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Chromatin structure and function are regulated by numerous
proteins through specific binding to nucleosomes. The structural
basis of many of these interactions is unknown, as in the case of
the high mobility group nucleosomal (HMGN) protein family that
regulates various chromatin functions, including transcription.
Here, we report the architecture of the HMGN2-nucleosome com-
plex determined by a combination of methyl-transverse relaxation
optimized nuclear magnetic resonance spectroscopy (methyl-
TROSY) and mutational analysis. We found that HMGN2 binds to
both the acidic patch in the H2A-H2B dimer and to nucleosomal
DNA near the entry/exit point, “stapling” the histone core and the
DNA. These results provide insight into how HMGNs regulate chro-
matin structure through interfering with the binding of linker
histone H1 to the nucleosome as well as a structural basis of how
phosphorylation induces dissociation of HMGNs from chromatin
during mitosis. Importantly, our approach is generally applicable
to the study of nucleosome-binding interactions in chromatin.

Packaging of the eukaryotic genome into chromatin is regu-
lated by numerous chromatin factors and enzymes that bind

to nucleosomes (1–4), the fundamental building block of chroma-
tin that is formed by approximately 146 base pairs of DNA
wrapped around an octamer containing two copies each of
histone H2A, H2B, H3, and H4 (Fig. 1 A and B) (5–7). Despite
the central role of these interactions in chromatin biology and
gene regulation, little structural information is available on
how chromatin enzymes and factors recognize nucleosomes, in
particular for those recognitions that are independent of post-
translational modifications of histone tails. High mobility group
nucleosomal (HMGN) proteins are a family of such proteins that
exist in vertebrate. HMGNs decompact chromatin condensed
by the linker histone H1 (8), thereby enhancing transcription ac-
tivity of the chromatin template. In addition, HMGNs affect
DNA repair (9), chromatin remodeling (10), and the extent of
histone modifications (11).

The function of HMGNs depends on their ability to bind two
high affinity sites on the nucleosome (12), using a conserved
nucleosome-binding domain (NBD) (9, 12, 13). Elucidation of
the structural basis of this interaction has proven to be challen-
ging because HMGNs are intrinsically disordered and their nu-
cleosome-binding domains interact with the nucleosome core
(Fig. S1) (13), precluding the use of histone peptide models (14).
Attempts to grow crystals of the HMGN2-nucleosome complex
were so far unsuccessful. In general, it is difficult to obtain dif-
fraction quality crystals of proteins complexed with nucleosomes
(4). Up to date, only two structures of protein–nucleosome com-
plexes have been determined using X-ray crystallography (15, 16),
even though many structures of nucleosome core particles con-
taining histones from various species with either the human
α-satellite or Widom’s “601” DNA are available (4).

Here, we use solution NMR as our main tool to obtain struc-
tural information on the HMGN2-nuclesome complex. Because
of its large size (approximately 230 kiloDaltons), we rely on

recently developed the 1H-13C methyl-transverse relaxation opti-
mized nuclear magnetic resonance spectroscopy (methyl-TROSY)
method for macromolecules (17–19) to monitor the histonemethyl
groups in Ile, Leu, and Val (ILV) residues in the nucleosome and
to identify HMGN2 binding sites on the nucleosome surface. In
addition, we use mutational analysis to independently verify the
results obtained by methyl-TROSY NMR. We find that HMGN2
staples the core histones and DNA by binding to the acidic patch
on the H2A/H2B dimer and the DNA near the entry/exit point.
We propose and verify a mechanism whereby the C-terminal re-
gion of HMGN2 interferes with the binding of linker histone H1
to the nucleosome. These studies show that our approach is
capable of obtaining sufficient structural information to provide
mechanistic insights into HMGNs function in a manner comple-
mentary to X-ray crystallography and opens the exciting possibility
of structural studies of a range of different complexes involving the
nucleosome core particle and binding targets.

