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(Background: Chromatin-HP1 (heterochromatin protein 1) interaction is crucial for heterochromatin assembly.
Results: hHP1( uses alternative interfaces to bind nucleosomes depending on histone 3 methylation within a highly dynamic

Conclusion: hHP1p explores chromatin for sites of methyl-mark enrichment where it can bind histone 3 tails from adjacent

Significance: We provide a conceptual framework to understand the molecular basis of dynamic interactions regulated by

N

J

Binding of heterochromatin protein 1 (HP1) to the histone H3
lysine 9 trimethylation (H3K9me3) mark is a hallmark of estab-
lishment and maintenance of heterochromatin. Although
genetic and cell biological aspects have been elucidated, the
molecular details of HP1 binding to H3K9me3 nucleosomes are
unknown. Using a combination of NMR spectroscopy and bio-
physical measurements on fully defined recombinant experi-
mental systems, we demonstrate that H3K9me3 works as an
on/off switch regulating distinct binding modes of hHP1p to the
nucleosome. The methyl-mark determines a highly flexible and
very dynamic interaction of the chromodomain of hHP1p with
the H3-tail. There are no other constraints of interaction or
additional multimerization interfaces. In contrast, in the
absence of methylation, the hinge region and the N-terminal tail
form weak nucleosome contacts mainly with DNA. In agree-
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ment with the high flexibility within the hHP18-H3K9me3
nucleosome complex, the chromoshadow domain does not pro-
vide a direct binding interface. Our results report the first
detailed structural analysis of a dynamic protein-nucleosome
complex directed by a histone modification and provide a con-
ceptual framework for understanding similar interactions in the
context of chromatin.

A large number of diverse post-translational modifications
on histones modulate chromatin structure and dynamics.
Methylation of lysine 9 within the H3 N terminus is a crucial
determinant of heterochromatin formation (1). The trimethy-
lated form (H3K9me3) of this modification is found at pericen-
tric heterochromatin in virtually all higher eukaryotes and is
viewed as a hallmark of silenced chromatin (2). H3K9me3 pro-
vides a binding site for heterochromatin protein 1 (HP1), a fam-
ily of non-histone chromatin proteins found in different iso-
forms from Schizosaccharomyces pombe to human. HP1
proteins induce formation of heterochromatin when artificially
targeted to heterologous sites within the genome (3), an effect
that is concomitant with induction of local H3K9me3 (4). Given
the important roles of heterochromatin in gene regulation, it is
surprising that mammalian HP1f is the only HP1 protein
essential for viability (5).

All HP1 proteins share the same architecture consisting of
two structured and conserved domains, a chromodomain
(CD)” and a chromoshadow domain (CSD), connected by a less

”The abbreviations used are: CD, chromodomain; CSD, chromoshadow
domain; ITC, isothermal titration calorimetry; SPR, surface plasmon
resonance.
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conserved hinge region (6). Using histone peptides, it was
shown that a conserved aromatic cage within the CD binds
methylated H3K9 with low (micromolar) affinity but high
sequence specificity and a preference for the trimethylated
states (7-9). However, biochemical work on individual HP1
domains, HP1 proteins of different species and isoforms, has
suggested that the CD might not be sufficient for HP1 nucleo-
some binding but that the hinge region or CSD make major
contacts (10). These findings are supported by the varying
dependence on the different HP1 domains for heterochromatin
localization (5, 11). In particular, the CSD, which mediates
dimerization of all HP1 proteins (12, 13), has been shown to
interact with a plethora of nuclear proteins containing a short
PXVXL consensus sequence (14, 15). Other studies imply a
chromatin interaction largely independent of the histone tails.
Interactions between hHP1s with the core region of H3 (12, 16,
17), of hHP1a with H2A.Z (18), of hHP1« with linker histone
H1 (12, 19, 20), and of human or Xenopus HP1a with DNA (19,
21, 22) or RNA (23) have been reported. In addition, it has been
questioned whether DmHP1 makes stable contacts with chro-
matin in the absence of accessory factors (24). Overall, the
importance and the functional consequence of the HPI1-
H3K9me3 interaction in HP1 chromatin targeting are still
unclear (25).

Understanding the molecular determinants of HP1-chroma-
tin interaction requires biochemical analysis that goes beyond
work on isolated HP1 domains or usage of nucleosomes and
oligonucleosomes isolated from cells and carrying heterogene-
ous histone modification patterns. Recently, work on Swi6
using a fully defined experimental system has suggested that
specific interaction with H3K9me3 chromatin requires multi-
merization of the protein on the template (26). However, it is
unclear whether HP1 proteins of higher eukaryotes work via
similar mechanisms and form fixed complexes on chromatin,
because no structural insights into the HP1-nucleosome inter-
action could be obtained so far.

Despite the key role of histone post-translational modifica-
tions in chromatin biology, no structural analysis of any pro-
tein-nucleosome complex dependent on covalent histone mod-
ifications has been reported. An NMR-based docking model of
the nucleosome with HMG2 (27) and crystal structures of
nucleosome in complex with KSHV LANA peptide (28), with
Drosophila RCC1 (29), and with yeast Sir3 BAH (30) revealed
interactions that involve the acidic patch of the H2A-H2B
dimer and that are independent of histone post-translational
modifications. By using a combination of NMR, biochemical,
and biophysical measurements, we reveal here detailed molec-
ular insights into the hHP1B-nucleosome complex in depend-
ence of H3K9me3.

