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Thesis Details

A. Title

a. Titre en francais

Etudes sur le mécanisme de remodelage des nucléegmanRSC et SWI/SNF
b. Title in english

Studies on the mechanism of nucleosome remode}irR3LC and SWI/SNF

B. Abstract

a. Résumé en francgais

Dans les cellules eucaryotes ’ADN nucléaire egaarsé sous la forme de chromatine, dont
I'unité de répétition est le nucleosome. En re@eégale, la chromatine est considérée comme
répressive pour les processus nécessitant un acd@DN tels que la transcription, la
réplication ou la réparation. Le nucléosome repriesene forte barriere pour des protéines
nécessitant l'acces a I’ADN. Pour surmonter cetseribre, la cellule a développé des
méthodes variées, dont la plus importante sembie lét remodelage des nucléosomes
dépendant de I'ATP. Une propriété commune a touws faeteurs de remodelage est leur
capacité de repositionner les nucléosomes le lerltA@N.

Dans ce travail, nous avons étudié le mécanisnt&pkiacement des nucléosomes par RSC et
SWI/SNF, deux facteurs de remodelage de levure ¢aeactérisés. Nous avons combiné des
approches basées sur la visualisation a hauteutiésgl notamment la microscopie a force

atomique (AFM) et la cryo-microscopie électroniqaeec des approches nouvelles a pointe

de la biochimie et de la biologie moléculaire.

Nous avons montré que la mobilisation des nucléesgmar RSC ou SWI/SNF implique des
especes réactionnelles intermédiaires métastaldas ltbxistence et la structure étaient
jusqu’alors inconnues. Ces particules nucléosomales nous avons nommeé ‘remosomes’,
posseédent certaines propriétés structurales disindes nucléosomes canoniques. En

particulier, les ‘remosomes’ contiennent ~180 phRN associées a I'octamere d’histones au
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lieu de 147 pb pour les nucléosomes canoniquesttiEsant, I'empreinte a la DNase | nous
avons montré que le ‘remosome’ représente un ensatslstructures multiples caractérisées
par un enroulement fortement perturbé de I'’ADN Isagtameére d’histones. Pour caractériser
ces ‘remosomes’ avec une grande précision, noussawiis au point une nouvelle technique
«one pot in gel assay » qui consiste a cartographier toutes les 10 abcéssibilité d’'une
enzyme de restriction au ‘remosome’ fractionné pplacation de cette technique a révélé que
le profil de I'accessibilité du ‘remosome’ est tdifferent de celui du nucléosome. Alors que
celui du nucléosome peut étre extrapolé par unetifom de type hyperbolique, le profil du

‘remosome’ est ajusté par une fonction parabolique.

Nous avons voulu répondre a la question du mécandam’inhibition de la mobilisation du
nucléosome variant H2A.Bbd par SWI/SNF. En utilidas techniques décrites plus haut sur
des nucléosomes variants ou chimériques (contedesitdélétions ou translocations de
domaines d’histones) nous avons montré que le awmiaccrochage qocking domain’) de
I’histone H2A est essentiel pour la mobilisatiors deicléosomes. Nous avons aussi montré
qgue l'incapacité du nucléosome a glisser est dua génération d'états intermédiaires
‘remosomes erronés’, distincts de ceux apparaiss#arts le cas du nucléosome

conventionnel.

b. Abstract in English

In eukaryotic cell the DNA is organized in the raud in the form of chromatin, the
fundamental unit of which is called as the nucleeso Organization of DNA into the
nucleosomes presents a strong barrier for varionsegses which require access to the DNA
like transcription, replication and repair. To cx@me this problem cells utilize a variety of
methods, ATP dependent chromatin remodeling beimgyal the most important of them. A
common feature of all the remodelers is that threyable to reposition the nucleosomes along
the DNA at the expense of ATP.

In the present work, we have studied the mechaofsmucleosome mobilization by RSC and
SWI/SNF, two well characterized remodelers fromsye#& combinatorial approach was
employed using high resolution microscopy namelgcibn cryo-Microscopy (EC-M) and
Atomic Force Microscopy (AFM) together with novelobhemical approaches. We have

shown that the nucleosome mobilization by RSC avd/SNF involves hitherto unknown
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intermediate structures. These remodeled nucleogmamicles ‘The Remosomes’ possess
characteristic structural features. Our AFM studikew that ~180 bp of DNA is associated
with the histone octamer as compared to ~147 bphén canonical nucleosomes. Using
DNasel footprinting and EC-M we have shown that plaéh of DNA around the histone
octamer is highly perturbed. Moreover, these pagicepresent an ensemble many different
structures rather than one defined specie. Thelrovegel one pot assay’ showed that
accessibility profile of these particles is comelgt different from that of canonical

nucleosomes and they are accessible all alonggatiegh DNA.

We have also addressed the question of inhibitibmucleosome mobilization due to
incorporation of histone variant H2A.Bbd in the losomes. We show that the docking
domain of histone H2A is essential for SWI/SNF @8C induced nucleosome sliding.
Furthermore, we demonstrate that the reason failityaof these nucleosomes to slide is due

to a faulty generation of ‘Remosome’ intermediates.

C. Keywords

a. Mots clés en Francais
Variants d’histones, remodelage de la chromatineléosome, RSC, SWI SNF, chromatine,
H2A.Bbd

b. Keywords in English

Histone variants, chromatin remodeling, nucleosdR®C, SWI/SNF, chromatin, H2A.Bbd
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Chapter |: Introduction

Chromatin Structure, Organization and Dynamics

The genetic instructions which are used for devalapt and functioning of all living
organisms are contained in nucleic acid called asxgribonucleic acid (DNA). DNA
contains instructions for synthesis of other congmis of cells. Other DNA sequences
between the genes have structural purposes ankinaven to be involved in regulation of
gene expression. DNA was first isolated in 1869Hnedrich Miescher as a microscopic
substance in the pus of discarded surgical band&gese, it resided in the nuclei of cells, he
called "nuclein" (Dahm R, 2005). Later, in 1919 Pbwos Levene identified the base, sugar
and phosphate components of nucleotides (Leve®E)land suggested that DNA consisted
of a string of nucleotides linked together throtigé phosphate groups. Finally, DNA's role in
heredity was confirmed in 1952 by the famous Hergbease experiment (Hershey and
Chase 1952) and based on X-ray diffraction dat&bgalind Franklin and the information
that the bases were paired; James D. Watson amgti§r@rick suggested the double helix
structure of DNA what is now accepted as the ficsturate model of DNA structure (Watson
and Crick, 1953).

In the nucleus DNA exists as a complex structuteed@¢achromatin, a combination of DNA
with proteins. The term ‘Chromatin’ was suggested the first time by W. Flemming
(~1880), owing to its affinity to stains, while giting the process of nuclear division. The
purpose of chromatin organization is to package DiA a smaller volume to fit in the cell,
to strengthen the DNA to allow mitosis and meioais] to serve as a mechanism to control
vital processes like transcription, repair and Diglication. Three basic levels of chromatin

organization occur in the cell:

i. DNA wrapping around nucleosomes - leading to thengry structure of chromatin
called as the "beads on a string" structure.

ii. A 30 nm condensed chromatin fiber resulting fronecsfic interactions between
nucleosomes (Secondary structure of chromatin).

iii. Highest level of DNA packaging resulting in the mosmpact form of chromatin: the

metaphase chromosomes.
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[.1 The Nucleosome

The basic repeat elements of chromatin are theensomes which are interconnected by
stretchess of linker DNA. Kornberg (1974) first idefd nucleosomes to be composed of
about 200 bp DNA associated with two copies eacth@fcore histones H2A, H2B, H3 and
H4. Hence, the protein core of nucleosomes is alted as histone octamer. Further,
nucleosomes an also be associated with one unitinkér histones. Non-condensed
nucleosomes without the linker histones resembladb on a string of DNA" under an
electron microscope (Figure 1.1, Thoma et al 199Bns and Olins 1974). Linker histones
such as H1 or H5 and their isoforms are involvedhromatin compaction and bind to the
linker region of the DNA at the base of the nuctens near the DNA entry and exit site
(Zhou et al., 1998)The structure of nucleosome is highly preservedllirukaryotes due to
various antagonistic selective pressures duringuéea. The first is the need for compaction
of DNA. Indeed, in a human cell the DNA, about 2tendong in extended form, has to be
compacted to fit within the nucleus about{df in diameter. On the other hand the cell must
be able to access specific regions in its genomeorgter to produce certain RNA
(transcription) or to duplicate its contents (re@tion) or to repair damage to its DNA. These
vital needs for the cells led to a structure compad stable but quickly modifiable and very

dynamic at the same time.

Figure 1.1 Nucleosomes: Beads-on-a-string modeElectron microscopic image of H1-depleted
isolated chromatin. Adapted from Thoma et al., 1979

[.1.1 Histones

Histone were discovered as an acid extractableriabigolated from avian erythrocyte nuclei
and first described by A. Kossel (1884) which hened as ‘histon’ (Olins and Olins, 2003).

Histones are small basic proteins of about 10-18 KIDO to 130 amino-acids) found in all
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eukaryotes and are among proteins that are mostepged during evolution. Histone
sequences have even been identified in many archapames and they constitute a family
of proteins that are structural homologs of theagydéitic core histones and are called as
archaeal histones (Sandman and Reeve, 2006). Hner® canonical forms of histones: -
H2A (14 kDa), H2B (14 kDa), H3 (15 kDa) and H4 ({2a) are called as core histones and
H1 (21 kDa) is called as linker histone. The castames have three functional domains:

(i) Histone fold domain,
(i) N-terminal tail domain, and

(i) Various accessory helices and less structueggbns.

H2B H2A H4 H3

Figure 1.2 Histone fold of the core histonegH2A, H2B, H3 and H4). All adopt the same
secondary structure called as "histone fold", witchsists of a sequence of three propelters
represented by the cylinders. The histone foldresgnt at the base of histone dimerisation
(H2A-H2B) and (H3-H4). Adapted from Sondermannlet2003

The "histone fold" is composed of symmetric duglma of helix-loop-helix motif with a
long median helix and two shorter terminal heligeimed by loops to the median helix
(Figurel.2) allowing the histones to interact betwethem (H2A-H2B) and (H3-H4), via
hydrophobic interactions (Sondermann et al., 200Bjese heterodimeric pairing is
commonly called as "handshake" pairing wherein aredielices of the partners align in
opposite orientations (Arents et al., 1991). In #iiisence of DNA and under conditions of
moderate salt concentration (150 mM NaCl), H3 addjdin to form a tetramer (H3-H4)
whereas H2A and H2B remain associated in the fofrdimer (Figure 1.3). In high salt
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concentration (2M NaCl), the octamer of histonesn® spontaneouslyn vitro (Eickbush
and Moudrianakis, 1978).

Besides histone fold, each histone has distinatrNvinal and C-terminal regions. N-terminal
tails of histones are located outside of nucleosoraed are subjected to covalent
modifications which may lead to modification of &édachromatin structure either directly or
through other interacting proteins. These accessédgions serve as a platform for interaction
between chromatin and regulatory proteins. Thenarteérminal parts of the histones do not
take part significantly in the structure of the lmasome; they seem to be rather committed in
interactions with other proteins or others nucleess. Tails of the histones H2B and H4 in
particular are important for the formation of higleeder structure of chromatin. The integrity
of the tail of H4 is necessary for the formation36f nm fiber (Dorigo et al., 2003) and the
amino-terminal part of H2B is necessary for theoomwsome assembly (de la Barre et al.,
2000; de la Barre et al., 2001). This higher omtehitecture is facilitated and stabilized by

linker histones.

' H2B Complete Histone With
DNA
‘, )

'HZA H2B
Dimer

H3-H4 Histone Octamer
Tetramer

Figure 1.3 Nucleosome assemblyThe four core histones are organized in a tetrgiddrH4), and
two dimers (H2A-H2B). Under ionic concentrationsver than 0.5 M and in the presence of DNA
these species are assembled to form the nucleosorfimeicleosomal core particle” (NCP). Adapted
from Richard Wheeler.



The linker histone H1 represents another familyhistones as it does not have the same
structure as the core histones. It adopts a tripastructure, made up of a conserved globular
central domain of about 80 amino acids flankeddig| highly positive N- and C-terminal
tails which diverge by their size and their seqeeamong different H1 variants (Wolffe et
al., 1997). The globular domain of H1 interactdwmiiie nucleosome core particles at the entry
and exit site of DNA into the core particle. It hbeen shown to influence the angle of
entry/exit of linker DNA and many have suggestedrdle in organization of 30 nm fiber.
However, knockout studies of H1 have posed questionits significance for nuclear
assembly. Moreover for the location earlier it vilagught to be present at the nucleosomal
dyad axis (Widom, 1989) but Zhou et al., (1998)uad)it to be positioned asymmetrically,
compared to the centre of symmetry of the nucleesdrhe debate on its actual position and

function is still on (Figure 1.4, Brown et al., 280

Figure 1.4 Structure and potential position of linker histone on nucleosomelinker histone is
represented in red and nucleosomal dyad in the DNA is represented in yellow. Adapted from
Brown et al., 2006.
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[.1.2 Crystal structure of the nucleosome

The structure of histone octamer in absence of WA solved by X-ray crystallography at
3.1 A resolution (Arents et al., 1991) and late tmystal structure of complete nucleosome
core particle was solved at 2.8 A resolution (Lugeal., 1997) providing details of protein
and DNA interactions within the nucleosome. In thigtone core, H2A and H2B form two
dimers (H2A-H2B) whereas H3 and H4 are presentha form of a tetramer (H3-H#)
Structurally, the two dimers (H2A-H2B) enclose astier (H3-H4) and form a sandwich
structure around which 147 bp DNA is wrapped inuhb % left superhelical turns (Figure
[.5). The nucleosome dimensions derived from ttriscéure are 11 nm in diameter and 6 nm
in height (Luger et al., 1997). The nucleosome ldigpan apparent two-fold symmetry with
the axis passing through the octamer and inter§&d#s perpendicularly at midpoint of the
wrapped sequence. DNA interacts with the historseprs through 14 hydrogen bonds at
every 10 bp length. This bonding makes nucleosatexdrostatically stable between 20 and
30 KT according to the ionic conditions, temperatand sequence (Richmond and Davey,
2003).
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Figure 1.5. Structure of the 147 bp nucleosome corparticle at 1.9 A resolution. (a) View down
the axis of 2-fold pseudo-symmetry (dyad axis, kjawith the DNA superhelix axis oriented
vertically (broken line). The dyad axis bisects ttemtral base-pair. The 147 bp palindromic DNA
sequence shows nearly perfect 2-fold symmetryingldhe two 73 bp halves of the DNA superhelix
extending from the central base-pair. The DNA stsaare cyan and brown. The histone-fold domains
of the histone proteins are blue for H3, greenHdr yellow for H2A and red for H2B. The histone-
fold extensions and N-terminal tail regions showa white. (b) View down the DNA superhelix axis
showing one half of the structure to illustrate tiganization of histone and DNA. Colors are as for
(a). The superhelix locations are labeled at thBisding sites of the histone-fold pairs and th& H
aN helix (SHL: 0.5, 1.5, 2.5, 3.5, 4.5, 5.5, 6.5h€elcentral base-pair is indicated (0). The histahe-
substructure for histones H3 and H2B are labeddd I(1, 02, L2, a3) as are histone-fold extensions
(aN, aC) and segments of the N and C-terminal tails (NNCC'). Adapted from Davey et al., 2002.

25



|.2 Higher orders of Chromatin structure

In the chromatin, 11nm fiber of nucleosomal beadDdA string compacts to form higher

levels of organization. Between the final structafechromatin i.e. the mitotic chromosome
and the nucleosomal array, certain intermediatel$egf organization have been postulated
(Figure 1.6).

2J9wonua) <=lswolal

Chromosclﬂe

Figure 1.6 Different orders of chromatin architecture. The DNA is wrapped around the histone
octamers to fom nucleosomes which are connectedinkgr DNA. This represents the primary
structure of chromatin. The compaction of this wari nucleosomes constitutes the secondary
structure of the chromatin, commonly called as B80fiber. The extreme compaction of chromatin is
illustrated by the mitotic chromosome. The mitatiromosome consists of four arms protected by a
telomeric end. The point where anchoring of theotiutspindle occurs is named as centromere.
Adapted from Boulard 2007.

DNA Nucleosomesl 30 nm fibe

Under physiological conditions the 11 nm fiber fignt compacts and forms 30 nm chromatin
fibers which subsequently folds into higher ordeguctures. Indeed, preliminary studies on
chromatin, which were carried out by employing #&l@t microscopy and digestion with
nucleases, revealed the presence of a regularviibieh compacted in the presence of linker
histones (H1 or H5) and by interactions between Hd@th the N-terminal of histone H4.
However, since then, the general information aedrkernal organization of this type of fiber
are largely prone to debate and several contragiiattodels have been proposed. Two
principal architectures of 30 nm fiber arrangemprdposed are theolenoid and zig-zag
models (Figure 1.7).
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Figure 1.7 Models of 30 nm fiber organization(A) Solenoid Model, (B) Zigzag model.
Adapted from Robinson et al., 2006.

Solenoid or single-start helices involve wrappirfgaatightly packed array of nucleosomes
into a helix, which is stabilized by inter-nucleasa interactions. In order to overcome the
constraint posed by linker DNA and to establishessary contacts between successive
nucleosomes the linker DNA should be bent insi@efither or must continue the superhelical
path of nucleosomal DNA between nucleosomes (Farh Klug, 1976). ‘Zig-zag’ model
proposes existence of two helices connected bygktréinker DNA (Bednar et al., 1998).
Here, consecutive nucleosomes are alternativeliggghand dimensions of the helix depend
on linker length which is not true for nucleosonmependent solenoid model. Till date the
issue of two-start versus one-start helices issetited. Schalch et al (2005) described X-ray
crystallographic structure of reconstituted tetdeosome wherein very short linker DNA
connects two stacks of non-consecutive nucleostmesssupporting ‘zig-zag’ model. On the
other hand, Robinson et al. (2006) combined thenigces of chromatin reconstitution and
electron microscopy and found that helix diametedt Eength remains almost constant over
considerable linker length variations as expectedhe basis of solenoid model. Recently,
van Holde and Zlatanova (2007) have reviewed tharB8(iber structures and discussed the

controversy associated with it from last 30 years.

Internal organization of this fiber depends on mpayameters like concentration of divalent

ions and spacing between consecutive nucleosomesémple, the diameter of the fiber can
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vary from 30 to 40 nm when space between nucleosamehanged from 50 to 70 bp
(Robinson et al., 2006). Hence, the organizatiomuwdfleosomes within chromatin is highly
dynamic and changes according to the particuladitions in the microenvironment like the
presence of transcription factor or the regulaonfythe positioning of the nucleosomes.
Chromatin organization is stabilized by multipleainatin-associated proteins especially the
linker histones. Linker histones are located betwego nucleosomes and stabilize both
intramolecular folding as well as fiber-fiber iraetions (Carruthers et al.,, 1998).
Furthermore, histone tails of core histones intenath other proteins to stabilize the
nucleosomal organization (Hansen, 2002; Zheng aaygks] 2003). These fibers fold further
to form compacted tertiary structures but its detastructure is still not well understood, it
has been postulated that the fibers roll-up onlfitse form thicker fibers, called as
chromoneme model (Belmont and Bruce, 1994). Thesetares then interact with nuclear
matrix to form more condensed and organized sextivarious experimental observations
tend to show the presence of loops (from 200 tor8@Gdiameter is several hundreds of kbp)
or chromomers (Cook and Brazell, 1975; Old et¥77; Fraser and Bickmore, 2007). One
functional model proposed by Cook (1995) is thatheane of these loops could constitute a
unit of transcription. These fibers finally fold ttn an organized manner to form a
chromosome (Fisher and Merkenschlanger, 2002; H&n2600). Compact organizations
within chromosomes probably correspond to nonactiwaes of chromatin that are not
transcribed by the cell (Dubochet et al., 1988; Wsmek 1994; Gilbert and Allain, 2001) and
are called as ‘heterochromatin’. In the active anti#ss dense zones of genes, nucleosomes
are less regularly organized and chromatin mighpresent in a conformation of 11 nm fiber
(McDowall et al., 1986; Horowitz et al., 1994; Gilib et al., 2005). This poses a question on

the existence of 30 nm fibar vivo.

