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Abstract

The INhibitor of Growth (ING) family of tumor suppressors regulates the transcriptional state of chromatin by
recruiting remodeling complexes to sites with histone H3 trimethylated at lysine 4 (H3K4me3). This
modification is recognized by the plant homeodomain (PHD) present at the C-terminus of the five ING
proteins. ING5 facilitates histone H3 acetylation by the HBO1 complex, and also H4 acetylation by the MOZ/
MORF complex. We show that ING5 forms homodimers through its N-terminal domain, which folds
independently into an elongated coiled-coil structure. The central region of ING5, which contains the nuclear
localization sequence, is flexible and disordered, but it binds dsDNA with micromolar affinity. NMR analysis of
the full-length protein reveals that the two PHD fingers of the dimer are chemically equivalent and independent
of the rest of the molecule, and they bind H3K4me3 in the same way as the isolated PHD. We have observed
that ING5 can form heterodimers with the highly homologous ING4, and that two of three primary tumor-
associated mutants in the N-terminal domain strongly destabilize the coiled-coil structure. They also affect cell

proliferation and cell cycle phase distribution, suggesting a driver role in cancer progression.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Introduction

In eukaryotic cells, nuclear DNA is packed with
proteins into chromatin. The nucleosome is the
fundamental unit of chromatin, with two superhelical
turns of DNA wound around an octamer of the four
core histones. The flexible N-terminal tails of the
histones are rich in positive charges which pair up
with the negatively charged DNA phosphate back-
bone, allowing for high levels of chromatin compac-
tion [1]. The structure of chromatin is highly dynamic
and crucially supports DNA replication, repair, and
transcription [2,3]. Its regulation is largely based on

post-translational covalent modifications of certain
residues at the N-terminal histone regions, which
directly affect the level of chromatin condensation
and/or recruit to their location specific chromatin
remodeling complexes. Histone tails are selectively
modified by enzymatic complexes containing pro-
teins with domains that recognize one or more of the
possible histone modifications [4].

The family of tumor suppressors INhibitors of
Growth (ING) consists of five homologous proteins
[8] that regulate the transcriptional state of chromatin
by recruiting remodeling complexes to sites with
histone H3 trimethylated at Lysine 4 (H3K4me3).

0022-2836/© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
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This histone post-translational modification is recog-
nized by the C-terminal ING PHD [9]. ING1 and ING2
form part of histone deacetylase (HDAC) complexes,
while ING3, 4, and 5 form part of histone acetyl
transferase (HAT) complexes [10]. Sequences of the
ING proteins (Fig. 1) show that they have a
conserved N-terminal region, a central non-
conserved region containing the NLS and a con-
served C-terminal PHD [5]. Structures of the PHD
fingers of ING1 [11], ING2 [12], ING4 [13] and ING5
[14] bound to H3K4me3 fragments have been
determined, displaying broadly conserved features
with some differences in the conformations of the
bound H3K4me3 peptides [13]. The structural
organization of full length ING4 has also been
studied [15]. It is a dimer, with its Nt folded into an
antiparallel homodimer with a coiled-coil structure
[16], while the central region connecting the two
folded domains is flexible and disordered. ING4
forms part of the HBO1 HAT complex [10], and
promotes acetylation of H3 [17]. The ING4 paralog
ING5 can also be part of HBO1, but only ING5 [10]
forms part of the MOZ/MORF HAT complex, which
also acetylates histone H3. The high homology
between ING4 and ING5 suggests that they may
form heterodimers [16], as has been found for other
tumor suppressors [18]. We set out to experimentally
study the structural organization of ING5. With this aim,
the full-length ING5 protein, as well as fragments
spanning the Nt, and the PHD finger have been
produced and analyzed by NMR, x-ray diffraction, and
other techniques. We show that ING5 dimerizes
through its Nt with a coiled-coil structure and results
in a molecule with two PHD fingers that independently
bind to H3K4me3 histone marks. The two domains are
connected by a very flexible central region that can bind
dsDNA. Two of three mutants at the Nt described in
primary tumors strongly destabilize the protein and
affect cell proliferation and cell cycle phase distribution.

Results

ING5 is a dimer and a bivalent reader of the
H3K4mark

To explore the domain organization of ING5, we
defined domain boundaries analogous to those previ-
ously identified in ING4 [15]. Because of the high-
sequence homology, structure predictions give similar
results: the presence of a coiled coil with two long
helices in the N-terminal conserved domain, a disor-
dered non-conserved central region rich in positively
charged amino acids that contains the nuclear locali-
zation sequence [5], hereafter named NLS, and three
short B-strands in the C-terminal PHD finger. The high
level of sequence identity at the N-terminus also
suggests that ING5 will form dimers, as does ING4.

The molar mass of ING5 measured by SEC-MALS
is 57 kDa (Fig. 2A), which is consistent with the
calculated mass of a dimer (60 kDa). However, it
elutes from the SEC column at a smaller volume
than expected for a dimer, indicating that ING5 has
an elongated shape and/or large regions that are
flexible and disordered [19]. In both instances, it
would elute at a smaller volume than a globular
protein of the same mass. ING5 has a high content of
helical structure, as indicated by the two minima at
209 and 223 nm and the positive ellipticity below 200
nm in its circular dichroism (CD) spectrum (Fig. 2B).
The absolute ellipticity indicates, however, that a
large part of the chain is not helical. The Nt domain is
also a dimer (Fig. 2A), with a measured molar mass
of 23 kDa (the calculated mass of a dimer is 25 kDa).
Both ING5 and the Nt domain show cooperative
thermal denaturation, although with different mid-
point melting temperatures, indicating the presence
of a defined tertiary fold for both proteins (Fig. 2C).

The NMR spectrum of the 60 kDa ING5 dimer is
similar to that of ING4 [15] (for solubility reasons,
they were acquired at pH 8.0 and 6.5, respectively).
It shows a set of sharp and dispersed backbone
amide resonances that correspond to the PHD finger
(see below) and a set of resonances non-dispersed
in the 'H dimension (Fig. 3A). The observation of a
single set of resonances for the two PHD fingers of the
dimer indicates that they are chemically equivalent.
Altogether these results suggest that the structural
organization of INGS5 is similar to that of ING4: an N-
terminal dimeric coiled-coil domain and a C-terminal
PHD connected by a flexible NLS segment, the three
regions being structurally independent.

The crystal structure of the C-terminal PHD finger
has been previously reported bound to an H3K4me3
peptide [14], and consists of the canonical PHD fold,
with its characteristic C4HC3 zinc finger motif [13].
We have analyzed the structure of the PHD in
solution and found that it is a monomeric protein (Fig.
S1A) with a "H-">N NMR spectrum (Fig. 3B) very
similar to the set of dispersed signals in the spectrum
of ING5 (Figs. 3A and S1B). A detailed analysis
shows that for 83% of the backbone amide signals of
the PHD, the 'H and '°N resonance frequencies
closely match those of a corresponding signal in the
spectrum of full-length ING5 (chemical shift devia-
tions <0.065 ppm). This result demonstrates that the
Nt and the PHD are independent non-interacting
domains linked by a flexible NLS segment. Some of
the PHD NMR signals exhibit chemical shift pertur-
bations upon addition of H3K4me3 peptide, which
mimic those observed with the full-length protein
(Fig. 3). The fitting of the perturbations measured for
those residues that shift the most yields dissociation
constants of 7.0 + 2.7 and 18.4 + 2.8 yM at 25 °C for
the full-length ING5 and the PHD finger, respectively
(average and standard deviations; Fig. S2). These
values are in the same low micromolar range as the
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INGL: SYGEMIGCDNDEC PIEWFHFSCV GLNHKPKGKW YCPKCRG 1279
ING2: SYGEMIGCDNEQC PIEWFHFSCV SLTYKPKGKW YCPKCRG 1280
ING3: SYGEMVGCDNQDC PIEWFHYGCV GLTEAPKGKW YCPQCT. 1418
ING4: SYGEMIGCDNPDC SIEWFHFACV GLTTKPRGKW FCPRCSQ 1249
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ING5: SYGEMIGCDNPDC PIEWFHFACV DLTTKPKGKW FCPRCVQE