EXPERIMENTAL PROCEDURES

Sample Preparation—An extensive description of materials
and methods for nucleosome and hHP1 sample preparation is
given in supplemental Methods.

Nucleosome Pulldown Experiments—1 ug of biotinylated
nucleosomes (reconstituted with DNA ligated via an EcoRI site
to a biotinylated oligonucleotide) were preincubated with 50 ug
of streptavidin-coated magnetic beads (Promega) in binding
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buffer (10 mmM triethanolamine-HCI, 150 mm NaCl, 0.1% v/v
Triton X-100, 5% v/v glycerol, 0.1 mm EDTA, pH 7.5) for 4 h at
4 °C. Unbound peptides or nucleosomes were removed by two
washes with binding buffer. Immobilized nucleosomes were
incubated with recombinant HP1 protein for 1 hat4 °C in bind-
ing buffer. Beads were then washed three times with washing
buffer (10 mm triethanolamine-HCI, 300 mm NaCl, 0.1% v/v
Triton X-100, 5% v/v glycerol, 0.1 mm EDTA, pH 7.5), and
bound protein was eluted by boiling the beads in sample loading
buffer. Samples were run on SDS-polyacrylamide gels either
stained with Coomassie or transferred to nitrocellulose mem-
branes for Western blotting. For Western analysis, primary
antibodies were used as follows: anti-H3 1:40,000 (Abcam) and
anti-HP1B 1:2000 (Millipore).

Fluorescence Polarization Measurements—Fluorescence
polarization assays were carried out and analyzed as described
previously (31). Experiments were performed at 293 Kin 10 mm
triethanolamine-HCI, 150 mm NaCl, 0.1 mM EDTA, 2 mmDTT,
pH 7.4. Titration series of a 10-ul volume in 384-well plates
were read multiple times on a Plate Chameleon II plate reader
(HIDEX Oy). Multiple readings and independent titration
series were averaged after data normalization.

Isothermal Titration Calorimetry—ITC measurements were
performed on an iTC200 calorimeter (Microcal) at 293 K in 10
mM triethanolamine, 150 mm NaCl, 0.1 mm EDTA, 2 mMm DTT,
pH 7.4. Reaction heats were recorded by sequences of 37 injec-
tions of 0.6, 1.8, or 3 mm hHP1p3, spaced at 120-s intervals, into
250 wl of 20, 60, or 150 um H3 peptides or nucleosomes under
constant stirring at 1000 rpm (injections 1-10, 0.5 ul each;
injections 11-32, 1 ul each; and injections 33-37, 2 ul each).
Data analysis was performed with Origin® software, as de-
scribed in supplemental Methods.

Surface Plasmon Resonance—SPR measurements were per-
formed on a Biacore 2000 instrument (GE Healthcare) at 298 K
in 10 mm triethanolamine, 150 mm NaCl, 0.1 mm EDTA, 1 mm
DTT, 0.005% Tween 20, pH 7.4. Varying amounts of biotiny-
lated ligands were immobilized on streptavidin-coated sensor
chips SA (GE Healthcare) using different contact times and
concentrations. hHP1 proteins were injected at 24 nm to 50
uM (serial 2-fold dilutions) for 2 min (30 wl/min). Dissociation
was recorded for up to 5 min. Data evaluation was performed
using BIAevaluation 4.1 and Prism 5.04 (GraphPad) software,
as described in supplemental Methods.

NMR Experiments—NMR spectra were recorded on Bruker
spectrometers operating at 'H frequencies of 600, 700, 800, and
900 MHz equipped with cryogenic probes. Unless otherwise
specified, the temperature was 303 K. Data were processed with
NMRPipe (32) and analyzed using the software Sparky (T. D.
Goddard and D. G. Kneller, University of California, San Fran-
cisco). Mathematical and graphical analysis was performed
using Origin® and Wolfram Mathematica®. Three-dimen-
sional structures were visualized using PYMOL.

Assignment of backbone chemical shifts for WT hHP18 was
achieved by standard TROSY-based three-dimensional (33)
and APSY five-, six-, and seven-dimensional experiments (34,
35). Because of the high correspondence of 'H-'">N HSQC spec-
tra, the assignment was transferred to the shorter mutants
ANAC and CSD and verified by additional multidimensional
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experiments where required. Backbone assignment of
hHP1BI161A was completed with three-dimensional HNCA
and three-dimensional CBCA(CO)NH experiments. Methyl
resonances were assigned with three-dimensional CC(CO)-
NH, three-dimensional H(CC)(CO)NH, and three-dimen-
sional HCCH-TOCSY experiments.

Titration of hHP1B with H3 peptides or nucleosomes was
followed by TROSY "H-'*N HSQC and 'H-">C HMQC exper-
iments. "H-">*C HMQC spectra were recorded at 800 MHz, 310
K, and in a 100% D,O-based buffer when the [U->H]JhHP13
with selective methyl ['**CH,,">CD;]Val, Leu labeling was used
(36).

Cross-saturation experiments were recorded at 700 MHz,
282 K using 0.1 mm U-?H,**N-labeled hHP18 and unlabeled
0.01 mm H3K-9me3 nucleosome. Saturation of nucleosome
protons was achieved by a WURST-2 decoupling scheme fol-
lowed by TROSY 'H-'*N HSQC (37). The irradiation fre-
quency was set to 0.9 ppm for selective saturation of aliphatic
protons and to 30 ppm for the reference. The irradiation time
was 2 s, and the recycling delay was 4 s. Additional cross-satu-
ration experiments were performed at different temperatures
(289, 296, 303, and 310 K) and using different irradiation fre-
quencies (2.9 ppm) and irradiation times (1 s). hHP1 in the
absence of nucleosome, measured under the same experimen-
tal condition, was used as reference for data normalization.

