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Distortion of histone octamer core 
promotes nucleosome mobilization 
by a chromatin remodeler 
Kalyan K. Sinha, John D. Gross,* Geeta J. Narlikar* 

allowed us to test the importance of octamer 
deformability during ATP-dependent remod-
eling reactions. 

RESULTS: We show that the dynamics of 
buried isoleucine, leucine, and valine residues 
in histone H4 change when the nucleosome 
is bound to SNF2h in the presence of the non-

hydrolyzable ATP analog 
ADP-BeFx. NMR studies 
following the isoleucine 
residues of histone H2A 
further indicate that the 
changesinduceduponSNF2h 
binding extend across the 

nucleosome. These results indicate that the 
histone octamer is deformed in the presence 
of SNF2h. Using site-specific disulfide bridges 
at the H3-H4 interface, we show that inter-
fering with octamer deformation can inhibit 
nucleosome sliding by SNF2h or alter the di-
rectionality of nucleosome sliding. We further 
show that different classes of remodeling enzymes 
respond differently to these disulfide restraints. 
Disulfide bridges that inhibit SNF2h-mediated 
sliding allow sliding by the INO80 complex 
and increase octamer eviction by the SWI-SNF 
family complex, RSC. 

CONCLUSION: The histone core of a nucleo-
some is more plastic than previously imagined, 
and octamer deformation can play different roles 
based on the type of chromatin remodeling 
complex.▪ 
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Model for role of octamer distortion in nucleosome sliding by SNF2h. Octamer deformation near SHL2 (inhibited by sCx2 cross-link) 
promotes initiation of DNA translocation, while deformation near the dyad (inhibited by sCx1 cross-link) helps accommodate strain caused by 
DNA translocation. These conformational changes allow for a net translocation of DNA from the exit site before any DNA is drawn in from the 
entry site. 
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INTRODUCTION: The establishment of spec-
ific gene expression states during the course 
of development, as well as their maintenance 
through the disruptive events of transcription, 
DNA replication, and DNA repair, requires rapid 
rearrangements of chromatin structure. Adeno-
sine 5´-triphosphate (ATP)–dependent chroma-
tin remodeling motors are the workhorses that 
enable dynamic changes in chromatin struc-
ture. These motors have the formidable task of 
mobilizing DNA in the context of a nucleosome, 
which contains ~150 base pairs of DNA tightly 
wrapped around an octamer of histone proteins. 
Yet, compared to other essential motors such as 
myosins and helicases, little is known about the 
biochemical mechanisms of chromatin remod-
eling motors, limiting an understanding of how 
their functions are regulated. 

RATIONALE: Two classes of chromatin remodel-
ing motors, the ISWI class and the SWI-SNF 
class, have proved to be powerful model systems 
for asking mechanistic questions. Notably, both 
the ISWI and SWI-SNF family motors can move 

DNA without disassembling the histone octa-
mer. Further, recent studies indicate that ISWI 
family motors translocate DNA out of the nucleo-
some before feeding DNA into the nucleosome, a 
result that is difficult to reconcile with rigid Lego-
block–like models of the histone octamer. One 
way the seemingly complex task  of  chromatin  
remodeling may be facilitated is by distorting the 
histone octamer. Here, we probe this possibility 
by carrying out methyl transverse relaxation– 
optimized nuclear magnetic resonance (methyl-
TROSY NMR) experiments on the ~450-kilodalton 
complex of a nucleosome with an activated form 
of the major ISWI family remodeling motor from 
humans, SNF2h. Methyl-TROSY is a powerful 
tool capable of providing site-specific informa-
tion on the dynamics of individual amino acid 
residues. We have further tested the functional 
relevance of information obtained from these 
NMR experiments in the context of chromatin 
remodeling reactions by introducing site-specific 
cysteine cross-links at the histone H3-H4 inter-
face. These cross-links have provided a means to 
restrain backbone movements and thus, have 
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◥ protomer binding on either side of a nucleosome 

(21). Additionally, in the presence of the ATP 
analog ADP-BeFx, SNF2h engages the histone 
H4 tail, an allosteric activator of ISWI enzymes 

CHROMATIN (22–25). This analog also promotes a restricted 
conformation of the adenosine triphosphatase 
(ATPase) active site (26). We therefore reasoned Distortion of histone octamer core that NMR studies carried out in the presence of 
ADP-BeFx would mimic either an activated ground 
state or a transition state. We probed histone promotes nucleosome mobilization 
H4 in a nucleosome by methyl-TROSY NMR 
spectroscopy in the presence of ADP-BeFx. This by a chromatin remodeler method uses selective 13C methyl group labeling 
of Ile, Leu, or Val (ILV) residues in an otherwise 

Kalyan K. Sinha,1 John D. Gross,2* Geeta J. Narlikar1* deuterated protein environment to exploit the 
line narrowing afforded by cross-correlated relax-

Adenosine 5′-triphosphate (ATP)–dependent chromatin remodeling enzymes play essential ation of CH dipolar couplings in a heteronuclear 
biological roles by mobilizing nucleosomal DNA. Yet, how DNA is mobilized despite the steric multiple quantum coherence experiment (17, 27). 
constraints placed by the histone octamer remains unknown. Using methyl transverse relaxation– The assembled nucleosomes contain ILV-labeled 
optimized nuclear magnetic resonance spectroscopy on a 450-kilodalton complex, we show histone H4 and fully deuterated H3, H2A, and 
that the chromatin remodeler, SNF2h, distorts the histone octamer. Binding of SNF2h in an H2B. The methyl-TROSY spectrum of ILV-labeled 
activated ATP state changes the dynamics of buried histone residues. Preventing octamer H4 is well resolved, and a high degree of overlap 
distortion by site-specific disulfide linkages inhibits nucleosome sliding by SNF2h while was observed between the published spectra of 
promoting octamer eviction by the SWI-SNF complex, RSC. Our findings indicate that the histone Drosophila nucleosomes and our spectrum, as 
core of a nucleosome is more plastic than previously imagined and that octamer deformation observed by the small Dd (parts per million, ppm) 
plays different roles based on the type of chromatin remodeler. Octamer plasticity may contribute values (fig. S2) (20). It was therefore possible to 
to chromatin regulation beyond ATP-dependent remodeling. assign all the cross-peaks based on the previ-
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T
he establishment of specific gene expres-
sion states during the course of develop-
ment as well as their maintenance through 
the disruptive events of transcription, DNA 
replication, and DNA repair requires rapid 

