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Abstract—Changes of chromatin structure require participation of chromatin remodeling factors (CRFs),
which are ATP-dependent multisubunit complexes that change the structure of the nucleosome without
covalently modifying its components. CRFs act together with other protein factors to regulate the extent of
chromatin condensation. Four CRF families are currently distinguished based on their structural and bio-
chemical characteristics: SWI/SNF, ISWI, Mi-2/CHD, and SWR/INOS80. X-ray diffraction analysis and
electron microscopy are the main methods to obtain structural information about macromolecules. CRFs are
difficult to obtain in crystal because of their large sizes and structural heterogeneity, and transmission elec-
tron microscopy (TEM) is mostly employed in their structural studies. The review considers all structures
obtained for CRFs by TEM and discusses several models of CRF—nucleosome interactions.
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INTRODUCTION

Nuclear DNA occurs in complex with histones and
nonhistone proteins to form chromatin in eukaryotic
cells. Histones provide for DNA supercoiling and con-
densation, and chromatin is involved in replication,
transcription, repair, and recombination. A nucleo-
some is a main structural unit of chromatin and con-
sists of a 147-bp DNA segment wrapped around an
octamer of histones H2A, H2B, H3, and H4. A linker
DNA segment between nucleosomes is approximately
60 bp on average. This DNA segment interacts with
linker histone H1. Alternative variants that may be
incorporated in nucleosomes are known for all but one
histone, H4. Nucleosomal histones can additionally
undergo covalent modification, including acetylation,
methylation, phosphorylation, etc. Processes associ-
ated with changes in histone composition (histone
exchange) or conformation play an important role in
controlling gene expression, establishing epigenetic
memory, and regulating DNA repair. Chromatin reor-
ganization and nucleosome assembly and disassembly
accompany all processes that occur in the cell and
involve its genetic material. Changes in the nucleoso-
mal composition of chromatin require specific protein
complexes that are known as chromatin remodeling
factors (CRFs) [1-5].

Abbreviations: CRF, chromatin remodeling factor; RCT, ran-
dom conical tilt; TEM, transmission electron microscopy; 3D,
three-dimensional; 2D, two-dimensional; NS, negative stain-
ing; STEM, scanning TEM.

CRFs are ATP-dependent multisubunit complexes
that noncovalently change the nucleosome structure.
All CRFs have a core catalytic subunit with an ATPase
domain, which belongs to DNA helicase superfamily 2
(SF2, or SNF2). CRFs utilize the energy of ATP hydro-
lysis to change the chromatin packaging pattern by
moving, destabilizing, or restructuring nucleosomes or
partly or completely removing histone complexes from
DNA [1, 6, 7]. CRFs act together with other protein
factors to regulate the extent of chromatin condensa-
tion; this effect is essential for modulating the accessi-
bility of particular DNA regions (enhancers, promoters,
and origins of replication) to regulatory proteins in the
course of DNA transcription, replication, repair, and
recombination. DNA accessibility is possible to
change by shifting nucleosomes, removing them partly
or completely, or unwinding a DNA segment from the
histone octamer.

Almost all processes that involve chromatin DNA
require CRFs. First, specialized CRFs ensure a cor-
rect nucleosome distribution along DNA after replica-
tion. Second, CRFs are necessary for transcription,
replication, and their regulation. CRFs function to
open important cis-regulatory DNA elements inac-
cessible because of a compact nucleosome packaging.
In addition, CRFs are essential for replication elonga-
tion and transcription. As DNA and RNA poly-
merases progress along DNA, template regions are
released from nucleosomes, which form again on
DNA afterwards. Specialized CRFs facilitate the poly-
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Fig. 1. Domain structure of the AT Pase subunit in CRFs of
different families (cited from [1]).

merase progress. CRFs can occupy nucleosome-free
DNA regions. Third, specialized CRFs ensure nucle-
osome mobility during recombination and repair and
release DNA segments to allow their interactions with
corresponding enzymes.

All CRFs have several properties in common:

+ their affinity for nucleosomes is higher than for
DNA;

» they have domains capable of recognizing cova-
lent histone modifications;

* they possess a DNA-dependent ATPase domain,
which works as a DNA translocation motor and dis-
rupts the DNA—histone interaction;

* they have domains or subunits that regulate the
ATPase domain; and

* they have domains or subunits that interact with
other chromatin or transcription factors.