To measure the rates of cross-correlation between '°N
chemical shift anisotropy and '"H-"°N dipole-dipole interaction
(nxy) of U-2H,*®N-labeled hHP1, we used the TROSY-based
pulse sequence developed for proteins larger than 50 kDa (38).
The experiments were recorded at 800 MHz, 303 K with a relax-
ation delay 27 = 1//;; = 10.8 ms.

The hydrodynamic radius of CD(19-79) was determined at
two different concentrations from diffusion coefficients meas-
ured by pulsed field gradient NMR. Stimulated echo-diffusion
experiments were performed at 303 K.

RESULTS

Specific Binding of hHP1B to the H3K9me3 Nucleosome Is
Noncooperative—To dissect the molecular mechanisms of the
hHP1B-nucleosome interaction, we employed a fully recombi-
nant nucleosome system. Histone H3 was uniformly modified
introducing H3K9me3 by native chemical ligation as described
in supplemental Methods and supplemental Fig. 1.

Pulldown experiments showed specific interaction of hRHP13
with H3K9me templates, with a clear preference for the trim-
ethylated state (me3), over the di- (me2) and mono (mel)-
H9-methylated nucleosomes (Fig. 1A4). In contrast, almost
no interaction was observed with unmodified or H3K4me3
nucleosomes (Fig. 1, A and B).

To obtain quantitative interaction data at thermodynamic
equilibrium, we performed SPR measurements (Fig. 1C). In
titration experiments using different immobilization levels of
H3K9me3 nucleosomes, we could reach close to saturation of
hHP1p binding. With exemption of very high immobilization
levels of H3K9me3 nucleosomes where some binding that
could not be washed off by buffer occurred (supplemental Fig.
1N), all binding curves could be fitted well using a one-site
binding model. In agreement, analysis by Hill plotting did not
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FIGURE 1. hHP1 B specifically interacts with H3K9me3 nucleosomes. Aand
B, pulldown experiments using synthetic nucleosomes uniformly containing
the indicated histone H3 modification status immobilized via biotinylated
DNA on streptavidin-coated magnetic beads and soluble recombinant
hHP1 3. Recovered material was analyzed by Western blotting using the indi-
cated antibodies and by Ponceau staining. Note that streptavidin stripped
from the beads runs with H4 on the SDS-polyacrylamide gel. G, SPR analysis of
titration series of soluble hHP1B WT interacting with unmodified (immobili-
zation of 940 response units (RU)) and H3K9me3 (immobilization of 950 RU)
nucleosomesimmobilized via biotinylated DNA on a sensor chip. D, pulldown
experiments using symmetrically or asymmetrically H3K-9me3-modified
nucleosomes. E, comparative steady state evaluation of hHP13 binding to
symmetric or asymmetric H3K-9me3 nucleosomes. SPR binding responses
shortly before the end of the association phase were plotted against the ana-
lyte concentration and fitted by nonlinear regression assuming a 1:1 interac-
tion model. Data of two independent measurements were normalized to
Rmax = 100% and averaged.

reveal any cooperativity (supplemental Fig. 10). We deduced
the dissociation constant for H3K9me3 nucleosomes using SPR
at 24 * 1.9 um, a value similar to the binding affinity to a
histone H3 (residues 1-15) K9me3 peptide (0.9 = 0.3 um)
determined by the same method (see Table 1). Retention on
unmodified nucleosomes, in contrast, was far lower implying
high specificity of interaction. Although no faithful binding
constant could be deduced due to the limited number of titra-
tion points that showed significant retention (supplemental Fig.
1N), we note that binding to unmodified nucleosomes occurred
and was increased compared with the isolated unmodified
H3-tail.

To further understand the molecular details of hHP13
nucleosome interaction, we used a structural approach.
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TABLE 1

Apparent dissociation constants of hHP 1 as determined by different
experimental methods

The following abbreviations are used: FP, fluorescence polarization; ITC, isothermal
titration calorimetry; and SPR, surface plasmon resonance. K, values represent
averages and standard deviation of multiple independent measurements (FP),
including different concentrations of hHP1B and peptides or nucleosomes (ITC) or
varying immobilization levels of peptides or nucleosomes (SPR).

K, (mm), hHP1B K, (mm), CSD
H3K9me3 nucleosome 2.4 * 1.9 at SPR
H3K9me3 nucleosome 8.0 = 0.3 at SPR NB” atITC
22 =17 atITC
Unmodified nucleosome ND? at SPR
K9me3 H3(1-15) peptide 1.9 = 0.6 at FP NB“ at FP
0.9 = 0.3 at SPR
14 *0.6atITC
Kc9me3 H3(1-15) peptide 7.5 *= 2.6 at FP
11 =4 atITC
Unmodified H3(1-15) peptide >300° at FP NB“ at FP
>300° at SPR
>500°at ITC

“ NB means not binding; titration curves could not be analyzed due to lack of
binding signals.

» ND means not determined; although interaction was clearly observed, no bind-
ing constants could be deduced faithfully due to the limited number of data
points (see supplemental Fig. 1N for details).

¢ In the case where titration curves did not reach the inflection points, minimal
values for K, are given.

