
Conformational flexibility in the chromatin remodeler
RSC observed by electron microscopy and the
orthogonal tilt reconstruction method
Andres E. Leschziner*†, Anjanabha Saha‡§, Jacqueline Wittmeyer‡, Yongli Zhang¶, Carlos Bustamante*†¶�**††,
Bradley R. Cairns†‡§, and Eva Nogales*†¶††

Departments of *Molecular and Cell Biology, �Chemistry, and **Physics, and ††Howard Hughes Medical Institute, University of California,
Berkeley, CA 94720; ‡Department of Oncological Sciences, Huntsman Cancer Institute, and §Howard Hughes Medical Institute,
University of Utah School of Medicine, Salt Lake City, UT 84112; and ¶Lawrence Berkeley National Laboratory, Berkeley, CA 94720

Contributed by Carlos Bustamante, January 25, 2007 (sent for review January 12, 2007)

Chromatin remodeling complexes (remodelers) are large, multi-
subunit macromolecular assemblies that use ATP hydrolysis to alter
the structure and positioning of nucleosomes. The mechanisms
proposed for remodeler action on nucleosomes are diverse, and
require structural evaluation and insights. Previous reconstructions
of remodelers using electron microscopy revealed interesting fea-
tures, but also significant discrepancies, prompting new ap-
proaches. Here, we use the orthogonal tilt reconstruction method,
which is well suited for heterogeneous samples, to provide a
reconstruction of the yeast RSC (remodel the structure of chroma-
tin) complex. Two interesting features are revealed: first, we
observe a deep central cavity within RSC, displaying a remarkable
surface complementarity for the nucleosome. Second, we are able
to visualize two distinct RSC conformers, revealing a major con-
formational change in a large protein ‘‘arm,’’ which may shift to
further envelop the nucleosome. We present a model of the
RSC-nucleosome complex that rationalizes the single molecule
results obtained by using optical tweezers and also discuss the
mechanistic implications of our structures.

chromatin remodeling � single particle electron microscopy

Cells have evolved a variety of mechanisms to overcome the
physical barrier imposed by the packaging of DNA into

chromatin. Chromatin structure affects all DNA transactions
and a large collection of cellular factors are involved in the
process of regulating it and its basic repeating unit, the nucleo-
some. Noncovalent modification of nucleosomes is performed by
the ATP-dependent chromatin remodeling complexes, large
macromolecular assemblies (termed ‘‘remodelers’’) that often
surpass 1 MDa in molecular mass (1, 2). Although the different
activities catalyzed by these complexes have been extensively
characterized, the actual mechanism by which they are accom-
plished is still a source of controversy. Critical to elucidating this
mechanism will be a detailed structural analysis of the remod-
eling complexes and their interactions with the nucleosomal
substrate.

Cryo-electron microscopy (cryo-EM) has emerged as a pow-
erful technique for the structural characterization of large
macromolecular assemblies that are either refractory to crystal-
lization or difficult to overexpress and/or purify in the quantities
required for x-ray studies. Furthermore, cryo-EM has the po-
tential to describe conformational f lexibility, which is likely to
play an important role in the activity of large complexes, with a
level of detail not amenable to other techniques (3).

A critical step in obtaining a 3D reconstruction by EM is the
generation of the initial model. This step is particularly chal-
lenging in the absence of symmetry and when heterogeneity
(biochemical and/or conformational) is present in the sample.
The most robust approach to obtain an initial model under these
circumstances is arguably the random conical tilt method (RCT)
(4). In this technique, images are collected first with the sample

tilted to a high angle and then untilted. The individual untilted
molecular images are aligned and classified into distinct views
and a 3D reconstruction of each view is obtained by using the
corresponding tilted images. Because the initial sorting of views
can separate different species present in the sample, this recon-
struction method does not rely on the assumption of homoge-
neity that underlies the angular reconstitution method (5).

One of the difficulties faced with the RCT method arises from the
limitation in the extent to which the sample can be tilted in the
microscope. This restriction prevents certain views from being
obtained and results in an incomplete sampling of the particle in
Fourier space (‘‘missing cone’’) that affects the final reconstruction.
A further complication arises from the fact that initial reconstruc-
tions are typically obtained from negatively stained samples (where
contrast is higher). One of the most severe potential artifacts
introduced by the staining procedure is sample flattening resulting
from drying the sample after staining.