[.3 Chromatin Territories

In the nucleus chromatin is organized as condensgions with a defined spatial
arrangement so that distinct compartments withie tucleus can influence chromatin
dynamics such as gene expression and silencing(&&d 2004; Baxter et al., 2002; Chubb
and Bickmore, 2003). This positioning of chromaitiithin nucleus is called as ‘chromatin
territories’ and was first described by Heitz in289 as less stained, decondensed
‘euchromatin’ and more compact, highly stained eéhethromatin’ (Passarge 1979).

Euchromatin contains highly accessible DNA and nmsitein coding genes are located
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within this region. It decondenses during interghasd is replicated early in S-phase. On the
other hand, heterochromatin are transcriptionaibciive regions and replicated late in the
cell cycle (Fisher and Merkenschlager, 2002; Greaval Elgin 2002; Grewal and Moazed,
2003). These regions are mainly associated witlra@eeres and telomeres of chromosomes,
however short stretches of interspersed heterodckiomare also found throughout the
chromosome (Fahrner and Baylin, 2003). It is thaughstabilize the genome and regulate
gene expression during development and differeotia{Grewal and Moazed, 2003).
Sometimes heterochromatin can spread to euchromegions leading to changes in their
chromatin structure thus resulting in gene inatiiva(Reuter and Spierer, 1992; Schotta et
al., 2003). Furthermore, histone modifications apeécial histone variants are known to be
associated with heterochromatin. Establishmentraashtenance of heterochromatic state of
chromatin is mainly achieved by chromatin remodglioy histone modification, DNA

methylation and RNAiI machinery (Vermaak et al 2003)

Euchromatin Heterochromatin

Histone acetyltransferases

e an

Transcriptional Hyperacetylated
activator histone tail

® Less condensed * Highly condensed

* At chromosome arms * At centromeres and telomeres
# Contains unique sequences # Contains repetitious sequences
& Gene-rich * Gene-poor

# Replicated throughout S phase # Replicated in late S phase

® Recombination during meiosis * No meiotic recombination

Figure 1.8 General properties of euchromatin and heerochromatin. Adapted from Grewal and
Elgin 2002.

|.4 Regulation of Chromatin Dynamics

Nucleosomes, as shown by the crystal structurabitdtrong interaction between DNA and
core histones and are highly stable but flexibleicstires. Chromatin, at all levels of
organization, is very dynamic and this plasticgycrucial to ensure proper functioning of the
cell. Modification of chromatin structure is thdrme step in regulation of all the processes for

which genetic information is stored in the DNA. &&dl, chromatin provides the substrate
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upon which most important biological processes lik@nscription, replication, repair and
recombination takes place. These processes reguick changes in chromatin organization
and structure. In order to make the DNA accessiblenzymatic machinery, the compacted
DNA fiber needs to be unraveled (van Holde andaflava, 1996). Physical parameters such
as the affinity of the DNA sequence to the histogtamer or the intrinsic curvature of the
DNA sequence can have strong effects on the steicfuchromatin. Indeed, nucleosomes on
some DNA sequences are more prone to temperatdueed octamer repositioning than
sequences which have more affinity towards thenoetgBeard et al., 1978; Meersseman et
al., 1992; Falus et al., 2004pwary and Widom, 1998 Moreover, nucleosomes are able to
adapt to strong distortions induced by binding ighhd on the DNA without losing the
contact with the histone octamer (EdayathumangaladiLuger, 2005). Certain transcription
factors such as NkB can bind to DNA without inhibition or major modati&tion of the
nucleosome (Angelov et al., 2004). This intrinsymamics of the nucleosome (or breathing)
does not allow the complete DNA to be accessiblaliothe cellular machineries. Moreover
this “breathing” of the nucleosomal DNA is limitéal the ends of the nucleosome (Anderson
et al., 2002). Therefore, cells have developedagennechanisms to ensure modulation of
DNA accessibility. Three principal methods to emsthis plasticity are, as described in the
following sections, incorporation of histone vatgristone covalent modifications and ATP

dependent chromatin remodeling.
1.4.1 Incorporation of Histone variants

The structure of chromatin can be adapted to par&pecialized functions by variation in its
core histone composition. Histones deposited attithe of DNA replication are called as
conventional histones (H2A, H2B, H3 and H4). Thepresent majority of histones (60-90
%) in the cells and are synthesized only duringh&sp of cell cycle. However, synthesis of
histones out of this phase of replication also $giace. These are non-allelic counterparts of
conventional histones and are called as ‘variaiitsey can be deposited in the nucleosome a
manner independent of the replication and havecdipacity to substitute canonical histones
within the nucleosome. Hence, these are also calletteplacement histones’. Except H4,
multiple variant forms of all other core histonessg however, alternative mRNA forms of
H4 also seem to be present (Boulard et al., 200ifigP et al., 2006; Gendron et al., 1998).
The percentage identity of each histone with itsvemtional counterpart is highly variable

(from 48 to 99.9%) (Figure 1.9). Some are muchseswed and are present throughout the
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animal kingdom such as H2A.Z whereas some are mresely in the mammals, like

H2A.Bbd. The presence of histone variants withim tlucleosome modifies the structure and
dynamics of the nucleosomes leading to significampact on several cellular processes
involving DNA, including transcription, repair, ¢aflivision and meiosis; and could have
important epigenetic consequences as well. Conti@rtheir conventional counterparts,

MRNA of variants is deprived of stem loop structatets 3' end, which is necessary for the
degradation controlled by the cellular cycle (Pandeal., 1987). In place of this stem loop
structure, these mRNA'’s are polyadenylated, whicitdases their stability (Challoner et al.,
1989). These specificities imply that histone vatisaare incorporated in the nucleosome by

various ways and are dealt with by specific protéiaperones.

# o910 7 29 K _FG
H3 [ ] HEL ] Canonical core histone
[¥] 31 TO
kR 7
H2.3 [ [ HEE 0 | Transcriptional activation
'
CEMPA [ ] HED Kinetochore assembly
b
H24 [ | HEL! | Canonical core histone
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9
HzZAK [ ] HEDY ] DONA repair and recombination,
major core histona in yeast
H2AT | T e T | Gene expression,
chromosomea segregation
macroH 24 [ ] HELY il | X chramosome inactivation,
trarscriptional repression
HzABBD [ HELY ] Transcriptional activation’?
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g B [
H4 [ | HFDY Canonical core histone
14
?
HZB [ | ArL | | Cancnical core histone

Figure 1.9 Canonical histones and their variantsAdapted from Sarma and Reinberg, 2005.

1.4.1.1 H3 variants

In mammals there are five isoforms of H3: H3.1,2343.3, H3t and CENP-A. There are
minor differences between the variants, but a w&mgng positive selection is observed upon
each histone (Marzluff et al., 2002). Each diffeneven small, thus seems to be related to

an important functional consequence.
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Centromere specific H3 variant (CenH3 or CENP-Aalisolutely required for assembly of
the proteinaceous kinetochore to which spindle otidies attach during cell division
(Blower and Karpen, 2001). Inactivation of thisiaat of histone is lethal at the embryonic
stage in the mouse, as it prevents correct mitositfie assembly of CenH3-containing
nucleosome is independent of replication (Ahmad ledikoff, 2001; Shelby et al., 2000). In
contrast to the nearly invariant N-terminal tailoainonical H3, the N-terminal tail of CenH3
is highly diverse and significantly varies in lehgind sequence among different species
(Malik and Henikoff, 2003).

Another H3 variant, H3.3 is very similar to H3 adiffers only at 4 amino acid positions,

three of which determine nucleosome assembly behathanges from H3 to H3.3 form

allow replication independent assembly (Ahmad amuhikbff, 2002). It is enriched in the

transcriptionally active zones of chromatin of icise plants and humans (Ahmad and
Henikoff, 2002; McKittrick et al., 2004; Chow et aD05). H3.3 containing complexes are
copurified with replication-independent histone pl@ne, HIRA, which differentiates it

from other H3 which gets copurified with CAF-1 (lieption competent assembly complex)
(Tagami et al., 2004). Furthermore, this varianpast-translationally modified in a way that
favors transcriptional activity, namely hyper-adatipn and dimethylation of H3K36 and

H3K79 (Hake and Allis, 2006).

The variants H3.1 and H3.2 were confused with edhbbr for a long time, but the study of
their post translational modifications suggestidetroles (Hake and Allis, 2006). H3.2 is
methylated on H3K27 and is implied in gene silegcwhereas H3.1 has marks associated

with activation of genes (H3K14ac) as well as repian of transcription (H3K9me?2).
1.4.1.2 H2A variants

Besides the conserved histone-fold domain, theotestH2A has very long N-terminal tail
which intercalates between two turns of nucleosoBPidA and its C-terminal tail has a
docking domain through which it can interact with3¢H4), tetramer via N-terminal tail of

H4 (Luger et al., 1997; Suto et al., 2000). Thigiaction between H2A-H2B diamer with the
(H3-H4), tetramer is essential for compaction of chromébar (Horn et al., 2002; Zhou et
al., 2007). Being an important player in regulatiof chromatin dynamics a number of
variants of H2A exists. Based on the sequence thrasants can be described by their

evolutionary origin (Figure 1.10, Malik and Henikp2003). H2A.Z has originated very early
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in eukaryotic evolution and is present in the mamsmhairds (H2A.F), theDrosophila (H
2Av), C. elegans, sea urchins (H2AZ/F), various protozoans [lietrahymena (H2Ahv1) and
yeast (Htz1) (Raisner et al., 2005). Likewise, HR4s also present in all eukaryotes whereas
the variant macroH2A exists only in vertebrates a&f2A.Bbd is found exclusively in
mammals (Malik and Henikoff, 2003; Eirin-Lopez &t 2008).

: Mammals

H2A.Z

F
: Plants

Kinetoplastid H2A

Mouse H2A. Bbd
Rat H2A. Bbd
Cow H2A. Bod
HZ2A.Bbd Cat HzA- B
nnnnnnnnnnnnnn e
Human H2A. Bbd

Chimpanzee H2A. Bbd

Figure 1.10 Phylogenetic tree of H2A variantsAdapted from Gonzalez-Romero et al., 2008.

1.4.1.2.1 H2A.Z The variant H2A.Z shares only around 60% homolagiyh the canonical
H2A and 90% homology between species. The resolutfccrystal structure of nucleosome
containing H2A.Z by Suto et al., (2000) revealedttBDNA trajectory is not distorted by
replacement with this variant however, protein-protinteractions are affected. Differences
in affinity between H2A-H2B dimer and the core a&stier were observed. Three hydrogen
bonds were found to be lost, thus destabilizing ititeraction between H3 and H2A.Z.
However, the dimer H2A.Z-H2B forms a strong acigatch and a divalent cation binding
site on the surface through which it could bind enstrongly to H4 tail or other interacting
non-histone proteins (Suto et al., 2000). Alsa@otild support the formation of 30 nm fiber.
Several studies reporting contradictory physicabpprties of H2A.Z variant have been
published; these differences in observations aghiiie due to the difference in techniques
used in the studies. For example, certain measumsmeonclude that the nucleosome
containing H2A.Z would be less stable (Abbott et 2001) while others found it to be highly
stable (Fan et al., 2002; Park et al., 2004; JihFeisenfeld, 2007).
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H2A.Z has been observed to be located at yeastqievsmand display a redundant role with
ATP-dependent nucleosome remodeling complexes i€&etvdin et al., 2000) and found to
interact directly with transcriptional machineryrohg gene expression (Adam et al., 2001).
Flaus et al., (2004) observed that H2A.Z nucleosowen slide thermodynamically more
quickly than conventional nucleosomes at aroundC30This important observation
strengthened their property similar to remodelirgnplexes such as SWI/SNF. Various
groups determined genome wide localization of H2Autleosomes (Guillemette et al.,
2005; Li et al., 2005a; Raisner et al., 2005; Zhahgl., 2005; Millar et al., 2006; Barski et
al., 2007). All these works point towards localiaat of a large fraction of H2A.Z
nucleosomes on promoter regions. However, the letioe between the presence of H2A.Z
on the promoter and activity of the gene is notvimdor all and is still discussed. Recently,
Baski et al., (2007) carried out high-resolutioralgmis of H2A.Z positioning in human
genome, using SOLEXA® sequencing technique and dotlvat, contrary to yeast, the
presence of H2A.Z on the promoter is correlatechvaib active transcription in humans.
These studies with high-resolution positioning &AFZ on the genome show that H2A.Z is
strongly enriched in the nucleosome free area (N&Rpromoters (Raisner et al., 2005;
Barski et al., 2007). This work shows that two eoslomes containing H2A.Z flank the NFR
of the promoter, in yeast and in human (Raisned.eR005; Barski et al., 2007). This led to
identification of a 22 bp consensus sequence tbatdcpromote formation of NFR and
incorporation of H2A.Z in both nucleosomes flankihg area (Raisner et al., 2005). In yeast,
acetylation of histones also directs incorporabbif2A.Z in euchromatic regions (Raisner et
al., 2005; Zhang et al., 2005). Hence, H2A.Z taggtecific nucleosomes within promoters
and can create promoter-specific chromatin stresturdowever, H2A.Z enrichment in active
chromatin may even lead to repression of gene egme (Dhillon and Kamakaka, 2000)

hence; its role in functional chromatin dynamicemsgmatic.

In vitro, the presence of H2A.Z facilitates nucleosomakrfitompaction, but inhibits
oligomerization (Fan et al., 2002). This suggeltt thromatin containing H2A.Z could be
present in the heterochromatic region. In paral#?la (a protein known to be related to
constitution and compaction of heterochromatin) weaend to bind preferentially to
chromatins reconstituted with H2Ai4 vitro and absence of H2A.Z changes ldRdrotein
localization, in vivo (Fan et al., 2004). These results indicate invoket of H2A.Z in

formation of pericentric heterochromatin.
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H2A.Z is assembled by SWR1, a member of SWI/SNHRIfafKrogan et al., 2003; Kobor et

al 2004; Krogan et al., 2004; Mizuguchi et al., 200ut the exact mechanism is still not
known. Another histone chaperone called Chzl peefelly deposits H2A.Z-H2B dimer

(Luk et al., 2007). Taken together, the availaldiaduggests that H2A.Z plays important role
in several cellular processes and can affect actoite of chromatin towards both increased
gene expression as well as gene silencing. Thaesiediand even antagonistic functions are
probably dependent on the particular dynamics efsehnucleosomes and their distinct

mechanisms of deposition.

1.4.1.2.2H2A.X

H2A.X represents about 10-15% of total H2A in maisthe mammalian cells. Its sequence is
very similar to the canonical H2A at amino termiraid core regions however, varies
considerably at carboxy-terminal end (West and Bond983). In humans, the carboxy-
terminal end of H2A.X differs in both length as Wwa$ sequence from H2A. It contains 20
amino acids more than H2A and exhibits homologyhwiwer vertebrate species. In
particular, it contains a very conserved tetrageptnotif (Ser-Gln-acidic-aliphatic) whose
serine (position 139) gets phosphorylated uponodhiction of a double strand break
(Marzluff and Pandey, 1988; Rogakou et al., 1998tlal., 2005b). In mammals, a second
(S,T)Q motif is present upstream of this regionakihalso gets phosphorylated (position 136)
but to a lesser extent (Rogakou et al., 2000).neamore, another upstream conserved region
is formed by GKK cassette and posttranslational ifirtadions of these three residues play

important functional role (Li et al., 2005b).

Redon et al.,, (2002) demonstrated phosphorylatibrH®A.X (yH2A.X) as a general
phenomenon correlated with DNA double strand breakiksuggested its role in DNA repair.
This phosphorylation is carried out by three kisasePIKK family namely, ATM, DNA-PK
and ATR (Stiff et al., 2004). ATM (ataxia telangiasia (A-T) mutated protein) is a crucial
kinase for the signal transduction DSB pathway ({Sky et al, 1995) and is known to play a
dominant role in H2A.X phosphorylation than the esthiwo kinases (Burma et al., 2001,
Fernandez-Capetillo et.aR002; Redon et al2002). The phosphorylation of H2A.X could
either directly open chromatin or can affect histameractions and thus carryout opening of
30 nm fiber (Li et al., 2005b). For DNA repair ohratin decondensation is a prerequisite.

The phosphorylated serine yfi2A. X is present near the C-terminal end and iessible for
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interaction with other proteins. This interactshnand plays essential role in accumulation of
various DNA repair proteins and formation of DNAnt&ge-induced repair foci. However,
Celeste et al., (2003) demonstrated that it do¢ssigoal migration of repairing proteins to
the damage siteyH2A.X is recognized by Arp4 (a common subunit ofAdy Ino80 and
Swrl chromatin remodelers) as a mark of DNA damégewns et al.,, 2004). These
complexes would then make it possible to modifyucttire of chromatin, so that the repair of

the DNA can take place.
[.4.1.2.3MacroH2A

MacroH2A (mH2A) is about three times more than #iwe of conventional H2A and is

unique among the known histone variants with spedigartite structure. The N-terminal

third of its amino acid sequence (amino acids fla#fjrough 122) is 64% identical to major
H2A. A C-terminal nonhistone region (aa 161 thro@3h) is linked to the histone homology
domain via a linker region (aa 123 through 160)echbs L1 loop. The large C-terminal
region is also called as macro domain (PehrsonFaied, 1992). In humans, two isoalleclic
forms of mH2A, mH2A1 and mH2A2, are found and theghibit about 80% homology

(Chadwick and Willard, 2001; Costanzi and Pehrg2®1). mH2A1 has two spliced variants,
mH2A1.1 and mH2A1.2 (Chadwick et al., 2001).

The variant mH2A is associated with strong repoesgf transcription and is found to be
especially enriched in inactive X chromosome (Quatand Pehrson, 1998; Costanzi and
Pehrson, 2001). Moreover, it is also suggesteatimolved in assembly and maintenance of
heterochromatin (Chadwick and Willard, 2002; Chdoak, 2006; Costanzi and Pehrson,
1998; Grigoryev et al., 2004; Ma et al., 2005; BReret al., 2000; Rasmussen et al., 2000). In
senescent cells the silent senescence-associatddieomatin foci (SAHF) were found to
be enriched in mH2A (Zhang et al., 2005). mH2a Eress transcription at two levels. It
can block posttranslational modifications of higsrby blocking HAT p300 (Doyen et al.,
2006a) and can interact with HDAC1 and HDAC2 (Chakrthy et al., 2005) thus affecting
acetylation status of mH2A containing and neighfiphistones. Moreover, mH2A can block

the action of chromatin remodelers through itsadpl (Doyen et al., 2006a).

The crystal structure of only the macro domain Ie@esn resolved by several groups (Allen et
al., 2003; Chakravarthy et al., 2005; Kustatschierale 2005) revealing its interesting

structural and functional properties. It is chaeazed by a mixed alpha/beta fold and
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exhibited similarity to the N-terminal binding domaof the E. Coli leucine aminopeptidase

PepA and to members of the P-loop family of nudtkohydrolysases (Allen et al., 2003).
Recently, an ADP ribose binding motif has been bunthe macro domain. Karras et al.,
(2005) demonstrated that the macrodomain contatoiserved pocket, which binds to ADP-
ribose with high affinity. However, macro domainafly mH2A1.1 but not of mH2A.2 can

bind with O-acetyl-ADP-ribose (Kustatscher et @D05). Since the two proteins differ only
by a short amino acid stretch embedded within teerommdomain, this points to a regulation
of the binding of NAD (nicotinamide adenine dinugiee) metabolites through alternative
splicing (Kustatscher et al., 2005). Experimentatadsupporting this suggestion are still

missing.