Because stable association of hHP1B with nucleosomes could
not be found in analytical ultracentrifugation experiments
(supplemental Fig. 1), we took advantage of nuclear magnetic
resonance spectroscopy. NMR is particularly suited for the
study of dynamic multicomponent systems as it allows
insights at atomic levels into both structural effects and
dynamic behavior for each domain while working with the
full-length complex.

NMR Analysis of hHPIB Bound to the H3K 9me3
Nucleosome—To overcome limitations in the amounts of
H3K9me3 nucleosomes, a methyl lysine analog (H3K-9me3)
was used for the NMR experiments (see supplemental Meth-
ods and supplemental Fig. 1 for details on reconstitution).
H3K9me3 provided a reasonable mimic of the methyl-ly-
sine in nucleosome recognition by hHP1 as determined by
ITC and SPR experiments (Table 1 and supplemental Fig.
1M) (39, 40).

We performed a series of titrations using two-dimensional
relaxation-optimized 'H,"*N-heteronuclear correlation NMR
experiments (33). Addition of unlabeled H3K-9me3 nucleo-
some to U-?H,"*C- and '°N-labeled hHP1p resulted in gradual
loss of signal intensity for many backbone resonances con-
comitant with small shifts occurring on the fast to interme-
diate NMR time scale (Fig. 24). As shown by residual signal
intensity and chemical shift difference plots at a molar ratio
of 1:2 of hRHP1B8:H3K9me3 nucleosome, residues within the
CD were most affected (Fig. 2B). In addition, signals of the
CSD were strongly broadened but without any chemical shift
perturbation.

In the hinge region, a bell-shaped intensity profile with
the maximum around residue Asp-90 was observed (Fig. 2B).
The intensity values were highly similar to those observed
for the protein in its free state, indicating that the central part of
the linker retained similar dynamics as in the absence of nucleo-
some but gradually lost flexibility at the joints with the struc-
tured CD and CSD. In addition, residues in the vicinity of
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Lys-99 experienced small but reproducible changes in NMR
signal position (Fig. 2B, lower panel, and supplemental Fig. 2A4).
As this effect was absent in the hHP1B-H3K-9me3 peptide
complex (supplemental Fig. 2, A and B), it points to a possi-
ble interaction between the hinge region and the core of the
nucleosome particle. Instead, chemical shift changes in the
unstructured N-terminal tail of hHP13 were observed both
in the hHP1B-H3K-9me3 nucleosome and the hHP1pB-
H3K-9me3 peptide complex (Fig. 2B and supplemental Fig.
2B), suggesting that they are linked to the recognition of the
H3K9me3-tail by the CD.

CD Is the Only Region of hHP1B That Stably Contacts the
H3K-9me3 Nucleosome—To clearly define the contact inter-
faces of hHP1p in binding to the H3K-9me3 nucleosome, we
performed NMR cross-saturation experiments (37). We selec-
tively saturated the nucleosome aliphatic resonances and then
allowed transfer of the magnetization to the amide protons of
hHP1B. The signal attenuation profile of Fig. 2C, which repre-
sents the level of success of saturation transfer over the protein
sequence, unambiguously demonstrates that the only region of
hHP1 that stably contacts the nucleosome is the CD (Fig. 2, C
and D). Consistent with the observed changes in chemical
shifts (Fig. 2B), the N-terminal tail experienced a small but
considerable saturation effect suggesting a weak interaction
with the nucleosome. However, the N-terminal tail does not
contribute to the structural changes observed for the CD
upon histone-tail binding, as addition of H3K9me3 peptide
induced highly similar chemical shift changes in the CD of
wild-type (WT) and mutant hHP1S lacking the N- and
C-terminal tails (hHP1BANAC) (supplemental Fig. 2C). In
addition, no changes were seen for the hinge region, the
CSD, and the C-terminal tail at a wide range of temperatures
(282-310 K) and different saturation times and saturation
schemes (Fig. 2C and supplemental Fig. 2). The results imply
that these regions do not bind directly or may contact the
nucleosome only weakly, such as the hinge region (see
below), with a kinetic modality that prevents detection by
NMR cross-saturation.

In contrast to the N-terminal tail and the hinge region, no
NMR chemical shift changes were observed in the CSD (Fig.
2B). Moreover, when using the isolated CSD (residues 107—
176), we did not detect any interaction with the H3K9me3 pep-
tide or the H3K-9me3 nucleosome (Table 1). However, addi-
tion of H3K-9me3 nucleosomes induced a strong reduction
in the NMR intensities of the CSD in full-length hHP18 (Fig.
2B). The reason for the observed signal broadening (in absence
of chemical shift changes) most likely lies in hydrodynamic cou-
pling (41, 42). Because of the spatial proximity of the CD
nucleosome complex, the rotational diffusion of the CSD will
be affected, even in the absence of a direct contact of the CSD
with the nucleosome. Indeed, '°N spin-relaxation measure-
ments (1,,) (38) of hHP1B in the free state compared with those
of hHP1B bound to the H3K 9me3 nucleosome showed
enhanced relaxation in the context of the complex for both CD
and CSD (Fig. 4A). As the 7, rate does not contain contribu-
tions from chemical exchange, its elevated value following
binding to nucleosome indicates a decreased rotational diffu-
sion of both domains. Moreover, we observed a remarkable