Fig. 1. Sequence alignment of the human ING proteins. Sequences can be generally divided into three regions [5], a conserved N-terminal domain (Nt; except for
ING1) formed by leucine zipper like region (red) and lamin interaction domain (orange) [6], a non-conserved central region containing the nuclear localization signal
(NLS; green), and a highly conserved C-terminal region, containing the plant homeodomain (PHD; cyan), followed by the PolyBasic Region (PBR; blue). For ING1, the
most frequently observed p33ING1b splicing variant is used. For the rest the full amino acid sequence is used. The alignment was performed using ClustalW [7].
Asterisks indicate strict conservation, colons conserved amino acids, and dots conserved polar or apolar character. The two asterisks in ING3 indicate non-aligning
sequence (residues 112-266).
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Fig. 2. ING5 dimerizes in solution through its N-terminal helical domain. (A) SEC-MALS analysis of ING5 (black), Nt (red), and its mutants (Q33R in cyan, 168V in
olive, and C75R in magenta). These mutants are found in cancer and are described later in the main text. All data were obtained in 20 mM Tris (pH 8.0), 300 mM NacCl, 1
mM DTT, at 25 °C. The exclusion volume of the column is 8.7 mL. (B) CD spectra of ING5 molecules in the same conditions as in panel A. (C) Thermal denaturation of
ING5 molecules in the same buffer as in panel A.
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Fig. 3. ING5 binding to H3K4me3. (A) '"H-"°N heteronuclear single quantum coherence spectroscopy (HSQC) NMR
spectra of an 11 yM sample of ING5 at 25 °C in 20 mM Tris buffer (pH 8.0) 300 mM NaCl and 1 mM DTT in the presence of
increasing amounts of histone H3K4me3 peptide. The spectra at intermediate molar ratios have been plotted with lower
contour levels than the others to visualize the low intensity signals. (B) 'H—"N HSQC NMR spectra of ING5 PHD finger
along the titration with H3K4me3 peptide in the same experimental conditions as the spectra shown in panel A.

measured for the isolated PHD of ING5 by fluores-
cence (2.4 = 1.0 pM) and for the full-length and

coil dimer

isolated PHD of ING4 by NMR at 25 °C (1.3 = 1.0

and 3.9 = 1.0 pM, respectively), considering the
errors and the different buffer used for ING4 [20 mM
sodium phosphate (pH 6.5), 50 mM NaCl, | mM DTT]
[13,14]. The PHD finger of ING5 binds histone
H3K4me3 with an affinity 2 orders of magnitude

higher than to the unmethylated tail [14]

The Nt domain of ING5 forms a symmetric coiled-

The helical pattern in the CD spectrum of the Nt
domain of ING5 is more pronounced than that of the full-
length protein, with an ellipticity ratio [©]ooonn/[@loognm >
1, typical of coiled-coil structures [20]. The limited
solubility of ING5 (about 10 pM at pH 8.0, and

decreasing with pH) prevents the observation of most
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Fig. 4. Structural analysis of ING5 Nt in solution by NMR. (A) "H-"°N transverse optimized spectroscopy (TROSY)
NMR spectrum of ING5 Nt at 25 °C in 50 mM Mops (pH 7.3), 1 mM DTT, and 300 mM NaCl. The unassigned signals in the
upper-right corner of the figure correspond to Asn and Gin side chains. (B) Secondary structure of ING5 Nt from backbone
resonances chemical shift analysis using different methods (helix in black, coil in gray and unknown in white). For

comparison, the structure in the crystals of ING4 and ING5 Nt is also shown.
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of the signals of the Nt domain in the NMR spectrum of
the full-length protein, which are broader than the
signals of the small PHD (as expected for a 28-kDa
elongated coiled-coil domain). The higher solubility of
the isolated Nt domain allows the observation of 93
signals in the "H—"°N correlation spectrum, which could
be assigned to specific residues (Fig. 4A). Although
there are 10 residues for which no amide signal was
detected, the observation of a single set of resonances
(only one signal is observed for each residue) indicates
that the dimer is symmetric. About 92% of the CA
resonances could also be assigned, but the limited
sensitivity of the NMR experiments only allowed
measurement of 41% and 17% of the HA and CB
chemical shift values, respectively. Chemical shift
analysis shows that there are two long helices spanning
residues 18-54 and 58—-100 (Fig. 4B). These results
indicate that the structure is similar to the crystal
structure of the Nt of ING4 [16], which forms a symmetric
dimer and antiparallel coiled-coil fold based on two long
helices named a2 (residues 17-52) and a3 (residues
58-103). The formation of a symmetric dimer structure
of ING5 Nt is consistent with the observation of a single
set of NMR signals and with the low sensitivity of the

NMR experiments (because of its size, helical structure,
and elongated shape), as occurred with the Nt domain
of ING4 [15]. The presence of a short helical segment
analogous to the N-terminal a1 helix of ING4 (residues
5-12) could not be confirmed in ING5 Nt in solution by
NMR. The N-terminal 6 residues of ING5 are flexible
and disordered as indicated by their chemical shifts, and
for several of the following residues, no NMR signal was
detected. In the crystal structure of ING4 Nt, this short
helix (residues 5-12) was found to make contacts not
within the dimer to which it belongs but with another
dimer, suggesting that it could be a dynamic local
structure stabilized by the crystal lattice. The NMR data
on ING5 suggest that this segment may be involved in
conformational exchange equilibria that cause some of
the NMR signals to become non-detectable.

Crystallization trials of ING5 Nt yielded crystals (Fig.
S3A) that after optimization were suitable for x-ray
diffraction and data collection at 3.2-A resolution (Fig.
S3B). The structure was solved by molecular replace-
ment using the crystal structure of the homologous ING4
Nt [16] and refined to Ryork 0f 21.1% and Riee Of 24.8%.
A summary of the crystallographic data statistics is
shown in Table 1.

Table 1. Crystallography data collection and refinement statistics.

ING5-Nt ING5-Nt
Construct ING5wT ING5¢190s
Data collection
Space group P6522 P6522
Cell dimensions
a b, c(A) 135.63, 135.63, 96.67, 140.94, 140.94, 92.32
a, B,y (°) 90.0, 90.0, 120.0 90.0, 90.0, 120.0
Resolution (A) 44.70 (3.39-3.20) 92.32 (3.27-3.10)
Rmerge 0.08 (0.85) 0.17 (0.93)
CCyp2 0.99 (0.70) 0.98 (0.87)
la(l) 47.5 (6.2) 9.7 (3.1)
Completeness (%) 99.9 (99.9) 100 (100)
Redundancy 7.6 (3.5) 18.3 (18.8)
Refinement
No. reflections 9076 10,275
Rwork! Riree 21.10/24.80 21.53/25.38
No. atoms
Protein 1767 1752
lons/ligands 442 6°
Water 13 3
B-factors (A?)
Protein 104.68 99.43
lons 142.76 81.22
Water 175.70 71.80
R.m.s deviations
Bond lengths (A) 0.009 0.007
Bond angles (°) 0.99 1.024
Ramachandran
favored (%) 98.0 96.0
Ramachandran
outliers (%) 0.0 0.0
PDB code 5ME8 5MTO

Values in parentheses correspond to the highest-resolution shell.
@ Molecules of EDO and MPD.
P Sulfate and Na ions.
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Fig. 5. Crystal structure of ING5 Nt. (A) The ING5 Nt homodimer in the asymmetric unit of the crystal. The two protomers
are shown as ribbons with orange (open) and blue (closed) color. The three helices from each protomer are indicated in the
open protomer, and the position of the three mutants detected in primary tumors are indicated in the closed protomer. (B)
Two views of the superposition of the two protomers of ING5. The structure of the protomer of ING4 is also superposed and
shown as a green ribbon by alignment of residues in helices a2 and a3. (C) Ribbon diagram of the tetramer found in the
crystal by PISA analysis. The chains of the second dimer are depicted in paler colors. (D) Structure of the ING5 Nt C19S
homodimer in the asymmetric unit of the crystal, with the two protomers shown as ribbons with magenta (open) and cyan
(closed protomer) and superposed on the corresponding dimer of the wild type.

The asymmetric unit of the crystal contained two
polypeptide chains that form a homodimer, together
with several molecules coming from the buffer and
cryoprotectant solution. The dimer is formed by two
protomers, which correspond to chains A and B in
the Protein Data Bank (PDB) file (colored orange
and blue, respectively, in Fig. 5A). Each of the two
chains forms a helix—loop—helix structure with two
long helices (residues 19-52 and 58—104, named a2
and a3, respectively) plus a short a1 helix at the N-
terminus (residues 0—11, with residue 0 being the
Ala preceding M1). The distribution of the secondary
structure along the sequence is shown in Fig. S4.