Four CRF families are currently recognized based
on their structural and biochemical features:
SWI/SNF, ISWI, Mi-2/CHD, and SWR/INOSO0.
The catalytic subunits of all CRFs have a conserved
ATPase domain, but differ by the presence or absence
of other additional domains (Fig. 1).

The ATPase domain consists of two parts, DExx
and HELICc, which are close together in members of
the SWI/SNF, ISWI, and Mi-2/CHD families and far
apart in members of the SWR/INOS8O family. The
SWI/SNF family is characterized by the presence of a
bromodomain, which consists of approximately
110 amino acid residues and specifically binds to the
e-acetylamino groups of lysine residues in histones. A
helicase/SANT-associated (HAS) domain occurs at
the N end of SWI/SNF and SWR/INOS80 family
CRFs. The HAS domain is presumably involved in
DNA binding. Members of the ISWI family have a
SANT-SLIDE domain, which is involved in histone
binding. A tandem of chromodomains, which recog-
nized methylated lysine residues in histones, is char-
acteristic of Mi-2/CHD family members.
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SPECIFICS OF STRUCTURAL STUDIES
WITH CRFs

The three-dimensional (3D) structures of CRFs
are difficult to examine. First, higher eukaryotic CRFs
form multisubunit complexes with a molecular mass
ranging from 300 kDa to 1.5 MDa [1, 8]. Second,
CRFs may have 1 to 15 different subunits. Finally,
CREF assembly in vitro is problematic, requiring that
native samples be isolated from eukaryotic cells. In
spite of intense research, the mechanisms of action of
various CRFs are still a matter of discussion, in partic-
ular, as a result of CRF diversity. Structural character-
istics of single CRFs and their complexes with nucleo-
somes may shed light on the functional specifics of
different CRF families.

X-ray diffraction analysis and electron microscopy
are the main methods that are used to obtain structural
information for macromolecules. X-ray quality crys-
tals of CRFs are difficult to obtain because of their
large sizes and heterogeneity. Crystal structures are
available now only for individual domains of several
CRFs, and transmission electron microscopy (TEM)
is therefore the method of choice. TEM requires small
amounts of samples and yields information on the 3D
sample structure, which can then be refined using X-ray
diffraction data on particular CRF components.

Electron microscopy of macromolecules provides a
potent tool to visualize their structural details. The 3D
structure of a molecule is possible to reconstruct
because purified molecular complexes occur in the
form of isolated particles and usually vary in orienta-
tion in a sample. An electron micrograph contains a
set of two-dimensional (2D) projections of 3D enti-
ties. To establish the original structure, multiples views
of a specimen should be aligned and collated.

Almost all structures assumed for CRFs to date are
based on TEM of macromolecules (table).

Building a primary model is a critical step in 3D
reconstruction. There are several circumstances that
make it rather difficult to obtain a high-quality 3D
structure for CRFs:

+ complexes lack symmetry in the majority of
cases;

» complexes have high conformational mobility;

» samples are heterogeneous; and

+ stable CRF—nucleosome complexes are difficult
to obtain in sufficient amounts.

The role of these circumstances in 3D reconstruc-
tions of several CRFs is considered below.

Electron Microscopy with Negative Staining of Samples

Negative staining is the simplest means to study the
structures of macromolecular complexes in a solution
or a suspension of isolated macromolecules with a low
(<0.1 mg/mL) concentration. A sample applied on a
grid is treated with an aqueous solution of a heavy
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CREF families and their members with TEM structures determined partly or completely
. CRF with a 3D structure Method used to obtain . .
Family . Maximal resolution, A
described the structure
SWI/SNF RSC[9—-12] NS*, Cryo-EM 25
PBAF [13] NS 43
SWI/SNF [14, 15] NS, Cryo-EM 23
ISWI CHRAC [16] NS 27
ACF [17] NS 27
ISWla-A ATPase [18] Cryo-EM 22
Mi-2/CHD None — —
SWR/INO80 INOS8O0 [19] NS 17.5
SWRI1 [20] Cryo-EM 28

*NS, negative staining with heavy metal salts.