JOURNAL OF BIOLOGICAL CHEMISTRY 33759

€102 ‘8 ludy uo ‘UsBumMB0D 8TOLE'TF8Z Id'IdIg UYeH ONO‘alWayD aydsifesisAydolg isu| Youeld Xej 1e B10°9gl MMM WOy papeojumod


http://www.jbc.org/cgi/content/full/M112.390849/DC1
http://www.jbc.org/cgi/content/full/M112.390849/DC1
http://www.jbc.org/cgi/content/full/M112.390849/DC1
http://www.jbc.org/cgi/content/full/M112.390849/DC1
http://www.jbc.org/cgi/content/full/M112.390849/DC1
http://www.jbc.org/cgi/content/full/M112.390849/DC1
http://www.jbc.org/cgi/content/full/M112.390849/DC1
http://www.jbc.org/cgi/content/full/M112.390849/DC1
http://www.jbc.org/cgi/content/full/M112.390849/DC1
http://www.jbc.org/cgi/content/full/M112.390849/DC1
http://www.jbc.org/cgi/content/full/M112.390849/DC1
http://www.jbc.org/cgi/content/full/M112.390849/DC1
http://www.jbc.org/cgi/content/full/M112.390849/DC1
http://www.jbc.org/

Molecular Analysis of hHP 13 Nucleosome Interaction

A ° B — e el — o agaoo—
105 { W HP1p free G34 5 s
B HP1p + H3KcIme3 nucleosome - ]
76 . = 1.0
ok
9% . 0.8
g_ 115 A = 06
o
= = 0.4
120
2 0.2]
125 0.0 H
0 20 40 60 80 100 120 140 160 180
0.354
130 0.30
E 0.25]
g
7 |f 0.20-
Z 0.15
<
0.104
c 0.05-
o.oo.l
[52’7 0 20 40 60 80 100120 140 160 180
1.0 residue
p1
s 0.8+ N B3
< 06 N L T ad
) \é}/ ) Isat/lret
0.4 (
\ 0.5_
0.2 c l
0.0 chromo domain 1_

0 20 40 60 80 100120 140 160 180
residue

FIGURE 2. Molecular determinants of hHP 1 binding to H3K.9me3 nucleosome defined by NMR spectroscopy. A, two-dimensional TROSY-"H,"*N HSQC
spectra of hHP1B alone (blue) and with H3K-9me3 nucleosome at a molar ratio of 1:2 (red). Residues experiencing large changes are annotated. B, intensity loss
(I/,) and weighted chemical shift difference (ASNH) values from the spectra in A are plotted as a function of hHP1 primary sequence. A cluster of signals
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gray.

decrease in signal broadening of the CSD when we used a
hHP1BI161A mutant, in which dimerization of the CSD is
impaired but the overall fold is retained (supplemental Fig. 3),
in line with a partial relief of the hydrodynamic coupling. Signal
broadening on CSD peaks due to hydrodynamic coupling was
further abolished when using the isolated CSD(107-176) (sup-
plemental Fig. 3, A—C). Taken together, the results demonstrate
that the CSD of hHP1 does not provide any additional contact
interface to the nucleosome.

Binding of the CD of hHP13 to the H3K -9me3 Nucleosome Is
Structurally Equivalent to Interaction with a Free H3K9me3
Histone Tail Peptide—To reveal the molecular basis of the
dominant role of the CD in H3K-9me3 nucleosome binding,
we directly compared chemical shift changes induced in the CD
upon binding the H3-tail within the H3K-9me3 nucleosome
and within the free H3K9me3 peptide (Fig. 3). The NMR anal-
ysis clearly demonstrated that the same cluster of residues of
the CD comprising the aromatic cage was perturbed (Figs. 2B
and 34 and supplemental Fig. 2B). Moreover, changes in chem-
ical shifts of the methyl groups of valine and leucine residues in
the CD were highly similar in the two complex structures (Fig.
3B and supplemental Fig. 4). In contrast, no changes were
observed in the CSD (Fig. 3, B and C). However, at identical
molar ratios, the absolute values of chemical shift deviation
were higher in the case of the peptide (Fig. 3A4), consistent with
the higher affinity of hHP1S for the H3K9me3 peptide com-
pared with the H3K-9me3 nucleosome complex (Table 1).
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For detailed comparison of the chemical shift changes of
the CD in the two complexes, we used the H3K-9me3 peptide
as reference. We observed strong correlation between the
direction of ">N/'H chemical shift changes upon binding to
H3K9me3 nucleosome (red) and those upon binding to
H3K9me3 peptide (gray) (Fig. 3D). In addition, the affinity-
independent values of A8'°N/A8"H were almost identical (Fig.
3E). As chemical shifts are influenced by even minute altera-
tions in the chemical environment, the high correspondence of
the shift trajectories indicates that the structure of the CD in the
peptide and nucleosome-bound state is the same. The chemical
shifts of the hHP1B-H3K9me3 peptide complex at saturation,
which was already reached at a molar ratio of 1:4, served as good
approximation for the chemical shifts of the hHP1B-bound
state interacting with the nucleosome. Therefore, these allowed
us to estimate the amount of the nucleosome-bound hHP1f3
under the exact conditions of temperature, concentration, and
buffer of the NMR experiment. Based on the chemical shift
changes of hHP1p residues that are in the fast-exchange bind-
ing regime, ~54% of hHP1Bis bound to the H3K 9me3 nucleo-
some at a hHP13/H3K:9me3 nucleosome molar ratio of 1:2.
The high correspondence of the chemical shift changes
observed for hHP1B in complex with the H3K9me3 peptide,
the H3K9me3 peptide, and the H3K-9me3 nucleosome (Fig. 3
and supplemental Fig. 2D) strongly suggests that there are no
additional interactions of the CD, such as CD-CD dimerization
in the context of the nucleosome.
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(green). Black arrows highlight some of the CD peaks shifting in the same direction in the two binding events. B, chemical shift differences of methyl resonances
(ASCH) in U-H,'2C, selective methyl Val and Leu "*CH,,'?CD,-labeled hHP 1, upon binding to H3K-9me3 nucleosome (black; hHP1B/nucleosome molar ratio
of 1:2) and to H3K9me3 peptide (green; hHP13/peptide molar ratio of 1:2) relative to the free state. C, 'H,">C chemical shift changes of methyl groups of hHP13
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with chemical exchange that is fast on the NMR time scale were considered.