The two helices of each protomer form an
antiparallel coiled-coil structure, and both helices
contain sequence segments with the typical heptad
pattern (abcdefg),, of coiled coils as analyzed with
SOCKET [21]. However, helix a3 is bent, with a kink
around residue Y90 in one protomer (chain B) but
not in the other (chain A). The asymmetry between
the protomers is clearly seen in the superposition
based on helices a2 and a3 of both chains (Fig. 5B).
They differ not only in the bending of helix a3 but also
in the relative position of helix a1 with respect to the
other two. In the dimer, the region of chain B where
the short a1l is located closes around the a2—

loop—a3 region of chain A (Fig. 5A). For this reason,
we name the chain B the closed protomer and chain
A the open protomer.

The two protomers share many intramolecular
interactions, including long-range ones like the inter-
helical salt bridge D32-K82 (Fig. S5A). But there are
also interactions formed only in one of the protomers,
some of them involving residues in the N-terminal
region. For example, the salt bridge H9-D101 and
hydrogen bond S13-H96, which are only formed in the
closed protomer, and the salt bridge between the amine
group of G-1 (preceding AQ, both residues present as a
result of the cloning) and D94, which is only present in
the open protomer (Fig. S5A).

The crystal structure of the ING5 Nt is unexpected
because of its asymmetry, which is inconsistent with
the NMR observations. The global asymmetry of the
structure was quantitatively evaluated [22] yielding a
value of 23.21 A (as compared with 0.06 A for the
dimer of ING4). The intermolecular packing at the
homodimer interface involves the helix—loop—helix
end of the open protomer and the other end of the
closed protomer. This mode of packing results in two
separated hydrophobic cores: the intramolecular
three-helical hydrophobic core of the open protomer,
and the intermolecular five-helical hydrophobic core
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(Fig. 5A). These two hydrophobic cores are small for
a protein of this size. In fact, the PISA analysis of the
crystal suggests a tetramer as the most stable
quaternary structure in solution. This putative tetra-
mer consists of two dimers arranged so that the a1
helices of one dimer pack in an antiparallel way
against the a1 helices of the other dimer, as shown in
Fig. 5C. Each of the two al-al interfaces is
stabilized by a network of intermolecular salt bridges
and hydrogen bonds. The side chain of E8 in the a1
helix of the closed protomer in one of the dimers
interacts with the backbone amide of M1 and A2 in
helix a1 of the open protomer in the other dimer
(acting as an intermolecular N-cap residue of the
second helix a1) and forms a salt bridge with the N-
terminal amine of G-1 in the same helix (Fig. S5B). At
the same time, the side chain of D101 of helix a3 in
the open protomer acts as an intermolecular helix N-
cap of the first a1 helix (in the closed protomer of the
other dimer), with H-bonds to M1 and A2, and also
forms a salt bridge with the amine group of G-1 (Fig.
S5B). This interface is, according to PISA criteria, as
significant as the interface seen in the asymmetric
unit of the crystal (the five helix hydrophobic core
described above), suggesting that it may also exist in
solution. However, SEC-MALS experiments show
that ING5 Nt forms only dimers.

One possible explanation for the inconsistency is
that the presence of two extra residues at the N-
terminus favors interactions that in the crystal result
in the formation of a dimer of asymmetric dimers.
Another possibility may be the close contact of C19
side chain of one ING5 Nt molecule and the
corresponding C19 side chain of a symmetry related
molecule. In fact, the refinement of the structure
provides two alternative orientations (with 70%—30%
occupancy) for C19, in the minor one with the
geometry of an intermolecular disulfide bridge (Fig.
S5C). There were no other contacts in the crystal
lattice that could explain the formation of the
unexpected crystal structure. To investigate the
source of the inconsistency between the crystal
and solution results, we examined two mutants: an
N-terminal mutant that lacks the two extra residues
coming from the cloning procedure (ING55_1¢s,
lacking also the initial methionine) and the point
mutant C19S (which cannot form any disulfide
bridges). The two proteins formed dimers in solution
with coiled-coil structure, as seen by CD and SEC-
MALS (Fig. S6). ING5,_1¢5 did not crystallize, but its
NMR spectrum is very similar to that of ING5 Nt, with
the main differences appearing at signals close to the
N-terminal residues (Fig. S7). The C19S mutant formed
crystals in slightly different conditions than Nt (pH 7.5
instead of 6.5), but the structure is essentially the same
as the wild type: an asymmetric dimer (Fig. 5D and Fig.
S5D) that could form symmetric tetramers, according to
PISA. These results indicate that the cause of the ING5
Nt adopting an asymmetric dimer structure in the crystal

is not the presence of a disulfide bond. In light of all the
results it appears likely that the reason for the
asymmetric structure is the presence of extraneous
residues at the N-terminus that may favor interactions
that in the crystal result in the formation of a dimer of
asymmetric dimers.

The structure of ING5 Nt was examined in solution by
small-angle x-ray scattering (SAXS). As the crystallog-
raphy model of ING5 Nt differs in the overall shape from
the model based on the crystal structure of ING4, SAXS
can discriminate between these two possible dimers.
The SAXS measurements show that the Nt domain has
a defined structure. The Kratky plot displays a
pronounced peak that indicates that it is a folded
protein (Fig. S8). The distance distribution function, p(r),
of Nt was calculated with a maximum particle length of
89 A and a radius of gyration of 25 A, values similar to
those measured for the ING4 Nt [15]. A low-resolution
ab initio structural model of the ING5 Nt domain based
on the SAXS data shows an elongated molecule
(Fig. 6A). The fitting of the SAXS envelope (Fig. 6B) is
better for the symmetric model (x? = 1.8) than for the
asymmetric crystal structure (x© = 9.8), indicating that in
solution the structure of the dimer is similar to the
symmetric model. The SAXS data of the C19S yield a
similar elongated volume as the wild type and fits better
the symmetric than the asymmetric model (x*=2.0and
12.0 A, respectively; Fig. 6C and D). Together with the
SEC-MALS, CD, and NMR data, we interpret these
results as ING5 Nt folded as a helix-loop—helix
structure that dimerizes into a symmetric four-helix
coiled coil, with a flexible N-terminal tail populating a
transient short helical structure.

We took advantage of the two native cysteine
residues in ING5 Nt, which can be labeled with the
paramagnetic tag MTSL, to further evaluate the two
structural models by means of NMR paramagnetic
relaxation enhancements (PREs). An initial assess-
ment of a doubly MTSL-labeled wild type sample
resulted in very poor spectra. C19 is solvent
exposed in both the crystal structure (asymmetric
dimer) and the model based on the ING4 Nt structure
(symmetric dimer). Therefore, this is a suitable site to
introduce an MTSL tag without perturbing the
structure of the protein. C75, however, is partially
buried or buried in the crystal structure or in the
symmetric model, respectively, and the introduction
of the label destabilizes the structure. Thus, we
studied the C75S mutant labeled with MTSL at C19.
As can be seen in Fig. 7, this protein shows a pattern
of PREs that is more consistent with the symmetric
dimer than with the asymmetric one.

Homo- and heteromerization of ING5 inside living
cells

To confirm that ING5 forms dimers not only as a
pure protein in solution but also inside the cell, we
performed experiments in human embryonic kidney
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Fig. 7. PREs of the NMR signals of ING5 Nt C75S labeled with MTSL at residue C19. The ribbon of the structure
modeled on the crystal structure of the WT (A) or on the crystal structure of the ING4 paralog (B) is shown in blue. The
residues experiencing the largest PREs are in red, and residues for which no data are available are in gray. The location of
the MTSL spin labels is indicated by black spheres in each protomer. Yellow spheres with a 10-A radius are shown as a

visual guide for the proximity to MTSL.

epithelial 293T (HEK293T) cells transiently express-
ing ING5 with N-terminal tags HA or AU5. We found
that HA-ING5 co-precipitated with an antibody anti-
AUS5 tag, and that AU5-ING5 specifically co-
precipitated with an antibody anti-HA tag (Fig. 8A).
These results indicate that at least two ING5
molecules interact in cells.

The possibility that ING5 and ING4 could form
heterodimers arises from the high-sequence identity
at their Nt domains (75%) and their shared role in the
HBO1 complex [10]. Since ING5 Nt is a symmetric
dimer in solution, as is ING4 Nt, some inter helical
interactions could be conserved in the ING5/ING4
heterodimer stabilization. An ING5/ING4 heterodi-
mer model based on the ING4 crystal structure
shows a conserved overall distribution of hydropho-
bic and polar residues [16], and the heptad pattern
typical of coiled coils is very similar in the modeled
structure of ING5 homodimer and in the crystal
structure of ING4. Moreover, the intermolecular salt
bridge and hydrogen bond between residues at
positions D32/K39 and D94/Q69 present in the ING4
homodimer could also be established in the hetero-
dimer [16].