We recently proposed a method, the orthogonal tilt recon-
struction (OTR) method (6), that eliminates the missing cone
and its resulting artifacts and has as its only requirement that the
sample adopt a large number of orientations on the grid. Data
are collected at �45° and �45° such that each half of the data
constitutes a set of views orthogonal to the other half.

To understand how remodelers function, EM reconstructions
of three remodelers have been performed (7–9). All three
complexes belong to the SWI/SNF family. The first two struc-
tures solved were those of the yeast RSC (8) and SWI/SNF (7)
complexes. These were followed by our own publication of the
structure of the human PBAF complex, the homolog of yeast
RSC (9). These reconstructions were obtained from negatively
stained samples using either an angular reconstitution approach
(7) or the RCT method (8, 9). Despite the significant degree of
conservation among these complexes (10–12), the reconstruc-
tions were remarkably different. In particular, the yeast com-
plexes, which share the highest level of similarity, resulted in
seemingly unrelated structures. The yeast RSC (8) and the
human PBAF (9) complexes, though different, have an overall
similar general architecture. However, both reconstructions
were affected by the missing cone problem (8, 9). It was also
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evident from these two reconstructions that these complexes
were flexible and potentially biochemically heterogeneous.

Given the discrepancies observed among the reconstructions
and their potential heterogeneity, it is unclear at this point to
which degree they represent the true underlying structure, which
is necessary to fully understand nucleosome interaction and
remodeling. Therefore, we set out to obtain a reconstruction of
the yeast RSC complex using the OTR method, which should be
particularly well suited to address this type of sample. To our
knowledge, this work constitutes the first application of the
method. Our reconstruction suggests that both the original RSC
structure (8) and our own PBAF reconstruction (9) were af-
fected by significant sample flattening in addition to the anisot-
ropy of the merged data. Whereas the former structure of RSC
suggests that the nucleosome resides between two ‘‘pincer-like’’
lobes, our new structure reveals instead a large central cavity
with a remarkable surface complementarity to the nucleosome,
suggesting that the complex envelops its substrate. Furthermore,
we identify conformational variability in the complex reminis-
cent of that observed with the human PBAF remodeler (9). We
present the structures of two conformers and suggest how these
conformers may contribute to nucleosome interaction and re-
modeling. Finally, we also examine the remodeling of mononu-
cleosomes by RSC in single molecule experiments under the
optical tweezers and discuss our results in the context of our
structural model.

Results
Negatively Stained RSC Prepared by the Sandwich Method Is Ame-
nable to the OTR Method. The main prerequisite for the applica-
tion of the OTR method (6) is that the sample must adopt a large
number of orientations on the grid. A general concern when
obtaining initial reconstructions with negatively stained samples
is that the staining procedure often results in a significant degree
of flattening, complicating the interpretation of the final struc-
ture. We sought to address both the orientation requirement and
the flattening concern before attempting a reconstruction. Our
rationale is as follows: if we perform reference-free alignment
and classification on sets of projections obtained at 0° and 45°,
the presence of a number of characteristic views in both sets
would indicate that the sample is neither adopting a small
number of preferred orientations, nor significantly f lattened.
This conclusion is justified because, within a class representing
a given view, the actual particles adopt random rotations around
an axis perpendicular to the projection plane. This axis is that of
the electron beam. However, although the projection plane is
parallel to the support in an untilted sample, there is no single
physical plane that corresponds to the projection plane for a
tilted sample. Thus, each projection image within a given class in
the tilted sample corresponds to a particle adopting a different
orientation on the grid, and a number of similar views in both the
tilted and untilted images indicate the presence of multiple
orientations in the sample. A similar reasoning applies to the
presence of flattening. Assuming that flattening manifests itself
mainly along a direction normal to the support, particles that
only differ in their in-plane rotation will be classified together in
an untilted sample, regardless of their f lattening. However,
because images in a class from a tilted sample come from
particles adopting different orientations on the grid, they will no
longer be similar once affected by flattening. The presence of a
number of similar views from both tilted and untilted data sets
indicates that a sample is not severely flattened provided that the
images in the classes from the tilted data show random distri-
butions of in-plane rotations.