1.4.1.2.4 H2A.Bbd

H2A.Bbd (Barr body deficient) is the most recergodivered and least studied histone variant
of the H2A family. It was found excluded from theactive X chromosome, its name is thus
derived from this localization property (ChadwickdaWillard, 2001). It exhibits only 48%
identity with the conventional H2A and is foundexhibit variations between species (Eirin-
Lopez et al., 2008; Gonzalez-Romero et al., 208¢ontrast to mH2A, H2A.Bbd is shorter
than H2A (115 amino-acids only) and lacks the ftéiC-terminus and the histone H3
docking domain (Figure 1.11, Chadwick and Willagf01; Luger et al., 1997). However, it
contains a row of six arginines at its N-termirail, tindicating that it could interact more
strongly than the N-tail of H2A with nucleosomal BN Chadwick and Willard, 2001).
Moreover, microccocal nuclease digestion of H2A.Blidleosome suggests that only 118 bp
are protected from the enzyme inside these nuateesdBao et al., 2004) whereas the length
of DNA protected by a conventional nucleosome i by. Recently, Doyen et al., (2006b)
carried out a more limited digestion of the varablicleosomes H2A.Bbd and found 130 bp
to be organized around the H2A.Bbd octamer (Doyteal.e 2006b). Hence, nucleosomes
containing H2A.Bbd instead of conventional H2A dihialtered structure and chromatin
remodelers like SWI/SNF and ACF are unable to rezhddem (Angelov et al., 2004).
Ultracentrifugation of H2A.Bbd nucleosomal array®ws that compaction of these fibers is
lower than that of conventional nucleosomes (Zhioal.e 2007) and addition of Mg2+ ions
does not results in compaction of these fibersy\few data are available as for localization
of H2A.Bbd on the genome. Its biological role i known. In humans, H2A.Bbd is detected
by northern-blot in the testis and by RT-PCR inaiercellular lines (Chadwick et al., 2001).
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Recently H2A.Bbd was also detected in brain, livedney and prostate of mouse (Eirin-
Lopez et al., 2008).In vivo, H2A.Bbd colocalizes with hyperacetylated regisnggesting
its positive role in gene transcription (Chadwitkak, 2001). This assumption is supported by
in vitro experiments showing that a array of H2A.Bbd comigj nucleosomes is more easily
transcribed and the histones are more effectivalgtydated (Angelov et al., 2004).
Measurements of FRAP, FRET and of sedimentatiaghlighted that H2A.Bbd nucleosome
is less stable than canonical nucleosome, whicms#at the H2A.Bbd-H2B dimer can be
ejected and can be transferred more easily thanH2B dimer (Angelov et al., 2004; Bao et
al., 2004; Gautier et al., 2004). The instabilityH2A.Bbd-H2B dimer implies that H2A.Bbd
containing nucleosome has a more open structuidtiog access to effector proteins like
HATSs, transcription factors and the polymerases tbould explain the positive role of
H2A.Bbd on the transcription. Due to greater adbdgyg, the DNA of H2A.Bbd nucleosome
is more permissive for basic excision repair (BEB) which the canonical nucleosome
posses a strong barrier (Menoni et al., 2007).
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Figure 1.11 Sequence and structure of H2A.Bb&€Comparison of H2A and H2A.Bbd sequer
(on top). Position of anchorage domain of H2A ia tlucleosome structure is indicated by bt
arrow (bottom, left) and surface of nuclensoand position of ‘acidic patch’ is representedeit
(bottom, right). Adapted from Bao et al., 2004 &uaterino and Hayes, 2007.
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|.4.2 Posttranslational modifications of histones

Conserved structure of a nucleosome can attaincuenndentity by chromatin modifications.
The variations in the DNA organization takes plagther through histone variants or
posttranslational modifications of the amino-teratirtails of core histones. Histone
modifications were first described in 1960’s (Adr et al., 1964). Since then, they have been
an important focus of chromatin research sinceettvevalent modifications of histones can
regulate gene expression either directly or throwgbruitment of non-histone effector
proteins. Several protein families of histone nfyidg enzymes and chromatin binding
effector proteins have now been recognized. Sitee amino-terminal tails of histones
protrude out of the nucleosome core, they are admesto modifying enzymes. These
modifications include lysine acetylation, lysinedaarginine methylation, serine and threonine
phosphorylation, ADP-ribosylation and ubiquitinatigFigre 1.12, Khorasanizadeh, 2004;
Kouzarides, 2007). However, these modificationsndb affect integrity of the nucleosome
directly, as nucleosome is stabilized by globukegions of the four core histones. “The
histone fold” imposes strong accessibility constiréecause of which very few modifications
are found in the globular domain of core histongsrmeethylation of lysin 79 of the histone
H3 (H3K79me) ( Freitas et al., 2004).

The covalent modifications leads to alteration liec&ostatic charge of the histones further
leading to change in structural properties of metoand alteration in amino-terminal tail
interactions. It is well established that thesadms modifications are used as signals by
chromatin modifying proteins however, the electtst force produced by these
modifications might not be sufficient to affect thecessibility of nucleosomal DNA (Polach
et al., 2000; Mutskov et al., 1998). Specific pnogeare known to bind to the amino-terminal
tail of histones and carryout or influence its nfi@dition. Two principal protein motifs that
play major role in interaction between histone mrfiodtions and effector proteins are
‘bromodomains’ and ‘chromodomains’, allowing theagnition of acetylated and methylated
residues respectively. For example, protein HP1efbehromatin protein 1) binds to amino-

terminal tail of H3 when methylated at lysine Sideg via its chromodomain.
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Figure 1.12 Posttranslational Modifications of theCore Histones(A) The histone octamer portion
of the nucleosome core particle is shown. The sifemodifications are marked. For clarity, the
modifications are shown on one copy of each prot@h The covalent modifications of the amino
acids are shown. Adapted from Khorasanizadeh, 2004.

Different modifications of histone amino-terminall$ constitute the so-called ‘histone code’.
According to histone code hypothesis a specificlmaation of histone modifications dictates
recruitment of particular transacting factors t@auoplish specific functions (Jenuwein and
Allis, 2001; Strahl and Allis, 2000; Turner, 200Ryrner et al., 1992). These histone codes

can be read individually or as a combination.
[.4.2.1 Histone acetylation

Histone acetylation seems to play an important nolgene expression regulation through
chromatin assembly as in general; increased atetylpositively correlates with increased
transcriptional activity while decreased acetylatamrresponds to transcriptionally repressed
state (Fischle et al., 2003; Grunstein 1997; Kéthaykovich and Struhl, 2002). Allfrey et

al., (1964) first proposed the role of histone gled¢ibn in gene expression regulation however
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its clear evidence came with development of anfdmagainst specific acetylated histones
(Turner et al., 1992). Later, Brownell et al., (69%nd others identified enzymes mediating
histone acetylation modifications. Now, histonetglegion has been recognized as a dynamic
modification of histone controlled by two antagaigisreactions mediated by histone
acetyltransferases (HAT) and histone deactylasBa\E).

HATs form multiprotein complexes that display drifat histone tail specificities. Bromo-

domain is present in many of these proteins thromgich they recognize acetylated histones
(Dhalluin et al., 1999; Jacobson et al.,, 2000). &doer, these proteins can physically
associate with various transcription factors hejgimem to target the modified histones thus
helps in targeting transcription machinery to speadenes. Likewise, many transcription

repressors are known to be associated with HDA@ that complex plays role in gene
silencing (Vaquero et al., 2003). Recently, HDA&e also described to be involved in
upregulation of gene expression (Kurdistani andnGtein, 2003; Robyr et al 2002; Wang et
al 2002). Besides gene regulation, histone aceéyladlays an important role in many other
nuclear processes like DNA repair and apoptosis,J Vilecombination and dosage

compensation irosophila (lizuka and Smith, 2003).
1.4.2.2 Histone methylation

Methylation of lysine or arginine by histone methgthsferases (HMTs) was supposed to be a
stable mark and was discovered more than 30 yegrdat its functional significance has
been recognized only recently (Rice and Allis, 200Moreover several demethylating
enzymes have now been recognized such as JHDMhéfsign and Shilatifard, 2006). Thus
like acetylation, even methylation is a reversiptesttranslational modification of histones
and is associated with transcriptional regulatidngenes and epigenetic silencing via
heterochromatin assembly. This posttranslationadlifitation has best been described for
H3 and H4 (Fischle et al., 2003; Vaquero et al030

HMTs catalyze transfer of up to three methyl grofrpsn S-adenosyl-methionine to a single
lysine residue and PRMTs (protein arginine methylferases) can make mono- or
dimethylated arginines, either symmetrically orraeyetrically (Kouzarides, 2002). Both, the
site of the residue and number of methyl groupschtd to it, determine the functional role of
the modification (Lachner and Jenuwein, 2002; Lachet al., 2003). For example,

methylation of lysine 4, 36 and 79 of H3 is assmdawith transcriptional activation (Beisel
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et al., 2002; Ng et al., 2003; Santos-Rosa, eR@02) while di- and tri-methylation of lysine

9 or 23 of H3 leads to gene silencing (Bannisteale2001; Cao et al., 2002; Czermin et al.,
2002; Lachner et al., 2001). Heterochromatic regjiare especially enriched in methylated
histones. HP1 binds to di- and tri-methylated fariysine 9 of H3 (Bannister et al., 2001;

Lachner et al.,, 2001) but this binding is inhibitad the beginning of phase S due to
phosphorylation of its serine 10 residue by AurokaBase (Fischle et al., 2005). Another
protein polycomb, involved in silencing of homeotjenes during development, recognizes
methylation of lysine 27 of H3. These proteins biodmethylated histones through their

chromo-domain (Brehm et al., 2004).
1.4.2.3 Other histone covalent modifications

Besides acetylation and methylation, histones catergo phosphorylation at serine residues
e.g. serine 10 and 28 of H3 (Fischle et al., 2008gveral kinases and phosphatases are
involved in regulation of histone phosphorylationcls as aurora kinase and Glc7/PP1
phosphatase (Hsu et al., 2000). This modificat®rassociated with mitotic chromosome
condensation. Besides core histones, the linkeoriesH1 has also been shown to undergo
phosphorylation, methylation and ADP-ribosylati@of@de and Ura, 2008; Villar-Garea and
Imhof, 2008). Like H3, methylation of lysine 26 &fl.4 supports HP1 binding whereas
phosphorylation of serine 27 blocks this (Daujadlet2005). HP1 binding can be blocked by
phosphorylation of H1.5 (or H1lb) suggesting a senpédundancy between the five
phosphorylation sites of this histone (Hale et 2006). Phosphorylation of H2A variant,
H2A.X has also been well described in DNA repaio(ble strand breaks) (Marzluff and
Pandey, 1988; Rogakou et al., 1998; Li et al., D05

Further, histones can get ubiquitinated by additbrm 76 aa peptide to lysine residue e.g.
lysine 123 of H2B. This modification is a preresjte for methylation of lysine 4 and 79 of
H3 (Briggs et al., 2002; Sun and Allis, 2002). Henthere seems to be a crosstalk between
these covalent modifications and together they maksignature on the chromatin. In
addition, a variety of other histone modificatiohas been described, such as ADP-
ribosylation, biotinylation, glycosylation and suytation. Role of ADP-ribosylation has been
implied in DNA repair (D'Amours et al., 1999; Lindaet al., 1997). Further role of histone

modifications has been implicated in cell ageingd\Mero et al., 2003).
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1.4.3 ATP dependent Chromatin remodeling

As described before, chromatin is the natural satestor all the DNA related transactions in

the nucleus. Even the most fundamental unit ofdfm®matin, the nucleosome, presents a
great hindrance to factors involved in such proegsBesides histone modifying enzymes and
incorporation of histone variants, cells use ao$aholecular machines which use the energy
of ATP to change chromatin structure to overcome Iiarrier. These enzymes range from

single catalytic unit to multi-subunit complexesigfhmay exceed ~1 MDa in mass.

Yeast SWI/SNF complex is the founding member obofatin remodeling enzymes. Several
components of this complex were originally ideetfiin genetic screens searching for genes
affecting expression of HO endonuclease that islired for mating type Switching and
SUC2, which encodes an enzyme required for Suarbeation. The name&WItch genes
was derived from identification o®WM1, SM2 and SM3 genes which act as positive
regulator of HO transcription (Stern et al., 1982 the other hand, gen&slF2, SNF5 and
S\F6 were found to positively regulate the expressib8WWC2, hence the nan@icroseNon
Fermentors (Neigeborn and Carlson, 1984). Ensuindies showed that all these 5 gene
products function together as a complex involvedpositive regulation of transcription
(Peterson and Herskowitz, 1992; Peterson et 841 %urther investigations resulted in the
purification of SWI/SNF complex of 11 subunits &.Mda) (C6té et al.,, 1994). The
importance of this complex in context of chromatias established by studies on mutations
which could alleviate the effects of swi mutatig®WI independent d8N). Two chromatin
proteins were identified, encoded by genes nar8il and SN2 (Kruger and Herskowitz,
1991). SIN1 was found to be a nonhistone protemlar to HMG 1/2 and SIN2 was shown
to encode histone H3. Moreover, an altered chransdtucture of SUC2 promoter was seen
in snf5 mutant strains (Hirschhorn et al., 1992; KrugealetL995). SNF5 is a core subunit of
SWI/SNF complex and essential for its assembly catdlytic functions (Geng et al., 2001).
In parallel,in-vitro studies demonstrated that SWI/SNF is DNA dependdifitase (Laurent
et al., 1993). Furthermore, the SWI/SNF complex glasvn to be able to disrupt nucleosome
structure and enhance transcription factor bindimgchromatin (C6té et al., 1994). The
identification of SWI/SNF paved way for subsequil@ntification of numerous complexes
involved in ATP dependent chromatin remodeling.
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1.4.3.1 Different classes of Chromatin remodelers

A common feature of all the chromatin remodelerhéspresence of a motor subunit ATPase
sharing sequence homology with the DEXX-box hekcagperfamily 2 (SF2) (Eisen et al.,
1995). The helicase related proteins are charaetérby presence of 7 separated motifs
labelled sequentially 1, l1a, Il, lll, IV, V and VIThe helicases themselves are classified into
three superfamilies viz. SF1, 2 and 3 based ormr $eguence and spacing of the motifs
(Gorbalenya et al., 1989). Superfamiy SF2 inclusiegeral families like the DEAD Box or
DEAH box helicases and the so called family ‘Snk2‘| (Caruthers et al., 2002). However,
Snf2- like family proteins differ with DEAD or DEA box members with respect to helicase
related motif Ill and IV where the spacing is sigrantly elongated. Also, their helicase-
related motifs Ia, Ill, IV, V and VI have a ratheonserved characteristic, and they contain a
number of other conserved sequence blocks (Fladi©aren-Hughes, 2001). It is noteworthy
that, SNF2 family proteins do not posses a strapaustion activity like other helicases, due
to absence of a PIN motif which is required fosthunction (Durr et al., 2005; Singleton et
al., 2007).

Helicases
Superfamily 1 Superfamily 2 Superfamily 3
o.g RecBCD DEAD Bax | DEAH Box SNF2 ERCC3 Other 0.9 SV40 T-antigen
Family Family Family Famity Families

SNF2 1swi CHD1 INOBO csa RADS4 DoM1
sbfamity blamily subfamily subfamily subfamily subfamily

Snf2, Sthit, ISW1, ISW2, | CHD1, Hrp1,3, InoB0 Rad28, Rad54, DOM1,
Mi-20CHD3,

brahma, 15WI, CSBERCCE ATRX, .n'\RlIPil Lsh1
BRG1, hBRM | SNFZL, SNF2Zh | MF2NCHDY
atal ol gl

Figure 1.13. Classification of SNF2 family ATPasesAdaped from Lusser and Kadonaga, 2003.

The helicase-containing subunits of these enzymedaage multi-domain proteins which
contain additional domains like bromodonains, PHPle¢tron homology domain),
chromodomains, SANT domains and AT hook regiongs€éhadditional domains play role in
stabilizing interaction of the enzyme with chroma#sind also helps in recognizing special
histone codes eg. Bromodomain interact with aceglitysines, AT hook region interact with
AT-rich minor groove of DNA and SANT domains intetavith histone tails (Aravind and
Landsman, 1998; Boyer et al., 2000; Goodwin andold&; 2001). Based on characteristic
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domain features and functional properties, chramagmodelers are subdivided into at least
four major subfamilies: SWI2/SNF2, ISWI, INO80 a@HiD (Figure 1.14).

ATPase  Bromo
Brahma | [ ] 1]
(Swi2/Sni2, 5th1)

SANT SLIDE
[SWI
PHD Chromo

M2 (CHD) | [T E T |
|nod0, Swri | | | Ll |

Figure 1.14 Classes of ATP dependent Chromatin renteling enzymesAdapted from

Mohrmann and Varrijzer (2005)

1.4.3.1.1 SWI/SNF family

This sub-group constitutes five members, including yeast SWI/SNF and RSC complex,

the human hbrm and hBRGI complexes, andDhasophila Brahma complex (Cairns et al.,
1996; Dingwall et al., 1995; Wang et al., 1996)g$gure 1.15 for their subunit composition,

homologous and shared subunits).

Yeast Drosophila Human
SWI/SNF RSC BAP PBAP BAF PBAF
Swi2/Snf2 Sth1 Brahma  Brahma BRG1 or hBRM BRG1
Swil/AdrS OSA BAF250
Rsc1, Rsc2, Rsed Polybromo Polybromo/BAF180
Rsc9* BAP170*
Swi3 Rsc8 Moira Maira BAF170 & BAF155 BAF170 & BAF155
BAP111  BAP111 BAF57 BAF57
Swp73 Rsc6 BAP60 BAP60 BAF60a BAFB0a or BAF60b
Swp61/Arp7 Rsc11/Arp7
SWpS9/Ap9 Rsc12/Arp9 BAP55 BAP55 BAF53 BAF53
actin actin actin actin
Snis Sth1 Snr1 Snri hSNF5/INIH hSNF5/INI1
Rscs, 7, 10, 13-15
Rsc3, Rsc30
Swps2
Swp29/Tfg3/TAF30/Anc1

Figure 1.15 Subunit compositions of SWI2/SNF2 famyl complexes.Adapted from Mohrmar

and Verrijzer, 2005.
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1.4.3.1.1.1 SWI/SNF

The yeast SWI/SNF complex, considered as the faumale ATP-dependent chromatin
remodeling enzymes, is required by many transonmgii activators to enhance transcription
in yeast (Peterson and Tamkun, 1995; Winston ands@a 1992). The yeast SWI/SNF
complex consists of 11 subunits viz. SWI1, SWI2/@NBWI3, SNF5, SNF6, SNF11,
SWP82, SWP73, SWP29, ARP7 and ARP9 (Cairns e1294; Cairns et al., 1996a; Coté et
al., 1994; Peterson et al., 1994; Treich et al95)9 Mutation in ATP binding domain of
Arp7p or Arp9p has shown no phenotypic defect beirtdeletion mutants are unviable or
show reduced growth (Cairns et al., 1998). Thus atttin-related proteins Arp7 and Arp9 are
suggested to share structural but not functiomallaiities with actin and their role has been

implicated in interaction with nuclear matrix.