rearrangements of chromatin structure (1, 2). 
Adenosine 5´-triphosphate (ATP)–dependent 
chromatin remodeling motors are the workhorses 
that enable dynamic changes in chromatin struc-
ture. Different families of chromatin remodeling 
motors have diverse biological roles ranging from 
gene activation to DNA repair (2, 3). Yet, com-
pared to other essential motors such as myosins 
and helicases, relatively little is known about the 
biochemical mechanisms of chromatin remodeling 
motors, limiting an understanding of how their 
functions are regulated. 
Chromatin remodeling motors have the for-

midable task of mobilizing DNA in the context of 
a nucleosome, which contains ~150 base pairs 
(bp) of DNA tightly wrapped around an octamer 
of histone proteins (4). Two classes of chromatin 
remodeling motors, the ISWI class and the SWI-
SNF class, have proved to be powerful model sys-
tems for asking mechanistic questions. Previous 
work has shown that motors from both these 
classes can translocate on naked DNA (5–8). How-
ever, it is not known how such translocation 
occurs in the context of the structural constraints 
placed by the histone octamer. Notably, both the 
ISWI and SWI-SNF family motors can move DNA 
without disassembling the histone octamer (2, 3). 

1Department of Biochemistry and Biophysics, University of 
California San Francisco, San Francisco, CA 94158, USA. 
2Department of Pharmaceutical Chemistry, University of 
California San Francisco, San Francisco, CA 94158, USA. 
*Corresponding author. Email: jdgross@cgl.ucsf.edu (J.D.G.); 
geeta.narlikar@ucsf.edu (G.J.N.) 

ously published spectra of Drosophila nucleo-
It has been suggested that these motors can feed somes (20) (Fig. 1A and figs. S1 and S2). 
in DNA and propagate a DNA loop across the Numerous cross-peaks were perturbed upon 
histone octamer (2). However, recent studies in- addition of saturating concentrations of SNF2h 
dicate that ISWI family motors translocate DNA to the nucleosome. These perturbations included 
out of the nucleosome before feeding DNA into reductions in resonance intensities and/or changes 
the nucleosome, a result that is difficult to re- in chemical shift, as well as the appearance of 
concile with the loop propagation model (9). It new cross-peaks. The new cross-peaks can in prin-
has also been proposed that chromatin remod- ciple arise from the natural abundance of 13C in  
elers may be able to drive a conformational change the unlabeled SNF2h. An NMR spectrum of un-
in the octamer itself (10–16). If such distortions labeled SNF2h  bound to  unlabeled  nucleosomes  
can be demonstrated, this would provide a new did not show any cross-peaks that overlap with 
class of models to explain remodeling mecha- these new cross-peaks (fig. S3). This result is con-
nisms. Yet, it has been difficult to investigate the sistent with the new cross-peaks in Fig. 1 arising 
existence of conformational changes within the from the ILV-labeled H4 instead of SNF2h. Yet, 
histone core largely owing to the limitations of to be conservative, we only investigate the origins 
available methods. For example, to date there are for the reduction in resonance intensities of the 
no high-resolution structures of a chromatin re- ILV cross-peaks in H4. In this context, we first 
modeling motor bound to a nucleosomal substrate. tested if the observed perturbations arise from 
Recent advances in high-resolution 1H-13C disassembly of nucleosomes by comparing the 

transverse relaxation–optimized nuclear magnetic NMR spectra of free histone ILV-labeled H4 with 
resonance (methyl-TROSY NMR) spectroscopy that of the SNF2h-nucleosome complex (fig. S4). 
provide an opportunity to directly investigate con- We found no substantial overlap in cross-peaks, 
formational changes within the histone octamer indicating that the observed NMR changes in the 
(17). Methyl-TROSY NMR is a powerful method SNF2h-nucleosome complex spectrum are not 
that has been used to study dynamics at residue- due to dissociation of histone H4. Dynamic light-
level resolution in complexes as large as the ~670-kDa scattering experiments carried out under NMR 
proteosome and the ~200 kDa nucleosome (17–20). conditions also confirmed a largely homogeneous 
Here, we report the results from applying this SNF2h-nucleosome complex (fig. S5). 
method to the ~450-kDa complex of a nucleosome Given the above controls, we interpret the re-
with the major ISWI family remodeling motor from ductions in resonance intensities as reflecting 
humans, SNF2h, bound to an activated state of a change in the magnetic environment of the 
ATP. We also report the results of biochemical H4 residues within an intact nucleosome. Such 
experiments derived from the NMR data to test resonance broadening results from an increase 
the functional roles of octamer distortion. in dephasing of transverse magnetization. This 

could be a manifestation of (i) an increase in 
SNF2h alters the environment of buried molecular weight, (ii) exchange between bound 
histone residues in an activated ATP state and unbound states of the nucleosome, (iii) 
Our previous work has indicated that SNF2h proximity of histone residues to nondeuterated 
functions most optimally as a dimer, with one SNF2h, or (iv) induction of protein dynamics 
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Ibound/Ifree ~ 0 

