association requires a very small region of
the MYST domain (Fig. 3E and 8A). This region is highly
conserved between MOZ and MORF but quite divergent
among other MYST proteins (see Fig. S2B in the supplemental
material). This region is unstructured and located right next to
the catalytic center, so it may function as an “activation lid” to
modulate the catalytic activity of MOZ and MORF (see Fig.
S2C in the supplemental material) (24, 67). In comparison,
MSL1 binds to the C2HC finger of MOF (41). This finger is
opposite from the “activation lid” (see Fig. S2C in the supple-
mental material), so distinct activation mechanisms are used in
different MYST complexes. Among known MYST complexes,
HBO1 complexes are the most similar to those of MOZ and
MORF (18), so it will be interesting to test whether the cor-
responding region of HBO1 plays a similar role. It will also be
appealing to elucidate the molecular mechanism by which EPc
proteins activate Esa1 and TIP60 (20).

Roles of PHD fingers in MOZ and MORF complexes. In
addition to the MYST domain, MOZ and MORF possess
PHD fingers and the SM domain (Fig. 8A). As the latter is
known to function as a transcriptional activation domain (68),
a remaining question is what roles the PHD fingers may play.
Related to this, the PHD fingers of ING proteins recognize
histone H3 methylated at lysine 4 (35, 45, 49, 54, 61). Consis-
tent with this, only the ING-specific domain of ING5 is re-
quired for BRPF1 interaction (data not shown), suggesting
that ING5 may target MOZ and MORF complexes to specific
chromatin areas in a methylation-dependent manner. In sup-
port of this, ING5 recognizes lysine 4-methylated histone H3,
and this modification makes histone H3 a better substrate for
a reconstituted MORF complex (10). Whether the PHD fin-
gers of MOZ, MORF, and BRPF proteins have similar func-
tions is an interesting possibility awaiting further investigation.
Alternatively, as recently reported for a yeast deacetylase com-
plex (33), the PHD fingers may simply facilitate the recognition
of nucleosome modifications by other protein modules. In this
regard, the bromodomains and PWWP domains of BRPF1, -2,
and -3 may be involved in recognition of acetylated and meth-
ylated histones, respectively (36, 42). Although further studies

FIG. 7. Physical and functional interaction of MOZ-TIF2 with
BRPF1. (A) The expression plasmid for Flag-tagged MOZ or MOZ-TIF2
was transfected into HEK293T cells along with those for HA-tagged
BRPF1, ING5, and EAF6 as indicated. Extracts were prepared in buffer
K150 for affinity purification on M2 agarose, and bound proteins were
eluted with the Flag peptide for subsequent Western blotting (WB) with
anti-HA and anti-Flag antibodies. Due to its low expression level, the
amount of the MOZ-TIF2 expression plasmid used was three times as
much as the MOZ plasmid. (B) The GM-CSF-Luc reporter and a �-ga-
lactosidase reporter were cotransfected into HEK293 cells along with
expression plasmids for Runx1 (0.1 �g), BRPF1 (0.2 �g), MOZ (0.1 �g),
and/or MOZ-TIF2 (0.6 �g). Luciferase activities were measured and
normalized against �-galactosidase activities. Normalized luciferase activ-
ity from the transfection with Runx1 was arbitrarily set to 1.0. Description
for panel C is the same as that for panel B but the 6OSE2-Luc reporter
and the Runx2 expression plasmid were used.
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with chromatinized DNA templates are needed to examine
these possibilities, it is clear that MOZ and MORF complexes
possess various domains for different purposes (Fig. 8A). Re-
lated to this, different PHD fingers determine the substrate
specificity of the HBO1 complexes (N. Saksouk, Y. Doyon, C.
Cayrou, K. S. Champagne, M. Ullah, A. J. Landry, V. Cote, S.
Tan, X. J. Yang, T. G. Kutateladze, and J. Cote, submitted for
publication).

Molecular insights into related developmental and onco-
genic processes. As the MYST domains of MOZ and MORF
display no preference to BRPF1, BRPF2, and BRPF3 in vitro
(Fig. 5A to B; see Fig. S2A in the supplemental material),
these two HATs are likely to form tetrameric complexes with
all three BRPF proteins in vivo. This suggests that MOZ and
MORF are functionally homologous at least at the molecular
level. Consistent with this, MOZ and MORF fusion proteins
resulting from leukemia-associated translocations lead to a
similar outcome (68). On the other hand, genetic analysis of
MOZ and MORF in mice and zebrafish revealed that these
two acetyltransferases play distinct roles in hematopoiesis,
skeletogenesis, and neurogenesis (16, 26, 38, 39, 62, 64). This is
perhaps due to their differences in spatiotemporal expression
and regulation by posttranslational modification. Alternatively,
full-length MOZ and MORF might form complexes differently
from the catalytic domains analyzed herein. Further investiga-
tion is needed to address these important issues, but it is very
likely that, as shown for p300 and CBP (as well as for GCN5
and PCAF), MOZ and MORF have overlapping as well as
distinct roles in development.