The formation of heteromers inside cells was
observed by co-immunoprecipitation experiments.
HEK293T cells were cotransfected with vectors
expressing both ING5 and ING4 but with different
tags (HA or AU5), then the extracts were immuno-
precipitated with the AU5 tag and blotted with the HA
tag. With this strategy, co-precipitation of ING5 or
ING4 will only occur if they interact. These experi-
ments (Fig. 8B) show that ING5 and ING4 can form
heteromers (most likely heterodimers), or at least
that they form part of the same complex inside the
cells. We tried to observe heterodimer formation with
the recombinant proteins or the isolated Nt domains
by sequential purification using Ni®* and Strep

affinity chromatography, as described [23], but we
could not detect the heterodimers. These results
indicate that the heterodimer is much less stable in
solution than the homodimers and suggest that in
cells, it may be stabilized by other proteins or by
posttranslational modifications. The formation of
heterodimers of the Nt domains was observed by
ion mobility coupled to electrospray ionization—mass
spectrometry (ESI-IM-MS) on a sample with equi-
molar amounts of the two Nt domains (Fig. S9 and
Table S1), but with very low levels relative to the
dimers or dissociated monomers and comparable to
heterotrimers. Although the ionization of the protein
in the gas phase may distort the behavior of the
molecules, these results indicate that the isolated Nt
domains can also form heterodimers.

ING5 mutants described in cancer are less
stable than wild-type, inhibit cell proliferation
and disrupt the cell cycle

Three tumor-specific somatic mutations in the Nt
domain of ING5 have been described in oral
squamous cell carcinoma [24]. These mutations
are Q33R, 168V, and C75R and are located in the
long helices a2 and a3. The three mutant Nt domains
form dimers in solution (Fig. 1A) and adopt folded
helical structures similar to that of the wild type
(Fig. 2B). However, their stability, as measured by
thermal denaturation, is markedly different (Fig. 2C).
The Q33R mutant behaves similarly to the WT, as
expected for a solvent exposed polar residue
mutated into another polar residue, but both the
168V and C75R mutants involve partially buried
residues and their mutation for a smaller or a larger
charged residue, respectively, cause a dramatic
structural destabilization. Interestingly FOLDX [25]
predicts that the C75R mutation stabilizes the Nt
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Fig. 8. (A) Analysis of ING5 association inside living cells by immunoprecipitation. Extracts from HEK293T cells transiently

transfected with vectors expressing AU5-ING5 (1) or both AU5-IN

G5 and HA-ING5 (2) were immunoprecipitated with anti-AU5

(aAU5-IP), and the presence of the homodimer was probed with anti-HA (aHA; top middle—left panel). The immunoglobulin
immunoprecipitation (IgG-1P) shows two unspecific bands (indicated with asterisks). (B). Analysis of ING5 heteromerization with
ING4 in cells by co-immunoprecipitation. Extracts from HEK293T cells transiently transfected with vectors expressing HA-ING5
and AU5-ING4 (3) or HA-ING4 and AU5-ING5 (4) were immunoprecipitated with anti-AU5 (aAU5-IP) and the heterodimer
visualized with anti-HA (aHA; top middle panel). Unspecific bands are indicated with asterisks.

when using the asymmetric crystal structure. How-
ever, when using the symmetric dimer model (built
on the ING4 crystal structure, where C75 is buried),
the prediction is that C75R strongly destabilizes the
structure, as experimentally observed. For 168V
(buried in the symmetric model and partially buried
in the asymmetric one), a similar strong destabiliza-
tion is predicted for both models.

To quantify the effect of the mutations on dimer
formation, we measured the dissociation constants.
Assuming a two-state transition and that dimer
dissociation and protomer coiled-coil unfolding are
coupled events (as indicated by the single transition
observed in the melting curves) it is possible to
calculate the Ky at a given temperature from the
variation of the mid-point denaturation temperatures
with the protein concentration [26,27]. The thermal
denaturation curves are shown in Fig. S10 and the
fitting of the melting temperature with the protein
concentration in Fig. S11. Forthe WT, Ky=4.1 £ 0.7
nM, and for the Q33R mutant, K;=0.4 + 0.3 nM. The

stabilization by introducing a polar and positively
charged residue is consistent with Q33 being a
solvent exposed residue close to the E36 and D37
residues, with which it can make helical stabilizing
contacts (i + 3 and i,i + 4 interactions, respectively).
These interactions may occur both in the symmetric
and the asymmetric structural models. However, for
the 168V and C75R mutants, the K, values are
almost 3 orders of magnitude larger (1400 + 200 and
2700 + 500 nM, respectively). The large destabili-
zation of these mutations is consistent with both
residues being completely buried in the symmetric
model (while they are only partially buried in the
asymmetric one).

To explore the possible functional relevance of
these mutations, we measured their effects on cell
proliferation. As reported for other cells [28], over-
expression of ING5 had a minor effect on prolifera-
tion of NIH3T3 cells, as had the more stable Q33R
mutant. However, the two destabilized mutants, 168V
and C75R, showed a large inhibitory effect on cell
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Fig. 9. (A) Proliferation difference fold of viable cells stably expressing ING5 or its mutants at different times after
plating. The data are represented as bars corresponding to the mean + S.D. of three independent experiments (n = 3,
except for the 92-h experiment, where n = 2) done in quadruplicate, and the independent data are represented as scattered
open circles. The reduction in cell viability is significant for the three mutants as compared with the wild type (p < 0.05). (B)
Analysis of cell cycle distribution of cells stably expressing ING5 or its mutants. The reduction in GO/G1 cells with respect to
ING5 is significant for the three mutants (p = 0.0096 for Q33R and p < 0.0001 for 168V and C75R). Aneuploidy is
significantly higher in cells expressing 168V (p = 0.025) and C75R (p = 0.0017). (C) Wild-type ING5 and mutant proteins
(red) detected by confocal microscopy in transfected cells; DAPI staining of nuclei is in blue. The scale bars represent a
length of 10 pm.

proliferation (Fig. 9A). These results suggest that  form a stable interaction with another ING5 molecule
these two single point mutants act as dominant  or interact with ING5 or one of its binding partners,
negatives, perhaps because they are not able to resulting in inhibition of endogenous ING5 activity.
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Fig. 10. (Top) Titration of dsDNA with increasing amounts of ING5 proteins and monitoring complex formation by
EMSA. The concentration of DNA was 0.1 pM, and the protein concentration was (lanes from left to right) 0, 0.05, 0.1, 0.25,
0.5, 0.75, 1, and 2 pM. (Bottom) Titration of ssDNA of the same length as the dsDNA with ING5. The bottom right panel
shows the quantification of dsDNA binding (closed circles) and the fitting to a Hill equation (solid line). The symbols and
error bars correspond to the mean and standard deviations from three independent experiments.

This interpretation assumes that endogenous ING5
is important for proliferation in this assay, and
indeed, ING5 HAT complexes have been described
to be important for DNA replication [10]. Further-
more, the differential effect of the ING5 mutants
could also be observed in the cell cycle distribution
(Fig. 9B). Overexpression of ING5 did not alter the
distribution of cells as compared with the control,
and the Q33R mutant caused a small increase of
cells in S phase. However, expression of the two
most destabilized mutants, 168V and C75R, led to a
strong reduction of cells in GO/G1 phase, accom-
panied by an increase in aneuploidy, above that
already found in NIH3T3 cells [29]. These data
suggest that ING5 function is not largely affected by
the Q33R mutation, while the mutants C75R and
168V disrupt the cell cycle. Moreover, we noted that
the subcellular localization of the 168V and C75R
mutants was predominantly cytoplasmic, in contrast
to wild-type ING5, which showed a punctate nuclear
staining pattern (Fig. 9C). Thus, the ING5 dimer
destabilizing mutations affect ING5 localization and
activity.

The central NLS region of ING5 binds dsDNA

We have recently shown that the central NLS
region of ING4 binds double-stranded DNA with
micromolar affinity [30]. Because the central region
of ING5 contains a similar number and distribution of
positively charged residues as ING4, we hypothe-
sized that ING5 will also bind DNA through its NLS
region. The results of electrophoretic mobility shift
assay (EMSA) show that the full-length protein binds
dsDNA weakly, while the Nt domain and the PHD
finger do not bind (Fig. 10).