Ibound/Ifree= 0.5 

Ibound/Ifree= 1 

L1 L2 L3 L4 L5 
N 1 2 3 

Nucleosome Nucleosome + SNF2h 
Nucleosome histone H2A 
Nucleosome + SNF2h H2B, H3, H4 
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Fig. 1. Methyl-TROSY spectra of nucleosome bound to SNF2h. 
(A) The 2D methyl-TROSY spectra of ILV-methyl–labeled H4 in a 
nucleosome in the presence of ADP-BeFx (blue cross-peaks, left 
panel), and SNF2h + ADP-BeFx (orange cross-peaks, right panel). 
High conservation of amino acid sequence between Drosophila 
and Xenopus H4 allowed the assignments to be transferred from 
the published assignments of Drosophila nucleosome (20) (fig.  S1).  
Top part of the spectrum shows Ile d1-methyl groups, whereas the 
bottom half shows Leu and Val methyl cross-peaks. Stereospecific 
assignments for Leu d1/d2 have been shown where available.The cross-
peaks for which stereospecific assignment was not made have been 
arbitrarily assigned as “a” or “b”. Cross-peaks that show small 
changes (e.g., L10,V21,V60) and cross-peaks that showdecreased intensitydue 
to resonance broadening (e.g., I50, L58, V57) can be seen in the spectrum of 
the complex. Nucleosome structure in the right panel (67) shows the location 
of the Ca of all the ILV residues in H4 (light blue); dark blue spheres: residues 
that do not change much upon binding of SNF2h; red spheres: residues that 
get broadened upon SNF2h binding (based on 1B). A surface representation of 
nucleosome structure shows how most of the ILVs (red) in H4 (blue) are buried. 
The location of the superhelix location 2 (SHL2) is shown in green on the DNA. 
(B) Quantification of cross-peak broadening for H4 residues where cross-peaks 
in the bound state have not disappeared. Left panel: distribution of ILV residues 
showing peak broadening depicted on nucleosome structure. The intensity of 
red color represents extent of broadening. Residues shown as deep red spheres 
disappear completely, and hence, are broadened to a greater extent. Right 
panel: red bars (left y axis) represent relative peak volumes of residues in the 
nucleosome-SNF2h complex (Ibound) compared to those in the nucleosome 

alone (Ifree) for residues that give observable signals in both spectra. The two 
sets of spectra were normalized using the volumes of their respective L10d2 
peak, which does not show broadening upon SNF2h binding. The blue dashed 
line (right y axis) shows solvent-accessible surface area (SASA) of the corre-
sponding ILV residues. SASA was calculated from the PDB structure file 1kx5 
using the program POPS (68). The SASA values are for the entire residue and 
represent fraction of exposed surface area. The location of different ILV residues 
in H4 can be read from the cartoon below showing the H4 polypeptide chain with 
its structural elements (loops L1 to L5, helices aN to  a3) (67). (C) The  2D  methyl-
TROSY spectra of Ile-methyl–labeled H2A within a nucleosome showing the Ile 
region of the spectrum. The spectrum of the SNF2h-bound form of the nucleo-
some (brown) with ADP-BeFx shows peak broadening, as well as the appearance 
of a new peak, when overlaid on the spectrum of nucleosome alone with ADP-
BeFx (green). The two versions of nucleosome structures on the right show H2A 
in orange, and the Ile residues in H2A as green spheres. 

on a millisecond-microsecond (ms-ms) time scale (Fig. 1B). Some residues buried in the core of ~150 nM (fig. S6). Given a range of diffusion-
in the vicinity of the labeled residues (28, 29). the nucleosome are only marginally affected by limited binding rates (104 to 106 M−1 s−1) (30) for  
Below, we investigate these possibilities. addition of SNF2h [e.g., Ile26 (I26), Val60 (V60), protein-protein interactions, the dissociation rate 
An increase in molecular mass is expected and Leu90 (L90)], whereas other residues are sub- constants are slow (<0.15 s −1) relative  to the  NMR  

to show largely uniform broadening of all the stantially affected (e.g., Ile29, Ile50, and Val65). chemical-shift time scale, suggesting that the 
H4 residues. However, a quantification of the These results suggest that an increase in mass broadening does not arise from exchange between 
relative resonance broadening associated with is not the sole source of resonance broadening. the bound and unbound states of the nucleosome. 
the H4 residues showed that the residues that The dissociation constant (Kd) of SNF2h for Substantial previous work has suggested that 
were broadened were not uniformly distributed binding nucleosomes under these conditions is ISWI enzymes bind near the superhelical location 
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2 (SHL2) on the nucleosome (Fig. 1A) (31–33). ticipate in the stability of histone-DNA inter-
It is therefore possible that H4 ILV residues prox- actions (4). Indeed, mutating R45 has been shown 
imal to SHL2 are broadened by direct contacts to increase thermally driven nucleosome mobi-
with protonated SNF2h. Consistent with this pos- lization (36, 37). This raised the possibility that 
sibility, Ile29, which is closest to SHL2 (fig. S7; SNF2h mobilizes nucleosomes in part by desta-
~10.6 Å from the phosphate group of dT17 in bilizing the interaction between H4-R45 and 
SHL2), is substantially broadened. However, res- nucleosomal DNA, thereby resulting in altered 
idues L49, I50, and V57, which are much further dynamics of H4-I46. To test this possibility, we 
away (>20 Å from phosphate group of dT17 in measured the effect of an H4-R45A (Arg45→Ala) 
SHL2) and substantially buried, also show a mutation on nucleosome remodeling by SNF2h. 
comparable extent of broadening (Fig. 1B). Di- SNF2h moves nucleosomes positioned on one 
rect contact between SNF2h and these residues end of a short piece of DNA toward the center. 
would not be possible in a canonical nucleosome We used a native gel-based assay that allows de-
structure. We therefore interpret the data to tection of such movement of nucleosomes. The 
suggest that either (i) binding of SNF2h on the rate constant for centering the mutant nucleo-
exterior allosterically induces protein dynam- some was about twice as fast as for the wild-
ics on a ms-ms time scale in buried regions of 
the octamer; or (ii) SNF2h opens up the octa-
mer to directly contact residues that are normally 
buried. In either interpretation, the octamer 
would have to undergo a structural change that 
results in a change in the environment of buried 
histone residues. 
To test if the SNF2h-induced changes are con-

fined to a defined interface between histones H4 
and H3 or affect a broader region of the nucleosome, 
we examined changes in H2A residues by NMR. 
Unlike for H4, it was not possible to transfer 

the assignments for H2A ILV cross-peaks from 
previously published spectra of Drosophila nucleo-
somes to Xenopus nucleosomes, because of low 
sequence homology between Xenopus and Dro-
sophila H2A (fig. S1). Isoleucine residue cross-
peaks are well separated from the rather crowded 
spectral region of leucine and valine resonances 
(34). Accordingly, we focused on the Ile region Time 
of the Xenopus H2A spectrum, which has well-
resolved cross-peaks (Fig. 1C, left panel). As with 
H4, broadening and chemical-shift changes are 

V43 
F104 

L82 
V81 

WTobserved for resonances of H2A in the Ile region 
of the spectrum upon binding of SNF2h. Although 
we have not assigned the H2A cross-peaks, the Ile 
residues in H2A are mostly buried, suggesting 
that the effect of SNF2h on the histone core is not 

dCXconfined to H4 residues (Fig. 1C, right panel). H2A 
makes minimal contacts with the H3-H4 tetramer 
in the nucleosome structure (4). Therefore, the 
effect of SNF2h is either relayed to it via H2B 
or, possibly, SNF2h also makes direct contacts 
with H2A. 

type (WT) nucleosome (fig. S7B). The small 
magnitude of the effect with SNF2h is similar 
to that of previous observations with the SWI-
SNF family of chromatin remodeling enzymes 
(37, 38). The twofold faster rate constant could 
reflect twofold faster remodeling by SNF2h or 
faster nonenzymatic reequilibration of the centered 
R45A nucleosomes back to the end position. Both 
possibilities imply that the interaction between 
R45 and DNA represents a relatively modest 
barrier for remodeling. 