The noncatalytic subunits affect the roles that MOZ and

MORF play in vivo. Zebrafish BRPF1 is important for cranio-
facial development (31). Related to this, the C. elegans BRPF
protein, Lin-49 (see Fig. S3A in the supplemental material),
regulates different developmental programs (9, 13). Drosophila
BPRF is homologous to BRPF1 (see Fig. S3A in the supple-
mental material). Thus, unlike MOZ and MORF, orthologs of
BRPFs are present in C. elegans and Drosophila melanogaster.
In addition, EAF6 is quite conserved from flies to humans.
While the most similar ING protein in the worm (GenBank
accession no. CAP23289) is still quite divergent from ING5
(identity/similarity, 24/42%), two Drosophila ING proteins are
highly similar to ING5 (identities/similarities, 52/67% and 50/
64%; GenBank accession no. NP_723814 and NP_609647, re-
spectively). As domain M binds to ING5 and EAF6 (Fig. 4)
and is evolutionarily conserved (see Fig. S3A in the supple-
mental material), orthologs of BRPF1, ING5, and EAF6 may
form trimeric complexes in Drosophila, although this is less
clear in C. elegans. The BN1 domain of BRPF1 is not con-
served in dBRPF (see Fig. S3B in the supplemental material),
so it will be interesting to determine if dBRPF binds Enok, the
fly protein most related to MOZ and MORF (53).

The MOZ and MORF genes are rearranged in leukemia and
leiomyomata (2, 6, 8, 29, 34, 40, 46, 69). Both MOZ and
MORF are catalytic subunits of tetrameric complexes (18).
BRPF1 and perhaps also BRPF2 and BRPF3 are crucial for
the proper functioning of MOZ and MORF complexes in
different tissues and developmental stages (Fig. 8A), so an
interesting question is whether the noncatalytic subunits are
subjects of chromosome abnormalities associated with leuke-
mia and other types of cancer. As discussed above, the MYST

FIG. 8. (A) Schematic illustration of protein-protein interaction within MOZ and MORF complexes. A small region within the MYST domain
of MOZ and MORF interacts with BRPF1 and paralogs, which utilize domain M for binding to ING5 and EAF6. ING5 and EAF6 form a trimeric
core with BRPF1, -2, or -3. Association of ING5 with BRPF proteins promotes EAF6 interaction. The N-terminal domain of ING5 is sufficient
for BRPF binding. The PHD fingers of ING5, BRPFs, MOZ, and MORF do not appear to be important for complex formation, but may mediate
complex recruitment to specific chromatin domains (e.g., through histone H3 methylation). The bromodomains and PWWP domains of BRPF
proteins may also recognize modified chromatin. The N-terminal domain of human EAF6 (GenBank accession no. NP_073593.2) is highly
homologous to the counterpart in Drosophila melanogaster (sequence identity/similarity, 58/72%; GenBank accession no. NP_647981) but displays
only limited similarity to the related protein in yeast (identity/similarity, 26/44%; GenBank accession no. NP_012615.1). Txn, transcription; EN,
EAF6 N terminal. (B) Cartoon depicting recruitment of the BRPF/ING5/EAF6 trimeric core complex by leukemic MOZ-TIF2. CID, CBP/p300-
interacting domain.
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domain is sufficient for complex formation (Fig. 3), and this
domain often remains intact in fusion proteins resulting from
the leukemia-associated chromosome abnormalities (68), so
complex formation should not be disrupted in related leukemia
patients. This is the case at least for the MOZ-TIF2 fusion
protein analyzed herein (Fig. 7A). As shown for BRPF1 (Fig.
7B), the noncatalytic subunits may modulate the oncogenic
activity of leukemic fusion proteins involving MOZ and
MORF (Fig. 8B). Thus, in addition to providing novel molec-
ular insights for further investigation of how MOZ and MORF
complexes are regulated, the current study sheds important
light on how this pair of HATs and their associated subunits
may be involved in regulating normal development and tumor-
genesis.
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