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Combinatorial readout of unmodified
H3R2 and acetylated H3K14 by the

tandem PHD tinger of MOZ reveals
a regulatory mechanism for

HOXA9 transcription
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Histone acetylation is a hallmark for gene transcription. As a histone acetyltransferase, MOZ (monocytic
leukemia zinc finger protein) is important for HOX gene expression as well as embryo and postnatal development.
In vivo, MOZ forms a tetrameric complex with other subunits, including several chromatin-binding modules with
regulatory functions. Here we report the solution structure of the tandem PHD (plant homeodomain) finger
(PHD12) of human MOZ in a free state and the 1.47 A crystal structure in complex with H3K14ac peptide, which
reveals the structural basis for the recognition of unmodified R2 and acetylated K14 on histone H3. Moreover,
the results of chromatin immunoprecipitation (ChIP) and RT-PCR assays indicate that PHD12 facilitates the
localization of MOZ onto the promoter locus of the HOXA9 gene, thereby promoting the H3 acetylation around
the promoter region and further up-regulating the HOXA9 mRNA level. Taken together, our findings suggest that
the combinatorial readout of the H3R2/K14ac by PHD12 might represent an important epigenetic regulatory
mechanism that governs transcription and also provide a clue of cross-talk between the MOZ complex and

histone H3 modifications.
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The eukaryotic genome is assembled into chromatin. The
basic unit of chromatin is the nucleosome, which is
comprised of 147 base pairs (bp) of DNA wrapped around
the histone octamer (two copies each of histones H2A,
H2B, H3, and H4) (Kornberg and Lorch 1999). Post-trans-
lational modifications (PTMs) such as acetylation and
methylation of histones play important regulatory roles
in almost every aspect of DNA metabolism, including
transcription, replication, recombination, and DNA re-
pair (Berger 2007; Downs et al. 2007; Groth et al. 2007;
Kouzarides 2007). Among all of the modifications, his-
tone acetylation at the promoter regions is a hallmark for
an actively transcribed gene, and the level of acetylation
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is positively correlated with transcription rates (Liu et al.
2005; Pokholok et al. 2005; Rosaleny et al. 2007; Wang
et al. 2008). The general mechanisms could be categorized
into cis and trans. In a cis mechanism, histone acetylation
is believed to relax chromatin via the neutralization of
positive charges on lysines, thereby reducing the inter-
action between histones and DNA. On the other hand,
a trans mechanism relies on the recruitment of epigenetic
readers with various biological functions, as long as other
effector proteins associated with them (Kouzarides 2007;
Wang et al. 2007).

Monocytic leukemia zinc finger protein (MOZ, also
referred to as KAT6A and MYST3) is a MYST family
histone acetyltransferase (HAT) that catalyzes the transfer
of an acetyl group from acetyl-CoA to the lysine g-amino
groups on histones, which plays roles in hematopoiesis
(Thomas et al. 2006), skeletogenesis (Miller et al. 2004;
Crump et al. 2006), and other developmental processes.

1376 GENES & DEVELOPMENT 26:1376-1391 © 2012 by Cold Spring Harbor Laboratory Press ISSN 0890-9369/12; www.genesdev.org


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cshlp.org on August 23, 2022 - Published by Cold Spring Harbor Laboratory Press

It is a coactivator of various transcription factors (par-
ticularly for hematopoietic specificity) such as RUNX1
(AML1 [acute myeloid leukemia 1]) and PU.1 (Kitabayashi
et al. 2001; Pelletier et al. 2002). MOZ was first identified
in AMLs through its presence in reciprocal chromosomal
translocations, leading to the fusion of MOZ to a transcrip-
tion activator, CBP (Borrow et al. 1996); CBP-like coacti-
vator p300 (Chaffanet et al. 2000); or a nuclear receptor
coactivator, TIF2 (Carapeti et al. 1998). Each of these fu-
sion proteins contains one or more HAT domains, indi-
cating a role of aberrant acetylation in oncogenic trans-
formation (Yang and Ullah 2007). Moreover, MOZ has
been reported to be indispensible in the maintenance of
hematopoietic stem cells and responsible for the differen-
tiation of erythroid and myeloid cells (Katsumoto et al.
2006). Recently, another study in mouse embryos shows
that MOZ is required for normal levels of H3K9 acetyla-
tion and gene expression at a large number of Hox loci
and for identity specification of 19 body segments of the
cervical and thoracic axial skeleton and nervous system
(Voss et al. 2009).

In vivo, MOZ forms a tetrameric complex with ING5
(inhibitor of growth 5), EAF6 (Esal-associated factor 6
ortholog), and the bromodomain PHD (plant homeodo-
main) finger proteins BRPF1, BRPF2, or BRPF3 to perform
its functions (Ullah et al. 2008). As the catalytic subunit
of the quartet complex, the biological consequences of
MOZ depend on its localization to specific gene loci.
Insight into how MOZ is recruited to these regions is
important for disclosing the mechanisms underlying
MOZ-mediated processes. MOZ is a multidomain protein
containing a NEMM (N-terminal part of Enok, MOZ, or
MOREF) domain, a tandem PHD zinc finger, a MYST (HAT)
domain for acetyl-transfer catalysis, a glutamate/aspartate
(ED)-rich region, and a serine/methionine (SM)-rich region
for transcriptional activation (Fig. 1A; Kitabayashi et al.
2001). The PHD zinc fingers are the only putative histone
recognition motif capable of “reading” various histone
modifications and unmodified histone tails (Martin et al.
2006; Palacios et al. 2006; Pena et al. 2006; Shi et al. 2006;
Taverna et al. 2006; Mansfield et al. 2011), and this unique
ability suggests its potential responsibility for the locali-
zation of MOZ on chromatin. Moreover, the tandem PHD
finger only exists in MOZ/MOREF and their orthologs
among all of the HATs, shedding light on its special role
for MOZ-mediated processes. However, little is known
about the tandem PHD fingers; therefore, we were curious
to investigate its structure and the corresponding func-
tions. In this study, we defined the tandem PHD finger of
MOZ (PHDI12) as a histone H3 tail-binding module
recognizing unmodified arginine residue 2 (H3R2) and
acetylated lysine residue 14 (H3K14ac). The solution
structure of PHDI12 in a free state and the 1.47 A
resolution crystal structure in complex with a H3K14ac
peptide revealed the structural basis for the recognition,
which was further supported by the subsequent chem-
ical shift perturbation and mutagenesis experiments.
Although the interactions between PHDI12 and histone
H3 do not affect the HAT activity of the MOZ MYST
domain in vitro, the results of chromatin immunopre-

MOZ PHD12 is a H3R2- and H3K14ac-binding module

cipitation (ChIP) assays indicated its contribution to
targeting MOZ onto the HOXA9 gene promoter in vivo,
concomitant with an enhanced local histone H3K14
acetylation and up-regulated HOXA9 transcripts. Our
findings suggested that the recognition of H3R2/K14ac
by PHD12 in MOZ might represent an important mech-
anism for its localization to and transcriptional activa-
tion of specific genes; on the other hand, our findings
provided a clue of cross-talk between MOZ complex and
various histone modifications within the H3 tails.