To address the issues outlined above, we performed reference-
free alignment and classification for two data sets collected from
negatively stained RSC: one consisting of 12,241 particles col-
lected at 0° and the other consisting of 39,960 particles collected

at �45° [see supporting information (SI) Fig. 5A]. A comparison
of class averages obtained with each sample indicates that (i) the
sample is not significantly f lattened and (ii) it is amenable to
reconstruction by the OTR method (Fig. 1).

OTR of RSC. The RSC samples used lacked ATP, DNA, divalent
cations, and other cofactors that might influence conformational
states. We obtained a data set composed of 19,980 pairs of RSC
projections collected at �45° and �45° (6) (SI Fig. 5A). In a
departure from our original description of the methodology (6),
we combined the particles obtained at the two tilts into a single
data set. The reasoning was that, whereas a �45° projection
corresponds to the �90° tilted mate of a �45° projection, this
�45° projection is the �90° tilted mate of the �45° projection.
Although the projections coming from the second exposure are
less desirable, the double exposure is a relatively small concern
when working with negatively stained samples and aiming for an
initial, low-resolution model. On the other hand, there is a
significant advantage to doubling the size of the data set.

We performed reference-free alignment and classification for
this combined data set, generating 75 final classes. For each class
we plotted the distribution of in-plane rotation angles for the
projections comprising it. Whenever a plot showed a nonrandom
distribution, manifested as the presence of significant wedges
where no particles where present (see SI Fig. 5B), it was taken
as an indication of the presence of flattened particles and the
corresponding class was discarded. About a quarter of the classes
were discarded by using this criterion.

We generated initial volumes for each of the remaining classes
and subjected them to 3D alignment and classification to identify
the main characteristic features present in the data set. A subset
(eight) of the best single-class volumes based on general appear-
ance and the similarity between their reprojections and the
experimental reference-free class averages were selected for
single- and multireference projection-matching refinement
against 0° data. Although most class volumes shared some
common features, two were particularly stable in these refine-
ments. Fig. 2A shows the refined versions of these two recon-
structions. Their resolution is 37 Å according to the 0.5 Fourier
shell correlation criterion (13) and plots of the distribution of
angles assigned to the 0° experimental images after projection-
matching refinement shows uneven but complete coverage of
Euler space (see SI Fig. 5C).

RSC Bears a Large Central Cavity, and Shows Conformational Flexi-
bility. The two RSC reconstructions show a common architec-
ture: a large ring of density encircling a central cavity and two
protrusions on one side of this ring, one longer than the other.
This central ring of density was characteristic of the vast majority
of single-class volumes obtained. Interestingly, the two recon-
structions shown differ dramatically in the actual position of the
longer protrusion, which we refer to as the ‘‘arm’’: the ‘‘open’’

Fig. 1. Analysis of RSC’s amenability to the orthogonal tilt reconstruction
method. Comparison of class averages obtained through reference-free align-
ment and classification of images collected at either 0° (horizontal rhomboid)
or �45° tilt (tilted rhomboid) showing the presence of similar characteristic
views in both samples.
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conformation (Fig. 2 A Left) shows this arm pointing away from
the central cavity, whereas the ‘‘closed’’ conformation (Fig. 2 A
Right) has it pointing inwards and capping the cavity. The open
conformation, which is more abundant (data not shown) and was
relatively more stable during projection-matching refinement,
shows an open central ring composed of three large densities
linked by thinner connections (see Fig. 2 A). In the ‘‘front’’ view
(Fig. 2 A Upper Left) the rightmost density in the open ring serves
also as the base of the arm and is termed the ‘‘arm base.’’ It is
connected to another density at the front of the complex (the
‘‘central base’’ domain), in turn connected to a large density at
the back, from which stems the shorter protrusion, termed ‘‘lid,’’
with its base being the ‘‘lid base.’’ The ring is interrupted at this
point. This gap is not present in the closed conformation and, in
general, the two reconstructions differ most in this region, which
also includes the lid and its base.

The conformational f lexibility in the arm can also be observed
in the experimental class averages (see Fig. 2C).

