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Inhibitor of growth 1 (ING1) is implicated in oncogenesis, DNA damage
repair, and apoptosis. Mutations within the ING1 gene and altered
expression levels of ING1 are found in multiple human cancers. Here, we
show that both DNA repair and apoptotic activities of ING1 require the
interaction of the C-terminal plant homeodomain (PHD) finger with
histone H3 trimethylated at Lys4 (H3K4me3). The ING1 PHD finger
recognizes methylated H3K4 but not other histone modifications as
revealed by the peptide microarrays. The molecular mechanism of the
histone recognition is elucidated based on a 2.1 Å-resolution crystal
structure of the PHD–H3K4me3 complex. The K4me3 occupies a deep
hydrophobic pocket formed by the conserved Y212 and W235 residues
that make cation–π contacts with the trimethylammonium group. Both
aromatic residues are essential in the H3K4me3 recognition, as substitution
of these residues with Ala disrupts the interaction. Unlike the wild-type
ING1, the W235A mutant, overexpressed in the stable clones of melanoma
cells or in HT1080 cells, was unable to stimulate DNA repair after UV
irradiation or promote DNA-damage-induced apoptosis, indicating that
H3K4me3 binding is necessary for these biological functions of ING1.
Furthermore, N216S, V218I, and G221V mutations, found in human
malignances, impair the ability of ING1 to associate with H3K4me3 or to
induce nucleotide repair and cell death, linking the tumorigenic activity of
ING1 with epigenetic regulation. Together, our findings reveal the critical
role of the H3K4me3 interaction in mediating cellular responses to
genotoxic stresses and offer new insight into the molecular mechanism
underlying the tumor suppressive activity of ING1.
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Introduction

Inhibitor of growth 1 (ING1) is a member of the
recently discovered family of tumor suppressors
implicated in oncogenesis, control of DNA damage
repair, cellular senescence, and apoptosis.1–5 ING1
was identified in a screen designed to isolate genes
with a decreased expression level in cancer cells.1

Various functions of ING1 are linked to the p53-
dependent signaling pathways. Overexpressed
ING1 activates p53 target genes, including the
inhibitor of cell cycle progression p21WAF1 and
proapoptotic factor Bax, and promotes p53-induced
apoptosis.2,4,6–8 Recent studies have implicated
ING1 in the control of cellular responses to DNA
damage and other genotoxic stresses.9–11 As the
DNA damage occurs, ING1 translocates to the
nucleolus, where it either triggers cell cycle arrest
followed by DNA damage repair or induces
apoptosis if the damage cannot be repaired. ING1
is also critical in chromatin remodeling and associ-
ates with and influences the activity of Sin3a/
HDAC1/2 histone deacetylase complexes.5,12,13

The human ING1 gene encodes several protein
isoforms including p27ING1, p33ING1, and p47ING1,
with the p33ING1 isoform (referred to as ING1 in this
study) being the most widely expressed. ING1 is a
small 279-residue modular protein, conserved from
yeast to humans. It contains an amino-terminal sin3-
associated protein 30 (SAP30) interacting domain
(SAID), a nuclear localization signal, and a carboxy-
terminal plant homeodomain (PHD) finger. The
SAID domain is shown to associate with a SAP30
subunit of chromatin-modifying Sin3a/HDAC1/2
complexes.5 The nuclear localization signal motif is
necessary for the nuclear localization of ING1. Since
the discovery of ING1, four homologous proteins
(ING2–ING5) have been identified in mammals,
plants, and yeast. While all ING members contain
the PHD finger, their unique amino-terminal regions
bind distinct effectors, engaging these proteins in
diverse biological processes and linking them to
different forms of cancer. For example, ING1 and
ING2 are found as stable components of histone
deacetylase complexes, whereas ING3, ING4, and
ING5 associate with histone acetyltransferase
complexes.5,14 Together, these findings define the
ING family of tumor suppressors as critical regula-
tors of chromatin acetylation that bridge epigenetic
regulation with cancer development.
The ING1 PHD finger contains 55 residues and