Restricting internal histone movements 
inhibits nucleosome sliding by SNF2h 

We next investigated the functional relevance 
of the resonance perturbations observed in the 
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We next tested the functional consequences of Fig. 2. Functional impact of restricting H3-H4 interface on SNF2h. (A) Location of residues mutated 
altering histone regions that show perturbed reso- to cysteines. Residues L82 and F104 in H3, and V43 and V81 in H4, were mutated to Cys. (B) Comparison  
nances within the solvent-inaccessible octamer of SNF2h ATPase rates in the presence of WT (purple), dCX (green), and no nucleosomes (red). Error bars 
core, as well as near the histone-DNA interface. represent the SDs from three independent experiments. (C) Comparison of remodeling of WT and dCX 

nucleosomes by SNF2h. Left panels: representative gel for remodeling kinetics for WT (top panel) and dCX 
Destabilizing DNA-histone contacts (bottom panel), respectively. Right panels: Quantification of the fraction of centered nucleosomes (top 
modestly enhances remodeling panel) and the fraction of end-positioned nucleosomes (bottom panel) as a function of time.WTdata are in 
by SNF2h green and dCX data are in red. Time points (in minutes): 0, 1, 3, 5, 10, 20, and 60. Error bars are the SDs 
The cross peak for the H4-I46 terminal methyl from three independent experiments. In the top right panel, the observed rate constant, kobs, for  the  WT  is  
group is broadened in the SNF2h-nucleosome 0.18 ± 0.03 min−1.The rate constant for the minor fast phase of dCX (k1fixed) was fixed to be the same as the 
complex. This residue is proximal to H4-R45 kobs for the WT.The rate constant for the major slow phase (k2obs) with the constraint of k1fixed = 0.18min−1 

(Arg45), which makes contacts with nucleoso- was calculated to be 0.003 ± 0.001 min−1. Fitting the entire time course for dCX to a single exponential 
mal DNA and is a SIN mutant location (4, 35). gives a value of kobs = 0.01 ± 0.001 min−1. For all experiments with cysteine cross-linked nucleosomes, Cy3-
These mutations were found in budding yeast labeled 601+60 DNAwas externally added to the WTnucleosome samples to make the reaction conditions 
as suppressors of defects in the SWI-SNF family between the WT and cross-linked nucleosomes comparable to those of the cross-linked nucleosomes with 
of motors (35).  The side chain  of  R45 inserts into  some free DNA.The free DNA inhibits rates of remodeling in a dose-dependent manner (see supplementary 
the DNA minor groove and is thought to par- methods for details). 
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in H3 and H4 were oriented toward each other Time 

octamer core. We reasoned that if we could cross-links separately would have similar or 
restrict the flexibility of a large region of the different effects compared to restricting the nu-
buried H3-H4 interface, we could test if and cleosome with two cross-links simultaneously 
how such restriction affects nucleosome sliding. as in dCX. We therefore compared the effects of 
Accordingly, using the crystal structure as a guide each cross-link individually. The sCX2 cross-link, 
[Protein Data Bank (PDB) code: 1kx5], we in- markedly inhibits nucleosome sliding, similar to 
troduced cysteine mutations that would lock effects observed with the dCX nucleosomes (Fig. 
the H3-H4 interface at two different locations by 3A). At first glance, the sCX1 cross-link also ap-
means of disulfide bridges (Fig. 2A): H3F104C- pears to inhibit nucleosome sliding, as seen by 
H4V43C (F104C: Phe104→Cys; V43C: Val43→Cys) the reduction in the amount of centered nucleo-
and H3L82C-H4V81C (L82C: Leu82→Cys; V81C: somes. However, closer inspection of the data 
Val81→Cys). The mutation V43C in H4 is prox- reveal some interesting differences. In contrast 
imal to residues Ile46 and Leu37, for which the to sCX2, the sCX1 cross-link does not signifi-
cross-peaks disappeared in the presence of SNF2h. cantly inhibit nucleosome sliding away from the 
Likewise, the cross-peak for V81C in H4 also 
disappeared in the presence of SNF2h. We chose 
the cysteine pairs such that the two side chains 

0.5 

end position [compare WT versus sCX2 in Fig. 
3A, right-most panel, to WT versus sCX1 (~fourfold 
inhibition) in Fig. 3B, right-most panel]. Instead, 
sCX1 reduces the fraction of centered nucleo-
somes because its remodeling leads to a greater 
proportion of alternative products (Fig. 3B, prod-
ucts denoted by the asterisk) that migrate faster 
than the end-positioned starting material on a 
native gel. 
In vivo, SNF2h is found in larger complexes. A 

key SNF2h-containing complex is ACF, which 
consists of the subunit Acf1 in addition to SNF2h 
(15). The Acf1 subunit has been shown to extend 
the ability of SNF2h to sense flanking DNA length 
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in the structure. Because of this design, the di-
sulfide bonds formed efficiently within a pre- WT 
assembled histone octamer in the presence of 

0.1 

(fig. S8A). Our design allowed formation of a 0.0sCx2 

ambient oxygen upon removal of reducing agent 

largely uniform population of nucleosomes with 
Time (min) dual disulfide-linked H3-H4 (referred to as dCX, 

Fig. 2B). 
We first tested the ability of dCX nucleosomes 1.0
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nucleosome-stimulated ATP hydrolysis is a de-
fining feature of ISWI enzymes (39–42). We 