Results

PHD12 recognizes unmodified R2 and acetylated
K14 on histone H3

Bromodomain has long been the only protein domain ever
reported to recognize acetyl-lysine residues on proteins,
such as GCN5 bromodomain recognizing acetylated Lys16
on histone H4 (Owen et al. 2000), and P/CAF bromodo-
main binding to lysine-acetylated peptides derived from
major acetylation sites on histones H3 or H4 (Dhalluin
et al. 1999), until recent studies reported the binding of
the tandem PHD finger in D4 protein family member 3b
(DPE3b) to acetylated histones (Lange et al. 2008; Zeng
et al. 2010). As the sequence of PHDI12 in MOZ is highly
similar to that of DPF3Db, it is conceivable that MOZ
PHDI12 is also a candidate for acetylated histone recog-
nition. To address this issue and beyond, we examined
the binding affinity of MOZ PHDI12 to a collection of
histone peptides with or without modifications by NMR
(nuclear magnetic resonance) and ITC (isothermal titra-
tion calorimetry). The results showed that MOZ PHD12
binds specifically to histone H3 with Lys14 acetylated
(residues 1-18) (Fig. 1B,C), but not H4 with Lys16 acet-
ylated (residues 11-21) (Supplemental Fig. S1), which is
slightly different from that of DPF3b. Shortening the H3
tail (residues 1-8) or removing acetylation on H3K14
reduced binding affinity compared with the H3K14ac
peptide (residues 1-18) (Fig. 1C; Supplemental Fig. S2),
indicating that acetylation of Lys14 could strengthen the
interactions between histone H3 and PHD12. Moreover,
trimethylation of H3K4 impedes the binding, while
acetylation or trimethylation of H3K9 did not show
a significant effect (Fig. 1C; Supplemental Fig. S3). In
contrast, methylation of H3R2 devastates the binding
completely (Fig. 1D), indicating the essentiality of H3R2
in this binding process. Taken together, these findings
suggest that among various histone modifications, the
tandem PHD finger of MOZ preferentially recognizes
unmodified R2 and acetylated K14 on histone H3 tails.

Considering this bispecificity as independent events,
we were curious to study them one by one to figure out
how much each site contributes to the overall recognition
specificity. Interestingly, although H3 (1-18) is a stronger
substrate than H3 (1-8) (Fig. 1C; Supplemental Fig. S2),
H3 (9-18) alone does not suffice to induce detectable
binding, which could not be rescued by Lys14 acetylation
on this fragment [H3 (9-18)K14ac] (Fig. 1C; Supplemental
Fig. S6). Likewise, the destructive effect of alanine sub-
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Figure 1. PHDI2 recognizes unmodified R2 and acetylated K14 on histone H3. (A) Schematic representation of the domain structure

of human MOZ. Domains are labeled as follows: (NEMM) N-terminal part of Enok, MOZ, or MORF; (PHD) plant homeodomain-linked
zinc finger; (ED) glutamate/aspartate-rich region; (SM) serine/methionine-rich domain. (B) Seven superimposed 'H-'>N HSQC spectra
of PHD12 (0.3 mM), collected during titration of the H3K14ac peptide, are color-coded according to the molar ratio of peptide PHD12.
The red dashed circles indicate the residues with intermediate or slow exchange properties. (C) Dissociation constants of the
interactions between PHD12 and histone H3 tail peptides determined by ITC experiments. (D) Superimposed *H-1N HSQC spectra of
PHD12 collected during titration of unH3 (1-18). (E, top) Superimposed "H-'>N HSQC spectra of PHD12 collected during titration of H3
(1-18)R2me2s or H3 (1-18)R2me2a peptide from left to right, respectively. (Bottom) Chemical shift perturbations in the two-
dimensional 'H-'>N HSQC spectra and ITC curves introduced by the titration of H3 (1-18)K14ac_R2A.

stitution of R2 is also not able to be reversed by a single
acetylation on Lysl14 [H3 (1-18)K14ac_R2A] (Fig. 1E).
Therefore, in all respects, only when the hydrogen bonds
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responsible for R2 recognition remain intact could PHD12
show a preference for acetylated K14 to an unmodified H3
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Overall structures of PHD12 in the free
and H3K14ac-bound states

To unveil the mechanism of this combinatorial readout,
we solved the solution structure of MOZ PHDI12 in a free
state (Protein Data Bank [PDB] ID 2LNO) (Fig. 2A) and
the crystal structure of that in complex with a histone
H3 (1-18) peptide containing R2me0 and K14ac (PDB ID
3V43) (Fig. 2B-D) with structural statistics listed in Sup-
plemental Tables S1 and S2, respectively. The structures
showed that each PHD finger adopts a canonical PHD
finger fold, which consists of a two-strand anti-parallel 8
sheet followed by a C-terminal « helix and two zinc atoms
coordinated by the Cys4-His-Cys3 motif (Fig. 2B). In each
structure, two PHD fingers associate with one another
intimately in a face-to-back manner through the inter-
actions between Glu247 and Arg251 in al from the first
PHD finger (PHD1) and through the interactions between
Ser283 and Arg286 in the B3-B4 sheet from the second

MOZ PHD12 Kd value (uM)
wT 19.1£3.0
S210A 5214122
N235A 184.2 +84.6 csrorr R
S210D+N235R 214412 cereon [
E261A 85.8 + 23.1

GST-A275D Gl == e
A275D 52+0.8
D282A Not detected CSTLZZ: -

MOZ PHD12 is a H3R2- and H3K14ac-binding module

PHD finger (PHD2). In detail, via the carboxyl and carbonyl
oxygen of Glu247, PHD1 forms two hydrogen bonds with
two water molecules, bridging the polar contact to PHD2
through the hydroxyl and carbonyl oxygen of Ser283. Sim-
ilar to the oxygen-mediated hydrogen bond network, a
nitrogen atom on the side chain of Arg251 forms a pair of
hydrogen bonds with another two water molecules, con-
necting the two amino nitrogen atoms on the Arg286 side
chain (Fig. 2C). These polar interactions immobilize these
two PHD fingers to a relatively stationary orientation,
making them an integrated structural unit.

PHD2 specifically recognizes unmodified
R2 on histone H3

Further analysis of the 1.47 A resolution complex struc-
ture revealed the structural basis for site-specific recog-
nition of unmodified R2 on histone H3 by PHD2. As
shown in Figure 2D, the first four residues of the bound

Figure 2. Structures of PHDI2 in the free
and H3K14ac-bound states. (A) Ensemble of
the 20 lowest-energy structures for residues
204-313 of PHD12; the zinc atoms are high-
lighted as purple spheres. (B) Cartoon repre-
sentation of the 1.47 A crystal structure of
PHD12 in H3K14ac-bound states. PHD1 and
PHD2 are colored in cyan and blue, respec-
tively. The histone H3 peptide (yellow) and
the bound acetate (green) are shown as sticks.
(C) PHD1 and PHD?2 associate with each
other through a series of hydrogen bonds
between al and the B3—f4 sheet. Intermo-
lecular interactions are depicted as magenta-
colored dashed lines. A bridging water mol-
ecule involved in intermolecular recognition
is shown as a red sphere. (D,E) PHD12 recog-
nition of the N-terminal residues of the
H3K14ac peptide, depicted in a protein elec-
trostatic potential surface (D) and ribbon
representation (E). The bound H3 peptide
and acetate are colored in yellow and green,
respectively, with interacting residues on
PHDI12 colored in blue. (F) Cartoon repre-
sentation of the superposition of the struc-
tures of PHD12 in the free (silver) and
H3K14ac peptide-bound (blue) states. The
H3 (1-5) segment of the bound peptide is
shown in yellow. (G) Dissociation constants
of the interaction between PHD12 or mu-
tants and H3K14ac peptides determined by
FPA (fluorescence polarization assay) using
a C-terminal fluorescein isothiocyanate
(FITC)-labeled H3K14ac peptide (residues
1-18) or ITC (indicated with asterisk). (H) In
vitro peptide pull-down assays using various
biotinylated histone peptides containing the
indicated modifications. GST-PHDI12 or the
mutants were incubated with biotinylated
histone peptides immobilized onto streptavi-
din Sepharose beads. Bound proteins were
subjected to SDS-PAGE and stained by
Coomassie blue.
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H3 peptide are embedded extendedly into the acid groove
on the surface of PHD2. More precisely, the N terminus
of the peptide is tethered to the main chain carbonyl
oxygen of Gly303, and the side chain of Alal in the H3
peptide is buried within a hydrophobic cage formed by
residues Met300, Pro301, and Trp305. Located near a patch
of negatively charged area, the side chain of Arg2 forms
extensive hydrogen bonds with the oxygen atoms on the
side chain of Asp282 and Asp285, both of which reside in
the hairpin linking p1 and B2 of PHD2. In addition, the
N,,2H proton of Arg2 also forms a polar contact with the
backbone carbonyl oxygen of Cys281. It is the network of
these five hydrogen bonds that stringently guarantees
the specific recognition of the H3R2 mark by PHD2.. From
the structure, we speculated that methylation of R2 will
impede the formation of the hydrogen bond network,
thus disabling the interaction. Expectedly, the binding of
PHDI12 to H3 peptide was totally abolished when Arg2 is
either symmetrically or asymmetrically dimethylated
(Fig. 1E). Besides these, many other polar contacts were
observed between PHD2 and the bound H3 peptide: The
hydroxyl oxygen of Thr3 interacts with the acylamide
group of Asn277; the backbone nitrogen of Lys4 interacts
with the carbonyl oxygen of Met278; the N, nitrogen of
Lys4 forms hydrogen bonds with three oxygen atoms
from Glu261 and Asn274, mediated by an ordered water
molecule; and the acylamide nitrogen of GIn5 interacts
with two carbonyl oxygens from the main chain of Asn274
and Asp276, respectively (Fig. 2E). These interactions, to-
gether with the hydrogen bond network between PHD2
and the N terminus of the H3 peptide, demonstrate at
atomic resolution how the recognition of R2 in a H3 se-
quence context is guaranteed by PHD2.