Results
Chemical Shift Assignment of the Methyl Groups in the Nucleosome.
To assign the chemical shifts of the methyl groups in the nucleo-
some, we reconstituted the nucleosome with ILV-labeled and
otherwise per-deuterated Drosophila histones and protonated Wi-
dom’s 601 DNA (20). As in other NMR studies of supramolecular
systems (18, 19), methyl-TROSY spectra of the nucleosome are
of excellent quality (Fig. 1C). We obtained assignments for 89%
of the histone ILV methyl groups (151 out of 170) through the
combined analysis of 58 single mutations and a series of NOESY
spectra, taking advantage of the crystal structure of the nucleo-
some [Protein Data Bank (PDB) ID code 2PYO] (Table S1,
Table S2, and Fig. S2). Nearly all methyl groups are observed, dis-
playing single cross-peaks reflecting the global twofold structural
symmetry of the nucleosome. Notably, because the 601 DNA lacks
sequence symmetry, a fewmethyl groups that are very close to local
asymmetric sites on the DNA show split cross-peaks, one for each
distinct site (Fig. S2) (7, 16). Additionally, methyl groups close
to the protonated DNA have attenuated peak intensities, as the
presence of external protons increases methyl group transverse
relaxation rates.

Identification of the HMGN2 Binding Sites on the Nucleosome. With
the assignment of the methyl groups, we then used chemical shift
perturbation (CSP) to identify the nucleosome-binding sites of
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HMGN2. Upon binding of HMGN2 to the nucleosome, methyl
groups Leu64δ2 in H2A and Val45γ2/Leu103δ2 in H2B displayed
large chemical shift changes (Fig. 2 A, B, and D), whereas the
methyl groups in histones H3 and H4 showed negligible changes
(Fig. S3). The close spatial proximity of these three methyl groups
to HMGN2 could be confirmed using a saturation transfer
experiment that showed selective transfer of saturation of the
HMGN2 proton magnetization to Val45γ2 and Leu103δ2 in H2B
(Fig. S3). Moreover, we found that the N-terminal region (resi-
dues 19–30) of the NBD affects the same methyl groups in an
isolated H2A-H2B dimer (Fig. S3). Interestingly, these methyl
groups are very close to several negatively charged residues
(Glu60, Glu63, Asp89, Glu90, Glu91 in H2A and Glu102 in H2B)
(acidic patch) on the H2A/H2B dimer surface.

We next performed paramagnetic relaxation enhancement
(PRE) experiments to obtain long-range distance information on
the HMGN2-nucleosome complex (Fig. 2 C and D and Fig. S4).
In the PRE experiments, each of the residues Glu19, Arg23,
Ala29, Ala32, Pro38, and Pro44 in HMGN2 was mutated to Cys
individually and linked by a disulfide bond to the paramagnetic
compound S-Methanethiosulfonylcysteaminyl (MTS)-EDTA-
Mn2þ. Binding of paramagnetic spin-labeled HMGN2 reduces
peak intensities of the methyl groups in the nucleosome in a man-
ner depending on their distances to the paramagnetic center (21).
The N-terminal spin labels (Glu19, Arg23, Ala29, and Ala32)

all affect methyl groups near the acidic patch, confirming the
chemical shift perturbation results. Importantly, spin labels at
positions Pro38 and Pro44 in HMGN2 affect methyl groups in
the C-terminal part of H2A and the N-terminal part of H3
(Fig. 2 C and D), indicating that the C-terminal region of the
binding domain is close to the region where the DNA enters/exits
the nucleosome.

The binding sites identified by the methyl-TROSY studies were
further verified by independently examining the effect of muta-
tions in either HMGN2 or in the nucleosome using isothermal
titration calorimetry (ITC). The single charge reversal mutation
Glu60Lys or Glu63Lys or a neutralizing triple mutation Asp89-
Ser/Glu90Thr/Glu91Thr in H2A abolishes binding of HMGN2,
showing that the acidic patch is involved in the binding. Addition-
ally, reduced binding affinity upon mutation of Glu102 to Thr in
H2B supports its involvement in the interaction (Fig. 3 A and B).
Conversely, mutation of either Arg22 or Arg26 to Ala in the
NBD abolishes HMGN2 binding to the nucleosome (Fig. 3 A
and B) (22). Binding of HMGN2 to DNA is apparent from the
positive postbinding baseline that disappears upon simultaneous
mutation of Lys35, Lys39, Lys41, and Lys42 in the NBD to