metal salt (usually 1—2% uranyl acetate), excess fluid
is removed, and the sample is dried [21]. Uranyl ace-
tate is the most common stain and produces a high
image contrast, but certain protein structures are bet-
ter preserved with other contrast agents, such as tung-
sten or molybdenum salts [21, 22]. A contrast agent
forms an electron-dense coating on the surface of the
sample under study and thus makes it possible to
obtain information on the sizes, shapes, and symmetry
of protein particles and to evaluate the sample homo-
geneity. The method is termed negative staining
because macromolecules are seen as light stain-free
areas. Some molecules are well preserved upon nega-
tive staining, while complexes may slightly collapse or
decompose upon staining or subsequent air drying.
When the orientation of molecules on a grid is con-
stant rather than random, a random conical tilt (RCT)
procedure is employed [9, 11]. In this case, two images
are taken of the same set of particles on the grid at dif-
ferent tilts (e.g., 0° and 50°).

Negative contrasting was used to reconstruct the
structures of RSC [9—12], PBAF [13], SWI/SNF [14],
CHRAC [16], ACF [17], and INOG8O [19] (Figs. 2—4).

RSC Complex

TEM data on the structure of a negatively stained
RSC complex illustrate the above problems. Two of
the four TEM structures published for the RSC com-
plex to date were obtained using the RCT procedure
[9, 11]. Conformational mobility and possible bio-
chemical heterogeneity of samples were observed [9—
12], and an anisotropic collapse was seen in structures
as a result of air drying of the samples [9, 11].

Still, the data allowed first 3D reconstructions for
the RSC complex (one of them is shown in Fig. 2a)
and showed that RSC has four domains, which are
arranged in a C-shaped structure. The domains sur-
round a central cavity, and the size of the cavity is
comparable with the size of a nucleosome. The struc-

tures solved at low resolution (25—40 A) made it pos-
sible to speculate on the RSC function. Unfortunately,
none of the structures showed RSC in a complex with

180°

e — |

Fig. 2. RSC structure examined by negative staining and
cryo-TEM. Two views, one rotated 180° about the vertical
axis, are shown for each reconstruction. (a) RSC structure
obtained with negative staining [9]. (b) RSC structure
obtained by cryo-TEM [12]. The cavity is indicated with a
black arrow. (c) 3D reconstruction of a RCS—nucleosome
complex from cryo-TEM data [12]. The central cavity seen
in (b) is occupied by histones (a white arrow).
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Fig. 3. Significance of symmetry factors. Projections (on the left) and a structure (on the right) are shown for each CRF.
(a) SWI/SNF structure obtained using STEM [14]. (b) RSC structure obtained using RCT [10]. (c) Structure of a dimer of the
ACEF catalytic subunits with a nucleosome (C2 pseudosymmetry) [17]. (d) Structure of the HSS-1oc3-45N0 (ISWla-AATPase—
nucleosome) with C2 symmetry [18]. The EM DB accession number is given.

a nucleosome, indicating that the complex is unstable
in vitro. To interpret the reconstructions, a nucleo-
some structure in crystal [23] was retrieved from PDB
(ID 1AOI), filtered to low resolution, and fitted in the
central cavity (Figs. 4a, 4b).

Cryo-Electron Microscopy of CRFs

Cryo-electron microscopy (cryo-TEM) makes it
possible to stabilize the sample in a native hydrated
state. Rapid freezing is used to obtain the sample in a
solid state without its dehydration or the formation of
ice crystals; the sample is maintained at a low tem-
perature during its treatment and analysis under an
electron microscope. A low temperature substantially
decelerates sample damage by the electron beam [21,
24, 25]. Cryo-TEM makes it possible to achieve high
resolution, but images have a poor signal-to-noise
ratio, which may complicate the data processing, and
are prone to artifacts. To overcome these difficulties,
comparisons are usually made with available negative
staining data.

No. 6
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Only few CRF reconstructions, including SWRI1
[20] and SWI/SNF [15], were obtained using cryo-
TEM, and the structure of the RSC complex was refined
to a resolution of approximately 25 A [12] (Fig. 2b).
Cryo-TEM images of RSC were aligned with the
structure obtained for RSC with negative staining
(Fig. 2a) [9]. The cryo-TEM data confirmed that the
RSC complex is formed of four domains and have a
central cavity fit to accommodate a nucleosome. A
first reconstruction was obtained for the RSC complex
with a nucleosome (Fig. 2b) [12]. For this purpose,
RSC was combined with a fourfold excess of nucleo-
somes in vitro, and a difference map between the
RSC and RSC—nucleosome structures was calcu-
lated. The difference density on the map had dimen-
sions of a histone octamer without DNA. The find-
ing indicates that RSC may interact with histones in
the absence of DNA.