belongs to a large family of zinc-binding RING
finger domains. The PHD module was first identi-
fied in a plant HAT3.1 protein in 199315 and has
since been found in several hundred eukaryotic
proteins (SMART). The PHD fingers share a Cys4–
HisCys3 consensus sequence that coordinates two
zinc ions in a cross-braced arrangement. Atomic
resolution structures of the ligand-free16–19 and
ligand-bound PHD fingers20–23 show topological
similarities to the RING24 and FYVE25,26 domains.
Although the PHD module was identified a decade
ago, its biological role remained unclear until
recently. It has been found that the PHD finger of
transcriptional cofactor p300 localizes to nucleo-
somes and has a function related to chromatin.27 The
ACF1 PHD fingers are reported to associate with the
central domain of core histones.28 The AIRE PHD
domains appear to bind the ATTGGTTA DNA
sequence motif.29 A subset of PHD modules includ-
ing those of ING2 and BPTF has been shown to
recognize methylated histone H3K4me3,20,21,30,31

whereas the BHC80 PHD finger binds unmodified
H3.23 Yet, it remains unclear whether the PHD
family has a common function or whether it is
possible to predict a binding partner based on the
primary sequence of this domain.
Awealth of experimental data points to the major

function of ING1 as a type II tumor suppressor. The
expression level of ING1 varies in many human
malignancies and is particularly reduced in brain,
breast, and gastrointestinal tumors and lympho-
blastic leukemia.32,33 Mutations within the ING1
gene lead to genomic instability, rapid cancer
progression, and a poorer survival rate for cancer
patients. The missense and silent mutations are
found in malignant melanoma (19.6%), esophageal
squamous cell cancer (12.9%), and head and neck
squamous cell cancer (13%).33,34 Particularly, Cys215
and Asn216 are replaced by Ser, Val218 by Ile, and
Gly221 by Val in human malignancies.34–36 Each of
these residues is found in the ING1 PHD finger,
raising a possibility that the cancer mutations
disrupt the normal biological function of this
module. Additionally, a loss of nuclear localization
and an increase of cytoplasmic localization of ING1
have been observed in melanoma, ductal breast and
papillary thyroid carcinomas, and lymphoblastic
leukemia.37–39 To understand the molecular basis of
histone recognition by the ING1 PHD finger and to
further our knowledge of tumorigenic mechanisms,
we determined a 2.1 Å-resolution crystal structure
of the PHD finger of human ING1 in complex with
an H3K4me3 peptide and elucidated the role of
cancer-specific mutations in the histone binding and
function of ING1.

Results and Discussion

The ING1 PHD finger recognizes H3K4me3

The ING1 tumor suppressor contains a carboxy-
terminal PHD module of unknown structure and
function. To determine the binding partner of the
PHD finger, it was tested by in vitro peptide
microarrays (Fig. 1a). The biotinylated peptides
corresponding to methylated, acetylated, phos-
phorylated, and unmodified histones H2A, H2B,
H3, and H4 were incubated with glutathione S-
transferase (GST)-fusion ING1 PHD. Subsequently,
the peptide-bound protein was detected using anti-
GST antibody and fluorescein-conjugated secondary
antibody. Of 55 peptides screened, the H3K4me3
peptide was distinctly recognized by ING1 PHD.
Additionally, a weaker interaction was observed



Table 1. Binding affinities of the wild-type and mutant
ING1 PHD fingers for methylated H3K4

ING1 PHD finger Peptide Kd (μM)

wt ING1 H3K4me3 3.3±1.6a

wt ING1 H3K4me2 17.3±3.9a

wt ING1 H3K4me1 419±71b

N216S H3K4me3 36±4a

V218I H3K4me3 112±11a

G221V H3K4me3 114±21b

Y212A H3K4me3 243±16b

W235A H3K4me3 N9000b

a Determined by tryptophan fluorescence.
b Determined by NMR.