WTfound that dCX nucleosomes also stimulated 
ATP hydrolysis, although slightly less (<twofold) 

dCX nucleosomes. 0 5 10 15 20 0 5 10 15 20 
Time (min) Time (min) Next, we investigated the effect of restricting 

octamer flexibility on nucleosome sliding using 
the native gel-based assay. We used single-turnover 
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0.4 

0.3 
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maximal rate constants. We found that in con-
trast to the small effects seen on ATP hydrolysis, WT 
sliding of the vast majority of dCX nucleosomes 
(>90%) by SNF2h was severely inhibited (Fig. 2C, 

sCX1 0.0 

0.1 
~60-fold inhibition). A small population (<10%) 
of the dCX nucleosomes appeared to be centered 

0 1 2 3 4 5 0 1 2 3 4 5 
Time (min) Time (min) with rates comparable to those of wild-type nu-

cleosomes. This population is consistent with the 
small population of uncross-linked histones (fig. 
S8A). To control for the effects of introducing the 
cysteine mutations, we measured the ability of 
SNF2h to remodel nucleosomes containing the 
cysteine mutants assembled under reducing con-
ditions (dCH nucleosomes). SNF2h remodeled 
these nucleosomes with an efficiency similar to 
that of WT nucleosomes (fig. S8B). Together, 
these results suggest that the observed inhibi-
tion of nucleosome sliding is due to the di-
sulfide cross-links. 
Of the two cross-links, H3L82C-H4V81C, which 

we term sCX2, is in the vicinity of SHL2, the DNA 
region where the ATPase domain of SNF2h is 
proposed to bind, while the other cross-link, 
H3F104C-H4V43C, which  we  term  sCX1, is closer  
to the vicinity of the dyad. We wondered if re-
stricting the nucleosome with each of these 

Fig. 3. Investigating the extent of H3-H4 flexibility required for remodeling by SNF2h and ACF. 
(A) Comparison of remodeling of WTand sCX2 nucleosomes by SNF2h and quantification of the fraction 
of centered nucleosomes (middle panel) and fraction of end-positioned nucleosomes (right panel) as a 
function of time. For the middle panel, WT: kobs = 0.9 ± 0.1 min−1; and sCX2: Because of the absence of 
clearly detectable product, a straight line has been drawn through the data points obtained from quan-
tifying the signal at the locations where the centered nucleosomes migrate on the gel. Error bars are the 
SD from three independent repetitions of the experiment. (B) Comparison of remodeling of WT and 
sCX1 nucleosomes by SNF2h and quantification of the fraction of centered nucleosomes (middle panel) 
and fraction of end-positioned nucleosomes (right panel) as a function of time. For the middle panel 
(fraction centered), WT: kobs = 1.5  ±  0.02  min−1; sCx1:  kobs = 0.2  ± 0.05 min−1. For the right panel (fraction 
end-positioned), WT: kobs = 3  ± 0.6  min−1; sCx1: kobs = 0.7 ± 0.3 min−1. Error bars are the average 
deviation from two independent repetitions of the experiment. (C) Comparison of remodeling of WTand 
sCX1 nucleosomes by ACF and quantification of the fraction of centered nucleosomes (middle panel) 
and fraction of end-positioned nucleosomes (right panel) as a function of time. For the middle panel 
(fraction centered), WT: kobs = 0.64 ± 0.11  min−1; sCx1:  kobs = 3.6  ± 1 min−1. For the right panel (fraction 
end-positioned),WT: kobs = 1.5 ± 0.3 min−1; sCx1: kobs = 2.2 ± 0.1 min−1. Error bars represent the average 
deviation from two independent experiments. In all panels, data for WTnucleosomes are in green and data 
for disulfide cross-linked nucleosomes are in red. 
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and increase its ability to space nucleosomes (15). It 
was therefore informative to test if the  nucleosome-
centering ability of ACF was also affected by the 
SCX1 cross-link. ACF generated a slightly higher 
proportion of centered sCX1 nucleosomes com-
pared to SNF2h. However, compared to its action 
on WT nucleosomes, ACF generated a much 
smaller fraction of centered sCX1 nucleosomes 
and a much larger fraction of alternative prod-
ucts (Fig. 3C, products denoted by the asterisk). 
These results suggest that octamer distortion 
proximal to the H3F104 and H4V43 residues is 

Time 

WT 
WT 

required for both SNF2h and ACF to effectively 
center nucleosomes. 
To test if constraining octamer conformation 

inhibits nucleosome sliding by another class of 
remodeling enzymes, we investigated how the 
yeast INO80 complex acts on the doubly cross-
linked dCX nucleosome. The INO80 remodeling 
complex is known to play important roles in 
double-strand break repair (43, 44) and is thought 
to  act by  a  mechanism  that is distinct from  that of  
the ISWI class of remodeling enzymes (44–46). 
INO80 activity was not inhibited on the dCX 

nucleosomes but instead showed a small (two-
fold) rate enhancement compared to WT nucle-
osomes (Fig. 4A). That the dCX nucleosomes are 
remodeled comparable to WT by INO80 also 
indicates that the cross-links do not introduce 
major defects in nucleosome structure. 

Restricting internal histone 
movements increases octamer eviction 
by yeast RSC complex 

Previous work has shown that the SWI-SNF family 
of complexes and the ISWI family of complexes 
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experiments. The nucleosomal band that migrates faster than the end–positioned 
nucleosome is consistent with a product in which the octamer has moved beyond 
the DNA end as seen previously (47). (C) Model for role of octamer distortion in DNA 
mobilization by SNF2h. Histone octamer deformation proximal to SHL2 is coupled to 
translocation from SHL2 while deformation proximal to the dyad enables movement 
may allow the nucleosome to accommodate less DNA, thereby preventing the 
accumulation of any strain in the structure.These coupled conformational changes 
lead to a net translation of DNA from the exit site before any DNA is drawn in 
from the entry site.The location of the sCx1 and sCx2 cross-links is highlighted 
by the gray rectangles.The dashed lines in (B) are straight lines drawn through 
the data because the changes were too small to fit with an exponential. 
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Fig. 4. Effects of constraining H3-H4 interface on additional remodeling 
complexes. (A) Comparison of remodeling rates of INO80 for WT (right panel: 
green squares, kobs= 0.08 ±  0.006 min−1) and dCX (right panel: red squares, 
kobs= 0.22 ±  0.04  min−1) nucleosomes. Left panels: representative gels for re-
modeling kinetics. Time points (in minutes): 0, 2, 5, 10, 20, and 40. Error bars 
represent the SDs from three independent experiments. (B) Comparison  of  RSC  
remodeling rates and outcomes for WT (green symbols) and dCX (red sym-
bols) nucleosomes. For disappearance of centered nucleosomes, kWT = 1.28 ±  
0.02 min−1, kdCX = 1.8 ± 0.07 min−1; For DNA eviction from dCX, kEvic = 1.4  ±  
0.2 min−1; for appearance of end-positioned nucleosomes in WT, kOff-centered 