SIGNIFICANCE OF SYMMETRY FACTORS

Symmetry is important for specimens examined by
TEM. Various symmetry types (crystal, helical, icosa-
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Fig. 4. Conformational mobility of CRFs. Projections (on the left) and structures (on the right) are shown in each case. (a) RSC
structures in open and closed conformations [10]. Domains with different positions are indicated with arrows. (b) Interaction of
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INOS8O [29]. (d) Structure of SWRI1 [29]. Black arrows indicate the possible localization of the nucleosome. The EMDB acces-
sion numbers are given.

hedral, and rotational symmetries) increase the signal- nately, the majority of CRFs lack symmetry. This cir-
to-noise ratio of sample images and decrease the image  cumstance complicates their reconstruction, and possi-
number required for 3D reconstructions. Unfortu- ble reconstruction defects are difficult to avoid.
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Asymmetric CREs (SWI1/SNF, RSC, and PBAF)

To illustrate structural diversity of asymmetric
CRFs, we compared the 3D reconstructions of the
yeast CRFs SWI/SNF [14] and RSC [9]. The two fac-
tors were both examined by negative staining TEM
and have a high amino acid sequence similarity. Yet
the 3D structures of SWI/SNF and RSC differ sub-
stantially. The SWI/SNF structure is more compact
and shows a uniform electron density distribution
(Fig. 3a), while RSC is shaped as a ring with domains
surrounding a central cavity (Fig. 3b). It should be
noted that some SWI/SNF 2D projections used in
reconstruction showed a considerable similarity to
RSC projections; in particular, they had four charac-
teristic domains (Figs. 3a, 3b; left panels). It remains
unclear whether the difference reflects the actual
structural features of the factors, or the actual similar-
ity was lost because different techniques (RCT and
STEM) were employed in reconstruction.

On the other hand, yeast RSC [9—12] and human
PBAF [13] are similar in architecture [10] (Figs. 4a, 4b)
in spite of lack of amino acid sequence conservation.
The structural similarity most likely reflects similar
mechanisms of action [12].

Symmetric CRFs: ACF and ISWla

Rotational symmetry or pseudosymmetry is char-
acteristic of certain CRFs.

The reconstruction shown in Fig. 3c is a fragment
ofthe ACF complex that includes the SNF2h catalytic
ATPase subunit and the Acfl accessory subunit. The
structure was reconstructed using negative staining to
27 A resolution. Image classification revealed three
different projection type classes, each displaying 2C
symmetry, which reflected the interaction of two
SNF2h monomers with a nucleosome. The recon-
struction was interpreted using a nucleosome struc-
ture in crystal [23]. The electron density correspond-
ing to nucleosomal DNA was not reconstructed
throughout its length, as was the case with RSC [12],
indicating again that DNA is unwrapped from the his-
tone octamer during chromatin remodeling. Two ACF
motors face each other, which enables ACF to rapidly
change the direction of nucleosome movement to
achieve a certain distance between them. It is also
known that DNA is unwrapped from the histone oct-
amer during transcription through nucleosomes [26].

Another structure with C2 symmetry was obtained
for a complex of ISW1a-(AATPase) with the nucleo-
some by cryo-TEM [18] (Fig. 3d). HSS-Ioc3 and
nucleosome crystal structures were fit in the electron
density resolved to 24 A for their identification [27].
The interaction in the ISWla-(AATPase)—nucleo-
some complex proved to be restricted to linker DNA
and a DNA fragment downstream of the linker. It was
found that ISW1la is capable of interacting with two
linker DNA regions simultaneously. A mechanism of
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ISWla-dependent nucleosome remodeling was pro-
posed with due regard to biochemical data [18], basi-
cally differing from the mechanism utilized by ACF
(see below).

CONFORMATIONAL MOBILITY OF CRFs

Conformational mobility is common for all CRFs.
As a result, domains may occur in different relative
orientations on 2D projections of macromolecules
(Fig. 4).