The dimeric nature of ING5 makes it possible that
the dsDNA binds more than one ING5 dimer. The
weak binding and the multiple possible modalities of
binding make it difficult to quantify and interpret the
affinity of the interaction. An attempt to do so using a
Hill equation [31] yields an apparent dissociation
constant of 1.2 + 0.4 pM (Fig. 10). ING5 does not
appreciably bind single stranded DNA.

Discussion

Sequence analysis indicates that the ING5 con-
served domains (Nt and PHD) are folded, while the
non-conserved central NLS region is not [5]. Our
results show that the Nt domain is folded and dimeric
and indicate that the NLS region is disordered. This
region tethers the PHD to the Nt domain, but its
length and flexibility confer a high degree of mobility
to the PHD finger with respect to the Nt. In
consequence, the assignment of many of the
backbone NMR signals of the PHD could be
transferred to the well resolved regions of the ING5
spectrum by matching the chemical shifts of the
corresponding signals. The presence of a single set
of signals for all the identified amino acids indicates
that the two PHD fingers of the dimer are chemically
equivalent. Therefore, the ING5 dimer has two
identical and independent binding sites for
H3K4me3 tails which, in the context of the chroma-
tin, could belong to the same or to different
nucleosomes. The assignment allows for the de-
tailed NMR analysis of the binding of the full-length
dimeric protein to H3K4me3. The chemical shift
perturbations of ING5 signals upon the addition of
the 15-residue long H3K4me3 peptide shows a
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slightly higher affinity (Kq = 7.0 + 2.7 pM) than the
isolated PHD finger (18.4 = 2.8 pM). This could be
due to the local increased concentration of peptide in
the vicinity of one PHD finger due to the presence of
the other PHD in the ING5 dimer.

The bivalency of ING5 would enhance the target-
ing of the HAT complexes HBO1 and MOZ/MORF to
chromatin sites enriched in H3K4me3 marks. The
reason for this hypothesis is that two such modifica-
tions would be within the reach of the complexes,
and binding to the first site will reduce the entropic
cost of the second site binding, thus increasing the
overall affinity [32,33]. For the same reason, two
nearby H3K4me3 chromatin sites would compete
favorably for HBO1 binding over distant ones.

It is not known whether all ING proteins contribute to
nucleosome binding through direct protein binding to
DNA, but our results indicate that this is the case for
ING5, as the central disordered NLS region of ING5
directly binds DNA with a preference for double stranded
DNA and an affinity in the low micromolar range.

The crystal structure of the ING5 Nt domain shows
that it forms an asymmetric homodimer with each
protomer folded into a coiled coil. The secondary
structure is similar to ING4 Nt, but with the a1 helix,
elongated by one turn. In ING4 the residues of this
short helix interact with residues on other homo-
dimers in the same or adjacent asymmetric unit,
suggesting that it does not form an integral part of the
dimeric coiled-coil structure, and might be a dynamic
local structure stabilized in the crystal lattice. In the
crystal structure of ING5, the a1 helix of the open
protomer packs in an antiparallel way with the a1
helix of a closed protomer belonging to the adjacent
asymmetric unit, and vice versa. However, this
tetrameric arrangement observed in the crystal
lattice is inconsistent with the structure of ING5 Nt
in solution, which forms dimers. In solution, as
shown by NMR, the Nt domain of ING5 forms a
symmetric homodimer, and the SAXS data indicate
that it forms a structure similar to the symmetric
antiparallel ING4 homodimer. Therefore, we con-
clude that in solution, the ING5 Nt dimer is a
symmetric one, similar to that of its paralog ING4
Nt. The reason for the formation of an asymmetric
crystal structure may be the non-native interactions
established in the crystal by the extraneous residues
at the N-terminus.

Structural models of the other ING proteins
suggest that they may also form homodimers, albeit
with different stabilities [16]. Furthermore, the 75%
sequence identity between ING4 and ING5 Nt
domains (78% taking into account only the residues
at the homodimer interface of ING4) and the
examination of the corresponding model structure
suggest that they could form stable heterodimers
[16]. Interestingly, in HelLa cells both proteins form
part of the HBO1 complex and are required for
chromatin modification, although they play different

roles in DNA replication [10]. Heterodimerization
could have a regulatory role, analogous to what has
been observed in transcription factors [34]. The
ING5 homodimer does form inside cells and the
heterodimer may form as well, as seen by coimmu-
noprecipitation in HEK293T cells. We have not been
able, however, to confirm the stable formation of
heterodimers using the purified proteins, although
mass spectrometry indicates that they form tran-
siently. These results suggest that ING4 and ING5
could form heterodimers in cells through interaction
with other proteins. Alternatively, they may be part of
the HBO1 complex simultaneously, as homodimers.
It has been shown that domain llb of JADE1 (one of
the components of the HBO1 complex) interacts with
ING4 independently of the ING4 PHD finger [78],
and a similar interaction could occur with ING5.

It has been described that ING5 HAT complexes
are important for DNA replication [10], and a role in
self-renewal of glioblastoma stem cells has been
recently described [35]. Two of the three mutations
detected in primary tumors of oral squamous cell
carcinoma [24] strongly destabilized the ING5 Nt
structure, while the third stabilized the structure and
had little effect on cell proliferation. Therefore, the
two deleterious mutations might be driver cancer
mutations, while the other could be a passenger
mutation. Moreover, the two deleterious mutants
were predominantly localized to the cytoplasm,
consistent with studies showing increased cytoplas-
mic ING5 in colorectal cancer [36]. One possibility is
that the two deleterious mutations confer dominant-
negative activity, whereby the mutant proteins bind
endogenous ING5 or its partners to form inactive
complexes, for example, by altering subcellular
localization. Decreased nuclear ING5 has been
linked to tumorigenesis in head and neck squamous
cell carcinoma [37], gastric cancer [38], colorectal
cancer [36], and breast cancer [39]. Thus, for
example, in breast cancer, cytoplasmic ING5 ex-
pression has been linked to poor prognosis [39]. In
this context, it is interesting to note that miR-24, an
oncomiR shown to be a direct upstream regulator of
ING5, is increased in breast cancer stem cells and
induces chemotherapy resistance [40], in agreement
with the role of ING5 in inhibiting epithelial-mesen-
chymal transition in breast cancer [41].

Conclusions

ING5 is a dimeric protein that contains two
identical PHD fingers that recognize histone
H3K4me3 with a Ky in the micromolar range. The
dimerization site is at the Nt domain, with a
symmetric coiled-coil structure similar to that of its
paralog ING4, while the central region is flexible and
binds dsDNA. ING5 is a bivalent reader of
H3K4me3, and heterodimer formation with ING4
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could increase its functional diversity. Mutations
C75R and 168V detected in primary tumors disrupt
the cell cycle, probably due to the strong destabili-
zation of the Nt domain structure.

Materials and Methods

Cloning and mutagenesis

The full-length human ING5 (1-240) construct
(Uniprot entry Q8WYHS, isoform 1) was designed
with a Hise-tag in the N-terminus for purification by
affinity chromatography, followed by a TEV
protease-specific sequence (ENLYFQG, which
TEV cleaves after the Q residue) in order to remove
the tag after purification. Between the TEV site and
the initial methionine of ING5 an alanine was
inserted to facilitate TEV cleavage. A synthetic
gene of the full-length ING5 with codons optimized
for expression in Escherichia coli (Entelechon
GmbH) was cloned into the expression vector
pET11d. The construct for the Nt of ING5 (residues
1-105, ING5 Nt) was obtained by inserting a stop
codon at the site corresponding to R106 by means of
mutagenic PCR. This clone was used as a template
for the production of different ING5 Nt mutants:
C19S, Q33R, 168V, C75R, and C75S. Mutagenesis
was performed using the Quick Change kit (Agilent
Technologies) with primers from Thermo Scientific.
A clone of ING5 Nt without any affinity tag (producing
the protein ING5,_195 Without the initial methionine)
was also produced by PCR amplification.

The DNA of the C-terminal PHD of ING5 (residues
178-240) was amplified by PCR introducing Ncol
and BamHlI restriction sites at the 5" and 3" ends and
cloned into a modified pET29a expression vector as
follows. A synthetic gene (GenScript, USA) coding
for ubiquitin with a Hisso-tag inserted in the loop
between the first B-hairpin and the helix [42] was
modified to include the Strep-tag sequence and the
TEV protease cleavage site at the C-terminal end of
ubiquitin. This construct was cloned in pET29a,
and the PHD of ING5 was then cloned after the
TEV protease site. The expressed and cleaved
protein contains the sequence GAM before the PHD
residue D178.