Several of the yeast SWI/SNF components (Swi2p,3wBEnf5p, Swp73p and the Arp
subunits) have homologous counterparts that arestitoents of other SWI/SNF-like
chromatin remodeling complexes. This indicates actional conservation among these
complexes. However some subunits either show haggolo a subset of complexes or are
unique to their complex. For instance, yeast Swiigws homology to the OSA and Baf250p
components obrosophila Brahma and hSWI/SNF (complex A) respectively, velasrSnfép,
Swp82p, Swp29p and Snfllp appear to be uniqueetyehst SWI/SNF complex (Figure
1.15).

Although little is known about the functional raéindividual subunits of the SWI/SNF-like
complexes, the size and complexity of these congglesuggest that they perform multiple
functions. SWI/SNF complex displays various ATP-elegent biochemical activities. Despite
the strong homology with the helicases, no stragghsation activity is found during the
remodeling (Coté et al., 1994; Quinn et al., 1996t¢ et al., 1998). In an ATP-independent
manner SWI/SNF like complexes have the ability itedlnaked and nucleosomal DNA with
high affinity (Coté et al., 1998; Moreira and Holenh, 1999; Quinn et al., 1996). SWI/SNF
binding properties are similar to high mobility gp(HMG)-box containing proteins which
recognize structured DNA without sequence spetyfici a DNA length dependent manner
(Coté et al., 1998; Grosschedl et al., 1994; Pallet1993; Quinn et al., 1996).

46



1.4.3.1.1.2 RSC

RSC (Remodels Structure of Chromatin) is a compleabout 1MDa isolated from yeast on
the basis of similarities between its catalyticigubprotein Sthl and SWI2/SNF2 (Cairns et
al., 1996b). The RSC complex is composed of att |&&ssubunits (Cairns et al., 1996b;
Sanders et al., 2002). In addition to Sthl, sewvettar sub-units of RSC are similar to sub-
units of SWI/SNF complex. RSC subunits, Sfh1l, R&e8 Rsc6 have respective counterparts
in SWI2/SNF2, SNF5, Swi3 and Swp73. The two comgdeshare actin related proteins
namely Arp7 and Arp9 (also named Rscl11/Swp61 amd BESwp59). In addition, at least 6
sub-units Rsc1, Rsc2, Rsc3, Rsc4, Rsc30 and RseSpacific to this complex. Despite their
resemblance, the SWI/SNF and RSC complex are dondant. Unlike SWI/SNF, the RSC
complex is essential for mitosis. On the other hastimating yields of purification suggests
that RSC is at least ten times more abundant ic¢lighan SWI/SNF (Cairns et al., 1996b).
This indicates that RSC could act on many promoterde involved in several other

processes like repair or replication of DNA.

The RSC complex exists in multiple isoforms. Caratsal., (1996b) purified two distinct
forms of RSC, using Rsc6 antibody, having a diffieeeof a 90kDa component and called
them as RSC and RSCa. The form RSCa was devoida¥ &d Rsc30 (proteins having zinc
cluster domain, which may help in targeting to gaeimloci) and represented 10 to 20% of
the purified complex (Cairns et al., 1996b; Angul-ét al., 2001). Also there are two other
RSC isoforms, containing either protein Rscl orZR3te isoform containing Rsc2 protein is
most abundant. Proteins Rscl and Rsc2 are highiyasiand are not essential. However, the
deletion ofRSC1 or RSC2 genes confers specific growth defects. The simattas deletion
of the two genes is lethal (Cairns et al., 1999cRand Rsc2 proteins therefore share
common functions but are not totally redundant amedrchangeable. Each contains two
bromodomains, bromo-adjacent homology (BAH) domam an AT hook (Cairns et al.,
1999). BAH domain is found in all eukaryotes angrasent in the DNA binding regions of a
large number of proteins, which are involved imseriptional regulation (Callebaut et al.,
1999). Besides BAH, the proteins Rscl and Rsc2 atsdain an AT hook. Chromatin
immunoprecipitation experiments were performed othkisoforms complexes but they do
not reveal major differences in the locationte# protein complex containing Rscl or Rsc2
(Ng et al., 2002). The RSC complex was generallynibto be recruited to Pol Il promoters

and it was specifically recruited to Pol Il prommsteby transcriptional activators and
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repressors. Moreover RSC plays essential role hcgele progression as Rsc3 mutants
exhibit G2/M arrest (Angus-Hill et al., 2001).

1.4.3.1.1.3 SWI/SNF complexes in higher eukaryotes

Homology searches with the yeast Swi2/Snf2 ATPag@ence and biochemical studies have
led to the identification of SWI/SNF counterpants Higher eukaryotes. The complexes in
Drosophila and in mammals contain subunits homologous to Smi2 Swi3, Snf5, Swp73
and actin-related proteins (Arp7 or 9) (Phelan et1l899).

Drosophila has two SWI/SNF-like complexes BAP (Brahma asdedigproteins) and PBAP
(Polybromo-associated BAP). These contain a comeoabalytic subunit, Brahma, but differ
by additional subunits. BAP contains OSA while PBAéhtains Polybromo and BAP170
subunits (Mohrmann and Verrijzer, 2005). Similarlgt least two SWI/SNF-related
complexes are found in humans as well namely, BRGE/(hBRM-Associated Factors) or
hSwi/Snf-A and hBRM/PBAF (Polybromo-associated BA®) hSwi/Snf-B. The ATPase
subunits of the complexes i.e. BRG1 and hBRM aghlitihomologous to each other and to
yeast Snf2 but they appear to be functionally wigstihBRM is not essential in mice but
BRG1 null mutants die in early development and BRt&lerozygotes are predisposed to
tumor development (Bultman et al., 2000). It hasrbshown that the human Swi2p, Swi3p,
and Snf5p homologues constitute the minimal corsuunits that are required for efficient
remodeling activity (Phelan et al., 1999). Thisgesgjs that the other conserved components
(e.g. Swp73p and Arp proteins) are possibly ne¢deadgulate the minimal core remodeling
activities. Recently BAF250, yeast Swil relatedytein has been identified and is found in
hSwi/Snf-A but not in hSwi/Snf-B complex (Nie et,a2000). Thus there can be a closer
relationship between human complex A and yeast SMHA/ and between complex B and
RSC. Besides these two major isoforms, many forfnsiumnan SWI/SNF are found as
hSwi/Snf can acquire tissue-specific subunits (Wa2@03) or can associate with other
factors such as BRCA1 (Bochar et al., 2000), corapts of histone deacetylase Sin3
complex (Sif et al., 2001) and histone methylag&d €t al., 2004).
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1.4.3.1.1.4 Structural domains in SWI/SNF subfamilycomplexes

The subunits of SWI/SNF complexes contain sevérattiral domains with histone or DNA
binding activity (Figure 1.16). Th&TPase domain consists of seven subdomains that forms
two lobes called as DEXD and helicase motifs whioim a cleft to which DNA binds
(Thoma et al., 2005; Durr et al., 2005). Swi2/Spf@tein contains &éromodomain at its C-
terminus. Swil contains aRID domain (AT-rich interaction domain), which forms a helix-
turn-helix structure and preferably binds to AThribNA. Swil belongs to ARID family but
exhibits weaker binding affinity to DNA due to clygms in key residues that are normally
involved in the interaction (Wilsker et al., 200ARID domain is also found in Rsc9 subunit,
OSA (in Drosophila) and BAF250 and BAP170 (in mammals). It is alslledaas BRIGHT

Swi2/Snf21] ATPase Bromo  [1703
snfs 1] Q CCCC Snf5 RIK 1906
Swi3 1| SWIRM  SANT LZ 1825

Figure 1.16 Domain organizations of SWI/SNF subung&. Bromo means bromodomain, Q i
rich region, CC stands for coiled coil region, R&arginine lysine rich basic region and L.
lucine zipper motif. Adapted from Gangaraju andtBalomew, 2007.

domain (B-cell-specific transactivator of IgH tranption) and exhibits both sequence
specific as well as sequence independent DNA bindintivity (Patsialou et al., 2005;
Wilsker et al, 2002; Herrscher et al., 1995; Grggairal., 1996). Swi3 contains two domains
SWIRM and SANT (SWI3, ADA2, N-CoR and _FIllIB”) which show affinity for
nucleosomes and DNA. SWIRM is a conserved domaisboiit 85 residues and is essential
for proper assembly of Swi3 into SWI/SNF complex activity of SWI/SNFin vivo. It is
also found in Rsc8, Moira (iDrosophila), Ada2 (a component of HAT complex) and
LSD1/BHC110 (histone demethylase) (Qian et al.,520%ravind and lyer, 2002; Da et al.,
2006). The SANT domain contains about 50 residuek ia structurally related to c-Myb
DNA binding domain (Mo et al., 2005). It has thpha helices containing bulky aromatic
residues in a helix-turn-helix arrangement and imay to histones (Gruine et al., 2003). This
domain is common among several ATP-dependent chinomemodeling complexes such as
RSC and ISWI and in histone modifying enzymes sagtda2, Sin3, NCoR (interacts with

HDAC) as well as in repressor complexes such as MMMRT and some members of the
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polycomb group of proteins (Shi et al., 2005; Bogeal., 2002; Sterner et al., 2002; Guenther
et al., 2001, Yu et al., 2003; Boyer et al., 2004).

1.4.3.1.2 ISWI family

An ATPase, highly similar to brahma, was discovareDrosophila and was named as ISWI
(Imitation SWItch) because of its similarity with\82 ATPase (Elfring et al., 1994).
However, ATPase domains of the two factors canreplace each other hence the name is
quite misleading. ISWI type ATPases are charaadrlzy two SANT-like domains in the C-
terminal end and absence of a bromodomain (Aastaradl, 1996; Grine et al, 2003). ISWI
complexes preferably bind to nucleosomes contairemtgranucleosomal DNA than to
nucleosome core particles. This might take plaeeSANT domain (Langst et al., 1999). The
ISWI family members appear to take part in a vgr@tnuclear processes unlike SWI/SNF
complexes that are dedicated to transcriptionalrobrHomozygous null mutation of ISWI is
lethal to flies (Deuring et al., 2000). ISWI comyas play role both in transcription activation
as well as repression eg. Brosophila it is involved in activation of hsp70 transcriptio
(Okada and Hirose, 1998) and represses specificesgeturing development. Its

developmental role has also been documented in nadés7(®topka and Skoultchi, 2003).

The complexes contain 2 to 4 subunits and are @&@H800 kDa in size. The first members
to be discovered of this group were dNURF and dCBRA Drosophila (Tsukiyama and

Wu, 1995; Varga-Weisz et al., 1997). Later othemiers belonging to this family were
identified in different organisms like yeast, moumed human. (See figure 1.17 for their

subunit composition, homologous and shared subunits

S.cerevisae | D.melanogaster | H.sapiens | M.musculus
ISW1a ISWib I15W2 ACF CHRAC NURF WCEFIhﬂCF WICH hCHRAC RSL SNF2h/Cohesin N@C mWICH
Iswlk  lswl*  Isw2+ ISWI= ISWl=  ISWI+  hSNF2h+ hSNF2hehSNF2hs  hSNF2h+ hSNF2h+ mSNF2Zhs  mSNF2h+
loc3 loc2 el Acl Acfl hAcf1 hAcf1 Mi2 Tip5/Baz2a
loca Wstf mWstf
Dpb4 Chrac1é hChrac17 Mtal &2 p50
Dls1 Chrac14 hChrac15 HDAC1 &2 ps0
Nutf301 p325  RbAp46
Nurf55 RbAp48
Nurf38 MBED2&3
Rad21
SA1&2
Smcl &3

Figure 1.17 Subunit compositions of ISWI subfamilymembers The catalytic subunit is marked by
an asterisk. Subunits which are shared by multpl@plexes in the same organism are underlined.
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Subunits which are homologous in different orgasidmg virtue of their sequence are shadowed in
grey. Adapted from Gangaraju and Bartholomew, 2007.

Drosophila contains three ISWI complexes namely, NURE_@Mdsome _Rmodeling
Factor), ACF (ATP-utilising Chromatin _Factor) and CHRAC (CHE&matin Accessibility
Complex). NURF is a four subunit complex where ISWIfound to be associated with
BPTF/Nurf301, Nurf55 (pyrophosphatase) and Nurfb8ukiyama and Wu, 1995). Nurf301
forms organizing scaffold of the complex and shamesmny domains with Acfl (largest
subunit of ACF and CHRAC). Unlike SWI/SNF which getqually stimulated by
nucleosomes and DNA, the ATPase activity of thisnplex is specifically activated by
nucleosomes and not by DNA. NURF interact with Nrti@al tail of H4 and this interaction
Is essential for its ATPase and nucleosome mohgisictivity (Georgel et al., 1997). NURF
has been shown to activate transcriptiomitro as well asn vivo (Mizuguchi et al., 1997;
Badenhorst et al., 2005). The ACF complex conté8WI and Acfl, a bromodomain and
PHD finger protein (Ito et al., 1999). This complean deposit histone octamers along the
DNA in presence of another histone chaperon NAPA fatilitates regular spacing of
nucleosomes in an array (Ito et al., 1997; Fyodabal., 2004). However, it also possesses
nucleosome sliding activity and can activate trapson (Eberharter et al., 2001). CHRAC is
very closely related to ACF. Besides ISWI and Adflalso contains two histone fold
containing proteins CHRAC-14 and CHRAC-16 (Varga®¥eet al., 1997). These additional
subunits play role in earlprosophila development (Corona et al., 2000). Like ACF, ihca
also make nucleosomal DNA accessible by slidingvel as it generates nucleosome arrays
with regular spacing. ISWI complexes are esserftialviability and are associated with
numerous nuclear processe®irosophila (Corona and Tamkun, 2004).

In yeast, Scerevisiae, two ISWI genestSW1 andISAV2 have been identified based on their
homology with dISWI (Tsukiyama et al., 1999). Udikrosophila and mice, ISWI is not

essential in yeast due to presence of these twodaoht copies of ISWI. ISW1p forms two
distinct complexes ISW1a and ISW1b (Figure 1.17n\Met al., 2003). ISW1a exhibits strong
nucleosome spacing activity while ISW1b does new2p associates with Itc 1p, a 140kDa
protein having partial similarity with Acfl. ISW2lsa contains two additional smaller
subunits Dpb4 and DIs1 that have histone fold dan@zaid are homologous to dCHRAC
14/16 respectively (hCHRAC 15/17 in humans). IS&2o exhibits nucleosome spacing

activity but is not as tightly regulated as in 1S&/Moreover, ISW2 does not possess any
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nucleosome disruption activity (Tsukiyama et a099; Gelbart et al., 2001). Thus, ISW2 can

be considered as CHRAC homolog of yeast.

Likewise, several ISWI-containing complexes suchR&F, hACF, WCRF and hCHRAC
(reviewed by Langst and Becker, 2001) have beentifted in higher eukaryotes including
Xenopus laevis (Guschin et al., 2000), mouse (Lazzaro and Piskét001) and human
(Strohner et al., 2001; Aalfs et al., 2001). Thesmplexes contain homologous counterparts
of Drosophila proteins for example hCHRAC contains subunits the¢ conserved in
Drosophila ISWI complexes: hACF1, the human homologu®uadsophila Acfl, a subunit of
ACF, and the human counterparts of two novel histimbd proteins hCHRAC 15 and 17 that
are part ofDrosophila CHRAC. Similar to yeast, two ISWI genes have b&kmtified in
humans namely hSNF2L and hSNF2H (Okabe et al, 199Bara et al., 1998). Both the
genes encode for proteins with about 70% homologglEWI. hSNF2H is a member of at
least two complexes: RSF (Remodeling and Spacirmgohaand hACF/WCRF (Williams
syndrome transcription related Chromatin Remoddhagtor). RSF consists of hSNF2H and
a 325kDa polypeptide and it exhibits promoter-sipecemodeling and nucleosome spacing
activities (LeRoy et al, 1998). On the other handh)ACF complex hSNF2H is found to be
associated with WCRF180/BAZ1A (Bochar et al., 2000)CRF180 shares all conserved
motifs of Acfl thus hACF exhibits chromatin remddgl activities similar toDrosophila

ACF complex. Any complex containing hSNF2L has yettbeen identified.

Besides the conserved Swi2/Snf2 ATPase domain,ralegguctural domains have been
identified in the catalytic and accessory subuait$SWI complexes such as SANT, SLIDE
(SANT-like ISWI domain), HAND and AID (Acfl Interéion Domain) domains (Figure 1.18,
Grune et al., 2003). The SANT and SLIDE domains @enected by highly conserved
spacer helix. SLIDE domain mediates binding ofcbmplex to DNA. However, deletion of
either SANT or SLIDE domains do not affect bindiafjthe complex to nucleosomes but
deletion of SLIDE largely abolished its ATPase watti Further, deletion of both domains
adversely affected nucleosome binding activityhef tomplex. Acfl contains WAC (WSTF,
Acfl, Cbpl46p), WAKZ (WSTF Acfl, KIAA0314, zZK783.4)DDT (DNA binding
homeobox and Different Transcription factors), BA&p PHD fingers and a bromodomain
(Ito et al., 1999). Iswlp and Isw2p of yeast shthee same domain organization as that of
dISWI except that AID domain is absent in yeastnterpart. loc3 of ISW1a complex has no
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detectable domain organization, while loc2 and le¢4SW1b complex have PHD and

PWWP domains, respectively (Vary et al., 2003).

ATPase HAND SLIDE
diswi 1| 1027
SANT AID
ylsw2 1 |1120
WAC DDT BAZ1 BAZ2 WAKZ PHD1 PHD2 Bromo
dAcf1 1] | 1476

|1264

yltc1 1

Figure 1.18 Domain organization of ISWI subunits. Adapted from Gangaraju and Bartholomew,
2007.

1.4.3.1.3 INO8O family

INO8O0 is a large complex with 15 subunits and i®wn to be involved in transcription
activation and DNA repair (See figure 1.19 for ggbunit composition, homologous and
shared subunits amongst different species). Ino8@p largest subunit of the complex
contains a conserved but discontinuous ATPase#flsglicddlomain which is split by a large
spacer region, contrary to ATPase domain of Swi2/%md ISWI which are continuous.
Also, it contains two conserved regions, TELY matifthe amino terminus and GTIE motif
at carboxy terminus (Shen et al., 2000). In addit® Ino80, actin (Actl) and actin-related
proteins (Arp 4, 5 and 8) are found to be assodiatéh the complex. Rvbl and Rvb2
subunits are found to be present in multiple copersino80 molecule and are responsible for
3’-5" helicase activity of the complex. Yeast mutarof INO80 exhibit mis-regulated
transcription as well as hypersensitivity to DNAvdeging agents implicating its role in both
transcription regulation as well as DNA repair. over INO80 complexes have been found
to be recruited to double strand break sites thrduigp10 subunit (Morrison et al., 2004; van
Attikum et al., 2004).

Another large complex SWR1 (Sw12/Snf2 related) w&sovered by three groups at the
same time as a large complex that can interact watiant H2A.Z (Krogan et al., 2003;
Kobor et al., 2004; Mizuguchi et al., 2004). It tains 14 subunits and shares 4 subunits with
INO80 viz. Rvbl, Rvb2, Actl and Arp4. Moreovekdi Ino80p, it also contains
discontinuous ATPase domain. Like INO80, SWR1 caxphas been shown to play
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important role in DNA repair and it exhibits a nemode of ATP dependent chromatin
remodeling — histone variant exchangevivo, SWRL1 is required for incorporation of H2A.Z
variant in yeast genome (Meneghini et al., 2003)rtHer, Mizuguchi et al., 2004
demonstrated thain vitro SWR1 can catalyze replacement of H2A/H2B diamerth w
H2A.Z/H2B diamers in an ATP-dependent and replacatndependent manner.