To further confirm the role of R2 in H3 binding, we
used an H3 (1-18)K14ac peptide containing a R2A muta-
tion to titrate PHD12 and monitored it by ITC and NMR,
respectively. The results showed no apparent binding
when Arg2 was mutated to Ala (Fig. 1E), recapitulating
the destructive effect of R2 methylation. Accordingly,
several point mutations on PHD2 were prepared: E261A
or D282A was designed to disrupt the hydrogen bond
formation with Lys4 or Arg2, respectively; while A275D
was expected to form an extra polar contact between the
residue 275 and GIn5 (Fig. 2E). The FPA (fluorescence
polarization assay) results showed that the E261A muta-
tion decreased the binding affinity to the H3K14ac peptide
about fourfold to fivefold, and the D282A mutation
totally abolished binding, while, on the other hand, the
A275D mutant strengthened this binding with a disasso-
ciation constant decrease of threefold to fourfold (Fig. 2G).
A similar result was obtained from a peptide pull-down
assay (Fig. 2H), which further supports the proposed
structural basis for H3R2/K4 recognition by PHD2.

From the structure comparison of MOZ PHDI12 in the
free and H3-bound states (Fig. 2F), the backbones of the
two structures are superimposed strictly with a root-mean-
square deviation (r.m.s.d.) of 0.77 A, whereas a conforma-
tional change was observed on the segment from Asp269
to Asn277 upon H3 peptide binding. In the free state, this
segment folds into a short loop followed by a small « helix,
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while in the peptide-bound state, it is stretched to form
a longer loop to accommodate the side chains of Lys4 and
GIn5 (Fig. 2F). The NMR relaxation parameters showed
that the segment between Gly272 and Asn277 is relatively
flexible (Supplemental Fig. S5), suggesting an “induced fit”
of PHD2 during the peptide-binding process.

PHD1 is a histone H3 acetylated
Lys14-binding module

Unexpectedly, in the complex structure, instead of acet-
ylated Lysl14, an acetate group from the solvent was ob-
served at the acetyl-binding site in PHD1 (Fig. 3C). Fur-
thermore, a side chain of arginine from another PHD12
molecule in the same unit cell occupied the space above
the acetate group (Supplemental Fig. S4). Therefore, the
competition of acetate in solvent and crystal packing
force made us fail to obtain the electron density map of
the acetylated Lys14 in the H3K14ac-bound state. In order
to investigate the structural basis for acetylated Lysl4
recognition by PHD12, a NMR chemical shift perturbation
experiment was employed with two histone H3 tail pep-
tides in different Lys14 acetylation states. The comparison
between chemical shift changes induced by the addition of
different H3 peptides helped us map the acetylated Lys14-
binding site on MOZ PHDI1. The results summarized in
Figure 3A indicated that the overall chemical shift pertur-
bation introduced by H3 (1-18)K14ac is larger than that
introduced by H3 (1-18), and the ITC data shown in Figure
3B are consistent with this. Several residues around Ser210
and Asn235 exhibited large chemical shift changes when
titrated by H3 (1-18)K14ac (enclosed by red circles in Fig.
3A,C) without being affected by unmodified H3 (1-18),
indicating that Ser210 and Asn235 play specific roles in
the acetylated Lysl4 recognition. Taken together, MOZ
PHDI1 recognizes acetylated Lys14 on H3 through the col-
laborative contributions of Ser210, Asn235, and the other
residues around them.

In a recent work, Zeng et al. (2010) reported the molec-
ular mechanism underlying the sequence-specific rec-
ognition of H3K14ac by DPF3b tandem PHD finger as a
functional unit. A DALI (Holm and Rosenstrom 2010)
search using MOZ PHDI12 as query structure indicated
that the tandem PHD finger of DPF3b is the one with the
highest structural similarity in all PDB entries, with a Ca
rm.s.d. of 1.9 A and a Z-score of 13.0. Based on the struc-
tural similarity and the same binding substrate, a struc-
tural comparison between the tandem PHD fingers of
MOZ and DPF3b (Fig. 3D) would be very informative to
determine the acetylated Lysl4-binding sites on MOZ,
which are otherwise invisible in our complex structure. As
is demonstrated in the complex structure of DPF3b with
the H3K14ac peptide, the methyl group of the acetylated
Lysl14 inserts into a hydrophobic pocket formed by resi-
dues Phe264, Leu296, Trp311, and Ile314. The correspond-
ing hydrophobic residues on MOZ are Phe211, Leu242,
Trp257, and I1e260, which together indeed make up a
conserved hydrophobic pocket. Moreover, in the DPE3b
complex, the rim of the binding pocket is clustered with
Asp263, Arg289, and zinc-coordinating Cys313, with the
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Figure 3. MOZ PHDI is a histone H3 acetylated Lys14-binding module. (A) The histogram displays 'H, N chemical shift changes caused
by H3 (1-18) (red) or H3 (1-18)K14ac (green) peptide binding. Residues $210, N235, and K243 are circled by red dashed lines. (B) Superposed
exothermic ITC enthalpy plots for the binding of PHD12 to H3 (1-18) and H3 (1-18)K14ac peptides. The insert lists the measured binding
constants. (C) The molecular surface of PHD12 with residues colored according to the magnitude of the observed chemical shift change upon
addition of H3K14ac peptide. The surface residues are color-coded according to the following scheme: (blue) A8 > 0.6; (marine) 0.6 > A3 > 0.4;
(light purple) 0.4 > A3 > 0.2. The positions of residues $210, N235, K243, D276, L279, and D282 are shown. The bound peptide (yellow) and
acetate group (green) are shown in sticks. The red dashed circle in C encloses the residues in the first PHD finger that are involved in
acetylated lysine recognition. (D, left) Superimposition of the structures of tandem PHD fingers of MOZ (blue) and DPE3b (salmon) in complex
with H3K14ac peptides (yellow in the MOZ complex and orange in the DPF3b complex). (Right) Chemical shift perturbation of residue
Lys243 showing that Lys243 takes a role in the interaction with T11 on histone H3K14ac peptide. (E) Magnified view of the superimposed
acetylated lysine-binding pocket of MOZ (blue) and DPF3b (salmon), with key interacting residues labeled. (F) In vitro peptide pull-down
assays like that in Figure 2H. (G) Sequence alignment of tandem PHD fingers of MOZ and DPF3b. Sequence numbers are shown at the right of
the corresponding protein sequences. Highly conserved residues in the PHD fingers are highlighted with a purple background. Zinc-
coordinated cysteine and histidine residues are grouped by a gray background. Residues responsible for interacting with Kl4ac, K4me3, and
unmodified R2 are highlighted in yellow, red, and orange, respectively. Stars mark residues subject to the mutational analysis in this study.
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acetyl amide of H3K14ac forming a pair of hydrogen
bonds to the carboxyl oxygen of Asp263 and the sulfur of
Cys313, whereas the backbone acylamide oxygen of Lys14
is involved in another hydrogen bond with the Arg289 side
chain. Although the Asp263 and Arg289 at the hole of
the binding pocket in DPF3b change to a Ser210 and an
Asn235 in MOZ (Fig. 3G), water-mediated hydrogen bonds
between the carboxyl oxygen of the acetate and Ser210
hydroxyl oxygen as well as Asn235 amino nitrogen were
observed in the complex structure (Fig. 3E). These inter-
actions stabilize the acetate group and indicate the possi-
bility of the acetyl amide of H3K14ac forming hydrogen
bonds with Ser210 and Asn235 in a similar manner. Sup-
porting this, alanine substitution of Ser210 or Asn235
causes a reduction in the binding affinity of PHD12 to
the H3K14ac peptide (Fig. 2G), and the double mutation
destroys the Kl4ac binding almost entirely (Fig. 3F).
Conversely, we also designed a double point mutation of
$210D and N235R on MOZ, interested in the binding prop-
erties when these two key residues are identical to the
corresponding residues of DPF3b. A further ITC-binding
assay showed an almost unaffected K14ac binding of this
mutant (Figs. 2G, 3F), indicating that S210 and N235 in
MOZ are very likely to suffice for K14ac binding compared
with their aspartate and arginine counterparts in DPE3b. In
summary, these results indicate that MOZ recognizes the
acetylated Lysl4 by a hydrophobic pocket and polar res-
idues in PHDI1, which is similar to that in DPF3b.