For overexpression of ING5 in mammalian cells,
the cDNA of ING5 was obtained from AddGene. The
gene was amplified by PCR with N-terminal AU5 or
HA immunotags and cloned into the pLPC retroviral
vector.

The synthetic gene of the full-length ING4 (resi-
dues 1-249, Uniprot Q9UNL4, isoform 1), with
codons optimized for expression in E. coli was
previously described [15]. This construct was mod-
ified with a Strep-tag sequence at its N-terminus with
two aims: simplify its purification and introduce an

affinity tag orthogonal to the His-tag of ING5 Nt for
the heterodimerization assays by copurification. The
analogous Strep-tag construct for the Nt of ING4
(ING4 Nt, residues 2—108) was obtained by inserting
a stop codon at the site corresponding to A109.

All sequences and mutations were confirmed by
DNA sequencing (Stabvida, Portugal).

Protein expression and purification

All the proteins were over-expressed in E. coli
BL21(DE3) and cells grown in LB or auto-induction
rich normal medium [43]. [U-'°N]-labeled proteins
were produced in a modified auto-induction media
[44] or in minimal media as described [45]. For the
production of U-'°N-labeled or [U-'°C, U-'°N]-
labeled proteins, minimal media was used as
previously described [45,46]. Cells in LB were
grown at 37 °C until ODgg = 0.8, when expression
was induced with 0.5 mM IPTG for 3 h at 37 °C. Cells
in auto-induction medium were grown for 2 h at 37 °C
before lowering the temperature to 20 °C for
expression for 16—23 h. The cells were harvested
by centrifugation and resuspended in lysis buffer [20
mM Tris (pH 8.0), 300 mM NaCl, 1 mM DTT with
Complete EDTA-free protease inhibitors]. After
sonication and ultracentrifugation, proteins were
found predominantly in the insoluble (ING4, ING4
Nt, ING5, ING5 Nt, ING5 PHD, and the ING5 Nt
mutants C19S, Q33R, 168V, C75R, and C75S) or in
the soluble fraction (tagless ING5 Nt). Insoluble
proteins were recovered from the pellets by solubi-
lization in 8 M urea and ultracentrifugation for 3 h.
Supernatant was refolded by a 50- to 100-fold
dilution into cold 20 mM, Tris (pH 8.0), 300 mM
NaCl, and 1 mM DTT (plus 50 pM ZnCl, in the case
of the PHD or the full-length proteins for proper
folding of the PHD).

Full-length ING5 was purified by immobilized
metal affinity chromatography (IMAC) with a 5 mL
His-Trap column (GE Healthcare) and eluted with a
linear imidazol gradient (0-0.5 M) in 15 column
volumes (CV). Selected fractions were loaded in a
Superdex 200 26/60 in 20 mM Tris (pH 8.0), 300 mM
NaCl, and 1 mM DTT. After one or more runs, the
protein was judged to be pure and concentrated at
about 0.7 g/L (precipitation occurred at higher
concentrations). No cleavage of the His-tag was
done, and the yield was 0.7 mg/L. The Nt of ING5
and all its mutants were purified by IMAC with a His-
Trap column (GE Healthcare) and eluted with an
imidazol linear gradient (0-0.5 M) in 5 CV. Selected
protein containing fractions were incubated with in-
house produced Hisg-TEV protease (1 mg of
protease per 30 mg of protein) and dialyzed against
20 mM, Tris (pH 8.0), 40 mM NaCl, and 1 mM DTT at
4 °C for 16 h. The sample was loaded on a His-Trap
column, and the flow through was then loaded on a 5
mL Hi-Trap Q HP column (GE Healthcare). The
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protein was eluted with a linear gradient of NaCl
(0.04-1 M) in 5 CV. Selected fractions were
concentrated and polished by gel filtration on a
Superdex 75 16/60 column (GE Healthcare) in 20
mM Tris (pH 8.0), 300 mM NaCl, and 1 mM DTT.
Typical yields were of 6-12 mg/L. The cells
producing the soluble tagless ING5,_1g5 were lyzed
using a lysis buffer without NaCl, and the protein was
purified by anion-exchange chromatography on a Q-
Sepharose 26/10 column (GE Healthcare). The
protein was eluted with a gradient from 0 to 1 M
NaClin 10 CV, and selected fractions were polished
by gel filtration separation on Superdex 75 26/60 in
20 mM Tris (pH 8.0), 300 mM NaCl, and 1 mM DTT.
The yield was about 30 mg/L.

ING4 and ING4 Nt were purified on a Strep-tactin 5
mL column (IBA-lifesciences) equilibrated in 100 mM
Tris—HCI (pH 8.0) and 150 mM NaCl. The proteins
were eluted with 2.5 mM desthiobiotin. Selected
fractions were concentrated and loaded onto Super-
dex 200 16/60 (ING4) and Superdex 75 16/60 (ING4
Nt) equilibrated in 20 mM Tris—HCI (pH 8.0), 300 mM
NaCl, and 1 mM DTT. Typical yields were 0.6 and 7
mg/L (for ING4 and ING4 Nt, respectively).

The soluble PHD finger of ING5 was purified form the
soluble fraction by sequential IMAC, Strep-affinity, TEV
cleavage, and gel filtration chromatography using
protocols as detailed for the other constructs.

For each purified protein, the molecular weight
was confirmed by MALDI-TOF and its concentration
was measured by UV absorbance (with the extinc-
tion coefficient at 280 nm calculated from the amino
acid sequence using the Expasy Protparam server
[47]). All the proteins purified after cleavage of the
affinity tags have the two extra N-terminal residues
(GA), with the exception of the ING5 PHD finger,
which has three residues (GAM). The tagless ING5
Nt lacks the initial methionine.

CD

These measurements were performed on a Jasco
J-815 spectropolarimeter at 25 °C. The spectra were
the average of five scans, recorded using a 0.1-mm
path length quartz cuvette on 12 yM (ING5) or 40 uM
(Nt and its mutants) protein samples in 20 mM Tris
(pH 8.0), 300 mM NaCl, and 1 mM DTT. Thermal
denaturation curves were measured in 2-mm path
length cuvettes closed with a teflon cap on solutions
with different protein concentrations (in the range of
1-40 pM). Denaturation was induced by increasing
temperature at a rate of 1 °C/min from 5 °C to 95 °C,
and the ellipticity at 222 nm was recorded at intervals
of 0.2 °C using a 2-nm bandwidth and a response of
16 s). The midpoints of the thermal-denaturation
curves (T,,) were determined from the first deriva-
tive, the second derivative, or by fitting the data to a
sigmoidal transition curve. The dimer dissociation
constants are reported as the average derived from

the three methods with the standard deviation as an
estimation of the uncertainty.

SAXS

SAXS data were collected at 20 °C on the BM29
beamline at The European Synchrotron Radiation
Facility, in Grenoble, France, with a 2D detector
(Pilatus 1M) over an angular range gmin = 0.01 A
to gmax=0.5 A~" [48]. Prior to measurements, the
samples were loaded onto a PD10 column equili-
brated in 20 mM Tris (pH 8.0), 300 mM NaCl, and 1
mM TCEP and concentrated by ultrafiltration. Ali-
quots of the samples were prepared by dilution at
different concentrations, and the buffer was used as
a blank for the SAXS experiments. The protein
concentrations used were 4 and 7 g/L for ING5 Nt
and 5 and 12 g/L for the C19S mutant. The analysis
of the data sets at different concentrations gave
similar results. Data collection, processing, and
initial analysis were performed using the beamline
software BsxCUBE. Further analysis was performed
with ATSAS [49]. The Guinier approximation was
used to calculate the radius of gyration using the
PRIMUS software [50]. The distance distribution
function, p(r), was computed with the program
GNOM [51] by optimizing the maximum particle
size, Dnax. LOw-resolution ab initio reconstructions
of the Nt domain were built from the scattering data
using GASBOR [52]. Ten independent GASBOR
reconstructions were performed, and the most
representative model was filtered with DAMSEL
[58]. The low-resolution shape of the Nt is repre-
sented as an assembly of 230 dummy residues with
a maximum distance of 89 A. The crystal structure of
ING5 Nt or the homology model based on the crystal
structure of ING4 Nt (PDB 4AFL) was fitted to the
SAXS data with CRYSOL [54]. The goodness of the
fitting is characterized by the discrepancy value X2
Superposition of the bead model on the structures
was carried out with SUBCOMB [55] and visualized
with Chimera [56]. The model of ING5 Nt on the
crystal structure of ING4 Nt was built with FOLDX
[25] and the three or four missing residues at the N-
termini of the two protomers (absent in the crystal
structure of ING4) were modeled in a non-regular
conformation.