S.cerevisae H.sapiens
yINO80 | ySWR1 hINO80
Ino80#* Swr T+ hino80*
Arp8 Arp8
Arp5 Arp5s
Arpd Arpd BAF53a/Arp4
Rvb1 Rvb1 Tip49a
Rvb2 Rvb2 Tip49b
les2 hles2/PAPA-1
lest hles6/C180rf37
Actl Actl Amida
Taf14 Arpé FLI90652
Nhp10 Aor1/Swcs NFRKB
les1 Vps71/Swcé  MCRS1
les3 Vps72/Swe2  FIL20309
lesd Yafo
less Bdf1

Swcl/5wc3
Swcd/God1

Figure 1.19 Subunit composition of INO80 subfamilymembers.The catalytic subunit is marked by
an asterisk. Subunits which are shared by muliplaplexes in the same organism are underlined.
Sub units which are homologous in different organrsidhy virtue of their sequence are shadowed in
grey. Adapted from Gangaraju and Bartholomew, 2007.

1.4.3.1.4 CHD family

Like other chromatin remodeling complexes CHD or2Miomplexes play important roles in
development as mutations Brosophila Mi-2 is embryonically lethal (Khattak et al., 2002
The CHD (Chromodomain Helicase DNA-binding) or Me@mplexes contain ATPases with
one or more chromodomains. The complexes bind tensomal DNA in a histone talil
independent manner through the chromodomains (Bauez et al., 2002). In vertebrates,
several members of CHD family are found. The €5tD protein (CHD-1) was isolated from
mouse as a protein which exhibits features of &®th2/Snf2 family of ATPases and the
Polycomb/HP1 chromodomain family of proteins. Butlike HP1, it is not localised to
condensed chromatin (Delmas et al., 1993). CHD1dhognof Drosophila also localizes in
transcriptionally active and extended chromatinaeg (Stokes et al., 1996). CHD1 of yeast
exhibit ATP dependent nucleosome remodeling agtigihd can reposition nucleosomes
however unlike SWI/SNF it can not expose largeaegiof nucleosomal DNA (Tran et al.,
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2000). CHD2 is highly related to CHD1. Yoo et dR000) reported another CHD-type
ATPase in fission yeast, called as Hrpl, and foitntb be involved in chromosome
condensation during mitosis. CHD3 (Mi-2a) and CHDH-2b) contains two PHD fingers.

Mi-2 complexes are also called as NURD (@kbsome Bmodeling and Pacetylation) due
to the subunit composition of the complexes. (Sgeré 1.20 for their subunit composition,
homologous and shared subunits among different iesglecThese complexes contain
HDAC1/2 as subunits (Kehle et al., 1998; Wade gt1#198). Besides ATPase and HDAC
modules, two additional proteins are found in thenan NURD complexes: MTA-1 and
MTA-2 (Metastasis Associated Antigens). MTA-2 is78 kDa protein and is highly
associated to MTA-1 and is essential for efficidaeacetylase activity of the complex (Xue et
al., 1998; Zhang et al., 1999). Since hypoacesgldtistones are known to be associated with
repression of transcription, these complexes apeight to be involved in gene silencing.
Moreover, it contains another subunit MBD3 whichhighly related to methyl cytosine
binding protein, MBD2 (Wade et al., 1999). Furthersy MBD2 itself can associate with the
complex and form a chromatin remodeling complexn(i@ly called as MeCP1 complex)
which preferentially binds to CpG islands of medighl DNA (Ng and Bird, 1999; Feng and
Zhang, 2001). This indicates their role in coortliimg histone deacetylation with DNA
methylation during gene silencing. In addition, thare also involved in several other
repression processes in cells such as repressimmudotic genes during development (Kehle
et al., 1998), cell-type specific regulation of genn lymphocytes (Kim et al., 1999; Cobb et
al., 2000) and regulation of cell cycle through launpapillomaviruses (Brehm et al., 1999).

S.cerevisae | D.melanogaster | M.musculus | H.sapiens
CHD1 Mi2  CHDM CHD1  Mi2 NuRD ATRX
Chd 1= Chd4* Chd 1+ Chdi* Ch da/Chd3= EFENC hd4» ATRX*

Rpd3 HDACT &2 HDAC1 &2

RbAp48 RbAp48

lcaros 1,2&7 RbAp46

Aiolos MBD3
MTA2

CHD Subfamily is the least characterized and can have uncharacterized proteins

Figure 1.20 Subunit compositions of CHD subfamily nembers.The catalytic subunit is marked by
an asterisk and subunits which are homologousfiardnt organisms by virtue of their sequence are
shadowed in grey. Adapted from Gangaraju and Bemthew, 2007.

55



1.4.3.2 Targeting of chromatin remodelers

In general, chromatin remodelers do not exhibit imtrynsic DNA sequence specificity hence
their recruitment to specific genes must involvdeot factors which ultimately lead to
targeting of the remodeling complexes to specifici.I Several theories and models have

been proposed to explain the chromatin remodedegeting.

Over the past few years three models have beerogedpfor SWI/SNF targeting (Figure
[.21). The ‘Catalytic model’ proposes that SWI/SKBEtalyses transient changes in the
chromatin structure randomly and persistent, tadjethanges occur only in presence of a
transcription factor (Owen-Hughes et al., 1996)isTimodel is insufficient to explain the
specificity of SWI/SNF as it is a relatively rarezgme (Coté et al., 1994) however it can be
true for other abundant complexes like NURF and @BRin Drosophila. Alternatively,
‘Holoenzyme model’ was proposed based on its asgBoni with  RNA polymerase Il
holoenzyme. However, mutations in holoenzyme do wigid a characteristic Swi
phenotype. Moreover, works of Natarajan et al. 9@%nd Yudkovsky et al., (1999) have
raised questions against this model as they déonad an obligatory association between Pol
Il holoenzyme and SWI/SNF. In contrast to the poesitwo, a relatively simple ‘Activator
model’ was proposed according to which gene smedftivators recruit the SWI/SNF
complex directly to the target gene. The model wé#glly supported by Yoshinaga et al.,
(1992) study wherein they demonstrated SWI/SNF@ason with glucocorticoid receptor.
Further, SWI/SNF has been shown to interact dyewutlth a variety of transcription
activators in yeast such as GCN4, SWI5, GAL4-VPié &AL4-AH through transcriptional
activation domain (Natarajan et al., 1999; Yudkgvek al., 1999; Neely et al., 1999).
Besides yeast, human SWI/SNF also associates Wwittogprticoid receptorin vivo (Fryer
and Archer, 1998). Moreover, SWI/SNF appears toelseuited by C/EBPR and collaborates
with c-myb to activate myeloid gene transcriptidoyenz-Leutz and Leutz, 1999). Lee et
al., (1999) detected hSWI/SNF ndgiglobin transcription initiation site and the reitment
required erythroid Kruppel-like factor binding sié@d TATA element. On the other hand,
factors binding to cytomegalovirus enhancer wer@bileto recruit hSWI/SNF.
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Figure 1.21 Models for SWI/SNF recruitment to targe genes.Adapted from Peterson and
Workman, 2000.

Hence, there is specificity between transcriptioaetivators and SWI/SNF complex which
dictates targeting of the complex to specific ldepending upon the binding site present in
the promoter region of the gene. Xu et al., (2afnonstrated that SWI/SNF protein Brgl is
recruited to the P4.2 promoter by E box—GATA-bimdicomplex and is involved in
transcriptional repression in murine erythroid moigors. Hence the ‘Activator model’ holds

true even in higher eukaryotes.

ISWI-complexes show two modes of binding to chrama basal level of binding globally
throughout the genome (catalytic model), and a nemget specific interaction (Fazzio et, al
2005). Like SWI/SNF, ISWI alsaequires presence of sequence specific DNA binding
proteins forin vivo target specific binding (activator model) (Bachneral., 2005). Another
mode of targeting is seen with the Williams Syndeomranscription Factor (WSTF) which
interacts with PCNA directly to target chromatimedeling by SNF2H to replication foci

(Poot et al., 2004). ISWI complexes can also ‘sehistone modification. They require the
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H4 ‘basic’ patch of amino acids R17H18R19 to speaily associate with the target sites on
chromatin (Clapier et al., 2002). ISWI is also &ggl to nucleosomes containing specific
methylation marks, however, the mechanism of ictéva with methylated histones is not
well understood (Mellor and Morillon, 2004; Sanfesa et al., 2003). Another example of
specific recognition of histone modifications istinteraction of CHD1 with methylated

Lysine 4 of histone H3 (Flanagan et al., 2005; Feagnt et al., 2005; Sims et al., 2005).

In summary, chromatin remodeler targeting may ogumimarily via interactions with other

regulatory proteins or to epitopes on the histonasked by specific modifications.

1.4.3.3 Regulation of chromatin remodeling

Besides targeting of remodeling complexes to reguloci, the activities of the complexes
themselves must be tightly regulated, because aftesctivity could have deleterious effects
on the organization and expression of eukaryoticogees. This regulation takes place
through variety of ways including posttranslationaddifications of subunits and changes in
subunit composition of the complex or through iat#ion with secondary messenger

molecules and non histone proteins.

1.4.3.3.1 Posttranslational modification of activesubunit

Like cell signaling proteins, ATPase subunit ofarhatin remodeling complexes are directly
regulated by posttranslational modifications esgci phosphorylation and acetylation.
These modifications may cause a conformational ghatiat can alter mobility of the
complex or there can be a monomer-dimer transitbnhe complex. For example, two
subunits BRG1/BRM and SWI3 of hSWI/SNF gets phosglted during mitosis so as to
inactivate the complex and exclude from chromatrfacilitate chromosome compaction and
this is reversed by dephosphorylation as cells miibsis (Muchardt et al., 1996; Sif et al.,
1998). This reactivated complex then helps to na@nactive and open chromatin structure.
Similarly, Mi-2 is phosphorylated by Casein Kina8e(CK2) in Drosophila cell extracts
(Bouazoune and Brehm, 2005). In contrast to BRGdA BRM, Mi-2 is found to be
phosphorylated through out the cell cycle. Dephosghtion increases its affinity for the
nucleosomal substrate, nucleosome stimulated ATRamk ATP-dependent nucleosome

mobilization activities. This suggests that comstie phosphorylation serves to restrain
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enzymatic activity and once recruited to chromadtigets fully activated by an unidentified
phosphatase. This presents a possible mechanismapitdly and reversibly control Mi-2

activity, subsequent to chromatin association. Harrhore, Mi-2 associates with HDAC
subunits in the final remodeling complex. The HD&G@mponent of the complex is also a
target of CK2 but here phosphorylation upregulalescetylase activity (Tsai and Seto,
2002).

Like phosphorylation, acetylation of BRM at its lsaxy terminus also limits the activity of
SWI/SNF complex (Bourachot et al., 2003). Thislddoe because; the modification could
alter the structure and thus affect interactiorhvather molecular partners. The acetylation
sites are not found in the highly homologous BR@dtgin. Moreover BRG1 can associate
with HDACs (NCoR co-repressor complex) which caiphe maintain deacetylated state of
BRG1 and thus its catalytic activity (Underhilladt, 2000).

1.4.3.3.2 Subunit composition of the remodeling copiex

In general, ATP dependent chromatin remodelersraié-subunit complexes, consisting of
2 0 15 subunits. The non-ATPase subunits play goitant role in regulation of the activity
of ATPase subunit. For example, in SWI/SNF comexeesence of BAF155, BAF170 and
SNF5 stimulate the activity of BRG1 and hBRM (Phe&t al., 1999; Geng et al., 2001).
Likewise, ACF1 subunit increases the ability of IBWWbmplexes to assemble regular
nucleosomal arrays, it enhances its nucleosommgliefficiency and alters the direction in
which it moves nucleosome on DNA (Ito et al., 19B®grharter et al., 2001). Furthermore,
interaction of ISWI with ACF1 alters nucleosomeustural requirement for the complex to
target a locus. ISWI alone requires the histonedamains of H4, H2A and H3 while in
presence of ACF1 only the H4 tail is required (@Gtapet al., 2001) and it targets ISWI
complex to heterochromatin replication sites (@alliet al.,, 2002). Also, ACF1-ISWI
complex associates with histone-fold proteins (CKAES and CHARC-17 in humans) that
facilitate nucleosome sliding and possibly DNA biegd(Kukimoto et al., 2004; Hartlepp et
al., 2005). Similarly, NURF complex requires NUREJ0r efficient nucleosome sliding and
targeting (Xiao et al., 2001). Like CHARC, may mios having ability to bend or stabilize
bent DNA are found to be associated with the chtomramodeling complexes as a subunits
and are known to facilitate remodeling activitytbé complex e.g. BAP111 subunits of the
Drosphila BRM complex, BAF57 of SWI/SNF-like complexes in mmaals, NhplO of
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INO80 and Nhp6 of RSC (Papoulas et al., 2001;eTail., 2002; Shen et al., 2000; Szerlong
et al., 2003).

Moreover, sometimes ATP dependent chromatin remmaglebmplexes can exist in different

forms having distinct subunits composition e.g. R&Gts in two functionally distinct forms

(Cairns et al., 1999). Also, BAF can have BRG1 BRM as the core motor subunit and
accordingly its association with the class of twipgion factors is decided and hence
targeting of the complex to a promoter depends upersubunit composition (Bultman et al.,
2000; Kadam and Emerson, 2003). In mammals, SWA/8bimplexes are also known to

contain tissue-specific subunits and can form &mlthl subcomplexes upon association with
other factors like BRCA1 or components of histoeaaktylating Sin3 complex. Actin and

actin related proteins (ARPs) can dock togethdeht remodeling complexes (Szerlong et
al., 2003) and can modulate binding of remodeliogglexes to chromatin or nuclear matrix.
Moreover, they stimulate ATPase activity and pramodomplex assembly and stability e.g.
Arp4 is essential for INO80, SWR1 and HAT complas,it recognizes phosphorylated H2A
(at ser 129) of damaged DNA and mediates bindinth@fcomplexes to the double stranded
break region (Downs et al., 2004). Hence, additiaubunits regulate ATPase activity of the
catalytic subunit along with overall stability dfig complex and plays important role in

targeting the complex.

1.4.3.3.3 Interaction with secondary messenger maiales

Chromatin remodelers can directly respond to dehaling pathways by interacting with
secondary messenger molecules, most importaneai #ll are lipid inositol 4,5 biphosphate
(PIP2) and soluble inositol polyphosphates (IPshe TPHD finger domain of various
remodeling complex subunits like BAF and ACF1 h&een implicated in interacting with
phosphoinositides (Gozani et al., 2003). IPs haenbound to regulate the activity of several
yeast nucleosome remodeling complexes which haea lmplicated in regulating genes
involved in inositol and phosphate metabolism (Raatal., 2002; Shen et al., 2003; Steger
et al., 2003).

60



1.4.3.3.4 Interaction with non-histone proteins

Besides histones, HMG (High Mobility Group) proteiare found abundantly in chromatin
and are known to play an important role in regalatof gene transcription in response to
rapid environmental changes. They are divided iti@e groups: HMGB, HMGA and
HMGN. Like linker histone H1, HMGBs can interactralitly with nucleosomes but both
have contrary effects. HMGBSs loosen up the DNA arake it more accessible to remodeling
complexes and transcription factors (Wu and Trgv2084) whereas, H1 limits spontaneous
nucleosome sliding and remodeling by SWI/SNF complRamachandran et al., 2003; Hill
and Imbalzano, 2000). Transient interaction of HMGH®ith nucleosomal linker DNA
enhances the ability of ACF to bind nucleosomal DBiAd accelerates its sliding activity
(Bonaldi et al., 2002). Hence, HMGBL1 acts as a Dblraperone and facilitates the rate-
limiting DNA distortion during nucleosome remodegjinrMoreover, HMG-type proteins also
play important role in chromatin remodelers tamgtby facilitating interactions between
remodeling complexes and site-specific targetingtoid e.g. targeting of hSWI/SNF
containing BRG-1 to HIV-1 promoter by ATF-3 trangtion factor requires HMGALl
(Henderson et al., 2004). Another level of regolatiis added to this system by
posttranslational modifications of HMG proteins (e et al., 2000; Munshi et al., 2001).

Another group of non-histone proteins that fadiitATP-dependent nucleosome remodeling
are ‘histone chaperones’ e.g. ASF-1, a histoneeoae, has been reported to cooperate with
Brahma remodeling complex in Drosophila (Moshkin &t, 2002). Another interesting
example of regulation of remodeler activity comesnf the observation that Nucleolin, a
nucleolar protein which also possesses histoneetbap activity, has been shown to greatly
enhance SWI/SNF and ACF dependent remodeling (Angsl al., 2006).

1.4.3.4 Functions of ATP dependent chromatin remoders

ATP-dependent chromatin remodeling complexes prajngortant role in the regulation of
all the processes involving DNA such as transaiptireplication, recombination and repair
(Corona and Tamkun, 2004). Moreover, remodelingofacmay also play an important
regulatory and architectural role in the maintemant higher order structure of chromatin
(Varga-Weisz and Becker, 2006; MacCallum et alQ20Hence they have an impact on the

cell fate during cell division and differentiatiofihe roles of chromatin remodelers have been
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well documented in various cellular processes whidg development, cell cycling and some
disease mainly carcinogenesis. A snapshot of fonstiof ATP-dependent chromatin

remodeling complexes is presented in Table I.1.

Table 1.1 Biological functions of chromatin remodeérs. Chromatin complexes carry out
various functions in different organisms. The tablanmarizes their functions in different
species.Sc, Saccharomyces cerevisiae; Dm, Drosophila melanogaster; Hs, Homo sapiens;

*Based on data from many speciés; Arabidopsis thaliana. Adapted from Saha et al., 2006.

Remodeling Biological functions References
Complex
SWI/SNF family
Sc SWI/SNF Pol Il activation Hirschhorn et al., 1992; Sudarsanam et al.,
2000.
Elongation Davie and Kane, 2000.
Double strand break (DSB) repail Chai et al., 2005.
Targeting by activators Neely et al., 2002; Yudkovsky et al., 1999.
< RSC Pol 1l regulation Ng et al., 2002; Angus-Hill et al., 2001;
Moreira and Holmberg, 1999.
Pol Il regulation Ng et al., 2002.
Cell signalling Angus-Hill et al., 2001; Damelin et al., 2002.

Spindle-assembly checkpoint Angus-Hill et al., 2001.
Chromosome/plasmid segregatio Huang and Laurent 2004; Wong et al., 2002.

Cohesion Huang et al., 2004.
DSB repair Chai et al., 2005
Cell-cycle progression Cao et al., 1997
Targeting by activators Neely et al., 2002
Octamer transfer/ejection Reinke and Horz, 2003; Boeger et al., 2004
Dm Brahma Pol Il regulation Armstrong et al.2002
Development Zraly et al., 2004; Marenda et al., 2003
Elongation Srinivasan S. et al., 2005
Hs SWI/SNF Tumor suppressor Roberts et al., 2000; Wong et al., 2000;
Hendricks et al., 2004.
Differentiation Gresh L. et al., 20Q5Vradii et al., 2006; de
la Serna et al., 2001a.
Development Bultman, S. et al.2000; Wang et al., 2004;
Lickert, et al., 2004.
Elongation Corey et al., 2003.
Signaling Zhao et al., 1998.
Splicing Batsche et al., 2006.
| SM-family
ISWI* Elongation Morillon et al., 2003
Pol Il repression Goldmark et al., 2000; Vary et al., 2003.
Replication Bozhenok et al., 2002; Collins et al., 2002.
X-chromosome regulation Deuring et al., 2000.
Cohesion Hakimi et al., 2002.
Embryonic development Stopka and Skoultchi, 2003.
DmACF and Chromatin assembly Ito et al.,, 1997; Varga-Weisz et al., 1997;
CHRAC Fyodorov and Kadonaga, 2002.
Nucleosome spacing Varga-Weisz et al., 1997.
DmNURF Transcriptional activation Badenhorst et al., 2002
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INOB8O family

< INOSO DNA repair Shen et al., 2000; van Attikum et al., 2004;
Morrison et al., 2004.
Pol Il activation Jonsson et al., 2004.
At INO8O Homologous _rec_:ombination Fritsch et al., 2004
Gene transcription Fritsch et al., 2004
SWR1 family
< SWR1 Htz1 deposition Mizuguchi et al., 2004; Krogan et al., 2003;

Kobor et al., 2004.