Besides the Kl4ac-binding site, there are two major
differences between the tandem PHD fingers of MOZ
and DPF3b from a global aspect. The first is that the
C-terminal a helix in DPF3b PHD2 changes to a short
loop owing to a proline residue. The second is that the
loop ahead of the first g strand of MOZ PHD2 is longer
than that of DPF3b PHD2 (Fig. 3D), making it possible to
accommodate the trimethylation of Lys4 on histone H3
(Fig. 1C; Supplemental Fig. S3).

Aiming to determine the contribution of MOZ PHD1
to the histone H3 binding directly, we analyzed peptides
comprising only the portion of the H3 tail that binds to
PHD1 with and without acetylated K14, as has been men-
tioned before. As shown in Figure 1C and Supplemental
Figure S6, however, histone H3 peptides do not bind to
PHDI12 without the N-terminal eight residues; even Lys14
was acetylated, indicating the indispensable role of the
N-terminal residues of H3 peptides in the binding pro-
cess. In fact, as methylation and alanine mutation on R2
abolish binding completely (Fig. 1E), it is very unlikely for
PHDI12 to show any affinity to an H3 peptide construct
like unH3 (9-18) without unmodified R2.

Considering the weak binding of acetylated Lys14, we
were curious which residues on H3 around K14 were also
involved to guarantee the Lys14 specificity. The structural
comparison with the DPF3b-H3K14ac complex indicated
T11 on histone H3 as the only residue with the potential to
also be involved in binding (Fig. 3D). Therefore, we de-
signed the T11A mutation on histone H3 peptide and then
measured its binding affinity to PHD12 by ITC and NMR.
The ITC data showed a reduction in overall binding, with
the Ky value rising from 23.3 = 2.5 uM to 55.9 = 9.5 uM
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(Fig. 1C). In addition, K243 demonstrated an apparent dis-
crepancy in chemical shift changes upon H3 and H3T11A
binding, indicating its role in tethering T11 to histone
H3 and therefore optimizing the binding environment of
acetylated K14 (Fig. 3D, right). By combining the NMR
titration results with the ITC data, we could conclude that
the residues surrounding K14 may contribute to the H3
peptide binding to PHD12, which points to a scenario
where instead of recognizing acetylated lysine per se,
PHD12 is capable of selecting K14ac in a sequence-specific
manner.

PHD12 binding to histone does not affect the HAT
activity of MOZ in vitro

MOZ (as a HAT), its HAT activity, and its substrate speci-
ficity are under strict regulation by other components of
the MOZ/MORF complex. Both BRPF1 and ING5 have
been shown to up-regulate its acetyltransferase activity
(Ullah et al. 2008), and the presence of full-length ING5
was further reported to result in preferential acetylation
of methylated H3K4 histone peptides (Champagne et al.
2008). In another report, the PHD finger ahead of a de-
methylated Jumonji domain in PHF8 not only directs the
substrate specificity of PHF8, but also increases its enzy-
matic activity by 12-fold (Horton et al. 2010). Since PHD12
is the only histone recognition module in MOZ, whether
its interaction with histone H3 also affects the HAT ac-
tivity is an interesting question. To address this issue, a
truncated MOZ fragment comprising the MYST domain,
which is responsible for HAT activity; PHD12-linker-
MYST (Fig. 1A); mutant PHD12 (D282A}-linker-MYST;
and a PHD12 control were constructed with a C-terminal
His tag and expressed in Escherichia coli, respectively.
After affinity purification, their enzymatic activities were
monitored based on an *H-based radioactive HAT assay
using excessive recombinant histone octamers as sub-
strate. However, although the instability of the PHD12-
linker-MYST protein led to long error bars, MYST, wild-
type PHD12-linker-MYST, and the mutant all exhibited
similar HAT activities against all of the histones compared
with the PHD12 control (Supplemental Fig. S7A,B). By the
same token, with the D282A mutant, a HAT assay using
recombinant histones containing a H3R2A mutation as
substrate was performed. Compared with the wild-type
histone octamers, the mutant substrate hardly showed
any difference in HAT activity (Supplemental Fig. S7C,D).
All of the above experiments combined indicated that the
HAT activity is independent of PHD2 binding to histone
H3 at the histone octamer level. The same conclusion
could also be made from the competition experiment, in
which the excessive H3 (1-18)K14ac peptide was added to
the recombinant histone octamers while its HAT activity
was monitored (Supplemental Fig. S7E). As the ITC data
revealed no direct interdomain physical contact between
PHD12 and the MYST domain (Supplemental Fig. S8), it is
likely that PHD12 would never directly affect the enzy-
matic activity of the MYST domain.

Histone octamers might represent a poor substrate to
study whether the potential association of PHD fingers
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with acetylated histones could influence HAT activity
because we cannot rule out the possibility that these two
adjacent domains work on different nucleosomes. In order
to better represent its native substrate, we performed the
HAT assay with oligonucleosomes extracted from HeLa
cells, which are modified and thus contain the ideal bind-
ing motif for the PHD fingers. However, we failed to detect
any HAT activities of either PHD12-linker-MYST or the
MYST domain only (Supplemental Fig. S7E). A probable
explanation rests on the requirement of whole-complex
integrity, which is consistent with the previous report that
MOZ/MORF HAT activity against oligonucleosomes
needs BRPF1 and ING5 (Ullah et al. 2008).