For instance, RSC and PBAF have a C-shaped
structure with four domains surrounding a central cav-
ity (Figs. 4a, 4b). Electron microscopy revealed sev-
eral domain positions in a nucleosome-free sample.
To classify the projections, the orientation and
arrangement were determined by cross-comparisons
of images or comparisons with projections of a 3D
model. Conformation collations and analysis showed
that mobility is clearly seen for the largest right
domain, the arm, of RSC (Fig. 4a, arrows) [10] and is
less distinct in the lower domain [9, 11, 12]. The upper
left domain is mobile in PBAF (Fig. 4b, white arrows).
Open and closed conformations were assumed for
RSC and PBAF based on mobility of their regions.

When mononucleosomes were added to PBAF, the
portion of complexes was low (approximately 5%) in
the sample [13]. A classification of complex-showing
images revealed several projections with an additional
electron density in the region between the mobile and
immobile domains (Fig. 4b, arrowheads). However,
the data were not ample enough to allow a 3D recon-
struction for the PBAF—nucleosome complex.

The majority of CRFs occur in an open conforma-
tion in nucleosome-free samples. The possibility of
nucleosome accommodation in the central cavty of
PBAF was assessed by docking the nucleosome crystal
structure (PDB 1AOI [23]) filtered to a proper resolu-
tion (20—25 A). The nucleosome is docked into the
free region bounded by the flexible CRF domains
(Figs. 4a, 4b) [10, 13]. The dimensions of the RSC and
PBAF central spaces agree well with the nucleosome
size in both open and closed conformations, support-
ing the flexible arm model (see below) of chromatin
remodeling [10]. A single nucleosome was identified
as a preferential substrate of RSC. RSC was earlier
shown to bind a nucleosome with nanomolar affinity
[28] and to prevent various nucleases from affecting
nucleosomal DNA [9]. Moreover, the data on nucleo-
some binding in the RSC or PBAF central cavity agree
with the results of nuclease footprinting of nucleoso-
mal DNA [10, 13].

Members of the SWR/INOS80 family function as
ATP-dependent DNA translocases and utilize the
energy of ATP hydrolysis to disrupt the DNA—histone
interactions when exchanging a H2A.Z/H2B dimer
for H2A/H2B. Three structures are currently available
for members of the family: two structures were
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obtained for yeast INO80O by negative staining and
cryo-TEM [19] and one structure was resolved for
yeast SWR1 by cryo-negative staining TEM [20]. The
structures substantially differ from each other. INO80
is an elongate molecule (Fig. 4c), while SWR1 is com-
pact (Fig. 4d). Four subdomains are recognized in the
INOS8O structure, which has an embryo-shaped head—
neck—body—foot architecture. To interpret the
results, a Rvbl/2 dodecamer was placed into the
region of the head in line with the dimensions of this
domain [19].

In the compact SWRI1 structure (Fig. 4d), a
domain with a pseudo sixfold radial structure corre-
sponds to the Rvbl/2 heterohexamier. The N- and
C-modules and the Swrl domain were additionally
identified [20]. Thus, the structures of two members of
the family (SWR and INOS80) differ. According to a
model supported by an analysis of projection images
obtained for INO80—nucleosome complexes with
negative staining, a nucleosome is accommodated in
the central groove of INOS8O (Fig. 4c, an arrow). The
flexible foot was assumed to extend (an open state)
and to bend (a closed state) in the course of chromatin
remodeling [19].

To study how SWRI1 binds a nucleosome, the
structure of a SWRI—nucleosome complex was
reconstructed at a 34 A resolution [20]. The recon-
struction was compared with the structure of apo-
SWRI1 (without a nucleosome), and an additional
density was observed over the central depression
formed between the Rvbl/Rvb2 ring and the Swrl
ATPase (Fig. 4d; the possible nucleosome position is
indicated with arrows). However, the dimensions of
the additional density were not large enough to dock a
nucleosome, which was possibly due to conforma-
tional and biochemical heterogeneity of this CRF.

