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Molecular mechanism of histone H3K4me3
recognition by plant homeodomain of ING2
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Rui Zhao® & Tatiana G. Kutateladze'

Covalent modifications of histone tails have a key role in regulat-
ing chromatin structure and controlling transcriptional activity.
In eukaryotes, histone H3 trimethylated at lysine 4 (H3K4me3) is
associated with active chromatin and gene expression'™. We
recently found that plant homeodomain (PHD) finger of tumour
suppressor ING2 (inhibitor of growth 2) binds H3K4me3 and
represents a new family of modules that target this epigenetic
mark®. The molecular mechanism of H3K4me3° recognition, how-
ever, remains unknown. Here we report a 2.0 A resolution struc-
ture of the mouse ING2 PHD finger in complex with a histone H3
peptide trimethylated at lysine 4. The H3K4me3 tail is bound in an
extended conformation in a deep and extensive binding site
consisting of elements that are conserved among the ING family
of proteins. The trimethylammonium group of Lys 4 is recognized
by the aromatic side chains of Y215 and W238 residues, whereas
the intermolecular hydrogen-bonding and complementary sur-
face interactions, involving Ala 1, Arg2, Thr3 and Thr6 of the
peptide, account for the PHD finger’s high specificity and affinity.
Substitution of the binding site residues disrupts H3K4me3
interaction in vitro and impairs the ability of ING2 to induce
apoptosis in vivo. Strong binding of other ING and YNG PHD
fingers suggests that the recognition of H3K4me3 histone code is a
general feature of the ING/YNG proteins. Elucidation of the mecha-
nisms underlying this novel function of PHD fingers provides a
basis for deciphering the role of the ING family of tumour
suppressors in chromatin regulation and signalling.

Specific post-translational modifications of histone tails facilitate

recruitment of distinct proteins to nucleosomes to either activate
gene expression or condense the chromatin®. Despite a wide variety
of known histone marks, only a few protein domains have been
identified that recognize or ‘read’ the precise tail modifications. This
includes bromodomain, which binds acetylated lysine residues of
histone H4 (refs 7, 8), and chromodomain, which targets methylated
lysine residues of histone H3 (refs 9-13). A number of recent reports
suggest that PHD modules are involved in chromatin remodel-
ling'*'®. We found that the carboxy-terminal PHD finger of tumour
suppressor ING2 directly associates with the histone H3 tail tri-
methylated at Lys 4. To understand the molecular mechanism of this
histone code recognition, we determined a 2 A resolution crystal
structure of the mouse ING2 PHD finger bound to the H3K4me3
peptide and established the determinants of specificity and functional
significance of this interaction.

The structure of the complex indicates a conserved mode of methyl-
lysine recognition by PHD fingers of ING proteins and reveals key
elements that define the binding specificity. The overall fold of the
ING2 PHD finger in the complex is similar to the fold previously found
in ligand-free PHD modules'. The structure consists of three loops
stabilized by two zinc-binding clusters and a small double-stranded
anti-parallel 3-sheet (Fig. 1 a,b). The structure of the ING2 PHD finger
in complex with H3K4me3 peptide superimposes well with the
structure of the free PHD finger of identical INGIL protein (Protein
Data Bank 1WES) with a root-mean-squared deviation of 0.8 A, thus
indicating that binding of the peptide does not induce significant
conformational changes in the protein.

Figure 1| Structure of ING2 PHD
finger in complex with a histone H3
peptide trimethylated at Lys 4. a,
The PHD finger is shown as a solid
surface with the binding site residues
coloured and labelled. The Lys 4 and
Arg2 binding grooves are in brown
and yellow, respectively. The histone
peptide is shown as a ball-and-stick
model with C, O and N atoms
coloured green, red and blue,
respectively. b, Ribbon diagram of
the structure. Dashed lines represent
intermolecular hydrogen bonds.
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Table 1 | Affinities of the wild-type and mutant PHD fingers for the
histone tail peptides