The RSC Reconstructions Can Accommodate a Nucleosome. The
central cavity and surrounding densities observed in the RSC
reconstructions strongly suggest a possible binding site for the
nucleosome. To test whether the central cavity could indeed
accommodate a nucleosome and whether this putative binding
site agreed with experimental observations, we manually placed
a low-pass filtered (37 Å) version of the x-ray crystal structure
of the nucleosome core particle (14) [Protein Data Bank (PDB)
ID code 1AOI] in this potential binding pocket. Fig. 3 shows the
result of this docking for the open and closed conformations of
RSC; the fit is excellent and no major clashes can be observed

in either conformation (see SI Movie 1 of the open conformation
with the high resolution nucleosome modeled within its cavity).
Although the closed conformation of RSC brings the arm right
on top of and in very close proximity to the modeled bound
nucleosome, it does not affect the goodness of the fit (Fig. 3).
This model for RSC/nucleosome binding is in good agreement
with experimental observations and suggests a potential role in
the remodeling mechanism for the conformationally variable
arm (see Discussion and Fig. 4).

RSC Binds Mono- and Dinucleosomes with Similar Affinity. The
striking complementarity between a nucleosome and the central
cavity in our RSC reconstructions suggests that a mononucleosome
is the natural substrate of this remodeler. To test this possibility, we
performed electrophoretic mobility shift assays with RSC and
mono- or dinucleosomes in the absence of ATP (as was the case for
the samples used for our reconstructions). We find that the affinity
of RSC for mono- or dinucleosome species was very similar (SI Fig.
6), suggesting that dinucleosomes are not a preferred substrate.

ATP-Dependent Translocation and Loop Formation by RSC on Single
Nucleosomal Substrates. Because our structure and biochemical
work support the binding of RSC to a single nucleosome, we
tested the DNA translocation parameters of RSC on a single
nucleosome, rather than nucleosome arrays (15). Briefly, a single
nucleosomal template attached to two beads was stretched
between a pipette and an optical trap. DNA end-to-end distance
was monitored in real time under constant tension as a function
of single molecule remodeler activity (15). To eliminate signal
arising from the interaction between RSC and bare DNA, the
measurements were performed under a constant 4 pN tension,
i.e., above the limit at which those interactions are observed (15,
16). As we have shown previously, this reaction depends not only
on a nucleosome substrate under these conditions but also on the
presence of ATP (15, 16).

RSC can target a nucleosome and translocate DNA relative to
it generating a large DNA loop (SI Fig. 7). RSC appears to be
able to translocate several hundreds of base pairs at an average
velocity of 12 bp/s with a step size just below our detection limit
of 10 bp. The appearance of discontinuous jumps of the tether
length back to the base line indicates cooperative loop dissipa-
tion which may occur either by release of the DNA loop on the
same side from which it formed, or on the opposite side, leading
to the net displacement of the nucleosome (SI Fig. 7).

Fig. 2. RSC conformational variability. (A) Reconstructions of two conformers of RSC. The initial models were obtained by using the Orthogonal Tilt
Reconstruction method and then refined by projection-matching against 0° data. The names of the main features of the reconstructions are indicated in italics.
The ‘‘open’’ and ‘‘closed’’ conformations differ mainly in the position of the arm (at the right of the structures shown in the top row). The bottom row shows
the ‘‘top’’ and ‘‘back’’ views of the open conformer. A scale bar corresponding to 100 Å is shown. (B) Comparison of reprojections (‘‘Prj’’) of the structures shown
in A with the best-matching reference-free class averages (‘‘Avg’’). (C) Four selected experimental class averages for RSC showing a variety of positions occupied
by the arm (arrows).

Fig. 3. Fitting of a nucleosome into the open and closed conformations of
RSC. The crystal structure of the nucleosome (23) (PDB ID code 1AOI) was
filtered to the resolution of the two reconstructions (37 Å) and manually fitted
into each of the two reconstructed conformations. The filtered nucleosome is
shown in yellow, and the RSC reconstructions are shown in gray.

Leschziner et al. PNAS � March 20, 2007 � vol. 104 � no. 12 � 4915

BI
O

PH
YS

IC
S

http://www.pnas.org/cgi/content/full/0700706104/DC1
http://www.pnas.org/cgi/content/full/0700706104/DC1
http://www.pnas.org/cgi/content/full/0700706104/DC1
http://www.pnas.org/cgi/content/full/0700706104/DC1
http://www.pnas.org/cgi/content/full/0700706104/DC1


Discussion
We present a reconstruction of RSC using the OTR method. A
former structure of RSC by others (8) shares with our structure
a region for nucleosome binding. However, our RSC structure
suggests that the nucleosome binding site resembles a deep
cavity rather than a pincer/cleft, which impacts our understand-
ing of the remodeling mechanism, as detailed below. Further-
more, from a population of multiple conformers we were able to
resolve two different, specific conformations of the complex’s
long arm, suggesting a potential role in either substrate binding
or the remodeling mechanism.