Fig. 1. The ING1 PHD finger recognizes H3K4me3. (a) Peptide microarrays containing the indicated histone peptides
were probed with GST–ING1 PHD. Red spots indicate binding. me, methylation; ac, acetylation; ph, phosphorylation; s,
symmetric; a, asymmetric. (b) Structure of the ING1 PHD finger in complex with the histone H3K4me3 peptide. The PHD
finger is shown as solid surface. The histone peptide is depicted as ball-and-stick model with C, O, and N atoms colored
green, red, and blue, respectively. (c) The PHD finger is shown as a ribbon with residues mutated in human cancers
colored brown. (d) Interactions of the GST-fusion wild-type and mutant ING1 PHD fingers with biotinylated histone
peptides examined by Western blot experiments.
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with H3K4me2 but not with other modified or
unmodified histone peptides, pointing to a high
specificity of the ING1 PHD finger.
To estimate the strength of association with the

histone tails, binding affinities of the ING1 PHD
finger toward mono-, di-, and trimethylated H3K4
peptides were measured by tryptophan fluorescence
spectroscopy and NMR. The Kd values were found
to be 419, 17.3, and 3.3 μM for H3K4me1, H3K4me2,
and H3K4me3, respectively (Table 1). Comparable
affinities for H3K4me3, in the range of 1–3 μM, are
exhibited by PHD fingers of ING2 and BPTF.20,21
The robust binding of the ING1 PHD finger suggests
that H3K4me3 represents its biological target.

Structure of the ING1 PHD–H3K4me3 complex

To establish the molecular basis of the histone
recognition, we determined the crystal structure of
the ING1 PHD finger in complex with an H3K4me3
peptide containing residues 1–12 of the histone H3
(Table 2). The structure of ING1 PHD comprises long
loops stabilized by two zinc-binding clusters and a
small antiparallel double-stranded β sheet (Fig. 1b
and c). The H3K4me3 peptide adopts an extended
conformation and pairs with the existing β sheet,
forming the third antiparallel β strand. The peptide



Fig. 2. The function of ING1 requires its H3K4me3
binding activity. (a) Assessment of the repair rate of UV-
damaged DNA by luciferase reporter assay inMMRU cells
cotransfected with undamaged or damaged pRL-CMV
luciferase plasmid and pcDNA3vector (control), wild-type
ING1 expression vectors, and ING1 W235A mutant. Forty
hours after transfection, luciferase activity was measured
with a luminometer. Columns, mean from triplicates; bars,
SD. The experiment was repeated twice with similar
results. (b) Stimulation of apoptosis by overexpressed full-
lengthwild-type ING1 andW235Amutant. Cell deathwas
measured in HT1080 cells transfected with 1 μg of the
indicated expression vectors. The cells were first treated
with doxorubicin and then trypsinized and stained with
trypan blue. The error bars represent the mean±SEM from
three independent experiments.

Table 2. Data collection and refinement statistics of the
H3K4me3-bound ING1 PHD finger

Native

Data collection
Space group P3221
Unit cell parameters a=b=49.06 Å, c=52.62 Å

α=β=90°, γ=120°
1 molecule per asymmetric

unit
Resolution (Å) 2.1
Wavelength (Å) 1.257
Redundancy 9.35 (9.78)
Completeness (%) 99.9 (100)
Rmerge

a 0.071 (0.253)
I/σ(I) 16.3 (5.4)

Refinement statistics (∣F∣N0)
Resolution (Å) 24.53–2.10
Rworking (%) 24.01
Rfree

b (%) 26.35
Number of protein atoms 479
Number of non-protein atoms

Water molecules 41
Zinc ions 2

r.m.s.d. from ideal bond length
(Å)

0.006

r.m.s.d. from ideal bond angle (°) 1.091
Average B-value for all atoms

(Å2)
48.257

Ramachandran statistics
Most favored 35 residues
Additionally allowed 3 residues
Generously allowed 1 residue
Disallowedc 1 residue

Numbers in parentheses represent values for the highest-
resolution bin.