Watanabe et al. [29] showed recently that projec-
tion images of two different CRFs, INO80-C and
SWR-C, are similar and suggest two, extended and
compact, conformations in either sample (Figs. 4c,
4d). The observation possibly indicates that the two
CRFs of the SWR/INOS8O family are actually similar
in structure, but their structures were reconstructed
for the extended (active) conformation in the case of
INOS8O0 and the closed (compact) conformation in the
case of SWRI1. Members of the SWI/SNF and
SWR/INOS80 seem to have more structural similarities
than was believed earlier [29]. There is still a substan-
tial difference. The nucleosome is accommodated
within the complex in the case of SWI/SNF members
(Figs. 2c, 4a, 4b) and is on one side of the complex in
the case of SWR/INOS80 members (Figs. 4c, 4d). This
nucleosome position destabilizes the complexes and
makes it difficult to resolve their structures to a high
resolution.

VOLOKH et al.

INTERPRETATION OF STRUCTURES

To establish the domain organization of CRFs and
to hypothesize their functions, it is essential to cor-
rectly interpret their structures. The results make it
possible to speculate on conformational changes in
macromolecules and their interactions with ligands.

Docking of Crystal Structures

All 3D structures of CRFs were reconstructed to a
resolution of 17.5—43 A, which is too low to identify o.-
helices in proteins. To improve the interpretation,
crystal structures of individual domains are docked
into TEM maps. Crystal structures of full-size CRF
complexes are not available from PDB because the
complexes are conformationally labile and are impos-
sible to obtain in crystal. Crystal structures are only
available for individual domains of ISWla [18] and
INO80/SWRI: the isolated Rvb1/2 domains [30—34],
the YEATS domain of Tafl4 [55], and the Arp4 and
Arp8 actin-binding subunits [35—37]. To interpret the
INOSO structure, the Rvbl/2 dodecamer and the Snf2
domain were docked into the INOS8O0 electron density
map, and the other structural modules were related to
their subcomplexes with the use of affinity labeling [18].

Affinity Labeling

The DIDI1 affinity label was used to localize the
Arp8, Nhp10, and Arp5 modules in the INO80 com-
plex [18, 38]. As a result, detection of an additional
density corresponding to the label in a particular
region made it possible to map the Arp5, ArpS8,
Nhp10, less2, and less6 domains in the INO8O0 elec-
tron density.

Crosslinking Methods

The interaction of INO80 with the nucleosome was
studied using crosslinking and mass spectrometry
(XL-MS) [39]. A total of 52 crosslinks were detected,
including 35 within flexible histone tails and 17
between structural components of histones and
INOS80. The findings make it possible to approxi-
mately determine the nucleosome position (Fig. 4c,
an arrow) [ 18]. Crosslinks with histones H2A and H2B
indicated that the H2A/H2B dimer is in the neck
region of INOS8O, providing for ATP-dependent che-
momechanical activity of the Snf2 domain. It is
thought that the contacts with DNA and H2A.Z/H2B
and H2A/H2B histone dimers subject to exchange
may be lost.

Mapping by Subtracting Electron Density

To map the domains corresponding to the C- and
N-terminal modules of the SWR complex, subcom-
plexes devoid of the domains were synthesized and their
3D structures reconstructed. The C- and N-modules

MOLECULAR BIOLOGY  Vol. 50
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were localized by constructing the maps of density dif-
ferences between the truncated subcomplex structures
and the initial full-size SWRI1 structure. The same
method was used to localize the nucleosome in com-
plexes with SWRI1 [20], INOSO [18], RSC [12], and
PBAF [13]. An extra electron density was seen in pro-
jections of the nucleosome-containing complexes
(Fig. 4b, arrows).

Structural Data-Based Models of the CRF Function

A comparison of structures from different classes
makes it possible to study their structural features in
association with the functional roles of individual

MOLECULAR BIOLOGY Vol. 50
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domains. Data obtained by different methods, includ-
ing information from biochemical and biophysical
studies, are considered collectively to confirm or reject
the hypotheses on the functions of molecular
machines, such as CRFs. Spatial structure analyses
showed that interactions of CRFs with the nucleo-
some yield various structural complexes, which move
nucleosomal DNA, play a role in histone exchange, or
evenly space nucleosomes along DNA. Several
hypotheses were advanced to explain the CRF func-
tions in the course of chromatin remodeling.