Fig. 1. Structure and NMR spectra of the nucleosome. (A and B) Distribution
of assigned ILV methyl groups in the nucleosome (PDB ID code 2PYO) show-
ing top (A) and side views (B). The backbone of the histones is shown with
ribbons, ILV methyl groups as spheres. Color coding: H2A, orange; H2B, red;
H3, blue; H4, green; DNA, gray. (C) Methyl-TROSY spectra of ILV methyl-
labeled H2A, H2B, H3, and H4 in the nucleosome. (Top) The δ1 methyl groups
of Ile residues. (Bottom) The Leu-δ1/δ2 and Val-γ1/γ2 methyl groups. Leu/Val
methyl groups are labeled with their stereospecific assignments where avail-
able; otherwise the two methyl groups are arbitrarily assigned as “a” or “b.”
Aliased Ile-δ1 resonances are shown in gray. Ile0 represents the Ile inserted
after the N-terminal Met for improving the yield of protein expression.

Fig. 2. Identification of the interactions between HMGN2 and the nucleo-
some by chemical shift perturbation and paramagnetic spin labeling.
(A) Overlay of the spectra of free (black) and HMGN2-bound (orange or
red) nucleosomes, reconstituted with either ILV-labeled H2A (Left) or H2B
(Right). Methyl groups with significant chemical shift changes are labeled.
(Inset) An overlay of several titration spectra for Val45γ2 in H2B. Resonances
labeled with # are natural abundance signals from the disordered regions of
HMGN2. (B) Chemical shift perturbation between free and bound states for
H2A (Top) and H2B (Bottom). Residues with averaged, weighted CSP larger
than the 10% trimmed meanþ 2 SD are labeled. To identity the binding
site of HMGN2, the average, weighted CSP of the histone ILV residues was
calculated according to CSP ¼ ð1∕NÞ∑½ðΔδ21H;i þ ðΔδ213C;i ×wiÞ2�1∕2, where
Δδi is the difference in peak position between the free and bound states
in ppm for atom iði ∈ fCγ1∕2;Cδ1∕2;Hγ1∕2;Hδ1∕2gÞ, the 13C chemical shift
weighting factor wi is set σH;i∕σC;i (∼0.16–0.18), σi is the standard deviation
of deposited chemical shifts in the Biological Magnetic Resonance Data Bank
(41) for atom i, and the summation extends over theNmethyl groups of each
residue (i.e., N ¼ 1 for Ile, and N ¼ 2 for Leu/Val). (C) Methyl group peak
intensity ratios, IðMn2þÞ∕IðCa2þÞ, of paramagnetic Mn2þ-EDTA and diamag-
netic Ca2þ-EDTA spin-labeled HMGN2 at positions 19, 23, 38 and 44. Intensity
ratios of the two individual methyl groups for Leu/Val were averaged. Errors
(1 SD) are denoted by thin bars. Residues with average intensity ratioþ
2 SD < 0.5 are labeled. (D), Structural summary of NMR CSP and paramag-
netic spin labeling. Methyl groups with large chemical shift changes
or decreases in peak intensity are labeled. Color coding as in Fig. 1. The
sequence of the nucleosome-binding domain of HMGN2 and the position
of the spin labels are shown (Left). Arg/Lys residues are highlighted in blue,
and Ser24 and Ser28 are shown in magenta.
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Ala. Gel-shift experiments confirm that the NBD peptide,
HMGN217–43, including these Lys residues, is capable of binding
to DNA, whereas a shorter peptide excluding the last three Lys re-
sidues is not (Fig. 3C). Correspondingly, ITC experiments showed
that deletion of the C-terminal 14 residues of H2A has only a mar-
ginal effect on the net binding affinity (Fig. 3 A–C and Table S3),

consistent with the observation that there are no significant chemi-
cal shift changes for methyl groups in this region (Fig. 2B).

Binding Mechanism Revealed by NMR Line Shape Analysis and
Titration.To further investigate the mechanism by which HMGN2
binds to the nucleosome, we analyzed the NMR titration data.
Combined fits of the line shape of Val45γ2 in H2B and chemical
shift changes of several methyl groups as a function of titrant con-
centration are consistent with cooperative binding of two HMGN2
molecules to one nucleosome with additional nonspecific, weak
binding to the DNA (Fig. 3 D and E and Fig. S5). The NMR data
was fit to a model where the dissociation constants for the first and
second HMGN2 ligands are approximately 1.5 μM and approxi-
mately 0.17 μM, respectively, corresponding to a Hill coefficient
of 1.4. The lifetime of the fully bound complex is approximately
20 ms (dissociation rate approximately 50 s−1), whereas the asso-
ciation rate constant is approximately 3 · 108 M−1 s−1, which is sig-
nificantly higher than for diffusion-controlled reactions, indicating
that attractive electrostatic forces play an important role in the
HMGN2-nucleosome interaction (23) (SI Materials and Methods).
The ITC data are fully consistent with this binding model (Fig. 3A
and SI Materials and Methods).