Size exclusion chromatography-multi angle light
scattering (SEC-MALS)

These experiments were performed at 25 °C using
a Superdex 200 10/300 GL column (GE HealthCare)
connected to a DAWN-HELEOS light scattering
detector and an Optilab rEX differential refractive
index detector (Wyatt Technology). The column was
equilibrated with running buffer [20 mM Tris (pH 8.0),
300 mM NaCl, 0.5 mM TCEP, 0.03% NaN3, 0.1 ym
filtered], and the SEC-MALS system was calibrated
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with a sample of Bovine Serum Albumin (BSA) at 1
g/L in the same buffer. Samples of 100 pL protein at
0.5-1.5 g/L were injected at 0.5 mL/min. We
employed ASTRA software (Wyatt) for data acqui-
sition and analysis. Based on numerous measure-
ments on BSA samples at 1 g/L under the same or
similar conditions, we estimate that the experimental
error in molar mass is around 5%.

NMR spectroscopy

Spectra were recorded at 25 °C on a Bruker
Avance Il 800 spectrometer using a triple resonance
cryo-probe equipped with z gradient coil. The ING5
Nt protein sample was prepared at 270 yM in 50 mM
Mops (pH 7.3), 1 mM DTT, 10% 2H,0, 3 pM DSS
(2,2-dimethyl-2-silapentane-5-sulfonate sodium
salt), and protease inhibitors. HY, Ha, N, CO, Ca,
and Cg assignments of ING5 Nt were obtained from
2D '°N-TROSY, '8C-HSQC spectra and from
TROSY-based 3D HNCO, HN(CA)CO, HNCA, HN
(CO)CA, HNCACB, HN(CO)CACB, HN(COCA)HA,
and HN(CA)HA. NMR spectra of the PHD finger
were recorded on a sample with a protein concen-
tration of 215 pM in 20 mM Tris (pH 8.0), 300 mM
NaCl, 1 mM DTT, 5% 2?H,0, and 3 pM DSS. The
assignment of the PHD finger of ING5 was obtained
from 2D '*N-TROSY, '®C-HSQC spectra and from
TROSY-based 3D HNCO, HN(CA)CO, HNCA, HN
(CO)CA, HN(CA)HA, HN(COCA)HA HNCB, and
HNCACB, experiments acquired with non-uniform
sampling [57].

Chemical shifts were measured relative to internal
DSS for 'H and calculated for '*N and '3C [58].
NMR data were processed with TOPSpin (Bruker),
except those acquired with non-uniform sampling,
which were processed with MddNMR [57]. NMR
spectra were analyzed using Sparky (Goddard and
DG Kneller, University of California, San Francisco).
Spectral assignment was initially done automatically
using MARS [59] and manually completed. The
NMR assignments have been deposited in the
BioMagResBank under accession codes of 27653
for ING54_195 and 27654 for the PHD finger.

The synthetic peptide H3K4me3 corresponds to
residues 1-15 of histone H3 plus an extra tyrosine
residue at the C-terminus (ARTKQTARKSTGGKAY)
to measure peptide concentration by ultraviolet (UV)
absorbance. This peptide has free N- and C-termini
and was purchased from PolyPeptide. The titration
of ING5 and the PHD with the peptide and the NMR
binding analysis was performed as previously
described for ING4 [60] on 10 pM samples in 20
mM Tris (pH 8.0), 300 mM NaCl, 1 mM DTT, 5%
°H,0, and 3 pM DSS. Perturbed residues were
considered when the combined 'H and "N chem-
ical shift perturbation (calculated as CSP = ((Ady) +
0.2(Adn)?) "2, where AS stands for the shift caused
by the presence of the peptide) was larger than the

average plus one standard deviation. The individual
dissociation residue constants, derived from the
fitting of the data to a single set of binding sites, yield
constants that are reported as the average over the
perturbed residues with the standard deviation as an
estimation of the uncertainty.

For NMR PRE measurements on ING5 Nt labeled
at C19 (using the C75S mutant), the buffer was
exchanged to 50 mM Mops (pH 7.0) with a desalting
PD10 column to remove the DTT. The protein was
concentrated by ultrafiltration to 200 uM and divided
in two halves. One half was supplemented with 1 mM
DTT and was used as the reference sample
(diamagnetic, absence of spin label). The other half
of the sample was labeled using a 6-fold molar
excess of MTSL ((S-(1-oxyl-2,2,5,5-tetramethyl-2,5-
dihydro-1H-pyrrol-3-yl)methyl methanesulfonothio-
ate)) at 25 °C for 2 h in the absence of light [61].
The homogeneity of the protein and the presence of
the covalently bound MTSL moiety were confirmed
by MALDI-TOF mass spectrometry. Prior to NMR
experiments, 5% 2H,0 and 3 pM DSS were added to
the samsples. The overall PRE effect was measured
in "H-""N TROSY spectra acquired and processed
under identical conditions. The intensity ratio of the
cross-peaks in the presence and absence of the
cysteine-attached spin label were measured, and
those experiencing a large intensity reduction in the
MTSL labeled protein (up to the 40th percentile)
were selected as the most perturbed residues.

Crystallization, data collection, and structure
solution

Initial crystallization plates were performed in
sitting drops at 21 °C with a Mosquito robot (TTP,
Labtech) in 96-well MRC plates (Molecular Dimen-
sions) using the vapor diffusion technique. A total of
1800 different crystallization conditions from com-
mercial sources (Molecular Dimensions, Hampton
Research, and Qiagen) were tested. Drops con-
sisted of 0.1-0.3 pL protein solution at 20 g/L [in 20
mM Tris (pH 8.0), 300 mM NaCl, 1 mM DTT] plus
0.1-0.3 pL reservoir solution and a reservoir volume
of 60 pL. Crystallization conditions were manually
optimized with drops made of 1 pL protein and 1 pL
reservoir solution. Best crystals for ING5 Nt were
obtained in 0.1 M Mes (pH 6.5), 22% (v/v) MPD, and
5% PEG3350. Crystals were cryoprotected with 20%
ethylenglicol and diffraction data were collected at
3.2-A resolution at the XALOC beamline at the ALBA
synchrotron (Table 1).

Crystals of the ING5 Nt C19S mutant obtained in
conditions very similar to the wild type were very
fragile and did not diffract. New crystals were
obtained in 0.1 M sodium Mops/Hepes (pH 7.5),
37.5% MPD_PEG1K_PEG3350, 0.03 M NaNOs,
0.03 M NagHPO4, and 0.03 M (NH4)ZSO4) The
reservoir solution was a good cryoprotectant
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condition. Diffraction data were collected at PROX-
IMA1 beamline in SOLEIL synchrotron in a
DECTRIS PILATUS3 6M detector, at 3.1 A (Table
1). Crystals of ING5 Nt,_1o5 were obtained in several
conditions, all containing jeffamine M-600, but did
not diffract.

The ING5 Nt diffraction data set was indexed,
integrated, and scaled using HKL2000 [62].
PHASER [63] was used to determine the structure
of ING5 Nt by molecular replacement using ING4 Nt
(PDB 4AFL) as a search model. All side chains of the
ING4 Nt structure (A—F) were processed in
CHAINSAW [64] to obtain a model that preserved
side-chain atoms shared by both ING5 Nt and ING4
Nt sequences. The most flexible regions of the
structure of ING4 Nt were eliminated in COOT [65],
leaving only regions corresponding to residues 14—
51 and 62—-105 from chains A—F. The superposition
of these chains was used as the final model in
PHASER from CCP4 [66] for the molecular replace-
ment in P6,22 and P6522. The final ING5 Nt model
was obtained from the PHASER model in the latter
space group after some cycles of manual construc-
tion with COOT and the Autobuild routine in
BUCCANEER [67], followed by refinement cycles
in autoBUSTER [68]. Diffraction data from the C19S
mutant were processed with MOSFLM [69] and
scaled with SCALA [70]. The crystal structure of the
wild type was used for molecular replacement with
MOLREP [71]. The final model was reconstructed
with COOT [65] and refined with REFMAC [72].

The final structural models were validated for
geometry and stereochemistry restrictions [73] with
MOLPROBITY [74], and were analyzed with PISA
[75] and Socket [21]. Figures were produced with
PYMOL [76]. The coordinates and structure factors
have been deposited at the PDB with the entry codes
5MES8 (ING5 Nt wild type) and 5MTO (C19S mutant).