PHD12 associates with histone H3K14ac in vivo

To assess the interaction of MOZ PHD12 with histone
H3K14ac in vivo, a coimmunoprecipitation assay was per-
formed. Lysates from 293T cells expressing Flag-PHD12
were immunoprecipitated with anti-Flag M2 affinity gel
followed by Western blot analysis with anti-H3 and anti-
H3K14ac antibodies, respectively. Compared with the
plasmid control, Flag-PHD12 markedly bound to nucleo-
somes with H3K14ac modifications (Fig. 4A), indicating
that MOZ PHD12 physically associates with the H3K14ac
mark in vivo. Notably, the enrichment of acetylated
H3K14 relative to the input is obviously less than that of
the total H3, indicating that not all histone H3 in PHD12-
bound nucleosomes is acetylated at Lysl4. As nucleo-
somes, which contain two copies of histone H3, most prob-
ably remained intact during our experiment procedures,
these K14ac-free histone H3 proteins might interact with
PHDI12 through unmodified R2, although this speculation
needs to be further confirmed. Furthermore, confocal fluo-
rescence imaging demonstrated that the ectopically ex-
pressed Flag-MOZ fusion protein is colocalized with
H3K14ac sites in the H1299 cell nucleus, which became
much less apparent in the case of the acetyl-lysine-binding-
deficient mutant S210A (Fig. 4B). This could be additional
evidence of the physiological association of MOZ PHD12
with H3K14ac in vivo.

PHD12 contributes to the localization of MOZ
on the HOXA9 promoter

Previous studies in mice and zebrafish indicated the key
role of MOZ in regulating HOX gene expression (Crump
et al. 2006; Voss et al. 2009). Moreover, one recent study in
HEK293T and CD44" cells has demonstrated the binding
of MOZ to the HOXA9 gene promoter (Paggetti et al.
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2010). In light of our findings that the tandem PHD fin-
ger of MOZ could interact with the histone H3 tail, an
interesting question emerges as to whether this binding
contributes to a gene-specific targeting. Therefore, we
carried out ChIP assays followed by quantitative PCR
(ChIP-qPCR) using 293T cells with transient expression
of MOZ in full length. As shown in Figure 5, A and B, ex-
ogenous MOZ was efficiently recruited to the promoter of
HOXAQY, but not to the promoter of HOXB1, HOXC5, and
HOXD12.

Based on our structural information, we further tested
the contributions of each domain of PHDI12 in this
targeting process by introducing two point mutations,
S210A and D282A, as mentioned above, which disrupts
its recognition of acetylated K14 and unmodified R2 on
histone H3, respectively. The results showed that with-
out affecting the expression level (Fig. 5C) and the nuclear
localization of MOZ (Supplemental Fig. S9), the mutant
S210A or D282A has a destructive effect on the localiza-
tion of MOZ on the HOXA9 promoter by a reduction of
>50% (Fig. 5B,D). In these assays, the constant low levels
of target gene in groups employing normal mouse IgG as
a coimmunoprecipitation negative control indicates the
high fidelity of our quantification data (Fig. 5D). Taken
together, these results suggest the critical role of PHD12
for targeting MOZ to the promoter of HOXA9.

MOZ PHD12 binding H3 is important for the HOXA9
promoter acetylation and HOXA9 transcription

MOZ (as a HAT) is responsible for H3K9 or K14 acetylation
(Doyon et al. 2006; Voss et al. 2009). As PHD12 functions
to target MOZ to the HOXA9 promoter, it is conceivable
to speculate that this PHD12-dependent enrichment could
lead to enhanced promoter acetylation. To address this
issue, we monitored the acetylation level of the HOXA9
promoter region by ChIP using antibodies against acet-
ylated H3K9 and acetylated H3K14 followed by qPCR.
Considering our previous failure in detecting any HAT
activity against HeLa oligonucleosomes using a MOZ frag-
ment alone in the absence of a complex and the reports
that BRPFI could greatly enhance its HAT activity (Doyon
et al. 2006), we cotransfected GFP-BRPF1 with Flag-MOZ
(wild type or mutants) into 293T cells to better preserve
the enzymatic activity of the ectopically expressed MOZ.
As shown in Figure 6A, 293T cells expressing wild-type
MOQOZ, but not cells expressing the S210A or D282A mu-
tant, exhibited a more than twofold increase in the levels
of H3K14 acetylation on the HOXA9 promoter compared
with control cells. Notably, the levels of H3K9 acetylation

Figure 4. MOZ associates with histone H3K14ac
in vivo. (A) Lysates from 293T cells expressing
Flag-tagged PHD12 or control vector were immu-
noprecipitated by anti-Flag M2 affinity gel followed
by Western blot analysis with the indicated anti-
bodies. (B) Colocalization of endogenous H3K14ac
with ectopically expressed MOZ or its acetyl-
lysine-binding-deficient mutant S210A was exam-
ined by immunofluorescence assay with the indi-
cated antibodies in H1299 cells.

Merge

GENES & DEVELOPMENT 1383


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cshlp.org on August 23, 2022 - Published by Cold Spring Harbor Laboratory Press

Qiu et al.

A B

5 HOXA9 Locus L P 3

-303bp -31bp

5 HOXB1 Locus E’_ —— .

199bp 46 bp

5 HOXC5 Locus L c—— 3

1500 bp 1027 bp

5 HOXD12 Locus L c—— 3

-101bp 18 bp
C D
Q
c® ™
Y \QV oY

& g ¥
anti Flag —250kD

3 - —— —
(MOZ) —

anti B-Actin (P D S -

0.12-
Cctr
} wT
0.104 E=s210A
D282A
0.084
éi 0.06
B
0.04
0.024 §
0.00 |—L m %@
HOXA HOXB1 HOXCS HOXD12
0.12-
0.104 19G
B =nti-FLAG
0.08 4
2 0.06-
IS
=
0.04 4
0.02
293T S210A D282A

Figure 5. PHDI2 contributes to the localization of MOZ on the HOXA9 promoter. (A) Schematic representation of parts of the
HOXA9, HOXB1, HOXC5, and HOXD12 loci (not to scale). The positions of the primers used to reveal the ChIPs by PCR are indicated,
relative to the HOXA9, HOXB1, HOXC5, and HOXD12 transcription start sites (arrows). (B) An average of three real-time PCR
replicates of a representative experiment is displayed as a function of percentage of input signal, with error bars reflecting +SD of PCR
product threshold error among the replicates. (C) A Western blot with anti-Flag and anti-B-actin antibodies showed that all of the
constructs were expressed at appropriate levels. (D) Coimmunoprecipitation control of normal mouse IgG compared with anti-Flag

antibody group showed the high fidelity of our quantification data.

on the HOXA9 promoter remained similar in all of the
cells expressing wild-type or mutant MOZ. These results
indicate the H3K14-specific acetylation role of MOZ at the
HOXAY gene promoter. Combined with the previous ChIP
data, these results provide a promising picture where the
interaction between PHDI12 and histone H3 helps MOZ
promote the HOXA9 promoter acetylation, mainly at the
K14 site. Meanwhile, consistent with previous reports
(Voss et al. 2009; Mishima et al. 2011), we found that the
global acetylation level remained unperturbed in the
absence or presence of cotransfected BRPF1 (Fig. 6B,
indicating that the enhancement of the acetylation level
might be restricted to specific genes.

Generally, acetylation level is positively correlated with
gene transcription. As the interaction between PHD12 and
H3 is important for the HOXA9 promoter acetylation, we
next examined whether this interaction functions in the
HOXA9 gene transcription. As shown in Figure 6C, with
the expression of wild-type MOZ, but not the S210A or
S282A mutant, HOXA9 mRNA levels were significantly
elevated by more than onefold. Based on these results,
we could conclude that the interaction between MOZ
PHDI12 and histone H3 is important for the HOXA9 gene
transcription.

On the other hand, under the condition of cotransfection
of GFP-BRPF1 and Flag-MOZ (wild type or the S210 or
D282 mutant), we analyzed the distribution of BRPF1 and
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MOZ by fluorescence colocalization assays. Consistent
with the previous reports (Laue et al. 2008; Ullah et al.
2008), the overlap of the fluorescence signal from GFP and
immune probes against MOZ indicates that the spatial
colocalization between MOZ and BRPF1 was unaffected by
the mutations (Supplemental Fig. S10). As BRPF1 is shown
to be the scaffold of the tetrameric complex and sufficient
for the complex formation in vivo (Ullah et al. 2008), it is
promising that the biological consequence that we wit-
nessed in this study is largely under its native condition as
a complex.