PHD proteins Ligand Kq (M)
ING2 wild type H3K4me3 15+ 1~
ING2 wild type H3K4me2 15 = 4%
ING2 wild type H3K4mel 208 + 80*
ING2 wild type H3K9me3 2,000 + 607
ING2 wild type H3K9me2 2,320 + 300*t
ING2 wild type H3K9mel 2,380 + 80071
ING2 wild type H3 unmodified 2,240 = 350*1
ING2 wild type H4K20me3 >10,000t
ING2 wild type H4K20me?2 >10,000*+
ING2 wild type H4K20mel >7,000*F
ING2 Y215A H3K4me3 >5,000*
ING2 S222A H3K4me3 24 + 10*
ING2 Y223A/E225A H3K4me3 326 £ 169"t
ING2 D230A H3K4me3 51 + 15*
ING2 E237A/W238A H3K4me3 726 + 50*
ING2 K249A/K251A/K253A H3K4me3 1.1+ 0.6*
ING1 H3K4me3 33+ 16"
ING3 H3K4me3 69 + 1.1*
ING4 H3K4me3 7.9 +2*
ING5 H3K4me3 24 + 1*
YNG1 H3K4me3 23+ 09"
YNG2 H3K4me3 51+ 18"
PHO23 H3K4me3 45+ 1.3*

K4, dissociation constant.
*Determined by tryptophan fluorescence.
T Determined by NMR.

The histone H3K4me3 tail is bound in a deep and extensive
binding site that engages nearly one-third of the PHD finger residues
(Fig. 1a, b). The peptide adopts an extended (3-strand-like confor-
mation and resides in two grooves connected by a narrow channel
(Fig. 1a). The fully extended side chain of Lys 4 occupies the major
groove formed by the Y215, $222, M226 and W238 residues of the
PHD finger, whereas Arg2 is bound in the adjacent groove and is
surrounded by G228, C229, D230 and E237. The aromatic rings of
W238 and F241, which protrude orthogonally to the surface of the
protein, separate the two grooves creating a narrow channel where
Thr 3 isbound. The peptide lies anti-parallel to the protein’s 81 strand
and pairs with it, forming a third strand within the three-stranded
B-sheet (Fig. 1b).

Numerous hydrogen bonds are formed between the H3K4me3
peptide and the PHD finger. Residues Arg2, Lys4 and Thr 6 of the
peptide make characteristic 3-sheet contacts with the G224, M226
and G228 residues of the PHD finger (Fig. 1b). The peptide—protein
interaction is further stabilized by intermolecular hydrogen bonds
involving residues S222, D230, E237, K249, P250 and G252 of the
domain. Thus, the guanidino moiety of Arg?2 is restrained by the
interactions with D230 and E237. The hydroxyl group of Thr3 is
hydrogen bonded to K249. The carbonyl and backbone NHJ groups
of Alal form hydrogen bonds with K249, P250 and G252. The
hydroxyl moiety of Thr 6 interacts with the amide group of G224 and
with the hydroxyl group of S222.

In addition to the formation of intermolecular hydrogen bonds,
the complementary surface interactions stabilize the complex. The
side chains of each peptide residue precisely fit in the distinct binding
pockets. Well-defined binding grooves for Lys4 and Arg?2 residues
are apparent. The methyl groups of Ala 1 and Thr 3 are buried in the
deep hydrophobic pockets formed by the core residues W254 and
1227. The side chain of Thr 6 is positioned in the site formed by $222,
Y223 and G224. Thus, the H3K4me3 tail is bound by the PHD finger
through an extensive network of hydrogen-bonding and comple-
mentary surface interactions. These contacts, which involve three
residues preceding and Thr 6 following the methylated lysine 4, are
responsible for the PHD finger specificity and unique recognition of
the ARTK(me3)QT peptide sequence.

The trimethylammonium group of Lys4 is recognized by two
aromatic residues, Y215 and W238 (Fig. 1a, b). Aromatic side chains
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Figure 2 | ING2 PHD finger recognizes H3K4me3. a, Six superimposed
"H,'*N heteronuclear single quantum coherence (HSQC) spectra of PHD
(0.2 mM) collected during titration of H3K4me3 peptide are colour-coded
according to the ligand concentration (inset). b, The histogram displays
normalized "H,"*N chemical shift changes observed in the corresponding
(@) spectra of the PHD finger. The normalized”” chemical shift change was
calculated using the equation [(ASH)* 4 (ASN/5)?]%2, where § is the
chemical shift in parts per million (p.p.m.). Coloured bars indicate
significant change being greater than average plus one-half standard
deviation.

of Y215 and W238, positioned perpendicular to each other and
orthogonal to the protein surface, make cation—w contacts with the
trimethylammonium group of Lys4. This mode of methyl-lysine
recognition by two aromatic residues has been recently reported for
double chromodomains of human CHD1 (ref. 13). Notably, both
proteins, CHD1 and ING2, target methylated Lys4 and use two
aromatic residues, not the typical three-residue aromatic cage used
by chromodomains of HP1 and Polycomb for binding to methylated
H3K9 and H3K27, respectively'"'>'”'®. Furthermore, although ING2
PHD finger and CHD1 chromodomains are structurally unrelated,
further resemblance in the binding of H3K4me3 is evident. In both
cases, the histone peptide is bound in an extended conformation with
Lys4 and Arg 2 occupying adjacent grooves separated by a tryptophan
residue.