1.18 ± 0.18 min−1. Error bars represent the average deviation from two independent 
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differ in the types of remodeled products gen- DNA by SNF2h. The molecular basis for octamer contacts, making its reaction less reliant on 
erated (11). For example, unlike most ISWI com- deformation could then have two mutually com- octamer deformation. The ATPase subunit of RSC, 
plexes, which move nucleosomes away from DNA patible possibilities: (i) octamer deformation could Sth1, has been suggested to bind near SHL2 
ends, SWI-SNF complexes move nucleosomes to- arise indirectly as a result of changes propagated in a manner analogous to the ISWI ATPase. 
ward DNA ends and sometimes beyond the DNA from remodeler-DNA interactions or; (ii) the However, unlike with SNF2h, the dCX double 
end (47). In addition, a small fraction of SWI-SNF octamer could be directly deformed by SNF2h. cross-links greatly increase octamer eviction. A 
products arise from eviction of the histone octa- Indeed, previous cross-linking, foot-printing, recent RSC study has suggested that faster DNA 
mer, whereas ISWI complexes do not evict the and low-resolution electron miscroscopy  studies  translocation correlates with higher levels of 
histone octamer (11). The two types of complexes suggest that ISWI enzymes make several contacts octamer eviction, whereas slower translocation 
also differ in their sensitivity to DNA super- with the DNA and surface-exposed histone res- favors nucleosome sliding (51). Our results sug-
coiling and in the amounts of DNA translocated idues (21, 31, 49, 50). It is also possible that gest that partitioning between sliding and evic-
within a remodeling cycle: (11, 15, 32, 48). These SNF2h stabilizes a deformed octamer by making tion is further regulated by the distortability of 
and other results have suggested that SWI-SNF direct contacts with histone residues that are the histone octamer. A distortable histone octa-
and ISWI complexes use distinct mechanisms buried in the crystal structure. mer may allow the DNA translocation activ-
to mobilize nucleosomes. We therefore wondered The ATPase domain of ISWI enzymes has been ity of RSC to be accommodated in a manner 
if the SWI-SNF family of complexes would re- mapped to bind near SHL2 (Fig. 4C), and this that avoids octamer eviction. Overall, consistent 
spond differently than the ISWI complex to con- requires that ISWI enzymes like SNF2h trans- with the previously observed mechanistic differ-
straining the H3-H4 interface. To test this locate on DNA from a location where the DNA ences between SWI-SNF and ISWI [reviewed 
possibility, we used RSC, the major SWI-SNF is tightly bound by histones (31). We find that in (15)], our results suggest different roles for 
complex from budding yeast. We found that constraining octamer flexibility in the vicinity octamer distortion in the SWI-SNF and ISWI 
RSC slides both WT and dCX nucleosomes to- of SHL2 via the H3L82C-H4V81C cross-link almost reactions. 
ward the DNA ends (Fig. 4B). However, a larger completely blocks nucleosome sliding by SNF2h. Early work indicated that human SWI-SNF 
fraction of the centered dCX nucleosomes had The simplest interpretation of this result suggests causes long-lived but reversible changes in the 
their octamers evicted (Fig. 4B, bottom right that initiation of DNA translocation from SHL2 topology of nucleosomal arrays assembled on 
panel; fraction of nucleosomes evicted at 2 min = relies on deforming the octamer proximal to this closed circular DNA templates (52, 53). SWI-SNF 
~0.4 compared to 0.1 for dCX versus WT nucleo- location. However, it remains formally possible action also generates mono- and dinucleosomes 
somes, respectively). One implication of these that local alterations in nucleosome structure with altered nuclease accessibility that cannot be 
results is that inhibiting octamer distortion biases caused by the H3L82C-H4V81C cross-link inhibit explained simply by nucleosome sliding or evic-
the RSC products toward octamer eviction. It is some other aspect of SNF2h function before the tion (10, 12, 13). On the basis of the results ob-
also possible that these cross-links contribute actual sliding step, such as a conformational tained here, we propose that some of the stably 
to increased octamer eviction by reducing the change in SNF2h that is required for trans- altered nucleosome conformations implied by 
stability of histone-DNA interactions, although location from SHL2. Our studies also help to previous studies may involve an altered octamer 
such increased eviction is not observed with rationalize more recent observations with ISWI conformation. Previous work has also shown that 
SNF2h and INO80. enzymes that are difficult to explain on the basis a disulfide cross-link between two H3 molecules 

of the canonical nucleosome structure. These at residue 110 does not inhibit remodeling by 
Conclusions and implications studies, which were carried out with the yeast SWI-SNF; nor does general cross-linking of the 
Our results suggest that the octamer core of a ISW2 complex, implied that ~7 bp of DNA is histone octamer by dimethyl suberimidate (54, 55). 
nucleosome is structurally plastic and that this translocated from SHL2 toward the dyad and Although these previous studies did not di-
plasticity can be exploited by chromatin remod- eventually out from the exit side before any rectly investigate effects on octamer eviction, 
eling motors to mobilize DNA within chromatin. DNA is translocated inward from the entry site the published results are qualitatively consistent 
Below we discuss the basis for this conclusion (9) (Fig. 4C). Models using the canonical nucleo- with our present results, suggesting that nucleo-
and the biological implications. some structure require substantial stretching some sliding by RSC is still possible upon con-
Here, we have leveraged the power of methyl- of the nucleosomal DNA, which is thought to straining octamer flexibility. 