Overall, consistent with our in vitro findings, we identi-
fied the tandem PHD finger as a H3 unmodified R2 and
acetylated K14 reader with a regulatory function in
HOXA9 promoter acetylation and hence the gene tran-
scription. Combined with our previous data, a mecha-
nism could be proposed that through the recognition of
the H3R2me0-H3K14ac mark by PHD12, MOZ could be
guided onto the HOXAY locus, where it acetylates adja-
cent histone and finally switches the HOXA9 gene to its
active state.

Discussion

The tandem PHD finger is a functional unit

Extensive studies indicate that histone acetylation is an
important epigenetic mark for gene transcription in a chro-
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replicates.

matin context. Knowledge concerning effector modules
capable of recognizing acetyl-lysine has long been limited
to bromodomains. The tandem PHD finger of DPF3b,
as a novel acetyl-lysine-binding module, was identified
recently (Lange et al. 2008; Zeng et al. 2010). Due to the
current limited information of the tandem PHD finger,
it is necessary to further investigate its potential and
underlying structural mechanism for specific recogni-
tion of acetyl-lysine. Our results show that the tandem
PHD finger of MOZ is a histone recognition module
that combinatorially reads unmodified histone H3R2
and acetylated H3K14. As described above, the two PHD
fingers associate with each other intimately through
numerous interactions, which define the two PHD fingers
as an integral structural module.

Several nuclear proteins—such as DPF1/2/3b, MLL3,
and PHF10—containing the tandem PHD module were
identified by the BLAST program using the PHD12 se-
quence as a query. The sequence alignment indicates that
all individual PHD fingers in the modules adopt a canon-
ical Cys4-His-Cys3 motif to coordinate zinc atoms. The
two PHD fingers are connected by a short two-residue
linker and form an integrate module (Supplemental Fig.
S11). Residues that are involved in R2 and K4 recognition
by the second PHD finger are conserved, except for the

substitution of acid residue by alanine in MOZ, which
might lead to the accommodation for methylation of K4.
For acetylated K14 binding, a hydrophobic pocket com-
prised of three residues in the first PHD finger was
conserved among all of these proteins; however, the
residues responsible for hydrogen bond formation with
the acetyl amide and the backbone acylamide oxygen of
acetylated H3K14 are variable. In PHF10 and MLL3, the
residues corresponding to Ser210 in MOZ change to
hydrophobic residues, which might decrease or prevent
their binding to acetylated lysine, indicating an uncon-
served role of the first PHD finger in histone recogni-
tion. Notably, both MLL3 and MOZ are histone-mod-
ifying enzymes responsible for H3K4me and H4K14ac,
respectively. Generally speaking, PHD fingers in this
kind of protein regulate their chromatin localization
and activity in a highly dynamic manner. In fact, tight
binding of PHD fingers to histone might compromise
the dynamic regulations by fixing the enzymes to
chromatin, providing a possible interpretation of the
weak binding of the tandem PHD fingers of MOZ and
MLL3 to histone. Therefore, as a partially conserved
functional unit, the tandem PHD finger deciphers the
histone code to modifying enzymes, allowing them to
function in a dynamic process.
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Unique recognition of unmodified histone
H3K4 (H3K4me0) by PHD2 of MOZ

Previous studies have identified a group of PHD fingers
characterized by binding to H3K4me0, including those of
a BRAF35-HDAC complex protein (BHC80), BRPF2, auto-
immune regulator (AIRE), DNA (cytosine-5)-methyltrans-
ferase 3-like protein (DNMT3L), and DPF3b. The interac-
tions underlying this type of recognition are generally
mediated by direct hydrogen bonds between the oxygen
atoms on a single or couple of conserved residues and the
amino hydrogen on Lys4 (Supplemental Fig. S12). These
conserved residues contain negatively charged atoms in
all cases, such as D498 and the backbone oxygen of E497
in BHC80, D212 and D214 in BRPF2, N295 and D297 in
AIRE, D88 and D90 in DNMTS3L, and E315 and D328 in
DPEF3b. In our case, however, this recognition is indirect,
resorting to a water molecule for a tetrahedral hydrogen
bond network involving two oxygen atoms in E261, one
oxygen atom in N274, and an amino hydrogen in K4 on
H3 (Fig. 2E; Supplemental Fig. S12). The inserted water
molecule sheds light on a novel H3K4me0 recognition
pattern, the introduction of which disrupts the direct
polar contacts between PHD finger and H3K4me0 there-
fore allows relatively weak interactions. As a result,
unlike previously identified H3K4meO-binding PHD fin-
gers whose recognition would be abrogated totally by the
methylation of H3K4, the tandem PHD finger in MOZ
tolerates even the trimethylation on H3K4 (Fig. 1C; Sup-
plemental Fig. S3A). This kind of tolerance could also be
accounted for by the “induced fit” accommodation
within the segment between G272 and N277. Consider-
ing the predominant coexistence of H3Kl4ac with
methylated H3K4 in the promoter region of a transcrip-
tionally active gene, tolerating K4 methylation might
indicate a strategy to prevent the active transcription
signal inherent in H3K14ac from becoming obscured in
the ocean of H3K4 methylation.

Combinatorial action of epigenetic readers
in the MOZ complex

The MOZ complex comprises four components: MOZ,
BRPF1/2/3, ING5, and EAF6 (Ullah et al. 2008). Several
epigenetic readers are included in the complex, such as
the ING5 PHD finger recognizing H3K4me3 (Champagne
et al. 2008), BRPF1 PWWP recognizing H3K36me3 (Vezzoli
et al. 2010), the BRPF2 PHD finger 1 recognizing H3K4me0
(Qin et al. 2011), and the BRPF bromodomain recogniz-
ing acetylated histones and other proteins (Zeng and Zhou
2002). Our present work showed that unmodified R2 and
acetylated K14 of the H3 tail can be specifically read by the
tandem PHD finger of MOZ. The presence of multiple
epigenetic readers in a single HAT complex raises the
following questions: Why are so many histone-binding
domains required? How do they cooperate to function?
An increasing body of literature indicates that histone
modifications are not a simple code, but a sophisticated,
nuanced chromatin “language” in which different combi-
nations of basic building blocks yield dynamic functional
outcomes through combinatorial reading by epigenetic
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“readers” (Narlikar et al. 2002; Berger 2007; Ruthenburg
et al. 2007b). MOZ acetylates histone H3 at the K14 posi-
tion on the HOXA9 promoter (Fig. 6A), while its tandem
PHD finger recognizes the same histone mark (H3K14ac),
indicating a positive feedback mechanism underlying the
regulation of HOXA9 by MOZ. In detail, after being
recruited to the target sites, MOZ uses PHD12 to stabilize
the complex localized on the HOXA9 promoter by binding
to histone H3. This is supported by the enrichment defect
observed in mutant D282A in our ChIP experiments.
Then, the MOZ complex acetylates H3 at the K14 posi-
tion, leading to a tighter binding between PHD12 and H3,
which could be supported by a more than twofold affinity
increase introduced by acetylation of H3K14 in our in vitro
binding assays (Figs. 1C, 3B). H3K14 acetylation further
stabilizes the MOZ complex on the target position and
facilitates the spread of this modification around. This
kind of positive feedback mechanism is also found in his-
tone methyltransferase (HMT) complexes (Ruthenburg
et al. 2007a), suggesting a conserved regulatory manner
for histone-modifying enzymes.