Alignment of amino acid sequences of PHD fingers is shown in
Supplementary Fig. 1. Conservation of the binding site elements
among all human ING and yeast YNG proteins suggests a similar
mode of H3K4me3 recognition by their PHD fingers. However, the
critical binding site residues are not found in many PHD sequences,
indicating that the H3K4me3 interaction is likely to be a function of a
subset of PHD modules. We found only 11 PHD finger-containing
proteins outside of the ING family that contain residues important
for the interaction. It remains to be tested whether these proteins are
able to bind H3K4me3.

The ING2 PHD finger binds histone H3 trimethylated and
dimethylated at Lys 4 but does not recognize histone H3 methylated
at Lys 9 or histone H4 methylated at Lys20. To establish the PHD
finger specificity for naturally occurring histone modification, the
peptides corresponding to methylated H3K4, H3K9 and H4K20 were
tested by NMR and tryptophan fluorescence spectroscopy (Table 1
and Supplementary Fig. 2). Substantial chemical shift changes were
observed in the residues comprising the H3K4me3 binding site when
H3K4me3, H3K4me2 or H3K4mel peptides were gradually added to
the "’N-labelled ING2 PHD finger (Fig. 2 and Supplementary Fig. 2).
An almost identical pattern of chemical shift perturbations indicated
that these peptides were bound similarly; however, the PHD finger
displayed one and two orders of magnitude higher affinity for
H3K4me3 than for H3K4me2 and H3K4mel (Table 1). Comparable
affinities, in the range of 1-10 pM, are exhibited by chromodomains
and bromodomains for the correspondingly modified histone
tails®'"'"?, thus suggesting that the H3K4me3 interaction of the
PHD finger is physiologically relevant. Yet, the ING2 PHD finger
seems to be more specific for H3K4me3 than chromodomains,
which show little preference for trimethylated over dimethylated
histone peptides'' ™. Chromatin immunoprecipitation assays in an
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Figure 3 | ING2 function requires its H3K4me3 binding activity.

a, Interactions of the GST fusion wild-type and mutant ING2 PHD fingers
with biotinylated histone peptides examined by western blot analysis.

b, Stimulation of apoptosis by overexpressed full-length wild-type and
mutant ING2. Cell death was measured in HT1080 cells transfected with
10 pg of the indicated plasmids. The error bars represent the mean *+ s.e.m.
from at least three independent experiments. ¢, A model of the association of
HAT/HDAC chromatin-modifying complexes with the nucleosome through
the binding of PHD fingers of ING proteins to H3K4me3.

accompanying paper corroborate this, showing strong in vivo associ-
ation of ING2 with H3K4me3 and only weak association with
H3K4me2 (ref. 5). The methylated H3K9 peptides or unmodified
H3 were bound weakly, and no binding was detected for methylated
H4K20 (Table 1). Thus, in agreement with our structural analysis,
these data demonstrate that the ART/QT sequence around Lys 4 is
critical for binding, and that substitution of these residues with either
TAR/ST or RHR/VL disrupts the interaction. Furthermore, Thr 3 of
the peptide is positioned in the narrow channel connecting two
grooves. The small size of the channel, which is limited by two
aromatic side chains of W238 and F141, would exclude any residue
larger than threonine, such as arginine in TAR/ST or RHR/VL
sequences. Other human ING and yeast YNG PHD fingers show
comparable affinities for H3K4me3 (Table 1), indicating that the
recognition of this histone code is a general function of the ING
family proteins.