Discussion
Taken together, our data (CSP, PRE, ITC, and gel shift) indicate
that the NBD (residues 19–42) binds to the folded core of the
nucleosome rather than to the histone tails. The N-terminal
Arg-rich (Arg22, Arg23, and Arg26) region of the NBD is asso-
ciated with the acidic patch of the H2A-H2B dimer, whereas the
C-terminal Lys-rich (Lys39, Lys41 and Lys42) portion of the NBD
interacts with the DNA near the exit/entry point. With the experi-
mental data as restraints, we docked the NBD to the nucleosome
using the HADDOCK program (24) (SI Materials and Methods
and Fig. S6), showing that the 24 amino acid NBD is well capable
of binding to both binding sites simultaneously by adopting an
extended conformation (Fig. 4A). Overall, the NBD may be de-
scribed as a “staple” that holds the histone core and nucleosomal
DNA together.

Fig. 3. Binding of HMGN2 to the nucleosome (NCP) by mutation and NMR
line-shape analysis. (A) ITC titration results for wild-type HMGN2 with wild-
type nucleosome (black) and selected mutants (20 mM Tris-HCl, 50 mM NaCl,
1 mM EDTA, 1 mM DTT, pH 7.4, ionic strength I ¼ 66 mM, ½Naþ� ¼ 50 mM).
(B) Location of mutated residues in the nucleosome. The region of DNA
implicated in binding the lysine-rich region of the NBD is highlighted in
red. Color coding as in Fig. 1. (C) Gel-shift assay with peptide/DNA ratios of
1, 2, and 5, respectively. LANA is the Kaposi’s sarcoma-associated herpivirus
latency-associated nuclear antigen peptide (15). The DNA includes 167 bp
with the 601 sequence in the middle. (D and E) Experimental NMR titration
data and fits to a cooperative bindingmodel accounting for weak nonspecific
binding (model 4 in SI Text. (D) One-dimensional line shapes of H2B Val45γ2
at indicated molar ratio of nucleosome: HMGN2, experimental data in red,
fits in blue. (E) Experimental (points) and simulated (solid lines) chemical
shift titration curves for selected methyl groups. Dashed gray lines in D
and E show best fits for a noncooperative model with identical parameters
for nonspecific binding (model 2, SI Materials and Methods).

Fig. 4. A docking structure of the NBD-nucleosome complex and compari-
son of its acidic patch region with those of the RCC1- and LANA-nucleosome
complexes. (A) The NBD structure is shown with sticks except that the side
chains of the positively charged residues (Arg22, Arg23, Arg26, Lys39,
Lys41, and Lys42) are indicated with blue balls. The nucleosome is presented
as a surface. B, C, and D display the interactions of the two Arg residues
(blue spheres) in HMGN2, RCC1, and LANA with the residues in the acidic
patch (red spheres), respectively. Residues Ser24 and Ser28 in the NBD are
shown with magenta balls.
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The calculated structure of the HMGN2-nucleosome complex
shows that most of the residues in the NBD fill the valleys on the
surface of the nucleosome (Fig. 4A and Fig. S6). The side chains
of residues Arg22 and Arg26 in the NBD interact with the car-
boxyl groups of H2A residues Glu60, Glu63, Asp89, and Glu91 in
the acidic patch (Fig. 4B). Amino acids 28–38 bridge the acidic
patch region and DNA interaction sites and include four Pro
residues, which likely play a role in maintaining an extended con-
formation and reducing the entropic cost upon binding of
HMGN2 to the nucleosome. The conserved positively charged
Lys residues (Lys39, Lys41, and Lys42) in the C-terminal region
of the NBD interact with the phosphates in the minor groove of
the DNA at superhelix location þ6.5, half a helical turn from the
entry/exit point (Fig. 4A and Fig. S6).