1. CRF envelopes the nucleosome: A flexible arm

hypothesis. The flexible arm hypothesis was advanced
more than 10 years ago in a study of conformational
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changes in the RSC complex [9] and received further
development when several other structures were recon-
structed for members of the same [12, 13, 40]. Proteins
of the SWI/SNF family play a role in DNA movement
along the nucleosome, nucleosome detachment (when
nucleosomes are removed from intensely transcribed
genes), and partial histone loss (during transcription
of nucleosomal DNA). CRFs act to disrupt and to
restore the contacts between histones and DNA in
these processes [6, 41, 42].

The flexible arm hypothesis suggests that a CRF
assumes an open conformation to interact with a
nucleosome (Figs. 4a, 4b) and than changes to a
closed conformation by moving one (PBAF) or several
(RSC) domains. The nucleosome is thus placed
within the CRF and is enveloped on two or more sides
(Fig. 5). The spatial organization of the RSC and
PBAF 3D structures (Figs. 4a, 4b) allows the central
space to act as a nucleosome-binding site. The assump-
tion was directly confirmed by comparing with projec-
tions of the PBAF—nucleosome complex (Fig. 4b).

It was thought earlier that ATP-dependent DNA
movement around a nucleosome during remodeling
involves a bending of the double helix [7, 43] and
results in a large loop (more than 100 bp) [44, 45].
However, only small loops (less than 20 bp) can be
accommodated in the cavity in the closed conforma-
tion. The formation of larger loops would lead to dis-
cordance, i.e., the DNA loops would not fit in the cav-
ity, and nucleosomal DNA would be exposed to the
solvent. Substantial conformational changes would
otherwise be necessary for accommodating a larger
loop [46]. The CRF—nucleosome interaction seems to
cause partial DNA unwinding. The assumption agrees
with a cryo-TEM RSC structure [12], where the electron
density of nucleosomal DNA cannot be identified.

2. Localization of CRF outside the nucleosome: A
histone displacement hypothesis. A mechanism
assumed for the interaction of SWR/INOS80 family
CRFs with the nucleosome during invariant histone
exchange differs from the above mechanism of the
SWI/SNF function. In histone exchange [47, 48], the
resident H2A/H2B dimer is displaced from the nucle-
osome, and a H2A.Z/H2B dimer is inserted in its
place [20].

It is thought that the Rvbl/Rvb2 hexamer of
SWR/INO80 CRFs acts as a structural platform to
accommodate the modules that interact with various
substrates (Fig. 5). The assumption is supported by a
3D map of SWRI1, which preserves its structural char-
acteristics regardless of the presence of individual
modules [20]. A similar structural platform was
assumed for INO8O [49] and SAGA histone acetyl-
transferase [50].

3. CRFs interact with DNA: A sliding hypothesis. To
control the distribution of nucleosomes along DNA,
CRFs interact with linker DNA or unmodified histone
regions rather than with the nucleosome core [51].
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The CRFs SNF2h [17] and ISWIla [18] act differently
to play a role in nucleosome distribution (Fig. 5).

In the former case, there are two SN2h monomers
per one nucleosome, but only one of them utilizes the
ATP energy. This monomer interacts with the N end
of histone H4 and the corresponding linker DNA
region. A longer linker stimulates AT Pase/translocase
activity of SNF2h [52—55], leading to a bridging of the
two SNF2h monomers. The catalytic ATPase subunit
Swi/Snf2 disrupts the DNA—histone interactions [55,
56] and generates either superhelical DNA twist [57]
or a running DNA bulge [58]. The process yields
nucleosomes having equally sized linkers on both sides
(Fig. 5).

The ISWla complex binds to the linker DNA
region that is subject to translocation. Once the linker
reached a necessary length, ISWla blocks further
translocation.

CONCLUSIONS

Elucidation of the mechanisms underlying the
CRF function is still in its infancy. To achieve a reso-
lution better than 6 A in reconstructions, far more
images of single particles are required for structures
lacking symmetry than for structures with symmetry.
Conformational mobility complicates the reconstruc-
tion because greater data sets should be processed to
separate the structures with different conformations.
The problem is solved with modern cryo-electron
microscopes, which allow automated data collection
and produce millions of single-particle images in a few
hours. In addition, current image processing methods
and supercomputers make it possible to process large
data sets to obtain 3D reconstructions at nearly atomic
resolution. However, the interpretation of different
conformations requires that the relevant hypotheses
are verified using biochemical methods.
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