hHPI1B-H3K 9me3 Nucleosome Complex Is Highly Flexible—
The NMR analysis of the hHP1B-H3K-9me3 nucleosome
interaction suggested that the H3-tails, from the viewpoint of
binding to hHP1p, behave independently from the core of the
nucleosome. This is further supported by a “tail-transplanta-
tion” experiment (Fig. 4B) where nucleosomes reconstituted
with a chimeric H2B-H3K9me3 (see supplemental Methods for
details) bound hHP1p as efficiently as the wild-type H3K9me3
material. The result further confirms interaction with the
nucleosome that is solely directed via CD-H3K9me3 H3-tail
binding of hHP1B independent of other contacts.

Beyond the dynamic nature of the H3-tail, '°N spin-relax-
ation rates showed that all hHP183 domains are very flexible
within the complex with the H3K-9me3 nucleosome (Fig. 4A4).
Assuming that the CD tumbles together with the core of the
nucleosome as a rigid unit (see supplemental Methods for
details), we estimated a '°N cross-correlation rate of ~110s~*
on the basis that 54% of hHP1p is nucleosome-bound at the
conditions of the NMR experiment (see above). Experimen-
tally, however, we found a 15N cross-correlation rate of ~50
s~ !, demonstrating that the CD remains highly mobile when
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FIGURE 4. Dynamics of the hHP1$-nucleosome complex. A, >N cross-cor-
relation rates (v,,) measured for U-°H,"°N- labeled hHP1p in the free state
(blue) or with H3Kc9me3 nucleosome at a molar ratio of 1:2 (red). The dashed
line at 110 s~ ' marks the expected 7y, Value for the CD if it would tumble
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terminus (see schematic representation on the /eft). Recovered material was
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FIGURE 5. Interaction interfaces of hHP1 with unmodified and H3K.9me3 nucleosome are different. A, selected regions of the TROSY "H,"*N HSQC
spectrum of free hHP1 (black) and of hHP 18 in the presence of unmodified nucleosome (orange), free 601-DNA (red), or unmodified H3-tail peptide (light blue).
In all three cases, the hHP13/ligand molar ratio was 1:1. Arrows highlight the direction of peak shifts for some residues in the CD. B, hHP13-"H,"°N resonance
intensity loss upon binding to unmodified nucleosome (orange) and H3K-9me3 nucleosome (black) as a function of residue number. The hHP1/ligand molar
ratio was 1:2in both cases. C, chemical shift changes (ASNH) upon hHP1 3 binding to unmodified nucleosome. D, comparison of chemical shift changes (ASNH)
in WT hHP1 3 (orange) and hHP1BANAC (green) in the presence of unmodified nucleosome, both at 1:1 molar ratio. E, lysine patches in the hHP13 N-terminal
and hinge region (see also supplemental Fig. 5F). F, comparison of chemical shift changes induced in WT hHP13 upon binding to free 601-DNA (red) and
unmodified nucleosome (black), both at 1:1 molar ratio. G, 'H,"*N chemical shift changes in WT hHP18 (red) and hHP1BANAC (green) in the presence of

601-DNA at molar ratios of 1:1.

bound to the H3K-9me3 nucleosome. The NMR relaxation
data also showed that the CSD moves independently from the
core of the nucleosome, whereas the dynamic properties of the
N and C terminus as well as the hinge region were highly similar
to those observed in the free state. Taken together, the results
reveal that HP1B-H3K9me3 nucleosome complex is a highly
flexible assembly.

Binding Modes of hHP1B to Unmodified and H3K-9me3
Nucleosome Are Different—Analysis of hHP1B-nucleosome
interaction using pulldown, ITC, and SPR experiments had
shown clear differences in binding strength to unmodified and
H3K9me3 nucleosomes. However, the nature of hHP1 bind-
ing to the unmodified template remained unclear. We therefore
analyzed the interaction by NMR. Little signal broadening and
small chemical shift changes point to a relatively weak interac-
tion that is in fast exchange on the NMR time scale (Fig. 5, A and
B). Although the CD was affected, the largest chemical shift
changes were observed in the N-terminal tail of hHP18 (Fig.
5C). Importantly, chemical shift changes induced in the CD did
not match those observed upon binding to the H3K-9me3
nucleosome (Fig. 2B) or free unmodified H3-tail peptide (Fig.
5A and supplemental Fig. 5). The observed perturbations not
only involved different residues but also had different direction

33762 JOURNAL OF BIOLOGICAL CHEMISTRY

and magnitude (Fig. 54). Indeed, no changes in the chemical shifts
of methyl resonances of the CD were detected (supplemental Fig.
5), suggesting that the CD does not directly contact the unmodi-
fied nucleosome. Consistent with this hypothesis, titration of the
tail-less mutant protein of hHP183 (hHP1BANAC) with unmodi-
fied nucleosome did not affect the CD (Fig. 5D). We conclude that
hHP1p interacts with the unmodified and H3K-9me3 nucleo-
some by distinct mechanisms.