Interestingly, the acidic patch has also been shown to bind the
N-terminal tail of histone H4 (7, 25), the switchback loop of
RCC1 (16) (Fig. 4C) and Kaposi’s sarcoma-associated herpes-
virus LANA (latency-associated nuclear antigen) peptide (15)

(Fig. 4D). Indeed, we found that binding of the LANA peptide
to the nucleosome also affects the chemical shifts of methyl
groups close to the acidic residues (Fig. S6). The four proteins
share no sequence homology but all use two Arg residues for
binding. In addition, RCC1 also binds to nucleosomal DNA near
the entry/exit point, but using residues in three disjoining regions
of its polypeptide chain (16).

Our experimental results clarify several earlier observations.
By binding to both core histones and nucleosomal DNA, the
NBD would be expected to stabilize the nucleosome. Indeed, nu-
cleosomes bound to either full-length HMGN2 (26) or the NBD
(13) are more resistant to thermal denaturation than when in the
free state. The staple feature of the NBD suggests that HMGNs
may act in opposition to ATP-dependent chromatin remodeling
factors by restricting the motion of the DNA in the nucleosome or
sterically blocking remodeling factors from binding to the nucleo-
some (10). Steric interference by HMGNs may also affect the
ability of histone modifiers to access and modify their nucleoso-
mal targets (11). The electrostatic nature of the HMGN2-nucleo-
some interaction explains how HMGN2 can both bind strongly to
chromatin, yet be transiently associated with each single site (27).

More importantly, the overall architecture of the HMGN2-
nucleosome complex suggests a mechanism for the function of
HMGNs, which is independent of the details of the docking struc-
ture. The C-terminal region of the NBD binds to nucleosomal
DNA near the entry/exit point, placing the long-disordered
C-terminal tail of HMGN2 near the linker DNA and the dyad
axis so as to interfere with the binding of linker histone H1 to
these regions (28). We tested this prediction by examining the
effect of HMGN2 and HMGN21–43 on H1 binding to the nucleo-
some (Fig. 5). We found that HMGN2 increased the equilibrium
dissociation constant of H1 by a factor of approximately 6,
whereas HMGN21–43 that does not include the C-terminal tail
had essentially no effect on H1 binding, indicating that it is the
C-terminal tail of HMGN2 that interferes with the binding of
H1 (Fig. 6). These results are in line with the observations that
HMGNs decrease the compaction of chromatin induced by linker
histone H1 in vitro (8) and compete with histone H1 for binding
to chromatin in vivo (29). Moreover, our results provide the
structural basis for the release of HMGNs from chromatin upon
phosphorylation of Ser24 and Ser28 during mitosis (30). As these
two residues are very close to the acid patch, the negative charges
created by phosphorylation result in unfavorable electrostatic
interactions with the acidic patch and subsequent destabilization
of the HMGN2-nucleosome complex (Fig. 6). Such a mechanism
is likely to play an important role in the regulation of structure

Fig. 5. HMGN2 interferes with the binding of linker histone H1 to the nu-
cleosome as measured by ITC. Drosophila linker histone H137–211 was titrated
into a solution (20 mM Tris-HCl, pH 7.4, 1 mM EDTA and 1 mM DTT) contain-
ing free nucleosome (blue square), the nucleosome-ðHMGN21–43Þ2 complex
(magenta circle), and the nucleosome-ðHMGN2Þ2 complex (cyan triangle) at
25 °C, with corresponding equilibrium dissociation constants (KDs) of
0.10 μM, 0.10 μM, and 0.57 μM, respectively. The titration results fit to a
model in which one H1 molecule binds to one nucleosome. The nucleosome
is the same as that used in NMR studies.

Fig. 6. Implications for the function of HMGNs. The NBD is shown in cylinder. The disordered terminal regions of HMGN2 are shown in lines. For clarity, only
one HMGN2 is shown here (a model with two HMGN2 and one nucleosome is shown in Fig. S6). Earlier studies have shown that regions around the DNA entry/
exit point and the dyad of the nucleosome are the approximate binding sites of the globular domain of H1 (gH1, dashed orange oval) (28), which are close to
the disordered C-terminal region of HMGN2. Phosphorylation of Ser24 and Ser28 of the NBD induces the dissociation of HMGNs from the nucleosome due to
unfavorable electrostatic repulsion with the acidic patch.
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and function of chromatin in vivo because HMGN2 is an abun-
dant protein (31).