a Rmerge=∑∣Iobs− Iavg∣/∑Iavg.
b Rfree was calculated with 10% of reflections.
c Residue Glu234 is clearly in a conformation in which ϕ/ψ

values fall into the disallowed region of the Ramachandran plot.
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lies in a large binding site involving one-third of the
PHD finger residues. The fully extended side chain of
trimethylated Lys4 occupies the deep pocket formed
by two aromatic (Y212 and W235) and two aliphatic
(S219 and M223) residues of the PHD finger. The
Y212 andW235 residuesmake cation–π contactswith
the trimethylammonium group of Lys4. The pepti-
de's Arg2 is bound in the adjacent pocket and is
surrounded by G225, C226, D227, and E234.
To determine whether the aromatic residues Y212

and W235 are essential, they were substituted with
alanine, and the correspondingmutant proteinswere
tested by Western blot analysis. As shown in Fig. 1d,
the Y212A and W235A mutants were unable to bind
methylated H3K4 peptides, indicating that these
residues are required for the K4me3 recognition. A
similar aromatic cage around Lys4 is formed by the
BPTF, ING2, and RAG2 PHD fingers20,21,40 and
CHD1 double chromodomains.41 Thus, the general
mechanism of H3K4me3 recognition is conserved
among such structurally unrelated modules as PHD
and chromodomain. Two other primary character-
istics of the H3K4me3 binding include formation of
the β sheet-type hydrogen bonds between the
peptide and the β1 strand of PHD and extensive
complementary surface interactions.
H3K4me3 binding of the ING1 PHD finger is
necessary for both DNA repair and apoptosis

ING1 mediates the cellular response to genotoxic
stresses and is critical for maintaining the genomic
stability of the cell. Depending on the severity of the
DNA damage, ING1 either promotes cell cycle arrest
followed by DNA damage repair or stimulates
apoptosis if the damage cannot be repaired. We
tested the importance of H3K4me3 recognition in
regulating these functions of ING1 using two
approaches in which DNA damage was induced at
different levels. We first measured the DNA repair
rate by the host-cell reactivation assay (Fig. 2a). A
UV-damaged plasmid containing the renilla luciferase
reporter gene (pRL-CMV) was cotransfected with
either vector, full-length wild-type ING1, or ING1
W235A mutant into human melanoma cell line
MMRU. The activity of the reporter gene was used
as an indicator of the extent of repair. Our data
showed that MMRU cells overexpressing wild-type
ING1 had a significantly higher repair rate of UV-
damaged plasmid (62.4%) compared with the vector
control (39.6%; Pb0.01, t test). The W235A mutant,
which is defective in H3K4me3 binding, had the
repair rate similar to vector's and substantially
lower than that of wild-type ING1 (33.9%; Pb0.01,
t test). Thus, recognition of the H3K4me3 epigenetic
mark by ING1 is required to promote the repair of
UV-damaged DNA.
To examine whether the ability of ING1 to

induce cell death depends on the interaction of
its PHD finger with methylated H3, we measured
the apoptosis level in HT1080 cells, which were
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transfected with full-length wild-type or W235A
mutant ING1 and treatedwith a chemotherapy drug,
doxorubicin (Fig. 2b). Overexpression of ING tumor
suppressors followed by the doxorubicin treatment
is known to promote DNA damage-induced apop-
tosis.30,42 As shown in Fig. 2b, the cell death level
was increased upon overexpression of wild-type
ING1 (24.6%; Pb0.01, t test) but not the W235A
mutant (16.7%; P=0.02, t test), suggesting that intact
PHD is necessary for robust ING1-dependent
induction of DNA damage-triggered apoptosis.