DmSWR1 DNA repair Kusch et al., 2004.
CHD family
Hs NURD Transcriptional repression and Wade et al., 1999; Jones et al., 1998.
silencing
CeNURD Development Unhavaithaya et al., 2002; von Zelewsky et
al., 2000.

1.4.3.4.1 Regulation of transcription

SWI/SNF complexes in yeast and mammalian cells iavelved in the regulation of
transcription and are recruited to promoters byisage specific transcription factors (Kadam
and Emerson, 2003; Prochasson et al., 2003). Themelin remodeling activity then
facilitates binding of both specific and generahscription factors, and it also facilitates the
binding of factors involved in repression, suchHi3ACs. It is important to recognize that
chromatin remodelinger se does not determine whether transcription will bévated or
repressed, although SWI/SNF activity has so fartipdseen associated with activation
several examples of transcriptional repression lads@ been documented (Moehle and Jones,
1990; Trouche et al., 1997; Moreira and Holmberg9% Murphy et al., 1999). A well
studied aspect of SWI/SNF mediated transcripticaalvation is the interaction between
SWI/SNF and nuclear hormone receptors. The GR dgluticoid receptor) recruits
SWI/SNF to the MMTV promoter, resulting in incredsBNA accessibility that is essential
for transcriptional activation (Fryer and Archef98; Ostlund Farrants et al., 1997). The
complex regulates transcription either directlyiar various regulatory proteins e.g. proteins

Pho2 and Pho4 activatetranscriptiorPbfO5 gene (Sudarsanam et al., 2000).

The loss of function mutation of SWI/SNF leads #rigus different phenotypes including

poor growth, inability to use particular carbon i@s, and a defect in sporulation, however, it

63



is not required for viability (Cairns, 1998). Fusthstudies involving DNA chips revealed that
only a small fraction (3-6 %) of genes depends WA/SNF for their transcription and hence
it does not play a general role in transcriptiortteg whole genome (Holstege et al., 1998;
Sudarsanam et al., 2000). SWI/SNF regulated gereeslistributed throughout the genome
and are not concentrated to a particular chronratiion. In general, SWI/SNF appears to be
involved in regulating pol Il genes. The human SSWF complex can facilitate binding of
TBP (TATA binding protein) to a nucleosomal TATAeatent (Imbalzano et.all994). It is
highly interesting that remodeling by SWI/SNF ig naly promoter specific, but also varies
depending on cell type. For example, BRG1 expressicGW13 cells strongly induced44,
osteonectin and csfl, while BRG1 expression in ALAB cells induces onbgteonectin
(Hendricks et al.,2004). One explanation for this cell type specific depemde is that
additional transcription factors besides SWI/SNE amply not expressed in the cells,
preventing SWI/SNF mediated promoter activatiomatation. Alternatively, epigenetic
patterns established during development could tresuthe same promoter having tissue
specific chromatin topology and, consequently, équire different promoter activities for
transcriptional activation or repression. Dependory tissue origin, the same gene could
subsequently show variations in SWI/SNF dependdocyits expression in different cell

types.

Like SWI/SNF, RSC complex is also involved in catling the transcription. However in
contrast with human and yeast SWI/SNF complexe§; R& not been co-purified with RNA
polymerase Il of yeast (Cairns et al., 1996, Wilspal., 1996; Neish et al., 1998). Moreover,
it is much more abundant than SWI/SNF and genonge-Vaication analysis indicates that the
yeast nucleosome-remodeling complex RSC has alutpliysiological targets especially
tRNA promoters, suggesting that the complex isuiéed by the RNA polymerase |li
transcription machinery. At RNA polymerase Il praers, RSC specifically targets several
gene classes, including histones, small nucledh#\$? the nitrogen discrimination pathway,
nonfermentative carbohydrate metabolism, and mdodhal function. At the histone
HTAL/HTB1 promoter, RSC recruitment requires the Hirl and? Hiorepressors, and it is
associated with transcriptional inactivity. Furtimere, RSC binds to promoters involved in
carbohydrate metabolism in response to transcrigtiactivation, but prior to association of
the Pol Il machinery. Hence, the RSC complex isegalty recruited to Pol Il promoters and
it is specifically recruited to Pol Il promoters bwanscriptional activators and repressors (Ng
et al., 2002).
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Whole-genome analysis of gene expressionsgd3 andrsc30 mutants indicated that RSC
affects the expression of ribosomal protein and well genes (Angus-Hill et al., 2001).
However, it is unclear whether these transcripli@fi@cts are directly or indirectly mediated
by RSC. Localization of Rsc9 on the genome indt@eelationship between genes targeted
by Rsc9 and genes regulated by stress (Damelirl.,e@2). Rsc9 is involved in both
repression and activation of mMRNAs. Another irgérgy example of gene repression by RSC
is yeast CHA1 (Moreira and Holmberg, 1999). Thiseyés strongly induced when the cells
are grown in the presence of serine/threonine meldia. In the absence of Sthlp/Npsilp (a
homolog of Swi2p/Snf2p) or of Swh3p (a homolog @fi¥p), expression of CHAL in non-
induced cells is increased to a level comparablin what of fully induced cells. These
transcriptional changes are correlated with distodes of the chromatin structure of the
promoter. Hence, RSC complex represses CHbagal transcription by establishing and

maintaining a repressive nucleosome structure.

Other examples of transcriptional repression byowtatin remodelers come from NURD
complexes (containing the CHD-type ATPase Mi-2), ickh have both nucleosome
remodeling and histone deacetylation activitiesi@wed in Bowen et al., 2004). Also, NoRC
(for Nucleolar chromatin Remodeling Complex) conitag the ISWI-homologue SNF2H is
involved in the repression of Poll transcriptiomaiingh the recruitment of the SIN3/HDAC
co-repressor to the ribosomal DNA promoter (Sanéord Grummt, 2005).

1.4.3.4.2 Regulation of cell cycle

RSC is the only remodeling complex that is requii@dcell viability (Cairns et al., 1996).
NPS1/STH1 gene (encoding RSC)Saiccharomyces cerevisiae is shown to be essential for
mitotic growth, especially for the progression thgh the G2/M phase. The G2/M arrest
conferred by foutemperature-sensitive (t§SC mutations suggests a requirememtRSC
function in cell cycle progression (Tsuchiya et #092; Cao et al., 1997; Du et al., 1998;
Angus-Hill et al.2001).The homozygote of the temperature sensifpgd mutant, nps1-105,
showed reduced and delayed levels of sporulatioegrapanied with a notable decrease and
delay of the expression of several early meiotitegeg(IME2, SPO11 and SPO13) (Yukawa et
al., 1999). The basis for thisof arrest is unknown, but it depends on the spiratidy
checkpoint. Mutants nps1-105 and sth1-3TS are then$o drugs destabilizing microtubules
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(Tsuchiya and al., 1998; Chai et al., 2002). In mingtant nps1-105, the chromatin structure
around the centromere is disrupted. Tsuchiya e(E98) digested the centromeric regions
by nucleases and restriction enzymes and foundaagehin the digestion profile. This

alteration is apparently not due to a loss of msxdenes in centromeric regions. In addition, a
recent study showed the existence of genetic aydigdl interactions between RSC and
components of the kinetochore (Hsu et al., 20a3 localized at centromeres and plays a
role in the separation of mitotic chromosomes (tal., 2003, Huang et al., 2004). On the
other hand, the human counterpart of RSC, SWI/SN&1Bcated at the kinetochores (Xue et
al., 2000). These data indicate that the RSC comiglénvolved in cell cycle progression.

This function could be due to direct effect of RBE segregation of chromosomes and the
structure of the centromere and indirectly via thgulation of transcription of genes that

control the cell cycle.

Besides RSC, other SWI/SNF complexes also inteweith a number of regulatory
components in the cell cycle machinery thus affectell cycling. For example, BRG1 and
BAF155 directly interact with cyclin E (Shanahanaét 1999). Overexpression of BRG1 or
BRM in human SW13 cells, which are deficient inghgroteins, causes cell cycle arrest and
cell senescence due to interaction between BRGI1tlandell cycle repressor protein pRb
(Dunaief et al., 1994; Shanahan et al., 1999).

Moreover, levels of various SWI/SNF complexes ase éound to be regulated in a cell cycle
dependent manner. For example, in humans BRG1 aRiM Boroteins are both
phosphorylated and excluded from condensed chramesaduring the M-phase, but the
outcome of the phosphorylation is different. Theeleof BRG1 remains constant throughout
the cell cycle, while BRM level drops down duringpiase due to degradation in response to
phosphorylation. BRG1 level increases again in Mtearly G1 due to dephosphorylation of
the remaining protein and, at the same tideenovo synthesis of BRM rapidly brings the
protein back up to normal levels (Muchardt et a4B96; Stukenberg et al., 1997). The
SWI/SNF subunit BAF155 is also phosphorylated ek cycle dependent pattern similar to
BRG1 and BRM, and SWI/SNF complexes isolated fromphase cells are inactive in
remodeling assays (Sif et al., 1998). Data fronmsyehow that genes that must be activated in
the boundary between M and G1 in the cell cycleenetthromatin is still very condensed,
depend on SWI/SNF for transcriptional activatiomgBs et al., 2000).
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1.4.3.4.3Effect on cell differentiation and development

The expression patterns of BRG1 and BRM during gmldifferentiation have spatial and
temporal tissue specific distribution in mice, ihish BRM is specifically expressed as soon
as the blastula starts to differentiate (Dauvileeal., 2001; LeGouy et al., 1998; Randazzo et
al., 1994). Similar patterns are seen in develogingken embryos, emphasizing the role of
SWI/SNF complexes in development (Schofield et 2999). Moreover, SWI/SNF activity
has been associated with differentiation and deweémt of murine muscle, neural, and
endodermal and mesodermal cell types (Machida..e2@D1). Other reports have shown that
differentiation of NIH3T3 fibroblasts into musclelts depends on both BRG1 and BRM in
cooperation with the transcription factor MyoD. Esgsion of dominant negative ATPase-
deficient forms of BRG1 and BRM severely inhibiksst process and specifically represses
remodeling of promoters of MyoD-activated gemesivo (de la Serna et al., 2001a; de la
Serna et al., 2001b). A new role of ATP-dependénbrmatin remodelers ISWI and DOM in
stem cell renewal was demonstrated by Xi and Xi@0%2. They do this by regulating
responses to peptide factor signaling in the stegih microenvironment (‘niche’). In
Drosophila, ISWI was found to control Germline Stem Cell geliewal and DOM was
shown to be essential for Somatic Stem Cell seléwal. Likewise the remodelers may play a
role in stem cell self-renewal in other organisms, idolg humans, because of their
conserved nature. Recently, Osipovich et al., (206&monstrated the importance of
SWI/SNF complex in initiation offcrb gene assembly and T cell development. Here they
found that recruitment of SWI/SNF to promoters esqgthe gene segments to variable-
(diversity)-joining (VDJ) recombinase in thymocyteBogether these studies clearly show

that chromatin remodelers play an important roldaaelopment and differentiation.

1.4.3.4.4 Regulation of DNA replication and repair

Eukaryotic DNA replication is efficiently regulatday chromatin remodeling complexes at
various levels (reviewed in Falbo and Shen, 20@6nay help to open up the chromatin to
make it accessible to various effector moleculeslired in making the origin of replication

and also it can keep the chromatin in an open stitée the replication fork passes, thereby
creating an opportunity for the epigenetic marksdbéocopied and transmitted to the next
generation (Poot et al., 2005). The mammalian 18&form SNF2H has been shown to be

required for efficient DNA replication from a virabrigin of replication and through
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heterochromatin (Collins et al., 2002; Zhou et 2005). Likewise, SNF2H may also have a
role in chromatin maturation and the maintenancepifenetic patterns through replication.
SNF2H is found to be associated with WSTF, whicteatly binds to replication factor
PCNA (Poot et al., 2004).

Roles of various ATP-dependent nucleosome remaglefactors in DNA repair and
recombination have also been identified (Huang lgt 2005; Shaked et al., 2006). In
particular, chromatin-modifying complexes, suchttes INO80, SWR1, RSC, and SWI/SNF
are implicated in DNA repair. The activity of thes#romatin-modifying complexes
influences the efficiency of the DNA repair progesghich ultimately affects genome
integrity and carcinogenesis (Morrison and Shefg20Morrison et al., (2004) illustrated the
role of INO80 in DNA damage repair through interactwith phosphorylated histone H2A.
Moreover, the les4 subunit of the remodeling INO8mplex is phosphorylated by
ATM/ATR, a necessary step for certain DNA checkp®ito work properly but it does not
regulate DNA repair pathways. Detection of a DNAIble strand break (DSB) is necessary
to initiate DSB repair. Recently, Liang et al., @20 illustrated an early role of RSC in
sensing the cells’ DNA damage response. RSC isiremufor full levels of H2A
phosphorylation by facilitating the recruitmentT@1/ATM and Mec1l/ATR to the break site.

1.4.3.4.5Role in tumor suppression

Several links have emerged between remodeling aomapland oncogenesis however the
mechanisms by which remodelers contribute to tusuppression are not fully understood
(Cairns, 2001). Subunits of the mammalian SWI/SNfglex possess intrinsic tumor
suppressor function or are required for the agtioftother tumor suppressor genes. Mutations
in subunits of the remodeling complexes have beswaated with various tumors. Many
human cancer cell lines show a down regulatiorxpfession or lack expression altogether of
several SWI/SNF components and a number of muttiongenes coding for SWI/SNF
components have been identified (Decristofaro et 2001; DeCristofaro et al., 1999;
Reisman et al., 2003; Reisman et al., 2002; Worad. £2000). The SWI/SNF subunit Inil is
strongly connected to cancer development and isteaitor undetectable in several forms of
cancer, in particular in pediatric rhabdoid tum@Roberts and Orkin, 2004; Biegel et al.,
1999; Versteege et al., 1998). Specific mutatioBRG1 have been identified in pancreatic,

breast, lung and prostrate cancer cell lines (Wenhg@l., 2000). Moreover, SWI/SNF can
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directly interact with various tumor suppressord proto-oncogenes such as RB, BRCAL, c-
Myc and MLL (Bochar et al., 2000; Cheng et al., 998unaief et al., 1994). F9 murine
embryonal carcinoma cells have an absolute regeinérfor BRG1 (Sumi-Ichinose et al.,
1997) and mouse zygotes with a homozygous deletfoBRG1 cannot grow into viable

+/-
embryos (Bultman et al., 2000). Heterozygous BR@dice are viable, but the number of
offsprings is significantly lower than that for @witype animals. These mice also display an

increased predisposition for exencephaly and tumors
1.4.3.4.6 Conclusions

As described above, the ATP dependent chromatirdelimg constitutes a very important
component in regulation of chromatin dynamics. Qo their role in the fundamental step
of modulating DNA accessibility to factors, unsusprgly, any defect in their function leads
to a multitude of effects including serious consatpes on important functions like

development, DNA damage repair and carcinogenesis.
I.5 Mechanism of ATP dependent chromatin remodeling

Understanding the process of nucleosome remodbhsgoeen an area of intense studies for
last 10 years. Numerous biochemical and single cotdestudies have provided insights
about how this process occurs. However, some qumssstill remain about the action and
finer details of the process (For review see Beekal Horz, 2002; Saha et al., 2006; Cairns,
2007). In the following sections the advances mad#he understanding the mechanism of

their mode of action is summarized.
[.5.1 Biochemical properties of remodelers

As described before, a common feature of all thmocelers is the presence of a highly
conserved ATPase domain. On the expense of ATBgtstal alterations are made in the
substrate i.e. the nucleosomes. However, diffefantilies of remodelers display some
common features as well as dissimilarities in tH@ochemical activities. In the present

section, the properties of these remodelers arensuiped.
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[.5.1.1 Substrate binding

In order to remodel the nucleosomes the chromatimodelers must recognize their
substrates. It is expected from an enzyme thagbrabout changes in chromatin to interact
with DNA. Initial methods to isolate human SWI/SNicluded DNA affinity columns
indicating towards a nonspecific binding of thesenplexes to DNA (Kwon et al., 1994). The
nucleosome binding activity was evident from iditigel shift experiments with yeast
SWI/SNF complex (C6été et al., 1994). Later, thediig properties of both SWI/SNF and
ISWI group of remodelers have been established/SMA remodelers display an affinity of
~10%W™ for DNA substrates in an ATP dependent mannerr@et al., 1996; Lorch et al.,
1998). No difference in binding affinity betweerNB and nucleosomes was observed.
However, the binding affinity to nucleosomes insesmmore than three fold in presence of
ATP (Lorch et al., 1998). Similarly, RSC remodelicomplex does not show any preference
for the presence of linker DNA for binding. For 1$Wroup of remodelers the binding
preferences are slightly different. ISWI can bindNA but with a lower affinity than
SWI/SNF group of remodelers (Whitehouse et al.,30Moreover, the presence of linker
DNA increases the binding affinity towards the meadomes (Brehm et al., 2000). It is known
that SWI/SNF exhibits a high affinity for four waynction (4WJ) DNA. This property is
similar to as shown by HMG-box domain proteins (@uet al., 1996). It is noteworthy that
this structure is very similar to the entry exitesnucleosomal DNA. Therefore, it was
proposed that SWI/SNF and related complexes mayl bire entry exit segment of

nucleosomal DNA.

Further details about the nucleosome binding ofodeters have been obtained using
structural studies using cross linking (Senguptaalet 2001) and Electron microscopy
methods. It has been shown that ISWI contacts thisact regions within the nucleosomal
DNA (i)~10bp of nucleosomal DNA at super helicatdtion 2 (SHL2); (ii) 10 bp region near
the entry exit site of DNA and (iii) linker DNA (Kmlwala et al., 2004). SWI/SNF makes
contact with ~60 bp of nucleosomal DNA from entite ©f DNA to SHL2 (Dechassa et al.,
2008). Similarly, RSC has been shown to interach INA near the SHL2, however, the
interaction data was based on DNasel footprintixygeement and needs to be confirmed by

definitive cross-linking studies (Saha et al., 2006
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On the other hand, structural analyses of yeast RS SWI/SNF have been performed
three-dimensional micrographs from individual eleot micrographs (Smith et al., 2003;
Leschziner et al., 2007; Asturias et al., 2002; li2maet al., 2008; Dechassa et al., 2008).
Using a Orthogonal Tilt Reconstruction method (OTRyschziner et al., have shown that
RSC possesses a deep central cavity, interestinfjlperfect size to fit one nucleosome.
Moreover, the authors have also shown the confeomeit variability in the RSC complex.
Similar reconstructions for SWI/SNF also exhibitedcavity sufficient to accommodate at
most one nucleosome at a time (Figure 1.22). Thoinghstructures are different, the two
structures share the apparent feature of the dggadnteract with a single nucleosome in an
environment largely surrounded by enzymatic sulumithough these studies do not give
information about the involvement of individual smlits of the complex, they clearly
demonstrate that the substrate recognition occiasnvolvement of surfaces comprising

multiple subunit proteins.
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Figure 1.22 Structures of SWI/SNF and RSC complexeseconstructed from Cryo-Electron
micrographs.