Mutation of the H3K4me3 active site residues disrupts binding. To
determine the relative contributions of the binding site residues in
the coordination of H3K4me3, they were substituted for Ala. Con-
sequently, the mutant proteins were tested by pull-down experiments
(Fig. 3a) and their binding affinities were measured by tryptophan
fluorescence and NMR (Table 1). An Ala substitution of the Y215
residue abolished binding, whereas replacement of S222 reduced the
binding affinity, suggesting a critical role of the aromatic residue and
less significant role of serine of the major groove in the interaction
(Table 1 and Fig. 3a). As expected, mutation of both W238 and E237
residues involved in the recognition of Lys 4 and Arg 2, respectively,
disrupted the binding, whereas replacement of D230 resulted in a
30-fold decrease of the affinity, pointing to a significant contribution
of Arg 2 recognition to the binding energetics. A substantial decrease
of activity was observed for the Y223A/E225A mutant. This indicates
the importance of surface complementarity at the PHD-H3K4me3
interface.

To elucidate the functional significance of H3K4me3 binding, the
ability of wild-type and mutant ING2 proteins to induce apoptosis
was compared. Overexpression of ING2 is known to stimulate cell
death'. We measured the apoptosis level by Trypan blue exclusion in
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HT1080 cells transfected with full-length wild-type ING2 and
Y223A/E225A, D230A and E237A/W238A mutant proteins (Fig. 3b).
These mutants were defective in H3K4me3 binding in vitro (Table 1).
Furthermore, they substantially decreased the ability of the protein to
induce apoptosis, demonstrating that this interaction is necessary for
the function of ING2.

Our data reveal that the ING2 PHD finger directly and specifically
binds histone H3 tail trimethylated at Lys4. The family of ING
tumour suppressors is implicated in chromatin remodelling, DNA
damage repair and together with p53 induces apoptosis and senes-
cence’®”!. ING proteins associate with and modulate the activity of
histone acetyl transferase (HAT) and histone deacetylase (HDAC)
chromatin-modifying complexes*>*>**. Our results suggest that ING
proteins may direct the HAT/HDAC complexes to chromatin
through binding of their PHD fingers to histone H3 poly-methylated
at Lys4 (Fig. 3c¢). A number of PHD finger residues involved in
H3K4me3 binding, including $222, G224 and M226, are found to be
mutated in cancer cells (Supplementary Fig. 1), suggesting the vital
role of this interaction in tumorigenesis®'. Consequently, our results
should help in elucidating the general principles by which ING
proteins influence chromatin remodelling and transcriptional acti-
vation and may aid in the understanding of how the ING-dependent
pathways can be therapeutically manipulated to prevent and treat
cancer.

METHODS

See Supplementary Information for details of mutagenesis, expression and
purification of proteins, NMR spectroscopy, cell-culture and western analyses,
and fluorescence spectroscopy.

X-ray crystallography. The ING2 PHD finger (1.0 mM) was combined with
H3K4me3 peptide (residues 1-12) in a 1:1.5 molar ratio before crystallization.
Crystals of the complex were grown using the hanging-drop vapour diffusion
method at 25 °C by mixing 1 pl of the protein peptide solution with 1 pl of a well
solution containing 0.01 M NiCl,:6H,0, 0.1 M Tris (pH 8.0) and 22% poly-
ethylene glycol monomethyl ether (PEGMME 2K). Crystals were soaked for
15 min in the same solution supplemented with 25% PEGMME 2K before being
flash-cooled in liquid nitrogen. All data were collected at —180 °C. The native
data set was collected on a RU-H3R generator with a Raxis IV detector at the
University of Colorado Health Sciences Center’s X-ray Core Facility. The Zn
MAD data set was collected at beamline X26C of the National Synchrotron Light
Source. Data were processed with the HKL2000 package™ and statistics are
shown in Supplementary Table 1. The molecular replacement method and Zn
multi-wavelength anomalous dispersion (MAD) method were simultaneously
pursued for structural determination. The molecular replacement solution was
generated using the MolRep program in CCP4 and NMR structure of PHD
finger of INGIL (Protein Data Bank IWES) as a model. At the same time, two Zn
ions were located using HKL2MAP and an initial experimental phase map was
calculated using the Solve/Resolve program. This initial map is of excellent
quality and shows clear density for main chains, side chains and main-chain
carbonyl groups. Residues 212-263 of the PHD domain and 1-8 of the peptide
can be built into the density using program O® without any ambiguity. The
remaining residues (205-211 and 264-265 of the PHD domain and residues
9-12 of the peptide) are disordered in the crystal structure. Refinement was
performed using the program CNS*.
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