Human cancer mutations of ING1 are found in
the histone binding region

The ING1 residues, mutated in human cancers,
including C215, N216, V218, and G221, are colored
brown in Fig. 1c. All four residues are located in or
near the H3K4me3 binding site and contribute to the
interaction. The C215 residue is involved in coordi-
nation of one of the zinc ions; therefore, its
replacement with any other residue would disrupt
the three-dimensional structure of the PHD finger
and abolish the interaction with H3K4me3. The
N216 residue stabilizes a turn at the amino terminus
by forming hydrogen bonds to L214 and Q217. It is
also located underneath Y212 and may help position
the aromatic ring of Y212 orthogonal to the protein
surface for the maximum cation–π contact. The V218
residue is next to S219, which forms a wall of the
binding groove for trimethylated Lys4. G221 is
involved in restraining Thr6 of the histone peptide.
The amide group of Thr6 donates a hydrogen bond
to the carbonyl group of G221, while the amide
group of G221 is hydrogen bonded to the side-chain
hydroxyl group of Thr6.

Cancer-specific mutations decrease H3K4me3
binding

Initially, the role of cancer-relevant residues in the
interaction of the wild-type ING1 PHD finger with
H3K4me3 was suggested by NMR titration experi-
ments (Fig. 3). Substantial chemical shift changes
were observed in 1H,15N HSQC spectra of the 15N-
labeled PHD finger when the H3K4me3 peptide was
finger. The normalized43 chemical shift change was calculated
chemical shift in parts per million. Colored bars indicate a sig
standard deviation.
gradually added. The largest resonance perturba-
tions were seen in the Y212, C213, V218, Y220, G221,
M223, G225, C226, E234, K246, G249, and K250
residues, which comprise the binding sites for
trimethylated Lys4 and Arg2 and/or are involved
in complimentary surface interactions and restrain-
ing the peptide backbone (Fig. 3b). Notably, the
cancer-specific V218 and G221 residues were sig-
nificantly perturbed upon addition of the histone
peptide, suggesting that these residues are essential
for the H3K4me3 interaction.
To address whether the cancer mutants of ING1

are able to recognize H3K4me3, N216, V218, and
G221 were substituted for the residues found in
human malignancies. The N216S, V218I, and G221V
mutant PHD fingers were generated, and their
interactions with H3K4me3 were examined by
NMR and tryptophan fluorescence. A similar
pattern of resonance perturbations induced by
H3K4me3 was seen in 1H,15N HSQC spectra of the
wild-type ING1 and cancer-specific N216S, V218I,
and G221V mutants (data not shown), indicating
that the histone binding site remains largely un-
changed; however, all three mutants showed a sig-
nificant decrease in their binding affinities (Table 1).
Replacement of G221 with Val and V218 with Ile had
the most disruptive effect on the interaction (Kd of
114 and 112 μM, respectively). This reveals the
importance of two hydrogen-bonding contacts
involving G221 and the surface complementarity at
the PHD–H3K4me3 interface in the strong anchor-
ing to the histone tail. Substitution of N216 with Ser
reduced the binding affinity by 12-fold, pointing to
the essential role of this residue in stabilization of the
Lys4 groove (Table 1). As expected, mutation of the
Y212 orW235 residues, involved in caging trimethy-
lated Lys4, disrupted the H3K4me3 association,
attesting to a major contribution of these aromatic
residues to the binding energetics.

The cancer-specific mutations disrupt the DNA
repair and apoptotic functions of ING1

To determine the significance of cancer mutations
in the biological functions of ING1, full-length
N216S, V218I, and G221V mutant proteins were
Fig. 3. The cancer-specific resi-
dues of ING1 are involved in the
interaction with H3K4me3. (a) Six
superimposed 1H,15N heteronuc-
lear single quantum coherence
(HSQC) spectra of PHD (0.2 mM),
collected during titration of an
H3K4me3 peptide, are color coded
according to the ligand concentra-
tion (inset). (b) The histogram dis-
plays normalized 1H,15N chemical
shift changes observed in the corre-
sponding (a) spectra of the PHD

using the equation [(ΔδH)2+ (ΔδN/5)2]0.5, where δ is the
nificant change being greater than average plus one-half