TROSY NMR to ask how a chromatin remodeling impose a large strain on the nucleosome struc- Most models for altering nucleosome struc-
motor alters histone dynamics within the nucleo- ture (9). We find that constraining octamer ture are based on Lego block–like conceptions, 
some at residue-level resolution. With this techni- flexibility in the vicinity of the dyad via the where the individual histones can be removed 
que, we observed that binding of an activated H3F104C-H4V43C cross-link allows nucleosome or exchanged, but the octamer conformation is 
form of SNF2h induced broadening of several sliding but substantially reduces the proportion largely rigid. Indeed, in the absence of other pro-
cross-peaks corresponding to buried residues, of centered nucleosomes, generating instead a tein factors, the canonical nucleosome confor-
consistent with a conformational change in the larger proportion of products that migrate faster mation observed in crystal structures appears 
nucleosome core. Constraining the movement on a native gel. This result suggests that the to be the most highly populated conformation 
of buried histone residues in the vicinity of the strain generated by translocation of DNA from in solution (56).  At  the same time,  the possibility  
DNA binding site of SNF2h strongly inhibited SHL2 toward the dyad is alleviated by octamer of alternative nucleosome conformations during 
nucleosome sliding, but had modest effects on ATP deformation proximal to the dyad. In such a nucleosome assembly and transcription has also 
hydrolysis. Together, these observations suggest model, preventing octamer deformation near been raised (57, 58). Our results provide addi-
that octamer deformation plays a major role in the dyad would lead to collapse of the partially tional evidence that the octamer adopts more 
allowing SNF2h to use its intrinsic nucleosome- remodeled nucleosomes to alternative positions than one conformation and further demonstrate 
stimulated ATP hydrolysis activity to drive nucleo- on the DNA. that octamer distortability is functionally rele-
some sliding. Our observations that the RSC and INO80 vant. Similar to the effects of SNF2h in the pres-
In the simplest model we can imagine, complexes respond differently than SNF2h to ence of ADP-BeFx, other stably bound chromatin 

nucleosome-stimulated ATP hydrolysis gener- constraining octamer flexibility suggest that dif- regulators, specific histone modifications, and 
ates an intermediate in which DNA deforma- ferent remodeler families use the plasticity of the histone variants may also stabilize alternative 
tion is thermodynamically coupled with octamer histone octamer in distinct ways. For INO80, it is octamer conformations. Indeed, several histone 
deformation. In such a model, deformation of not known where the ATPase subunit of the modifications are being discovered on core his-
DNA by SNF2h would stabilize deformation of INO80 complex binds on a nucleosome (46). tone residues, raising the possibility that some 
the octamer and correspondingly, deformation Therefore, it is possible that INO80 binds at a of these alter the equilibrium between different 
of the octamer would promote deformation of location where it is easier to break histone-DNA octamer conformations within a nucleosome (59). 
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A distortable histone octamer may provide formation. The side chains of these residues were H4 ILV NMR experiments, the SNF2h concen-
molecular explanations for how pioneer factors oriented away from solvent in the crystal struc- tration was ~60 mΜ and for the H2A ILV NMR 
like FoxA and hormone receptors preferentially ture. All the cysteine variant histone proteins experiments, the SNF2h concentration was 80 mΜ. 
recognize DNA sequences buried within nucleo- were purified in the presence of excess dithio- This was done to ensure saturation of the binding 
somes (60). In general, given the primary role of threitol (DTT) during all the steps of protein puri- sites because SNF2h is known to bind as a dimer 
nucleosomes in regulating DNA accessibility, it is fication. To purify the cysteine variants, only the gel to nucleosomes. 
tempting to speculate that there are many nu- filtration step was carried out. The subsequent ion- All the NMR spectra were acquired at 25°C on 
cleosome plasticity-based mechanisms exploited exchange step used for all the other histones was a Bruker 600 MHz spectrometer equipped with a 
by the cell, which may be uncovered by future not carried out, because even small amounts of cryoprobe. Recorded spectra were processed using 
mechanistic studies. cyanate formed from urea (despite prior ex- the NMRPipe software (63) and displayed using 

tensive deionization) in the ion-exchange buffer SPARKY (64). In case of H4-ILV nucleosome, the 
Materials and methods can reduce the fraction of available thiol groups assignments were transferred from published 
Protein expression, purification and for intermolecular disulfide bond formation be- spectra of Drosophila nucleosome by inspection 
isotope labeling tween histones. (20). The two sets of spectra were remarkably 
All the histones were expressed and purified For dC octamer assembly, a variation of the similar owing to complete sequence conserva-
from E. coli following published protocols (61) standard protocol was followed so that any di- tion between Drosophila and Xenopus histones 
with some modifications for the isotopically sulfide formation prior to the octamer assembly H4 (fig. S1). A comparison of the chemical-shift 
labeled histones. For expression of deuterated could be avoided. The assembly was carried out positions across Drosophila and Xenopus histone 
histones, M9 minimal media was made in deu- in the presence of 10 mM freshly made DTT in all H4 spectra suggested very small differences be-
terium oxide (D2O, Cambridge Isotope Ltd., CIL). the buffers. The column purification step too tween the two, with the average Ddppm being 0.1 
The media contained 1,2,3,4,5,6,6-D7 Glucose (CIL contained 5 mM DTT. After purification, the (fig. S2). The two spectra were acquired under 
or Sigma-Aldrich) as the energy source. For fractions containing the histone octamer were different buffer conditions, and at different tem-
labeling the histones at ILV residues, 13CH3-methyl analyzed on a SDS gel. Most of the octamer peratures [45°C for Drosophila (20), 25°C for 
group a-ketoisobutyrate and a-ketoisovalearate formed (>90%) contained uncrosslinked H3 and Xenopus in  the present  work].  These two  factors— 
(CIL) were added to the M9 media as precursors H4, as expected. For dCX octamer formation, buffer and temperature—together can help ex-
(62). Deuteration and ILV labeling of the his- the dC octamer was subjected to oxidizing con- plain minor differences seen between the two 
tones were confirmed by mass spectrometry. ditions. First, the dC octamer sample was di- sets of spectra. 
All the mutant versions of the histones were luted using the refolding buffer to a final octamer 