ESI-IM-MS

Samples of Strep-ING4 Nt and ING5 Nt proteins
were buffer exchanged into 100 mM ammonium
acetate (pH 6.9) using a PD-10 column and
concentrated by ultrafiltration. Three samples (the
two individual proteins and the equimolar mixture of
both) were incubated at 85 yM (total protomer
concentration) in a volume of 200 pL overnight at
37 °C. Before injection, the samples were further
desalted on a Micro Bio-Spin 6 column (Biorad)
using ammonium acetate 100 mM as the exchang-
ing buffer. ESI-IM-MS experiments were conducted
on a Synapt HDMS (Waters) quadrupole-traveling
wave IMS-0aTOF mass spectrometer equipped with
an Advion TriVersa NanoMate (Advion Biosci-
ences). Mass spectra were recorded under non-
denaturing instrumental conditions in the positive ion
mode. The Advion source was working in direct
infusion mode allowing automated chip-based

nanoelectrospray. Spray voltage was 1.75 kV, and
delivery pressure was 0.5 psi. Backing pressure,
sampling cone voltage, trap collision energy, transfer
collision energy, and source temperature were set to
5.83 mbar, 40 V, 6 V, 4 V, and 20 °C, respectively.
The IM gas flow was kept at 23 mL/min, gas pressure
in ion mobility cell at 4.49 x 10~ mbar, and gas flow
rate in the trap cell at 5 mL/min. Wave height and
wave velocity in the ion mobility cell were set to 9 V
and 350 m s, respectively. External mass calibra-
tion was achieved using a cesium iodide solution in
m/z range of 500 to 8000. Data were acquired and
processed with MassLynx software v 4.1 (SCN 704).
MS spectra were deconvoluted to the average
masses with integrated algorithms in MassLynx,
and IM-MS data were processed with Driftscope
software version 2.4.

Cell cultures, plasmids, and transfection

Human cell line HEK-293T (embryonic kidney
epitelium) and immortalized mouse fibroblasts
NIH3T3 were cultured in DMEM (Gibco) or in RPMI
medium (Gibco), all suplemented with 10% FCS and
penicillin/streptomycin at 37 °C and 5% CO.. Cells
were passaged when they reached 70%-80%
confluence at 1:5-6 with 0.05% trypsin. Transfection
of HEK-293T and NIH3T3 cells was performed using
a standard calcium phosphate method after seeding
3 x 10° cells on 10-cm plates. Selection of stably
transfected NIH3T3 cells was performed at 2 pg/mL
puromycin during 2 to 3 weeks after transfection, and
the antibiotic was mantained in the medium at a low
dose (0.5 pg/mL).

Cell proliferation and flow cytometry analysis

To evaluate and compare the effect in cell
proliferation in stably transfected NIH3T3 expressing
ING5 or its mutants, 2000 cells per well were seeded
in 96-well plates and allowed to grow for different
times. Then, cells were rinsed with phosphate-
buffered saline (PBS) and stained using crystal
violet. The stain was solubilized in 10% acetic acid
after air drying and diluted in water for absorbance
measurement at 595 nm. Three independent exper-
iments were done in quadruplicate. The significance
of the results was evaluated by the Student's t-test.

To analyze the cell cycle phase distribution,
NIH3T3 cells stably expressing ING5 and its mutants
were harvested prior to confluence from a 6-well
plate, fixed with 70% (vol/vol) ethanol, and stored at
~20 °C for overnight. After ethanol was removed by
centrifugation, pellets were resuspended in PBS
containing 40 pg/mL propidium iodide and 100 pg/
mL RNase A, and incubated for 30 min at room
temperature. The DNA content was measured as the
propidum iodide signal to determine cell cycle
profiles using FACSCanto (BD Biosciences) and



2316

Structure—Function of ING5

then analyzed by FACS Diva software. At least
20,000 cells were analyzed from each sample.
NIH3T3 cells already show aneuploidy [29]; howev-
er, the level of aneuploidy in our stock of NIH3T3
cells and vector control cells was much lower than
that in cells expressing the ING5 mutants. The
significance of the results was based on the
Student's ttest.

Immunoprecipitation and Western Blot analyisis

Whole-cell extracts were prepared from trans-
fected HEK-293T cells grown on a 10-cm plate. Cells
were lysed in 1 mL of ice-cold radio-
immunoprecipitation assay buffer (Millipore) supple-
mented with 0.1% SDS and Complete (Roche)
protease and phosphatase inhibitor mixture tablets
as previously described [77]. For immunoprecipita-
tion, mouse monoclonal anti-HA (12CA5 clone;
Roche) and mouse monoclonal anti-AU5 (Abcam)
primary antibodies were used. One microgram of the
antibody was incubated with ~1 mg of the lysate for
16 h at 4 °C. Next, 20 pL of BSA blocked agarose-
conjugated protein A/G beads (Santa Cruz) were
incubated with extracts for 1 h at 4 °C, and after
washing three times with radio-immunoprecipitation
assay buffer, samples were probed by Western
blotting. Samples were resolved by 10% SDS-
polyacrylamide gel electrophoresis and transferred
onto Protran® (Whatman) nitrocellulose membranes
with 0.45-uym pore size. Nonspecific binding was
blocked by 1-h incubation with blocking buffer before
membranes were incubated overnight at 4 °C with
primary antibodies diluted in blocking buffer (5% milk
in Tris-buffered saline without Tween-20). After
extensive washing with TBS plus 0.1% Tween-20,
specific bands were detected on Hyperfim™ (GE
Healthcare) using horseradish peroxidase-conjugat-
ed goat anti-mouse Fcy fragment-specific secondary
antibody (1:10,000; Jackson Immunoresearch) and
the ECL detection system (Biorad).

Immunofluorescence staining

NIH3T3 cells stably expressing ING5 and its
mutants were plated in coverslips in 24-well plates
at a density of 40,000 cells per well. Cells were fixed
with 4% paraformaldehyde in PBS for 20 min at RT,
then treated with 0.1% Triton X-100 in PBS for 10
min at RT, for membrane permeabilization and
incubated for 1 h in blocking solution (2% BSA in
PBS, 0.01% NaN3, glycine 50 mM). ING5 and
mutants were detected with anti-HA (12CA5 clone;
Roche). Primary antibody was diluted 1:200 in
blocking solution. The secondary antibody used
was Alexa Fluor 594 antimouse (Invitrogen
A11005, dilution 1:5000). Washing between the
different steps was carried out with PBS. Cells
were finally mounted on to microscope slides using

Vectashield containing DAPI (Vector). Slides were
examined using a Zeiss Axiimager D1 fluorescence
microscope.

Fluorescence EMSA

Oligonucleotides were designed to generate
single-strand (ss) and double-strand (ds) DNA
ligands (32 nt or 32 bp long) labeled with 6-
carboxyfluorescein (6-FAM) at the 5 end. To
avoid any quenching effect, the dsDNA has two
extra bases at the 5’ end. The sequences corre-
spond to oligonucleotides A3 and B2 previously
used for the same EMSA experiments with ING4
[30]. Oligonucleotides were chemically synthesized
and HPLC-purified by Thermo Scientific or Sigma-
Aldrich, and were solubilized in Tris—EDTA buffer
[10 mM Tris—HCI (pH 8.0), 1 mM EDTA] to a
concentration of 100 pM. For the preparation of the
different dsDNA ligands, labeled:unlabeled oligo-
nucleotides (in a 1:1.2 molar ratio) were mixed and
diluted in annealing buffer [50 mM potassium
acetate, 20 mM Tris-acetate, 10 mM magnesium
acetate, 1 mM DTT (pH 7.9)] to the desired final
concentration. Annealing was performed by incu-
bation in boiling water for 5 min followed by slow
cooling to room temperature. EMSA experiments
were performed by incubating increasing concen-
trations of ING5 or the different domains of ING5
with fluorescent DNA ligands at a final concentra-
tion of 0.1 yM in a 15-pl reaction mixture containing
20 mM Tris—HCI (pH 8.0), 5 mM MgCl,, 50 mM
NaCl, 2 mM DTT, and 0.1 g/L BSA. After incubation
for 10 min at room temperature, glycerol was added
to 5% (v/v) and the reaction products were
separated on a 6% native polyacrylamide gel run
at room temperature in cold 0.5x Tris—Borate—
EDTA buffer for 50 min at 80 V. Labeled nucleic acid
fragments were detected by fluorescence imaging
(ImageQuant LAS4000; GE Healthcare), and quan-
tification of protein—nucleic acid complexes was
performed with ImageQuant TL image analysis
software (GE Healthcare).
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