In summary, we have revealed the architecture of the HMGN2-
nucleosome complex by methyl-TROSYNMR combined with mu-
tational analysis, providing key insights into the structural basis
of HMGN function. Anchored to the histone core and the nucleo-
somal DNA as a staple, HMGNs are in a position to interfere with
linker histone H1 binding and to promote chromatin decompac-
tion while they can be dissociated from the nucleosome by phos-
phorylation during mitosis. Finally, with the chemical shifts of
methyl groups in the nucleosome now available, the methyl-
TROSYapproach can be readily used to investigate other impor-
tant nucleosome-binding interactions including much larger com-
plexes (up to megaDalton size) (18), enhancing our understanding
of the dynamic regulation of chromatin structure and function.

Materials and Methods
Expression and Purification of Isotope-Labeled Histones and HMGN2. BL21(DE3)
codonplus were transformed with pET21b plasmids encoding histones or
HMGN2 and subsequently grown in M9 minimal medium containing desired
isotopes at 37 °C. Methyl labeling of Ile-δ1-[13CH3] and Val/Leu-[13CH3,

12CD3]
(ILV labeling) followed the procedure of Tugarinov et al. (32). Histones and
HMGN2 were purified as described before (33, 34). Mutations were made
using the QuikChange kit (Stratagene) and verified by DNA sequencing.
HMGN2 mutant (A88W) was used to allow convenient concentration mea-
surements. Fragments of HMGN2 including residues 17–36, 17–43, and 1–43
were produced using pGEX-6P-1 GST Expression Vector (GE Healthcare). The
resulting GST fusion proteins were purified by GST-Agarose (Sigma), on-
column digestion with PreScission Protease (GE Healthcare), and RP-HPLC.

Purification of 601 DNA and Reconstitution of Nucleosomes. A high-copy num-
ber plasmid containing 12 tandem repeats of a 167 base pair strong position-
ing DNA sequence (Widom’s 601) was transformed to TOP10 cells (Invitrogen)
(25). The plasmid was purified according to Dyer et al. (35). The 167-bp
fragment was released from the vector by ScaI digestion and purified by
PEG fractionation in the presence of 0.5 M sodium chloride. Reconstitution
of the nucleosome followed the procedure of ref. 35. The nucleosome was
isolated from free DNA at room temperature using a DEAE-5PW ion-ex-
change HPLC column and, after the elution from the column, the nucleosome
was immediately dialyzed.

NMR Spectroscopy. Reconstituted nucleosomes with ILV-labeled histones
were buffer exchanged into NMR buffer (99% D2O, 20 mM sodium phos-
phate, pD 6.0 unless noted otherwise). The concentration of NMR samples
was typically 100–200 μM in nucleosomes. All NMR experiments were carried
out on an 11.7-T (500 MHz 1H frequency) spectrometer equipped with a
room-temperature probe head or a 14.1-T (600 MHz) spectrometer with a
cryoprobe. Assignment experiments were carried out at 45 °C, whereas
the HMGN2 interaction study was done at 35 °C.

Methyl-TROSY spectra were typically recorded with acquisition times t1
and t2 of 30 and 64 ms, respectively. All data were processed using NMRPipe
(36) and analyzed with NMRView (37) or Sparky (38).

Chemical Shift Assignment of Methyl Groups. Totally, 59 Ile to Leu or Leu/Val to
Ile point mutations were made in the histones (Table S1). Comparison of the
methyl-TROSY spectra of mutant and wild-type nucleosomes allowed unam-
biguous assignment of all 28 Ile residues and 40 Leu∕Val methyl groups
(Fig. S2). A total of six NOESYs with mixing times of 200 ms were obtained
on wild-type nucleosomes reconstituted with either ILV-labeled H2B, H3, H4,
H2A/H2B, H2A/H3, or H3/H4. The observed pattern of intra- and intermole-
cular NOEs was carefully compared with the network of short methyl–methyl
distances in the crystal structure [2PYO (39)] (Fig. S2). In addition, four
NOESYs with 50-ms mixing times were recorded on nucleosomes with Leu/
Val-[13CH3,

13CH3]-labeled H2A, H2B, H3 or H4, allowing unambiguous
pairing of the resonances corresponding to the two methyls within the same
Leu or Val residue (Fig. S2). Finally, stereospecific assignments were obtained
for several Leu and some Val residues based on distinguishable NOE patterns
for the δ1/γ1 and δ2/γ2 methyl groups. Such assignments were accepted only
if (i) the residue has a rigid side chain orientation, as indicated by low crystal-

lographic B factors and high S2 order parameters and (ii) the value of χ2
predicted on the basis of the observed chemical shift difference Δδ ¼
δδ1-δδ2 (for Leu residues only) corresponds to the observed χ2 angle in the
crystal structure (40). In total, the chemical shifts for 89% of the 170 methyl
groups were assigned at a level of 91%, 100%, 93%, and 73% completion for
H2A, H2B, H3, and H4, respectively.