Native gel–based remodeling assays made by quick-change site-directed mutagenesis concentration of 5 mM to minimize the formation 
method. All the mutations were confirmed by of any intermolecular cross-links. The diluted dC- The cross-linked nucleosome preparations have 
sequencing the plasmids. N-terminally 6X-His octamer sample was dialyzed into octamer re- a higher amount of free DNA. Therefore, to make 
tagged SNF2h was manually purified by cobalt folding buffer (pH 8.5) that did not contain any sure we rigorously compare cross-linked and 
affinity purification from an Escherichia coli reducing agent. Three dialysis steps were carried uncross-linked nucleosomes under the same 
Rosetta strain. After affinity purification, it was out; the first two were overnight steps, and the conditions, we add free Cy3 labeled DNA to the 
subjected to gel filtration on a Superdex 200 co- third one was done for ~6 hours. The dialysis uncross-linked nucleosomes (WT) to make the 
lumn, cation exchange through a SP5PW column, time can be increased in case the cross-linking free DNA concentrations the same for cross-
and anion exchange chromatography through a is not complete. The cross-linking efficiency was linked and WT nucleosome reactions. Higher 
Q-HP column, in that order, to attain high purity. confirmed by running the sample on a 15% SDS amounts of free DNA added reduce the remodel-

gel (fig. S8A and main text). Nucleosome assembly ing rate of WT nucleosomes because of competi-
Nucleosome assembly was carried out with the cross-linked octamers tion with the free DNA (fig. S8, C and D). In 
Histone octamer was assembled from purified (dCX) as described previously except that none this context, ACF is more inhibited than SNF2h 
histones as described (61). The 601+20 (~167 bp) of the buffers used during the nucleosome as- by comparable amounts of added DNA. 
DNA fragment was made using restriction di- sembly contained any reducing agent (61). The Remodeling assays were carried out on nucleo-
gestion of a plasmid carrying multiple copies of assembled nucleosomes were purified on a 10 somal templates containing 60 bp of flanking 
601+20 DNA fragment as described previously to 30% glycerol gradient. The assembly of singly DNA (601+60). Native gel–based remodeling 
(61). The 601+60 fragment was made by polymer- cross-linked (sCx1) nucleosomes was carried out assays with nucleosomes containing WT and 
ase chain reaction as described previously (21). by mixing tetramer of cross-linked H3-H4 with mutant histones were carried out in the presence 
Nucleosomes were assembled using published H2A-H2B dimer in the presence of Cy3 labeled of 300 nM SNF2h and 30 nM nucleosomes as 
gradient dialysis based protocols (61). The pu- 601 0-60 DNA. described (65). The final reaction buffer was 
rification of the nucleosomes was carried out on 20 mM Tris (pH 7.5), 70 mM KCl, 5 mM MgCl2, 

NMR sample preparation a 10 to 30% glycerol gradient. A second purification 0.02% NP-40, 2 mM ATP. The nucleosomes 
and spectroscopy was carried out on a Superdex-200 column before were labeled with Cy3 on the long end of DNA 

using the nucleosomes for NMR experiments. The nucleosome storage buffer was exchanged fragment for detection by fluorescence-based 
Doubly cross-linked (dCx) and singly cross- with NMR buffer by dialysis. The NMR buffer scanning. For experiments involving dCx nucleo-

linked (sCx1) nucleosomes were made using was made in D2O and contained 20 mM deu- somes and  SNF2h (Fig.  2D),  6 nM of free DNA  
double Cys and single Cys variant histones H3 terated Tris (pD 7.9), 0.5 mM EDTA, 0.5 mM was added; in the case of remodeling experiments 
(L82CF104C for dCx; F104C for sCx1) and H4 Mg-ADP-BeFx, 140 mM KCl, 0.5 mM MgCl2. with sCx1 nucleosomes (Fig. 3, A and 3B), ~2 nM 
(V43CV81C for dCx; V43C for sCx1). The histone All the pH adjustments were done with DCl or free DNA was added and with sCx2 nucleosomes, 
variants were made by site-directed mutagen- NaOD. The nucleosome concentration used was ~1.5 nM of free DNA was added. 
esis. The cysteine pairs were selected so as to 30 mM for the H4 ILV-labeled experiments and The RSC experiment was done with 20 nM 601 
have an interatomic distance ≤5 Å between the 40 mM for the H2A ILV experiments. 30-30 centered nucleosomes and 50 nM RSC. The 
sulfur atoms facing each other (H3 F104C-H4 For the experiment involving SNF2h-nucleosome buffer used in remodeling reaction with RSC was 
V43C distance was 5 Å and H3 L82C-H4 V81C complex, SNF2h was buffer exchanged in the 30 mM Tris (pH 7.5), 50 mM KCl, 1 mM MgCl2, 
distance was 4.8 Å). While selecting the residues NMR buffer. Nucleosome and SNF2h were mixed 4% glycerol, 0.02% NP-40, 20 mM ATP. To the 
for mutagenesis, it was ensured that the side in a 1:2 molar ratio to get two SNF2h molecules WT sample, 15 nM free DNA was externally added 
chains point toward each other in the structure, per nucleosome. The SNF2h concentration was to make the reaction comparable to that of 
to maximize the likelihood of disulfide bridge saturating in the concentration regime used. For dCx nucleosome remodeling. INO80 remodeling 
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Distortion of histone octamer core promotes nucleosome 
mobilization by a chromatin remodeler 
Kalyan K. Sinha, John D. Gross and Geeta J. Narlikar (January 19, 
2017) 
Science 355 (6322), . [doi: 10.1126/science.aaa3761] 

Editor's Summary 

Deformation powers the nucleosome slide 
In eukaryotes, DNA is packed onto nucleosomes. For transcription factors and other proteins to 

gain access to DNA, nucleosomes must be moved out of the way, or ''remodeled''−−but not 
disassembled. Nucleosomes are composed of histone protein octamers, the cores of which have 
generally been considered to be fairly rigid. Sinha et al. used nuclear magnetic resonance and protein 
cross-linking to show that one of the enzyme complexes that remodel nucleosomes, SNF2h, is able to 
distort the histone octamer (see the Perspective by Flaus and Owen-Hughes). Nucleosome deformation 
was important for this remodeler to be able to slide nucleosomes out of the way. 
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