Which parts of the unmodified nucleosome are involved in
the binding to hHP13? Residues 97-109 in the hinge region of
hHP1B showed highly similar chemical shift changes in the
presence of H3K-9me3 nucleosome and unmodified nucleo-
some (Figs. 2B and 5C and supplemental Fig. 24). In contrast,
no changes were observed in the hinge region for hHP18 bound
to the H3K9me3 peptide (supplemental Fig. 2, A and B). Thus,
an additional component in the nucleosome core that is not
present in the peptide interacts with the hinge region. Based on
the quantitative binding measurements and the inability to
detect the contact in NMR cross-saturation experiments (Fig.
2(C), this interaction must be weak.

Previous studies have shown that the positively charged
hinge region of human or Xenopus HP1a can bind DNA (19, 21,
22) or RNA (23). The very N terminus of hHP1p also contains
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patches of charged residues (Fig. 5E and supplemental Fig. 5F).
To further elucidate the nature of hHP1B binding to the
unmodified nucleosome, we probed the interaction of free 601-
DNA, which was used for nucleosome reconstitution, with WT
as well as ANAC hHP1p. Strikingly, the chemical shift changes
induced by free 601-DNA in hHP1B3 WT were highly similar to
those seen in the presence of unmodified nucleosome (Fig. 5F).
In addition, for hRHP1BANAC changes were restricted to the
hinge region (Fig. 5G). The high correspondence of NMR signal
perturbations indicated that the very N terminus and the hinge
region of hHP1 transiently associate with DNA of the unmod-
ified nucleosome. The most affected part inside the hinge
region has been identified within residues 97-109, which
includes the lysine patch (residues 101-104) that previous
mutagenesis studies have shown to be essential for the interac-
tion between hHP1a and DNA (19). The results indicate that
binding of hHP1B to unmodified and H3K9me3 nucleosome
involves completely different contact interfaces.

hHP1B Can Bridge Adjacent H3K_9me3 Nucleosomes—In
light of the high flexibility of hHP1p protein in its free form and
in complex with nucleosome, where CD-H3K9me3 represents
the only anchoring point of interaction, we tested the ability of
the protein to engage immobilized H3K9me3 nucleosomes in
bridging interactions. To this end, we designed a pulldown
experiment with immobilized asymmetrically H3K-9me3-
modified nucleosome, i.e. nucleosomes with only one of the two
H3 tails carrying K9me3 and the other one being unmodified
(see supplemental Fig. 1R for scheme of reconstitution). Bind-
ing analysis of hHP1p to this species showed only minor differ-
ences in interaction compared with the symmetrically modified
templates (Fig. 1D). These results were further confirmed by
SPR measurements, for which the protein concentration
dependences of hHP18 binding to asymmetrical or symmetri-
cally methylated nucleosomes (Fig. 1E) was comparable, a
behavior that is not possible unless the unbound CD of hHP1j3
dimer finds its partner in a nearby nucleosome. Thus, the data
indicate that simultaneous contacts of both CDs of an hHP1
dimer to two H3K9me3 marks of a symmetrically modified
nucleosome are not a prerequisite for binding. More impor-
tantly, bridging interactions of hHP1p to nucleosomes depos-
ited on a chromatin mimicking surface occur, facilitated by the
high flexibility of the system.

DISCUSSION

Although HP1 proteins are implicated in establishing and
maintaining heterochromatin in many experimental systems,
mammalian HP18 is the only HP1 protein essential for viability
(5). Previous work on component systems using isolated his-
tone peptides and/or individual protein domains, as well as
analysis of HP1 of different species and isoforms, has deter-
mined parameters of HP1-chromatin binding implying various
interaction interfaces (5, 11, 43). On the basis of the many dif-
ferent findings, it is not possible to deduce a coherent picture of
general HP1-chromatin interaction and function.

Our study using a fully defined system of uniformly modified
nucleosomes unambiguously defines the binding mode of
hHP1p to unmodified and H3K9me3 nucleosomes. We provide
quantitative and single-residue resolution details of alternative

SEPTEMBER 28, 2012 +VOLUME 287 -NUMBER 40

binding interfaces in dependence of H3K9 methylation. The
hHP1B-H3K9me3 nucleosome complex is a highly dynamic
assembly (Figs. 2 and 4). Methylation at lysine 9 in histone 3 is
the major determinant of the interaction. Serving as an on/off
switch it generates a binding site for the CD. There are no other
constraints, and even the CD bound to the methyl-mark, which
represents the only stable anchoring point of the complex,
remains highly mobile (Fig. 4).

Previous studies reported that the CSD of hHPIo and hHPIy
bind a portion of the globular domain of H3, named the
“Shadock” region (16). However, because those results came
from biochemical assays with isolated histones, it is possi-
ble that the interaction does not occur in the integral nucleo-
some assembly, where the “Shadock” region is partially buried
(44). Indeed, our NMR (Figs. 2 and 3), SPR, and ITC data (Table
1) indicate that the CSD is not involved in direct binding to the
nucleosome. Further studies using different assembly states of
the binding partners are required to resolve whether CSD-
Shadock or other interactions with histone globular cores (12)
occur when chromatin gets unfolded and exposes epitopes oth-
erwise occluded such as proposed in the S-phase (17).