Fig. 4. The cancer-specific mutations disrupt the DNA
repair and apoptotic functions of ING1. (a) Evaluation of
the DNA repair efficiency of ING1 WT (48.9%; P=0.01, t
test), N216S (44.7%; P=0.2, t test), V218I (33.1%; Pb0.01, t
test), and G221V (30.8%; Pb0.01, t test) by luciferase
reporter assay inMMRU cells. (b) Stimulation of apoptosis
by overexpressed full-length N216S (17.5%; P=0.06, t test),
V218I (13.5%; P=0.03, t test), and G221V (16.4%; Pb0.01, t
test) mutants of ING1 in HT1080 cells.
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produced and their abilities to stimulate DNA repair
and cell death were measured by luciferase reporter
and apoptotic assays (Fig. 4). All three mutants,
particularly V218I and G221V, showed a substantial
decrease in the DNA repair efficiency and in
augmentation of DNA damage-induced apoptosis,
suggesting that the cancer-specific mutations alter
these biological activities of ING1. Together, our
data demonstrate the significance of the H3K4me3
binding for the proper functioning of ING1 and
Fig. 5. The PHD–H3K4me3 binding stabilizes ING1 at the m
type (WT) and mutant EGFP–ING1 PHD fingers (green) in
antibodies (red) and DAPI (blue). The ratio of the nuclear vers
(V218I), and 1.84 (G221V)] was obtained by averaging the flu
suggest that the disruption of this interaction may
lead to cancer.
Intracellular localization of ING1 in tumor cells is

often shifted from nuclear to cytoplasmic.34,37,38 To
test whether the cancer-specific mutations have an
effect on localization of ING1 PHD in vivo, we
transfected HeLa cells with enhanced green fluor-
escent protein (EGFP) fusions of either wild-type
ING1PHDor theN216S, V218I, andG221Vmutants.
The overexpressed proteins were then examined by
fluorescence microscopy. As shown in Fig. 5, the
wild-type EGFP–ING1 PHD finger localized pre-
dominantly to the nucleus, accumulating at the
chromatin regions enriched in H3K4me3, with only
a weak diffuse staining observed in the cytoplasm.
However, themutant EGFP–ING1 PHD fingerswere
dispersed in the cytosol more than the wild-type
protein, indicating that the H3K4me3 interaction
stabilizes ING1 at themethylated chromatin and that
the cancer-specific mutations may contribute to the
elevated cytoplasmic level of ING1 in cancer cells.
Conclusions

ING1 mediates cellular stress responses such as
DNA repair and apoptosis to prevent tumorigenesis.
Here, we show that both functions require the specific
binding of the PHD finger to histone H3K4me3 and
that the disruption of this interaction may cause
cancer. Recent reports suggest that ING1 is centrally
involved in chromatin remodeling. While the PHD
ethylated chromatin. Intracellular localization of the wild-
HeLa cells. The cells were stained with anti-H3K4me3
us cytoplasmic EGFP [2.28 (wild type), 1.92 (N216S), 1.75
orescence intensity in 10 cells or more.
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finger of ING1 binds methylated histone tails, the
amino-terminal SAID domain associates with Sin3a/
HDAC1/2 histone deacetylase complexes.5,12,13,20,30

Thus, ING1 may bridge or stabilize the Sin3a/
HDAC1/2 complexes to the nucleosome for subse-
quent deacetylation of acetylated histone residues,
linking DNA repair, apoptosis, and tumorigenic
functions with chromatin regulation and gene tran-
scription (Fig. 6).

Methods

Mutagenesis

The N216S, V218I, G221V, Y212A, and W235A mutants
of the ING1 PHD finger (residues 200–279) were gener-
ated using QuikChange (Stratagene). The sequences were
confirmed by DNA sequencing.