(A-F) Cryo-EM reconstruction of SWI/SNF and model of 8M/I/SNF-nucleosome complex. Panels

A, C, and E show three different views of the SWIFSstructure obtained from cryoEM. Panels B, D,

and F are the models of the SWI/SNF-nucleosome agbtained by fitting the crystal structure of

the nucleosome low pass filtered to 25 A into théapive nucleosome binding surface of SWI/SNF.
Features of the nucleosome binding face of SWI/&MfFa trough whose base (TB) is met by a high
wall (HW), a low wall (LW), and a back wall (BW)G| Model of path of DNA inside the nucleosome

binding pocket, (H) SWI/SNF subunits which interaith histones and/or DNA as derived from cross
linking studies (Adapted from Dechassa et al., 2008

() Reconstructions of two conformers of R&I} Model of nucleosome binding by RSC. The x-ray
crystal structure of the nucleosome was manualtiedi into the central cavity of RSC. The
nucleosome is shown as a ribbon diagram withiraastucent surface representation filtered to 10 A.
The DNA is represented in gold, and the proteiepesented in orange. Badleft) and front Right)
views of the complex are shown. The entry/exit poiof the nucleosomal DNA are indicated with
green arrows, the dyad axis (blue cylinder) iséatid with a blue arrow, the histone H3 tail visils

the crystal structure is indicated with an orangeva, and the binding site for the translocase doma
is shown on the DNA with maroon arrows (Adaptedrfrioeschziner et al., 2007 ).
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[.5.1.2 ATP binding and hydrolysis

As the name implies, remodelers require ATP hydislyo carry out structural alterations in
the nucleosomes. For SWI/SNF remodelers, the ATRaseity is stimulated by single-
stranded, double-stranded, or nucleosomal DNA @ostime extent (C6té et al., 1994; Cairns
et al., 1996). In contrast, ISWI group of remodglexhibit maximal ATPase activity with
nucleosomes while presence of free DNA does notussite it (Tsukiyama and Wu, 1995;
Georgel et al., 1997). Moreover, ISWI group of rel@ers require the N-terminal tail of H4
for full stimulation of their ATPase activity (Clags et al., 2001; Corona et al., 2002).
However, removal of H4 tail does not diminish bimgliof ISWI, suggesting that this tail may
play a role in coupling ATP hydrolysis to conformoatl changes in the nucleosomes. Under
optimal conditions, SWI/SNF remodelers exhibit Z8d higher turnover for ATP as
compared to ISWI remodelers. For, both SWI/SNF #@I group of remodelers, the
stimulation of ATPase activity by DNA shows a lemgtependence over a limited range of
20-70 bases (Saha et al., 2002; Whitehouse €2Gf)3). As mentioned before, although the
remodelers belong to SF2 superfamily of helicatey lack double strand displacement
activity (Co6té et al., 1994). SWI/SNF action doest fead to enhanced sensitivity of
nucleosomal DNA to potassium permanganate, ingigad lack of transient  duplex
unwinding (C6té et al., 1998). However, the hekcasgions present in the ATPase subunit
are essential for SWI/SNF activity as mutationghiese regions diminish the ATPase activity
(Coté et al.,, 1994). Furthermore, the ATPase dosnainisolation exhibit limited activity
(Corona et al., 1999; Phelan et al., 1999). In samgmdifferent remodelers exhibit both

similarity and differences in terms of substratefprence for ATPase activity.

1.5.1.3 Nucleosome disruption activities

ATP dependent remodeling on nucleosomes resulisvariety of changes in the nucleosome
structure. A common feature of all chromatin rentedeis the ability to enhance accessibility
to nucleases or transcription factors. In the feitg sections, the different outcomes of
nucleosome remodeling lead to enhanced accessiaikt summarized (See Figure 1.23 for a

general summary of various outcomes of nucleos@m®deling)
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[.5.1.3.1 Generation of superhelical torsion

Since the remodelers belong to SF2 superfamily edickses it was expected that some
helicases like behaviour would be exhibited by ¢hddhe evidence was provided by Havas
and colleagues (Havas et al., 2000) by testingouarchromatin remodelers for the ability to
generate super helical torsion in DNA and chromatubstrates. The assay measured
extrusion of cruciform from a DNA construct contamg an inverted [AT{, repeat. Any
superhelical torsion created by the enzyme wouddltén formation of a cruciform, cleavable
by the junction resolving enzyme, T4 Endonuclease W was shown that, SWI/SNF,
Xenopus Mi-2, ISWI, and recombinant BRG1 were all ablegemerate superhelical torsion in
an ATP dependent manner. However, only BRG1 and/SMA were able to generate torsion
on chromatin templates while Mi-2 and ISWI only étioned on nucleosomal template. It
must be noted that, however, the generation of reepeal torsion could either be
consequence of remodeling or may represent a wawtigh histone DNA contacts are

disrupted.

1.5.1.3.2 Nucleosome sliding

Passive movement of nucleosomes along DNA i.e laiosal repositioning can occur in
response to elevated temperatures or ionic congitfileersseman et al., 1992; Pennings et
al., 1991). Given the strong interaction betweestdme octamer and DNA, this process is
energetically unfavourable. To achieve this ATP edefent chromatin remodelers use the
energy of ATP. In fact, it is a common feature bftlae remodelers to mobilize the histone
octamer along the DNA (Langst and Becker, 2001his as first demonstrated in initial
studies testing undefined ATP dependent activitieBrosophila extracts (Tsukiyama et al.,
1994; Varga-Weisz et al., 1995). Later on NURF, @dRand ISWI were shown to
directionally reposition the mononucleosomes retitted on DNA fragments longer than
200 bp in length (Hamiche et al., 1999; Langst [¢t1899). Similarly, yeast and human
SWI/SNF complexes as well as the Mi-2 complexesevwatrown to reposition nucleosomes
on short linear as well as small circular plasmiNA3 (Brehm et al., 2000; Gavin et al.,
2001; Goschin et al., 2000; Guyon et al., 2001kdasff et al., 2000; Whitehouse et al.,
1999). Additionally, ISWI group of remodelers exihilhve ability to generate regularly spaced
arrays (Langst and Becker, 2001). This property was shared by other families of

remodelers indicating that ISWI remodelers may havele in chromatin assembly.
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Some of the ISWI family of remodelers tend to mtwe nucleosomes to central position on a
DNA template, while others seem to randomise ndew positioning (Fan et al., 2003;
Hamiche et al., 2001). Role of additional subuhitgs’e been implicated in such observed
behaviour of these remodelers (Yang et al., 2008).the other hand SWI/SNF group of
remodelers shift nucleosomes to the end of the DiMMplate, away from the
thermodynamically preferred position (Flaus and @weighes, 2003). An interesting feature
of SWI/SNF induced nucleosome shifting is that thieleosomes could be moved ~50 bp
beyond the end of the DNA (Kassabov et al., 2008 ability of SWI/SNF to move the
nucleosomes off the ends of DNA could explain sgoneviously reported outcomes of
SWI/SNF mediated remodeling. SWI/SNF has been shimwgenerate di-nucleosome like
species or transfer of histone octamer by remodeatononucleosomes (Lorch et al., 1998,
2001; Schnitzler et al., 1998; Phelan et al., 200 can imagine that as the nucleosome is
pushed off the DNA fragment, it can be transfertedanother DNA or to other slided
nucleosome. It must be noted that, however, theexhentioned two outcomes are not the
major products of remodeling, at leaswitro, and could be generated in the specific reaction
conditions used by the authors.

There is some evidence that nucleosome sliding dregp vivo. It has been shown that on
the interferon beta promoter, which is activatedidfgction of cells with RNA viruses, the
assembly of a complete enhancesome and preinitiabonplex occurs lacking only in TBP
on the promoter. However, the interaction of SWIFShk the promoter is essential for
initiation of transcription. Examination of nuclewse positioning before and after
transcriptional activation revealed that a nucleesmbscuring TATA sequence was moved
to position about 35 bp downstream, thereby peimgittTBP to bind and allowing
transcription to occur (Agalioti et al., 2000; Loardas and Thanos, 2002). Similarly, in yeast
Isw2 has been shown to mobilize nucleosomes. TH®euused a galactose inducible allele
of ISM2 to study changes in chromatin structure of promsotf test genes. The data
suggested that changes were unidirectional andionblved a few nucleosomes (Fazzio and
Tsukiyama, 2003).

In summary, ATP dependent chromatin remodelersble to mobilize nucleosomeas vitro
as well asin vivo. The obvious consequence of nucleosome slidingldvbe to expose or
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shield regulatory regions, thereby permitting astrieting DNA binding factors involved in

vital processes like transcription.

1.5.1.3.3 Changes in Nucleosomal DNA conformationRemodeling’

Although all the remodelers have the ability tanglationally reposition the nucleosomes, in
some cases this activity can not explain the hoWwstsuntial tracts of DNA are made
accessible e.g. in closely spaced nucleosomal sarfBlyerefore mechanisms, which could
expose DNA sequence within the boundaries of hestontamer without the need for
translational repositioning, would facilitate DNAposure in densely spaced nucleosomal
regions. This property is exclusive for SWI/SNF upoof remodelers. SWI/SNF family
members can increase the DNase and restrictiomensgnsitivity of DNA sites within the
nucleosomes (Kingston and Narlikar, 1999; Narlikaral., 2002). This is achieved even in
absence of a linker DNA where nucleosomes couldepesitioned. Restriction sites which
are close to center of DNA are cleaved with simiktes as those situated at the end of the
DNA (Narlikar et al., 2001). Further, site specifioss-linking of DNA to the octamer, which
would prevent sliding of nucleosome, does not prevemodeling by hSWI/SNF (Lee et al.,
1999). Moreover, hSWI/SNF and ySWI/SNF can intradwstable topological changes in
closed circular arrays (Guyon et al., 2001; Jaseffeadt al., 2000; Kwon et al., 1994). These
results can not be explained on the basis of tainsll repositioning of nucleosomes. Any
transient change caused by movement of DNA wouléxXpected to resolve quickly on the

unconstrained templates used in the studies.

In summary, remodeling events distinct from nuatews sliding can be induced by the action
of SWI/SNF group of remodelers. Such changes coatdir via change in histone octamer
conformation or perturbation in the path of DNA @amd the octamer. It must be noted that
most of the aforementioned studies based on nucksssitivity assays did not fractionate the
remodeled nucleosome and repositioned nucleosoragdMer, it is known that SWI/SNF is
able to translationally reposition nucleosomes ewveabsence of linker DNA (Kassabov et
al., 2003). Therefore, further validation of thesents is required and we have, as we shall
see in chapter Il and lll, tried to resolve thisuie by fractionation of unmobilized remodeled

species.
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[.5.1.3.4 Histone H2A-H2B dimer expulsion or exchage

A highly debated question in the field of ATP degent chromatin remodeling is whether
histone octamer is disrupted during this processally, it was suggested that remodeling by
SWI/SNF could involve dissociation of H2A-H2B dimer alteration of the core histone
folds (Coté et al., 1994; Peterson and Tamkun, 199&tone cross-linking studies have
shown that octamer disruption is not a necessapyinrement for allowing restriction enzyme
access or nucleosome sliding (Boyer et al., 208lwever, some studies suggest that
expulsion of dimers can be catalysed by chroma&madeling enzyme. This was based the
fact the remodelers are able to move the nucleosdragond the edge of DNA template. It
was suggested that this phenomenon would looseditier-tetramer interface and facilitate
expulsion or exchange of dimers. Bruno et al., 80dtave shown that SWI/SNF, RSC and
ISwlb were able to transfer H2A-H2B dimers from anmnucleosomal substrate to H3-H4
tetramers. Similar phenomenon was observed in @ependent study on SWI/SNF (Yang et
al., 2007). It was shown that swi3p unit of the &NWF complex was responsible for this
action. It must be noted that, however, that thiesalts could occur from the particular DNA
template used in the experiment. In both of theselies the DNA template used for
nucleosome reconstitution was mouse mammary tunmos ypromoter (MMTV) sequence.
This sequence is known to be more prone for dirss Ithan 5S, another nucleosome
positioning sequence (Kelbauskas et al., 2008)rdsin vivo evidence for this process but
only for Ino80 family. An Ino80 family member, SWRbmplex, has been shown to swap
H2A.Z-H2B dimers for H2A-H2B dimers (Kobor et a2004; Krogan et al; 2003; Mizuguchi
et al., 2004).

[.5.1.4 Conclusion

Action of ATP dependent remodelers on nucleosorasslts in a multitude of outcomes as

enumerated above. These observations have ledposal of different models of remodeling
which could reconcile these outcomes. These madteldiscussed later in following sections.
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[.5.2 ATP dependent remodelers as DNA translocases

Over the past years, a number of studies on chmomenmodelers have established that their
ATPase subunits are ATP dependent DNA translocg&aisa et al., 2002; Jaskelioff et al.,
2003; Whitehouse et al., 2003). The evidence forADxéanslocation activity was derived
from the observations that the remodeler ATPasgiycis proportional to the length of the
DNA. DNA mini circles induce maximal ATPase activas they represent a DNA of infinite
length. Moreover, the chromatin remodeling enzyaresable to displace the third helix from
a short triple helix DNA in ATP dependent manneay.f&, SWI/SNF, ISWI and RSC; all of
them have been shown to possess a directional 8abslocase activity. It was suggested
that SWI/SNF, RSC and ISWI translocate DNA fromirgtiernal nucleosomal site located ~2
turns from the dyad. Nucleotide gaps created withia region interfered with nucleosome
mobilization (Zofall et al., 2006; Saha et al., 30

Further insights about DNA translocase activityrefnodelers have come from a series of
single molecule experiments involving optical orgnetic tweezers. By combining atomic
force microscopy with a magnetic trap, Lia et @Q06), for the first time, have demonstrated
that RSC is able to generate loops on naked DNA R&slocated DNA at high speeds (200
bp per second) and for considerable distancesdgwer ~420 bp) under conditions of very
low tension (0.3 pN). However, the processivity REC on free DNA in stopped-flow
conditions (bulk measurements) was ~20 bp (Fisehat., 2007), and bulk length dependent
ATPase assays estimated the average translocastenck at ~20-25 bp indicating the
occurrence of particularly processive translocatwents in the experimental conditions of
abovementioned study. Another study by Zhang et @006), using optical tweezer
approach, has monitored RSC and SWI/SNF dependemideling in real time. Both RSC
and SWI/SNF were shown to cause DNA shortening tsvarhich were interpreted as
formation of loops on the nucleosome surface. DN&#s wanslocated at ~13 bp per second
and for distances averaging ~105 bp under a maedaigh tension range (3—7 pN). It must
be noted that, although these studies have prowiitedt observation of DNA translocase
activity as well as measurement of force appliedhgyremodelers, a common shortcoming is
a bias towards bigger translocation events duastsiment noise. Moreover, the possibility
of many remodeler molecules working simultaneouslylestabilization of the nucleosomes

in typical single molecule experimental conditiaas not be ruled out (Claudet et al., 2005).
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Further studies are definitely required for elutima of physical parameters of DNA

translocation as well as how the DNA translocaisoapplied on the nucleosomes.

1.5.3 Models for Nucleosome remodeling

To reconcile the aforementioned outcomes of ATPeddpnt nucleosome remodeling, two
major models have been proposed. Both of these Imadsume that at a time only a subset
of histone DNA interactions are disrupted at anyegitime and that the energy cost involved
in disrupting the histone DNA interaction are comgegted, in part, by formation of new
bonds. This hypothesis is supported by the obdervétat SWI/SNF or RSC motors stall at
forces above 12 pN while the force required to detety disrupt all DNA histone
interactions in the nucleosomes is ~20pN (Zhangl.e2006). The first model was “Twist
Diffusion” model discussed by van Holde and Yad&85) and readdressed later (van Holde
and Yager, 2003). According to this model (See FEdgw4), the migration of DNA around
the histone octamer results due to propagatiomadlgwist defects that cause underwinding
of the DNA helix which are then diffused around theleosome. If the defect collapses back
upon itself no net movement of nucleosome occurswvéver, if the defect is propagated
forward, this results into small slipping stepsottcur, resulting in net movement of histone
octamer with respect to DNA (van Holde and Yag@03. This view is supported by the
observations that chromatin remodeling enzymes rgénesuperhelical torsion (Gavin et al.,
2001: Havas et al., 2000).

However, there are observations which challengeuthieersality of this model in all cases.

ISWI and SWI/SNF group of remodelers are able tditie® nucleosomes even in presence
of DNA containing nicks, hairpins or gaps (AoyagidaHayes, 2002; Langst and Becker,
2001; Saha et al., 2002) which would be expectedtefere with the propagation of twist

defect. Nicks in the DNA might dissipate the torsibstress while hairpins might interfere
with the rotation of the DNA relative to the nuctemne.

An alternate model, “The bulge propagation or “L@epapture” model was proposed (Langst
and Becker, 2004). In this model it is suggested that a wave of DNA is released from the
histone octamer and propagated along the surfatieeofucleosome. The formation of this
bulge is the rate limiting step of the remodeliegation (Strohner et al., 2005). Initial support

for this model came from experiments conducted hyyali et al., (2002). H2B was
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crosslinked to the DNA, and the remodeling was sss@ by sensitivity to nucleases.
Interestingly, hSWI/SNF could still increase thengvity towards DNasel even in the
absence of nucleosome movement. Using a photaoitgffiabelling and crosslinking
approach Kassabov et al.,, (2003) have shown tha/SSWW moves the nucleosomes in
increments of ~50 bp while for ISWI the step siz&sw-10 bp. These were interpreted as the
size of the loop or the bulge created by these defeos. Using this information about the
step size authors have tried to explain the obsdediferences in nucleosome disruption
properties of these two remodelers. It must be chthat, however, that new histone DNA
crosslinks generated due to remodeling could reptesal products of the remodeling rather
than reaction intermediates. Another support tos/dodmation of bulge by remodelers come
from the fact that remodelers are ATP dependent DiAslocases and are able to pump
DNA inside the nucleosome (Saha et al., 2005; Zetadl., 2006).

B 1bp

Histone=DNA
interaction cluster Twisting model

x10 bp

Loop recapture model

Figure 1.24 Proposed models of nucleosome sliding by ATP depesrtt remodelers.
(A) Schematic drawing of the SHL locations thainioDNA— histone interaction clusters. (B) and (C)
The essential features of the nucleosome remodelodgls. Adapted from Langst and Becker, 2004.

Another model for RSC mediated nucleosome movemastproposed by Saha et at., (2005).
Under this model DNA is moved in form of a 1 bp wdwom the internal translocation site to
the end of the nucleosome. However, if it was thigecnucleotide gaps anywhere within this
region would interfere with nucleosome mobilizatittnvas seen that nucleotide gaps created
only within or near the translocation site integfevith nucleosome mobilization questioning
the validity of this model. Importantly, till datap direct demonstration of a bulge formation

on the nucleosome surface has been done and eggl@rovided are only indicative.
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Moreover, the discrepancies observed in the step €i-50 bp under different studies)

probably resulted from different indirect measuratae

In summary, there is no definite consensus abowtthe chromatin remodelers work despite
of a lot effort put in this direction. In fact, is only the beginning of our understanding
towards the mechanism of ATP dependent chromatnodelers. Further studies are required

to address the questions that these intriguing cotde machines have posed before us.
[.6 Objectives

As we can see, although a lot of effort has beenh @ulot of grey areas exist in our
understanding of the mechanism of chromatin remieglelMany questions about the
structural features of remodeled nucleosome pasticremodeling intermediates and
discrimination between nucleosome remodeling ardingl still remain. Moreover, all the
proposed models assume the nucleosome mobilizgroness to be a non-interrupted,
continuing process. Although the bulge propagatmael is currently favoured model in the

literature, no direct evidence of the existenca btilge has been provided.