Generally, high levels of H3K4me3 and histone acet-
ylation such as H3K14ac are associated together with the
5’ regions of transcriptionally active genes. Also, there is
a strong positive correlation between these modifications
and transcription rates (Ruthenburg et al. 2007a; Wang
et al. 2008). Based on recent studies and our current work,
we proposed a hypothesis model about combinatorial
actions of epigenetic readers in the MOZ complex. Like
that in the HBOI (Saksouk et al. 2009) and NuA3 (Taverna
et al. 2006) complex, the PHD finger of ING5 binds histone
H3K4me3 to recruit the MOZ complex to the target chro-
matin sites (Fig. 7A; Champagne et al. 2008). After that,
the first PHD finger of the BRPF protein binds H3K4me0
(Qin et al. 2011), and the tandem PHD finger of MOZ binds
to unmodified H3R2, stabilizing the complex to perform
acetyl transfer reactions against histone H3 (Fig. 7B). Ac-
companied by chromatin relaxation, the positive feedback
mechanism begins to function, spreads the H3K14ac mark
around, and finally switches the target gene to its active
state (Fig. 7C). Supportive of these findings, another study
showed that MOZ and MLL, an H3K4me2/3 HMT com-
plex, interact, colocalize, and functionally cooperate on
multiple HOX promoters (Paggetti et al. 2010), highlight-
ing the relationships between MOZ and the modifications
of H3K4me3 and H3K14ac.

Notably, methylation of H3R2, like a molecular switch,
abrogates the trimethylation of H3K4 by the Setl methyl-
transferase (Guccione et al. 2007; Kirmizis et al. 2007) and
functions as a negative regulator of N-terminal H3 tail
binding (Iberg et al. 2008). In our case, dimethylation of
H3R2 greatly impedes the interactions between the MOZ
complex and histone H3 by abolishing the bindings of
PHD fingers of MOZ and ING5 to N-terminal H3 tails.
However, more details regarding the H3R2me2-mediated
regulation of MOZ and histone H3 acetylation depend on
future investigations. In summary, unmodified H3R2—
H3K14ac, perhaps combined with H3K4me3, constitutes a
set of histone codes that can be combinatorially recognized
by the MOZ complex, and these multivalent interactions


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cshlp.org on August 23, 2022 - Published by Cold Spring Harbor Laboratory Press

unmodified R2
o” unmodified K4 or K14
v K4me3
O K1ldac

on a single histone tail and beyond may have a significant,
if not dominant, role in chromatin transactions.

Materials and methods

Expression, purification, and isotope labeling of MOZ PHD12

The DNA fragments of human MOZ tandem PHD finger (res-
idues 204-313) were amplified from the human brain cDNA
library (Clontech) by PCR reactions. Then, the DNA fragments
were ligated into the Ndel/Xhol-cleaved plasmid pET-28a(+)
(Novagen), which was modified with thrombin cleavage site dele-
tion or substitution of a TEV cleavage site, generating fusion pro-
teins with a 6xHis tag at the N terminus with or without a TEV
cleavage site. MOZ PHD12 mutants were generated by the con-
ventional PCR method using a pET-28a(+)-PHD12 plasmid as

ING5 PHD

MOZ PHD12 is a H3R2- and H3K14ac-binding module

Figure 7. Model for the cross-talk between the MOZ
complex and histone modifications. (A) Nucleosomes
with the H3K4me3 mark, modified by the MLL com-
plex, recruit the MOZ complex through the binding of
the ING5 PHD finger. (B) After that, BRPF PHD1 binds
H3K4me0, and MOZ PHD2 binds to unmodified H3R2,
stabilizing the complex to perform acetyl transfer reac-
tions against histone H3. (C) Accompanied by chroma-
tin relaxation, the positive feedback mechanism begins
to function, spreading the H3K14ac mark around, and
finally switches the target gene to its active state.

template. All of the recombinant MOZ PHD12 proteins were
produced in E. coli BL21 (DE3). Cells were grown in either LB
medium for unlabeled samples or minimal medium supple-
mented as appropriate with glucose or [1*Cg] glucose and *NH,C1
for °N and '®N/'3C samples, and 0.1 mM Zn,SO, was added.
Generally, the protein expression was induced at A600 =0.8-1.0
with 0.5 mM IPTG for 24 h at 16°C. The expressed recombinant
protein was purified using a Ni-chelating column (Qiagen)
followed by TEV cleavage (for crystallography only) and Super-
dex 75 column gel filtration. The purified protein was ex-
changed to buffer A (20 mM HEPES, 100 mM NaCl at pH 8.0)
as an NMR sample.

Peptide synthesis

Peptides H3 (1-10), H3 (1-18), H3 (1-12)R2me2a, H3 (1-12/R2me2s,
H3 (1-10/K4me3, H3 (1-15/K9me3, H3 (1-12)K9ac, H3 (1-18)K14,
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H3 (1-18)K14ac, and H4 (11-21)K16ac were used in this study;
their sequences are listed in Supplemental Table S3, and they
were synthesized by GL Biochem (Shanghai). Biotinylated pep-
tides H3 (1-18), H3 (1-18)R2me2a, H3 (1-18)R2me2s, and H3
(1-18)K14ac were synthesized by Scilight Biotechnology (Beijing).
They were supplied with stringent analytical specifications (pu-
rity level >98%), which included HPLC and MS analysis. Before
use, peptides were weighed and dissolved in buffer A, and the pH
of each sample was systematically controlled and, if necessary,
adjusted to a value of 8.0 by addition of diluted NaOH or a HCI
solution.

NMR spectroscopy

All spectra were recorded at 25°C on a Bruker DMX500 or
DMXG600 spectrometer. Both the purified **N-labeled and *3C,
15N-labeled proteins were dissolved to a final concentration of
0.8 mM in 500 pL of buffer A with 10% D,O. All NMR ex-
periments were performed at 293 K on a Bruker DMX500 or
DMX600 spectrometer.

The following spectra were recorded to obtain backbone and
side chain resonance assignments (Clore and Gronenborn 1994):
two-dimensional (2D) 'H-'°>N HSQC; three-dimensional (3D)
triple-resonance spectra HNCO, HN(CA)CO, CBCA(CO)NH,
CBCANH, HBHA(COINH, C(CO)NH-TOCSY, and H(CCOJNH-
TOCSY; 2D 'H-3C HSQC; and 3D HCCH-TOCSY and HCCH-
COSY. NOE (nuclear Overhauser effect) distance restraints were
generated using °N-edited NOESY and '°C-edited NOESY
spectra using 110-msec mixing times. NMR data were pro-
cessed by NMRPipe and NMRDraw software (Delaglio et al.
1995) and were assigned with Sparky (T.D. Goddard and D.G.
Kneller, University of California at San Francisco). The Talos*
(Shen et al. 2009) program was used to obtain the backbone
dihedral angles (® and ) in secondary structures on the basis of
chemical shift information. Hydrogen bond restraints were de-
fined from slow-exchanging amide protons identified after ex-
change of the H,O buffer to D,O.

Structure calculations

Structure calculation for PHD12 was performed on the basis of
proton-proton NOE restraints and dihedral angle (® and ) re-
straints with a simulated annealing protocol using the CNS ver-
sion 1.2 program (Brunger et al. 1998). High-temperature torsion
angle dynamics were performed for 15 psec at 50,000 K (1000
steps), followed by a 15-psec cooling phase. Initial structure
calculations included only hydrogen bonds in defined secondary
structures from Talos*. In the following refinement calculation,
only hydrogen bonds whose donors could be identified un-
ambiguously were added. In the final calculations, an ensemble
of 200 structures (with no distance violations >0.3 A and no
dihedral angle violations >5°) was generated from unambiguous
NOEs previously determined. Twenty models were selected
on the basis of energetic criteria (low total energy, using the
accept.inp routine) to form a representative ensemble of the
calculated structures.