Expression and purification of proteins

The wild-type and mutant ING1 PHD proteins (resi-
dues 200–279 and 202–261) were expressed in Escherichia
coli BL21(DE3) pLysS (Stratagene) grown in zinc-enriched
LB media or 15NH4Cl-supplemented (Isotec) M9 minimal
media. Bacteria were harvested by centrifugation after
IPTG induction and lysed using a French press. The GST-
fusion proteins were purified on a glutathione Sepharose
4B column (Amersham), cleaved with PreScission pro-
tease (Amersham), and concentrated in Millipore con-
centrators (Millipore). The proteins were further purified
by fast protein liquid chromatography and concentrated
into Tris or d11–Tris (150 mM NaCl, 10 mM d10–
dithiothreitol in 7% 2H2O/H2O, pH 6.5). The N216S,
V218I, G221V, and Y212A ING1 mutant proteins appear
to be structured based on the dispersion of amide
resonances in 1H,15N HSQC spectra. Substitution of the
W235 residue in the similar sequence of the ING2 PHD
finger does not perturb the fold.20

Peptide microarray

Peptide microarray experiments were performed as
described previously.44 Briefly, biotinylated histone pep-
tides were printed in six replicates onto a streptavidin-
coated slide (ArrayIt) using a VersArray Compact Micro-
arrayer (Bio-Rad). After a short blocking incubation with
biotin (Sigma), the slides were incubated with GST-fusion
ING1 PHD in peptide binding buffer (50 mM Tris–HCl,
pH 7.5, 150 mM NaCl, 0.1% Nonidet P-40, 20% fetal
bovine serum) overnight at 4 °C with gentle agitation.
After washing with the same buffer, slides were probed
first with anti-GST antibody and then with fluorescein-
conjugated secondary antibody and visualized with a
GenePix 4000 scanner (Molecular Devices).

Fluorescence spectroscopy

Tryptophan fluorescence spectra were recorded at 25 °C
on a Fluoromax3 spectrofluorometer. The samples of 1–
10 μM wild-type and mutant PHD fingers containing
progressively increased concentration (up to 5 mM) of
histone tail peptides were excited at 295 nm. Emission
spectra were recorded between 305 and 405 nmwith a 0.5-
nm step size and a 1-s integration time and averaged over
three scans. The Kd values were determined by a nonlinear
least-squares analysis using the equation ΔI=(ΔImax*L)/
(Kd+L), where L is the concentration of the histone
peptide, ΔI is the observed change of signal intensity,
and ΔImax is the difference in signal intensity of the free
and bound states of the protein. The Kd value was
averaged over two experiments for the H3K4me2 binding
and over three separate experiments for other interactions.
X-ray crystallography

The PHD finger of human ING1 (1.0mM)was combined
with H3K4me3 peptide (residues 1–12) in a 1:1.5 molar
ratio prior to crystallization. Crystals of the complex were
grown using the hanging drop vapor diffusion method at
4 °C by mixing 1.5 μl of the protein–peptide solution with
1 μl of awell solution containing 0.01MNiCl2·6H2O, 0.1M
Tris (pH 7.0), and 20% PEGMME 2K (polyethylene glycol
monomethyl ether 2K). Crystals grew in a trigonal space
group P3221 with the following unit cell parameters:
a=b=49.06 Å, c=52.62 Å, α=β=90°, γ=120°, onemolecule
per asymmetric unit. Crystals were soaked for 15 min in
the well solution supplemented with 25% PEGMME 2K
before being flash cooled in liquid nitrogen. A complete
native data set diffracting to 2.1 Åwas collected at 100 K on
Fig. 6. A model of the ING1
functioning. Binding of the C-term-
inal PHD finger and the N-terminal
SAID domain of ING1 to H3K4me3
and a SAP30 subunit of the Sin3a/
HDAC1/2, respectively, tethers the
histone modifying complex to the
nucleosome for subsequent deace-
tylation of acetylated lysine resi-
dues of histone H3.
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a “NOIR-1” MBC system detector at beamline 4.2.2 at the
Advanced Light Source in Berkeley, CA. Data were pro-
cessed with DTREK,45 and statistics are shown in Table 2.
The structure was determined by rigid-body refinement in
CNS46 using the crystal structure of the ING2 PHD/
H3K4me3 complex (Protein Data Bank accession number:
2G6Q) as a model. Residues 209–259 of the PHD domain
and residues 1–8 of the peptide were built into the density
using program O47 without any ambiguity. Refinement
was performed using program CNS.46