We have also presented a relatively simple way of gauging
whether a given sample adopts the large number of orientations
required for the application of the OTR method. This test only
requires collecting a data set at 0° in addition to the �/� 45° data
needed for the reconstruction method itself. Given that 0° data
would typically be collected at the beginning of any project for
an initial characterization of the sample, this approach does not
involve a significant additional effort. Furthermore, the untilted
data can be used for an initial refinement of the reconstructions.

Our reconstruction joins three existing ones for ATP-
dependent chromatin remodeling complexes (7–9), all obtained
from negatively stained samples. The differences and similarities
between this reconstruction and the previously published one for
RSC (8) as well as our own reconstruction of its human homolog
PBAF (9) have revealed limitations in the methods used previ-
ously (discussed below). When all three structures are compared
from the same viewpoint (Fig. 2 in this article as well as in refs.
8 and 9), normal to the sample support in refs. 8 and 9, their
similar outlines are most evident. This is particularly the case for
the two RSC structures. However, these similarities disappear
when the structures are compared in a direction parallel to the
support plane (compare bottom-left corner of Fig. 2 in this
article with bottom of figure 3 in ref. 8 and bottom of figure 2
in ref. 9); our reconstruction shows significantly increased
thickness and distinct features not restricted to a single plane.
Furthermore, this increased thickness is not simply due to a
larger mass but rather to the appearance of the central cavity.
Two observations suggest that the previous structures suffer
from significant flattening: (i) all features of the structures lie on
a single plane and (ii) the dimensions on the reconstructions are
significantly smaller in the direction perpendicular to the sup-
port, where flattening should have its largest effect. It is also
likely that our PBAF reconstruction suffered from incomplete

stain penetration; whereas the central mass of that complex
(which we termed the ‘‘platform’’) is of considerable thickness,
it consists of a single, uninterrupted density. We suggest that a
combination of flattening and incomplete staining could have
altered the geometry of a RSC-like cavity to a region of
continuous density.

A striking parallel between our reconstructions of RSC and
PBAF is the conformational variability in one of their protrusions
(termed ‘‘knobs’’ in the case of PBAF). Although we cannot make
an unambiguous assignment of equivalent features in the two
structures, this protrusion is, in both cases, the one attached to the
thinner part of the complex and the one exhibiting a more notice-
able constriction at its base (compare Fig. 2 in this paper with figure
2 in ref. 9). This similarity between these two homologous com-
plexes suggests that conformational flexibility of this protrusion
might be shared by SWI/SNF family remodelers. The far more
dramatic differences observed between the yeast SWI/SNF struc-
ture (7) and the other three reconstructions are harder to ratio-
nalize. The SWI/SNF structure was solved by using an angular
reconstitution approach, which assumes that the characteristic
views present in the sample correspond to different views of the
same object. Application of this approach to heterogeneous sam-
ples (conformers), where this assumption does not hold, could lead
to an incorrect final structure.

We identified a variety of positions for the arm in the experi-
mental class averages (see Fig. 2C), indicating that the conforma-
tional variability is not restricted to the two conformations we were
able to reconstruct. The variability seen in the back of the com-
plexes (where the open and closed conformations differ most)
might also be the result of a failure to fully resolve heterogeneity
with our current refinements. Preliminary tests using a 3D maxi-
mum likelihood (ML) approach (17) have confirmed the presence
of multiple conformers (data not shown) that explain the differ-
ences seen between the open and closed conformations outside the
arm itself.

The RSC reconstructions immediately suggest a potential
binding site for the nucleosome in the central cavity. We tested
whether this was sterically possible by manually fitting a filtered
version of the atomic structure of the nucleosome (14) into the
RSC reconstructions (Fig. 3). The contour of the central cavity
in RSC is remarkably complementary to that of the nucleosome
structure for both the open and closed conformations (Fig. 3).
Additionally, despite the extensive wrapping of the nucleosome
by the remodeler, no clashes can be seen in our model.