Chemical shift perturbation

For detecting the histone peptides with several modification
binding sites on MOZ PHD12, 0.3 mM '°N-labeled PHD12 was
used. After the "H-">N HSQC spectrum of free MOZ PHD12 was
recorded, the sample was titrated with histone peptides by the
method described by Weber et al. (1991). All HSQC spectra for
mapping histone peptide-binding interfaces on MOZ PHD12
were performed on a 600-MHz Bruker at 298 K.
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FPAs

FPAs were performed in buffer B (20 mM HEPES, 150 mM NaCl
at pH7.0) at 293 K using a SpectraMax M5 microplate reader
system (Molecular Devices). The wavelengths of fluorescence
excitation and emission were 485 nm and 522 nm, respectively.
Each 96-well plate contained 100 nM C-terminal fluorescein
isothiocyanate (FITC)-labeled H3K14ac peptide (residues 1-18)
probe and different amounts of PHD12 or mutants (concentra-
tions from 0 pM to ~100 uM) with a final volume of 200 pL. For
each assay, peptide-free controls (PHD12 or mutants only) were
included.

Peptide pull-down assays

Biotinylated histone peptides (1 pg each) that were used for the
pull-down assays were incubated with 2-5 wg of purified GST-
PHDI2 for 2 h at room temperature in binding buffer (20 mM
Tris-HCI at pH 7.5, 150 mM NaCl). After 1 h of incubation,
Streptavidin beads (ThermoScientific) were washed three times
using binding buffer with 0.1% Triton X-100 and were subjected
to Coomassie blue staining.

X-ray crystallography

The 6xHis tag of the recombinant MOZ PHD12 protein was re-
moved by TEV enzyme digestion. Then, the protein was purified
by Superdex 75 column gel filtration and monoQ anion exchange.
The MOZ PHDI12 complexes with H3K14ac were prepared by
mixing 8.5 mg of PHD12 with 3 mg of H3K14ac (1-18) peptide in
a 1-mL volume and incubated for a further 15 min on ice. Crystals
were grown at 20°C by the sessile droplet vapor diffusion method
by mixing 1 pL of complex with 1 pL of reservoir solution. Crys-
tals for the complex were produced from a reservoir solution
containing 0.2 M ammonium acetate, 0.1 M tri-sodium citrate,
and 30% PEG4000 (pH 5.6).

A SAD data set was collected on beam line 17U at Shanghai
Synchrotron Radiation Facilities (SSRF) at a wavelength of 0.97 A,
and the data were processed using programs in CCP4 package
(Collaborative Computational Project, Number 4 1994). All of
the four expected endogenous zinc atom positions were deter-
mined by SHELX C/D (Sheldrick 2008), and the initial phases of
calculations and density modification were performed with
SHELX E (Sheldrick 2008). An initial model was automatically
built by the program ARP/wARP (Langer et al. 2008). The model
was further built and refined using Coot (Emsley et al. 2010) and
Refmach (Murshudov et al. 1997), respectively.

HAT activity assay

The HAT activity of the recombinant PHD-MYST domain and
MYST domain were determined using a *H-based radioactive
HAT assay as described (Holbert et al. 2007). The substrate utsed
in the HAT assay was histone octamer reconstituted as described
by Luger et al. (1999). The following reaction protocol was applied
for 30-uL reaction volumes: Two concentrations of MOZ PHD-
MYST and its mutants (30 or 90 nM) were incubated with 1 pg of
histone octamer and 0.25 pCi of Ac-CoA in HAT buffer (20 mM
Tris-HCI at pH 7.6, 30 mM sodium chloride, 5% [v/v] glycerol,
10 mM sodium butyrate, 1 mM phenylmethylsulfonyl fluoride)
for 30 min at 30°C. Buffer control reactions not including enzyme
were also performed. After incubation, the reactions were stopped
by adding 5X SDS sample buffer, separated using SDS-PAGE, and
then transferred onto a PVDF membrane. The transferred pro-
tein samples were stained by Coomassie brilliant blue R-250,
processed by ENSBHHANCE spray, and subsequently exposed to
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Amersham HyperfilmTM MP for 24 h at —80°C. The bands on
the PVDF membrane corresponding to histone octamer could
be subject to scintillation counting after the exposure. For HAT
assays of different fragments of MOZ, the concentrations of
MOZ fragments and histone octamer were switched to 200 nM
and 2 pg per reaction, respectively.

Coimmunoprecipitation and Western blot

Two 6-cm dishes of 293T cells (transiently transfected with con-
trol Flag plasmid or Flag-PHD12 plasmid) were harvested, washed
with PBS, and ultrasonicated in a cold PBS buffer containing pro-
tease inhibitor cocktail. After centrifugation, 1 mg of total pro-
teins was then incubated with anti-Flag M2 affinity gel (Sigma) for
immunoprecipitating proteins with gentle shaking overnight at
4°C. Immunoprecipitation complexes were washed twice in ice-
cold PBS buffer. Proteins were eluted by boiling in Laemmli buffer.
Eluated proteins were then separated by SDS-PAGE and electro-
blotted to nitrocellulose membranes. Membranes were blocked in
1X PBS-T (0.1%) and fat-free dry milk or bovine serum albumin
(BSA; 5%) (blocking buffer) for 1 h at room temperature. Mem-
branes were incubated with the primary antibodies diluted in the
blocking buffer overnight at 4°C. Membranes were washed three
times in 1X PBS-T (0.1%) during 10 min each. Secondary anti-
bodies conjugated with horseradish peroxidase were added, and
the membranes were incubated for 1 h at room temperature.
Membranes were washed three times in 1X PBS-T (0.1%) for
10 min each. ECL Western blotting reagent kit (ThermoScientific)
was used for protein detection.

Immunostaining and fluorescence colocalization

Cells were cultured in 24-well chamber slides. After washing
once with PBS, cells were fixed in 4% paraformaldehyde and
permeabilized in PBS containing 0.5% Triton X-100 for 5 min at
room temperature. After blocking with 5% BSA in PBS for 1 h,
cells were incubated with primary antibodies and donkey anti-
mouse immunoglobulin G conjugated with rhodamine antibody
(Jackson ImmunoResearch) or goat anti-rabbit immunoglobulin
G conjugated with FITC antibody (Jackson ImmunoResearch),
respectively. Hoechst 33342 (Sigma) was used for nuclear staining.
After extensive washing, cells were analyzed by an Olympus IX71
inverted microscope coupled to an Olympus DP70 high-resolu-
tion color camera or by a Zeiss LSM710 laser confocal system.

ChIP

293T cells were cultured in DMEM medium supplemented with
10% fetal bovine serum (Gibco). Transient transfection was
performed with X-tremeGENE HP DNA transfection reagent
(Roche) according to the manufacturer’s instructions. ChIP assays
were performed using EZ ChIP kit (Millipore). Briefly, 293T cells
(1 x 107 cells) were fixed with 1% formaldehyde and then
neutralized by adding 0.125 M glycine. Cells were collected and
lysed in cell lysis buffer containing SDS and cocktail protease
inhibitor. The lysate was sonicated to obtain soluble chromatin
with an average length of 1000 bp. After 1:10 dilution in dilution
buffer, chromatin solutions were precleared and then were in-
cubated with IgG, anti-Flag antibody (Sigma), anti-H3 antibody
(Abcam), anti-H3K9ac antibody (Millipore), or anti-H3K14ac anti-
body (Millipore), respectively. Next, the mixture was incubated
overnight at 4°C on a rotating platform. The immunocomplexes
were captured by protein G-Sepharose beads. After extensive
washing, the bound DNA fragments were eluted, and the result-
ing DNA was subjected to real-time qPCR analysis using the
primer pairs shown in Supplemental Table S3.

MOZ PHD12 is a H3R2- and H3K14ac-binding module

Accession numbers

The atomic coordinates and structure factors have been de-
posited in the PDB with the following accession codes: PHDI12 in
the free state (2LNO) and in complex with H3 (1-18)K14ac peptide
(3v43). The Biological Magnetic Resonance Data Bank (BMRB)
accession code for the NMR structure of PHD12 is 18142.
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