NMR Chemical Shift Perturbation. Nucleosomes reconstituted with either
ILV-labeled H2A, H2B, or H3/H4 were used for a HMGN2 titration experiment
monitored by NMR. Both HMGN2 and nucleosome samples were buffer
exchanged to 99% D2O, 20 mM sodium phosphate, pD 7.4, ionic strength
I ¼ 49 mM, and ½Naþ� ¼ 35 mM. Stock concentrations of HMGN2 were
2.1 mM for the titration with H2B-labeled nucleosomes (160 μM) and 1.0 mM
for the titration with H2A (100 μM) and H3/H4 labeled (50 μM) nucleosomes.
Methyl-TROSY spectra were measured for the free nucleosome and after
each addition of HMGN2 at 35 °C. To identify the binding site of HMGN2,
the average, weighted CSP of the histone ILV residues was calculated. For
the titration involving H2B-labeled nucleosomes, 17 points were taken in
the range of 1∶0 and 1∶3.3 (nucleosome∶HMGN2) molar ratio. The titration
data sets with H2A- and H3/H4-labeled nucleosomes comprised 13 and 5
points, respectively. Data from the H2B titration were used to extract binding
affinities and dissociation rates as described below.

Paramagnetic Spin-Labeling Experiments. The HMGN2 (A88W) spin labels
were achieved by introducing a single Cys mutant at the desired position,
which was linked to MTS-EDTA-Mn2þ (Toronto Research Chemicals). Intermo-
lecular PRE measurements were done at 35 °C at a nucleosome∶HMGN2
molar ratio of 1∶1.5 to avoid effects from nonspecific binding. To ensure fast
exchange between free and bound forms, measurements were done at pD
6.0, where the exchange rate is approximately 1;000–1;500 s−1. Peak inten-
sities were quantified in methyl-TROSY spectra of paramagnetic (Mn2þ) or
diamagnetic (Ca2þ) samples at identical concentrations (approximately
100 μM nucleosome). The uncertainties in peak intensities were estimated
from the noise level in the spectra. The resulting ratios were averaged for
the two methyls of Leu/Val residues. We note that labeling with (1-oxy-
2,2,5,5-tetramethyl-pyrroline-3-Δ3-methyl)methanethiosulfonate (MTSL) led
to results that are difficult to interpret. The same label affected NMR signals
of methyl groups at very different locations in the nucleosome. We speculate
that MTSL might have caused some nonspecific binding of HMGN2 to the
nucleosome.

Isothermal Titration Calorimetry Experiments. Calorimetric titration of wild-
type or mutant HMGN2 (A88W) to wild-type or mutant nucleosome was
performed using a MicroCal VP-ITC titration microcalorimeter at 35 °C. Bind-
ing isotherms were generated by plotting the heat change of the binding
reaction against the ratio of total concentration of HMGN2 to total concen-
tration of the nucleosome. The heat of binding (ΔH), the stoichiometry of
binding (n), and the dissociation constant (KD) were determined by fitting
the observed binding isotherm to a binding model with either noncoopera-
tive or cooperative (specific) binding, in both cases including nonspecific,
weak DNA binding (SI Materials and Methods and Table S2). In the case
of H1 binding, the titration data fits to a model in which one H1 molecule
binds to one nucleosome.

Gel-Shift Assay HMGN2 peptides corresponding to residues 17–36, 17–43, and
LANA peptide corresponding to residues 1–23 were mixed separately with
the 167-bp 601-DNA fragment at molar ratios of 1, 2, and 5 in 1× TBE buffer
(90 mM Tris/64.6 mM boric acid/2.5 mM EDTA, pH 8.3) for 15 min on ice. The
electrophoresis was run using 1.2% agarose gel.
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