In the absence of H3K9 methylation, the CD is not involved
in binding to the nucleosome, and different interfaces as com-
pared with the CD-H3K9me3 interaction are used. The N-ter-
minal tail and the hinge region of hHP18 contact nucleosomal
DNA (Fig. 5). This is in clear contrast to the binding properties
to the isolated H3-tail peptide that binds to the CD even in the
absence of the methyl-mark (Fig. 54 and supplemental Fig. 5).
In peptide studies, the methyl-mark primarily regulates the
affinity to hHP1p but not the binding interface.

What is the role of the weak DNA binding in the context of
chromatin? We hypothesize that in the absence of H3K9me3,
the interaction of hRHP13 with DNA may result in the diffusion
of hHP1pB along the surface of chromatin. Such explorative
binding has been postulated for transcription factors that
search for their high affinity target sites while having unspecific
binding to general DNA sequences (45, 46). At regions of low-
to-medium local concentration of H3K9me3, this diffusion will
be slowed down, as the hHP18 CD will engage in interaction
directed by the H3 tail modification. We envision that only at
areas of the genome that contain high density of H3K9me3,
both CDs of the hHP18 dimer can simultaneously bind their
cognate target leading to stable, ie. prolonged, binding to
chromatin.

The only other study of an HP1 protein, Swi6 of S. pombe, in
the context of fully defined chromatin systems recently pro-
vided a model for heterochromatin spreading that involves CD-
mediated oligomerization (26). Our findings on hHP18 using
the same (SPR, analytical ultracentrifugation, and size exclu-
sion chromatography-multiangle laser light scattering (SEC-
MALLS) as well as other (ITC, pulldown, and NMR) analysis
tools indicate remarkable differences in binding of the two HP1
factors to chromatin templates. Swi6 showed, besides CSD
dimerization, homo-interaction via the CD that was suggested
to increase the specificity for H3K-9me3-chromatin in a coop-
erative manner. We and others (6, 13, 47) did not find a similar
multimerization behavior of hHP1B (supplemental Fig. 3, D
and E). Indeed, NMR diffusion measurements indicated a
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hydrodynamic radius of the isolated CD of 1.55 % 0.05 nm for
concentrations up to 1 mu in full agreement with monomeric
behavior. Moreover, the stoichiometry of the hHP1B-
H3K9me3 nucleosome interaction is low, which is indicative of
binding of individual hHP1 dimers (Fig. 1). Detailed Hill anal-
ysis of the quantitative binding data revealed no cooperativity
(supplemental Fig. 1), a finding that is in agreement with the
very high flexibility of the complex. Indeed, in comparing the
NMR chemical shifts within the hHP1B3-H3K9me3 peptide,
hHP1B-H3K9me3 peptide, and hHP1B3-H3K-9me3 nucleo-
some complexes, we found no evidence for CD-CD interaction
induced by immobilization on the nucleosome (Fig. 3 and sup-
plemental Fig. 2). In addition, binding strength of hHP1 to
H3K9.me3 nucleosomes was at least 1 order of magnitude
lower as that reported for Swi6. Furthermore, discrimination of
binding to unmodified and H3K9me3 nucleosomes is high for
hHP1p and similar to what is seen on isolated peptides (Table
1), whereas substantial interaction with unmodified nucleo-
somes had been reported for Swi6, both in gel shift and SPR
experiments (26).

Our studies point to putatively distinct biochemistry and
divergent chromatin binding modes of HP1 proteins. Interest-
ingly, earlier studies have found that the CD domain of hHP1f3
but not hHP1a« is essential for heterochromatin targeting (48,
49). Human and Xenopus HP1a, but not Xenopus Hplvy, show
strong interaction with DNA (22) and nucleosomes or nucleo-
somal arrays independent of H3K9me3 (19, 21). Also, Swi6
binding strength to free DNA and H3K9me3 chromatin templates
is comparable (26). In this context, CD-mediated multimerization
of some HP1 proteins but not others might be required to regulate
DNA-mediated unspecific versus H3K9me3-specific binding to
nucleosomes. Discrete impact of additional parameters on HP1
biochemistry also needs to be considered as follows. (i) binding of
distinct HP1 proteins to other factors, e.g via the CSD and/or
hinge region, might modulate interaction differentially (5, 43). (ii)
Post-translational modification of the different domains of HP1
proteins could specifically tune chromatin-binding events (43, 50).
(iii) The status of the chromatin template itself might be an impor-
tant regulator, e.g linker histones of the H1 type could preclude or
enhance HP1 binding either directly (12, 19, 20) or indirectly by
modulating chromatin structure (51). (iv) Timing of interaction
within the cell cycle could allow or prevent certain types of binding
(12, 17).

We suggest that the highly flexible nature of hRHP1B in its free
and bound forms plays an important role in its fundamental
biological activity to connect different nuclear processes, as it
enables the second hHP1f binding platform, i.e. the chromo-
shadow domain, to be adapted within the dense chromatin
architecture to recruit additional proteins. Moreover, it allows
sampling of a relatively large structural space for binding of
chromodomain to H3K9me3 tails of nearby nucleosomes. The
ability of the protein to engage immobilized nucleosomes in
bridging interactions, confirmed by our SPR and pulldown
experiments (Fig. 1, D and E), provides an effective structural
linker of distinct chromatin layers (18, 25).

Overall, we provide detailed structural insights into a
dynamic protein-nucleosome complex directed by histone
modification and offer a conceptual framework to understand
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the molecular basis of similar dynamic and flexible interactions
regulated by histone post-translational modification in the con-
text of chromatin and epigenetics.
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