Given the quality of the fit shown in Fig. 3, we generated a model
of a RSC-nucleosome complex using an unfiltered nucleosome. In
principle, our model accommodates any rotational positioning of
the nucleosome (orientation of the DNA entry/exit points relative
to RSC). However, we chose to place the entry/exit sites pointing
toward the largest opening of the cavity at the front of the complex
(Fig. 4 Right) as this arrangement best accommodates DNA emit-
ting from the nucleosome. Furthermore, this model is in overall
agreement with experimental observations and has potential mech-
anistic implications as outlined below.

SWI/SNF family remodelers can generate dinucleosome-like
products (18–20), raising the possibility that a nucleosome dimer
might be the preferred substrate. However, gel shift analyses
with RSC along with ATPase studies strongly favored a RSC-
mononucleosome complex as the standard unit of remodeling.
The results presented here show that dinucleosomes display
nearly identical affinity for RSC as mononucleosomes (SI Fig. 6).
Taken together, the striking complementarity between the RSC
central pocket and a nucleosome (Figs. 3 and 4 and Movie 1), the
similar affinity of RSC for mono- and dinucleosomes (SI Fig. 6),
and the fact that the translocation observed with mononucleo-
somal substrates in single molecule assays (SI Fig. 7) is identical
to that observed on nucleosomal arrays (15), strongly suggest
that remodeling by RSC only requires the binding of a single

Fig. 4. Model of nucleosome binding by RSC. The x-ray crystal structure of
the nucleosome (23) (PDB ID code 1AOI) was manually fitted into the central
cavity of RSC. The nucleosome is shown as a ribbon diagram within a trans-
lucent surface representation filtered to 10 Å. The DNA is represented in gold,
and the protein is represented in orange. Back (Left) and front (Right) views
of the complex are shown. The entry/exit points of the nucleosomal DNA are
indicated with green arrows, the dyad axis (blue cylinder) is indicated with a
blue arrow, the histone H3 tail visible in the crystal structure is indicated with
an orange arrow, and the binding site for the translocase domain is shown on
the DNA with maroon arrows.
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nucleosome. We note, however, that these observations do not
rule out a possible influence of a neighboring nucleosome on
RSC activity in vivo; it simply suggests that the standard unit of
remodeling is a RSC–mononucleosome complex.

All remodelers bear a similar ATPase subunit (21, 22) related to
known DNA translocases, leading to the idea that ATP-dependent
DNA translocation is central to the remodeling mechanism (1, 16,
23, 24). Recent studies have mapped the binding site for Sth1, the
translocase in RSC, to �50 bp inside the nucleosome (23, 25). One
of the two possible translocase-binding sites in the nucleosome
(which is 2-fold symmetric) in our model is adjacent to the central
base domain (see Fig. 4). This part of the complex shows the most
extensive area of close proximity between RSC and the nucleoso-
mal DNA. The other potential binding site for the translocase is
fully exposed in our structure. We note, however, that the affinity
of RSC for the nucleosome is considerably higher in the presence
of ATP than in its absence (18). Thus, it remains possible that a
conformational change helps the translocase engage at this alter-
native position. Because our samples lack ATP, this conformation
may not be adopted in our current structures.

Current models for remodeling involve the formation of
small DNA loops/waves on the surface of the nucleosome that
propagate around the nucleosome to provide sliding, and/or
the generation of a large DNA loop that accumulates on the
nucleosome surface, providing factor access to the nucleosome
surface (15, 23). Our model provides both support and chal-
lenges for these models. First, the shape of the deep cavity and
its remarkable fit to the nucleosome would appear to set limits
on the size of the DNA waves/loop that can be propagated
along the entire length of the nucleosome surface, as large
loops would provide a steric clash. Although conformational
changes could occur to accommodate larger loops, the current
structure suggests that very small loops are likely the primary
intermediate for the sliding reaction. Our structural model
also reveals several areas where the nucleosomal DNA is
accessible to solvent, suggesting that the large DNA loops
observed in our optical trap experiments (SI Fig. 7) could be
generated and maintained at one or more of these positions on
the nucleosome surface (Fig. 4). We suggest that both mech-
anistic models are consistent with our structures when addi-
tional features of the mechanism are considered. According to
one model of remodeling, DNA is pumped toward the dyad
from the site of DNA translocation, located �50 bp inside the
nucleosome. The pumped DNA can have one of two fates: (i)
it continues to propagate in the form of a small wave/loop
through the dyad and around the nucleosome (inside the
central cavity) to finally exit out the other side, or (ii) it
remains at the exposed dyad, with subsequent pumping/
translocation events adding to the size of the loop present at
the dyad. This ‘‘building up’’ of DNA at the dyad may underlie
the observation of RSC forming large loops on the nucleosome
in single-molecule studies described here and previously (15).