NMR spectroscopy

NMR experiments were performed at 298 K on Varian
INOVA 600 and 500 MHz spectrometers using unlabeled
or uniformly 15N-labeled ING1 PHD finger. The spectra
were processed with NMRPipe48 and analyzed using
PIPP,49 nmrDraw, and in-house software programs. Se-
quential assignments were made using 3D 15N-edited
NOESY (nuclear Overhauser enhancement spectroscopy)–
HSQC,50,51 HSQC–NOESY–HSQC, and TOCSY (total
correlated spectroscopy)–HSQC.52 The histone peptide
binding was characterized by monitoring chemical shift
changes in 1H,15N HSQC spectra of 0.2 mM wild-type or
mutant proteins as the H3K4me3 peptide was added
stepwise. The dissociation constants (Kd values) were
determined by a nonlinear least-squares analysis using
xmgr program and the equation Δδ=Δδmax((([L]+ [P]+
Kd)−sqrt(sqr([L]+ [P]+Kd)− (4 * [P] * [L])))/ (2* [P])), where
[L] is the concentration of the peptide, [P] is the concentra-
tion of PHD,Δδ is the observed chemical shift change, and
Δδmax is the difference in chemical shifts of the free and the
ligand-bound protein. The synthetic histone peptide NH2-
ARTK(me3)QTARKSTG-COOH was synthesized at the
Biophysics Core Facility of the University of Colorado
Health Sciences Center.

Host-cell reactivation assay

The pRL-CMVplasmid, which contains a gene encoding
for renilla luciferase, was irradiated with UVC at 800 J/m2

using a UV cross-linker (UltraLum, Claremont, CA). The
irradiated plasmid or the nonirradiated control plasmid
was then cotransfected with wild-type ING1 or ING1
mutantsN216S, V218I, G221V, orW235A. Forty hours after
transfection, cells were lysed by passive lysis buffer, and
reporter enzyme levelwas analyzedwith a luciferase assay
kit (Promega, Madison, WI). All reactions were performed
in triplicates. The percentage of luciferase activity was
calculated as the fraction of irradiated plasmid over
nonirradiated control plasmid.
Cell-culture and Western analyses were carried out as

previously described.42

In vivo localization of the wild-type and mutant EGFP
ING1 PHD finger

EGFP-fusion constructs of the wild-type ING1 PHD
finger and Y212A, N216S, V218I, and G221V mutants
were amplified by polymerase chain reaction using
corresponding pGEX-6P plasmids, cleaved with BglII
and EcoRI restriction enzymes, and cloned into pEGFP-
C1 vector (BD Clontech). The HeLa cells were grown in
Dulbecco's modified essential medium (Mediatech) sup-
plied with 10% fetal bovine serum (Invitrogen). The cells
were transfected with pEGFP PHD, pEGFP Y212A PHD,
pEGFP N216S PHD, pEGFP V218I PHD, or pEGFP G221V
PHD plasmids using Effectene Reagent (Qiagen) and, 24 h
later, were replated onto 25-mm glass coverslips. Seventy-
two hours after transfection, the cells were fixed with 4%
paraformaldehyde (Electron Microscopy Sciences) in
phosphate-buffered saline, stained with 4′,6-diamidino-
2-phenylindole (DAPI) (Molecular Probes) andwith rabbit
polyclonal anti-H3K4me3 primary Abs (Abcam) followed
by donkey anti-rabbit Alexa555-conjugated secondary
Abs (Molecular Probes). Coverslips with stained cells
were mounted on glass slides with Mowiol 4-88 (EMD
Calbiochem). Microscopic imaging of fixed cells was
performed on an Olympus IX-81 inverted microscope
equipped with 100 W mercury lamp, 100× oil immersion
objective lens, dual filter wheels, and standard DAPI, GFP,
and Texas Red filter sets (Chroma). Fluorescence acquisi-
tion was performed with SlideBook v. 4.2 software
(Intelligent Imaging Innovation).

Accession codes

The coordinates have been deposited in the Protein Data
Bank under accession number 2QIC.
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