Our structure reveals several additional points of close proximity
with nucleosomal DNA, including regions near the DNA entry/exit
sites and around the dyad axis (Fig. 4). The RSC features involved
include the lid and its base, as well as the central base at the front
of the complex (Fig. 4). These features might mediate the much
higher affinity for the nucleosome observed with RSC complex
compared with its isolated ATPase subunit (Sth 1) alone (15, 23).
The presence of more than a single DNA-binding site in RSC had
already been suggested by studies showing the formation of loops
by the remodeler on bare DNA (16). In addition, portions of the lid
and base face histone components. This proximity could allow
regulated recognition of histones and their modifications and might
contribute to the overall binding affinity. Future work will deter-
mine which particular RSC proteins and domains constitute these
features. Along these lines, the ATPase subunit of all SWI/SNF
family remodelers contains a bromodomain, a protein motif in-

volved in the binding of acetylated histone tails (1). RSC includes
an additional four subunits containing these motifs (11, 26, 27).
Among them, Rsc4 (72 kDa) contains tandem bromodomains and
was shown to bind to a histone H3 tail peptide acetylated at Lys-14
(27). Mapping the location of bromodomain-containing subunits
within RSC will further help us understand how the complex
engages its substrate as well as any potential role the observed
conformational flexibility might play in the recognition of modified
histone tails.

This work can be extended to vitrified samples, using our
initial reconstructions and a maximum likelihood approach
(among other tools) to visualize and characterize the confor-
mations present in fully hydrated complexes. This extension, in
conjunction with a RSC/nucleosome structure and mapping of
key RSC components will allow us to start making detailed
testable hypotheses regarding the interactions between RSC
and the nucleosome and the remodeling mechanism.

Materials and Methods
Sample Preparation and Electron Microscopy. RSC was purified as
reported (24). Negatively stained samples were prepared fol-
lowing the sandwich method using uranyl formate (28) (see SI
Text). Data were collected on a Tecnai 12 microscope equipped
with a LaB6 source and operated at 120 keV and a nominal
magnification of �49,000. Data were collected either at 0° (for
sample characterization and refinement) or at �45° (first) and
�45° (second) (for reconstruction) under low-dose conditions
on Kodak SO-163 film.

Data Processing. Micrographs were digitized in a robotized Nikon
Coolscan 8000 scanner (29) with a pixel size of 12.71 �m (2.59 Å
at the sample level). For reconstruction by the OTR method, pairs
of particles (at �45° and �45°) were windowed out using Spider’s
graphic interface WEB (30), binned 2-fold, ramp-corrected, and
normalized. The tilt angle and tilt axes positions were obtained by
using the program CTFTILT (31) on each individual micrograph.
All of the particles (39,960) were combined in a single file and
reference-free alignment and classification were performed by
using the IMAGIC software suite (32). High spatial frequencies
were incorporated gradually throughout the cycles of alignment and
classification with an initial low-pass filter of 40 Å and a final
low-pass filter of 15 Å. After convergence, a final set of 75 classes
were generated. The in-plane rotation angles from the alignment
were combined with the angles previously obtained with CTFTILT
to build the angular file. All further processing was done with
standard Spider operations (30). Class volumes were reconstructed
for all classes that showed an even distribution of in-plane rotation
angles (psi) (see Results). Alignment and classification of the
single-class volumes was performed to characterize the main fea-
tures present in the reconstructed volumes. A small subset (eight)
of the best single-class volumes (selected on the basis of the
similarity between their calculated projections and the experimen-
tal class averages) were used as references for single-reference and
multireference projection-matching refinements against a data set
consisting of 12,241 0° particles (prepared identically to those used
for OTR reconstruction). The two most stable refined models (Fig.
2A) were used for further analysis. Volumes were contoured to
enclose a mass of 1 MDa, the expected molecular weight of RSC
and were displayed by using UCSF Chimera (33).

See SI Text for optical tweezers measurements and electro-
phoretic mobility shifts assays.
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