The present study aims to address these issuasyesast RSC and SWI/SNF, one of the best
characterized remodelers, as a model system. fptehih and 11l we have used a combination
of high resolution microscopy and biochemical mdtao elucidate the nucleosome
remodeling mechanism of RSC and SWI/SNF respegtivetomic force microscopy
approach is employed to obtain precise informatsibout the organisation of DNA on RSC
and SWI/SNF remodeled nucleosomes. Cryo-Electroorascopy is used to capture the
remodeling products in their native form, as wellta study the conformation of DNA on
nucleosomes. The biochemical method like “one gstriction enzyme assay” allows to
measure the accessibility of remodeled nucleosamtesl0 bp resolution. Moreover, special
stress is given to discriminate between unmobilizethodeled particles and mobilized
nucleosomes. By using these approaches we ainrdontvent the problem in analysis that
could arise if an undefined mixture of remodeled alided nucleosome particles are analysed

through classical biochemical methods like resoicenzyme accessibility assay.

Incorporation of histone variants like H2A.Bbd cerd the nucleosomes special structural and
biological properties. As summarized before, incogtion of H2A.Bbd in nucleosomes
results in an open structure of the nucleosomedirigato facilitated factor access to

nucleosomal DNA. On the other hand, despite ofrtbpen structure, H2A.Bbd containing
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nucleosomes are resistant to remodeling by ATP ribge chromatin remodelers like
SWI/SNF and ACF. Since most of the structural fesgwof H2A.Bbd nucleosomes have been
attributed to its defective docking domain we hyyesised that this apparent inhibition of
remodeling could be due to this feature. Usingreesef H2A mutant proteins, coupled with

biochemical and AFM methods, we have aimed to vestbiis issue in chapter IV.
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1.1 Summary

We have studied the mechanism of RSC nucleosomelinadion by using high resolution
microscopy and biochemical techniques. AFM analghisws that two types of products are
generated during the RSC remodeling: (i) stablemobilized particles, termed remosomes,
which contain 180-190 bp of DNA associated with thistone octamer and, (ii) mobilized
particles located at the end of DNA. Electron-cnyocroscopy reveals that individual
remosomes exhibit a distinct, variable highly iurkeg DNA trajectory. The use of the novel
“in gel one pot assay” for studying the accesgibiif nucleosomal DNA towards restriction
enzymes all along its length and DNase | footpnmtdemonstrate that the histone-DNA
interactions within the remosomes are stronglyysbed, particularly in the vicinity of the
nucleosome dyad. The data suggest a two step nmisphaf RSC nucleosome remodeling
consisting of initial formation of a remosome feolled by mobilization. In agreement with
this model, we experimentally show that the remasom@re intermediate products generated
during the first step of the remodeling reactiorick are further efficiently mobilized by
RSC.
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[1.2 Introduction

In all eukaryotes DNA is packaged into chromatian\Holde et al., 1980), which exhibits a
repeating structure with a fundamental unit, thelemsome, consisting of an octamer of core
histones (two each of H2A, H2B, H3 and H4) arourtdclw 147 bp of DNA is wrapped.
Nucleosomes constitute a barrier for several pseEsesncluding transcription, repair and
replication (reviewed in (Beato and Eisfeld, 1997ells use three main strategies to
overcome this barrier: post-translational histonedifications (Strahl and Allis, 2000),
chromatin remodeling complexes (Becker and Horp22@nd histone variants (Boulard et
al., 2007).

Remodeling complexes are large protein assemld@mssisting of an ATP-requiring DNA
translocase of the SWI/SNF family associated wihable numbers of subunits (Becker and
Horz, 2002). According to the type of ATPase, thmodeling factors are classified in at least
four distinct groups: the SWI2/SNF2, ISWI, CHD dinD80 families (Bao and Shen, 2007).
These four main groups of remodelers also exhikstintt biochemical properties and
specific remodeling characterisitics. A generalparby of the remodelers is their ability to
mobilize the nucleosome without disruption or trdigplacement of the histone octamer
(Langst et al., 1999). In addition, the remodelbetonging to the SWI/SNF group can
efficiently alter histone-DNA interactions and evewict the histone octamer from DNA
(Lorch et al., 1999). It has been also shown that recently identified Swrl remodeling
complex, which belongs to the INO80 group, possesseel properties and is implicated in
the exchange of the histone variant H2A.Z (Mizugueh al., 2003). Interestingly, the
presence of the histone variants mH2A and H2A.Bierferes with the ability of chromatin
remodelers to mobilize these variant nucleosomeg€fv et al., 2004; Doyen et al., 2006a;
Doyen et al., 2006b).

The yeast RSC (Remodels Structure of Chromatin)ptexnbelongs to the SWI2/SNF2
family (Cairns et al., 1996). It is abundant, esisé¢rior viability and comprises 15 subunits.
RSC is involved in several processes includingsicaptional activation, DNA repair and
chromosome segregation (Cairns et al., 1999, HaawgLaurent, 2004; Chai et al., 2005).
The structural analysis of RSC reveals the presen@e central cavity within the complex

sufficient for binding a single nucleosome (Lesakziet al., 2007; Asturias et al., 2002). This
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model was recently confirmed by the cryo-EM detewdi structure of a RSC-nucleosome
complex (Chaban et al., 2008). The binding of thelensome in the RSC cavity could allow
a partial separation of the DNA from histones whhaintaining their mutual proximity
(Asturias et al., 2002).

It should be noted that despite many efforts, meeitthe mechanism of the remodeling
assembly action nor the conformation of the remedielucleosomes are yet established
(reviewed in (Eberharter and Becker, 2004; Gangaead Bartholomew, 2007). It is,
however, clear that the chromatin remodelers eklail®dNA translocase activity (Lia et al.,
2006; Zhang et al., 2006). The reported biochendesh have led to at least two models for
chromatin remodeling (Gangaraju and Bartholomew)720 According to the first model,
initially proposed for the remodeler RSC, DNA mowed. bp waves on the histone octamer
surface (Saha et al., 2005). According to the sg¢enadel, proposed for both SWI/SNF and
ISW2 remodelers, a DNA loop is formed on the nustene surface, which further allows the
sliding of the histone octamer (Langst and BecR6fA1; Zofall et al., 2006). Recently it was
inferred from data from experiments with opticakezers that, in contrast to the biochemical
reports, RSC is able to generate a loop with awesge of about 110 bp at the dyad axis of
the nucleosome. This loop was proposed to be aquesite for the mobilization of the
nucleosome (Zhang et al., 2006). Note that eadhade models implicitly assumes that the
nucleosome-induced mobilization is a non-interrdptntinuing process, not requiring the
dissociation of the remodeler from the nucleosoingportantly, no direct experimental
evidence for the existence of a remodeler-induchid\ oop on the nucleosome surface has

been reported.

In this work we show that RSC uses an intriguingp-step mechanism for nucleosome
mobilization. The first step consists of pumping 1&-20 bp of the DNA of both linkers
towards the centre and the generation of stablenmailized remodeling intermediate
containing1180-190 bp DNA associated loosely with the histocemer. During the second
step, the mobilization of the histone octamer isieed. The physiological relevance of such

a RSC nucleosome remodeling mechanism is discussed.
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[1.3 Results

[1.3.1 RSC generates stable non-mobilized nucleos@nilike particles associated with 180-
190 bp DNA

To study the mechanism of nucleosome mobilizatign RSC we used reconstituted
nucleosomes. Briefly, recombinant core histones eweurified to homogeneity and

nucleosomes were reconstituted on a 255 bp 601ligrueg sequence (Supplementary Figure
[1.S1). The reconstitution, under the conditiosed, was very efficient since no free DNA
was detected in the nucleosome reconstituted san{Slepplementary Figure 11.S1). Note
that reconstitution on the 255 bp 601 fragment gErs a precisely centrally positioned
nucleosome with 52 bp and 56 bp free DNA arms,eetsgely (results not shown). The gel-
shift assay shows that RSC was able to efficiemtbpilize the reconstituted particles in the
presence of ATP, demonstrating that the reconsttytarticles aréona fide substrates for

this remodeler (Supplementary Figure 11.S1).

Once the reconstituted particles were charactdrizee next used AFM to study the
organization of the nucleosomes upon incubatiom REC. AFM permits the simultaneous
determination of the nucleosome position on the Dal the length of DNA wrapped
around the histone octamer (Montel et al., 200/His makes this technique extremely useful
for characterizing the chromatin remodeler-indueceatleosome mobilization through the
evolution of nucleosome position and wrapped DNAgte mapping (Montel et al., 2007). In
our experiments the APTES-mica surface was funatibed so as to trap the 3D
conformation of the nucleosomes (Valle et al., 3088d the parameters of interest were
obtained by using a specially designed algorithrhjctv allows the analysis of several
hundred nucleosomes in each AFM experiment and sntleeresults statistically significant

(see Materials and Methods section and Montel.e2@07).

Figure II.1 shows a series of representative imdgeghe nucleosomes incubated for 30
minutes in the absence of RSC (control sample, fins) or in the presence of RSC'{23®
and 4" rows). In the control sample, the nucleosome particle (pink part of the structure)
is clearly distinguishable from the free DNA “arm@abeled in yellow) and the histone

octamer is centrally positioned. Upon incubationhwiRSC (in the presence of ATP) three
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different groups of structures were observed. Tigamization of the first group [2row) is
indistinguishable from the control sample (Figuré&,lcompare the images of th& rbw with
that of the ' row). The second groupt3ow) exhibited shorter DNA arms than the control
and the third group consisted of completely slicetleosomes with the histone octamer
located at one end of the DNA"{fow).

2.5
nm

Figure Il.1. AFM visualization of RSC mobilized nucleosomesAFM topography images of
centrally positioned nucleosomes reconstituted & % 601 positioning sequence and incubated for
30 minutes with ATP at 29°C in the absence of Rf#6t fow) or in the presence of RSC{3 and

4™ rows). In the absence of RSC only centrally pmséd “standard” nucleosomes are observed,
while in the presence of RSC three types of nuce®s were detected, “standard” centrally
positioned nucleosomes (second row), nucleosomts shiorter “arms” (third row) and slided end-
positioned nucleosomes (fourth row).

To further study how the different groups of pdetscwere generated we have carried out
remodeling reactions with two different amountsR8C (30 and 60 fmol) and separated the
reaction mixtures on PAGE under native conditiosese(schematics in Figure 11.2A) (Note
that even at the higher amount of RSC used inghwdeling reaction it was at subsaturating
concentration relative to the nucleosomes, i.eghbu10 times less RSC per nucleosome).
Then the upper and the lower nucleosome bands exaised from the gel, the nucleosomes
were eluted from the gel slices and visualized BMA(Figure 11.2B-E). The control sample
(incubated with ATP in the absence of RSC and stingj of a single upper band) contained,
as expected, only centrally positioned nucleosai®es inset of Figure 11.2B).
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In contrast, the particles isolated from the uppand of the samples incubated with RSC
were either identical to the controls or exhibiskbrt free DNA arms (see insets in Figure
[1.2C). The frequency of nucleosomes with shortsadramatically increased when a higher
amount of RSC was used in the remodeling reactagu(e 11.2D, inset). The lower band

contained mainly completely mobilized nucleosonieset in Figure 11.2E).

B ©
A 20

RsC — + ++ PAGE purification
Lol |

=170 (15 S 1)
Native PAGE AFM analysis

position AL (bp)

0 50 100 150 200 250 300
DNA complexed length L . (bp)

Figure I1.2. The initial step of the RSC nucleosomenobilization reaction is the generation of a
stable, non-mobilized particle containing 180-190 (b of histone octamer associated DNA(A)
Schematics of the experimenCentrally positioned nucleosomes, reconstituted 268 bp 601
positioning sequence, were incubated in the preseh@TP for 30 minutes at 30°C in either the
absence (-) or the presence of 30 fmol (+) or 60l f(n+) of RSC. After arresting the reaction, the
mixtures were run on a 5% PAGE under native comati Then both the upper and the lower
nucleosomal bands were excised from the gel, tbeeasomes were eluted and visualized with AFM.
The different gel eluted particles (fractions |,lll and 1V) were indicated by arrows. The lowaght
part of the figure illustrates the schematics @& theasurement of histone octamer DNA complexed
length L. and the positiodL of the nucleosome relative to the center of tivAsequence. Dark blue
line: contour of the nucleosome. Light blue poicgntroid of the histone octamer. Blue dot circle:
excluded area of the histone octamer. Light bloe:lskeletons of the free DNA arms. Color scale:
from 0 to 1.5 nmThe color indicates the probability to find a nedeme with the DNA complexed
length L, and the positiod\L. Blue corresponds to a low probability and red taigh probability(B)

2D histogram WAL representing the DNA complexed lengthdlong with the nucleosome position
AL (N = 1254 nucleosomes) for nucleosomes incub#@tedbsence of RSC (control) under the
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conditions described in (A) and gel eluted (fractip see (A). C) and D), 2D histograms for the
upper gel band eluted nucleosomes incubated wittm80 (fraction II, see (A), N=635 nucleosomes
and 60 fmol, (fraction IIl, see (A) N=255 nucleosssnof RSC.E) 2D histogram for the nucleosomes
eluted from the excised lower gel band after intiolbafor 30 minutes with RSC (N= 538
nucleosomes). The inserts show the distinct nuolresspecies corresponding to the different regions
of the 2D histograms.

The clear visualization of the free DNA arms allotlie precise measurement of the DNA
length of each arm (indicated asand L for the longer and the shorter arm, respectivalg).
measure the length of each arm, we have excludeddtamer part and the trajectory of the
free DNA was determined by using morphological $oaloiding false skeletonization by
heuristic algorithm (Figure 11.2A and Materials akt&thods). The precise measurements of
the length of the arms allowed the calculation @thlthe length of the DNA complexed with
the histone octamer:l(L.= Lit- L+- L., where Lo= 255 bp is the length of the 601 fragment
used for reconstitution) and the position of theleasome relative DNA template centdr=
(L+- L)/2. The 2D histogram JAL for the control nucleosomes (treated with ATPthe
absence of RSC and eluted from the gel partictepjasented in Figure 11.2B. The maximum
of the distribution peaked ai 145 bp andAL is [b-8 bp, which is in a good qualitative
agreement with the determination of the nucleos@wmstion by biochemical approaches.
Importantly, in the absence of ATP, RSC has nocefie the /AL map (data not shown)

The 2D histograms JAL for the nucleosomes incubated with RSC (in thespnce of ATP)
and eluted from the gel slice nucleosomes were ehew quite different (Figure 1.2 C-E).
The data show that both variables, Lc aid are significantly different in the distinct RSC
generated nucleosome populations. Indeed, at ey lamount (30 fmol) of RSC present in
the remodeling reaction theJ/AL map for the nucleosomes isolated from the upper
electrophoretic band was getting wider indicatihgttparticles with overcomplexed DNA
(more than 150 bp in length) were generated (FidUBE). The presence of the higher
amount (60 fmol) of RSC resulted in the generatbmainly particles with short free DNA
arms (isolated from the upper band) and contaiaingut 180-190 bp DNA in complex with
the histone octamer (Figure 11.2D). Importantlye thucleosome positioAL relative to the
DNA ends in these particles remained essentialy $ame as in the control particles,
suggesting that the increased amount of DNA ast®atiaith the octamer is achieved through
pumping of about 15-20 bp of DNA from each free DNahm without nucleosome
repositioning. For simplicity, further in the texte will call these particlesemosomes

(remodeled nucleosomes).
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The LcAL map for the particles, eluted from the lower @leghoretic band of the RSC
incubated samples in the presence of ATP, showetdbibth the complexed DNA length L
and their positiomL have altered and had average values dfils0 bp and\L[B0 bp. Thus,

they represented a population of nucleosomes rgtedao the DNA end.

[1.3.2 The remosomes are ensemble of distinct straowes with different DNA

conformation

The AFM visualization of the RSC remodeling reactroducts gave an intriguing insight
into their organization. The AFM experiments cobk however, affected by the deposition
of the samples on the functionalized mica surfd@eovercome this potential problem the
RSC remodeling reaction products were also visedliay Electron Cryo-Microscopy (EC-
M). Indeed, EC-M experiments, carried out in vigif solution without any fixation and use
of contrasting reagents, provide high resolutiomges of the “native” 3D structure of the
studied material. EC-M has very successfully besaduto investigate the structure of
different chromatin samples, including isolated laasomes and 30 nm chromatin fibers
(Bednar et al., 1995; Bednar and Woodcock, 1998¢ EC-M pictures of the RSC reaction
products clearly show, as in the case of AFM imatfes presence of three different types of
structures, namely unperturbed centrally positionedicleosomes, end-positioned
nucleosomes and remosome-like structures (Figur@A)l Typically, the remosomes
exhibited shorter free DNA arms. Importantly, th&lA conformation of each individual
remosome was distinct and irregular and differednfthe round shaped DNA conformation
of the centrally positioned or slided end-positidmarticles (Figure 11.3A). These results are
in complete agreement with the AFM data (comparguié 11.3A with Figure 11.1) and
demonstrate that the remosomes do not exhibitgdesiwell defined organization but instead
represent an ensemble of different nucleosomegiicles with distinct trajectories of an

extended associated DNA.

The described above results were obtained by usieteosomes reconstituted on 601 DNA
sequences. The 601 sequence is, however, an caftifsequence, which was not so far
identified in the studied genomes. Then the quesiiises whether the described remosome
structures could be generated when using naturalA Dd¢quences for nucleosome
reconstitution. To test this we have studied timeadeling of nucleosomes reconstituted on a
255 bp DNA fragment, containing the 5S RNA geneXefiopus borealis (Figure 11.3B).

Under our conditions of reconstitution the majoofythe nucleosomes were centrally located
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(Figure 11.3B, the two first pictures of the®lrow). Some amount of end-positioned
nucleosomes was also observed, which reflects daker positioning signal of the 5S DNA.
In both cases the nucleosomes exhibit well defroeithd shape and relatively long free DNA
arms (Figure 11.3B, % and 2° rows). Upon incubation with RSC, as expected aimeunt of

the centrally positioned nucleosomes strongly desmee while that of end-positioned
nucleosomes increases (results not shown). Impubrtaemosome-like structures with larger
dimensions, irregular shape and shorter free DNAsarere observed (Figure 11.3CY and

4" rows). We conclude that RSC has the capacity teiggée remosomes on natural DNA

seqguences.

We have also studied the RSC remodeling of trirasdenes, reconstituted on a DNA
fragment, containing three 601 sequences. The ity nucleosomes within the
trinucleosomes showed a well defined round shapeaas equally spaced (Figure 11.3C! 1
row). Incubation of these templates with RSC (ie firesence of ATP) resulted either in
nucleosome sliding and consequently in closely egpanucleosomes within the
trinucleosomes (Figure 11.3C"4row) or in the generation of remodeled templatégure
11.3C, 2% and & rows), where one of the nucleosomes exhibits remeslike conformation
with larger and irregular shape. No such remodéteuicleosomes were observed upon
incubation with RSC, but in the absence of ATP.sEhdata illustrate the capacity of RSC to

generate remosomes within nucleosomal arrays.

Since a single nucleosome can be converted inrton@some within the trinucleosomal array,
this suggests that RSC is associated with a simgédéeosome within the array and that it
remodels only one nucleosome at a time. To stumty dssociation of RSC with the
trinucleosomes, H1-depleted trinucleosomes werkatet from chicken erythrocyte nuclei
and complexed with RSC. Then they were fixed widhnfaldehyde, negatively stained and
used for the EM experiments. Note that under theditions used in the AFM and EC-M
experiments, we were able to observe only veryRSC-nucleosome complexes, suggesting
that once the remosomes are formed or the nuclezsane mobilized, RSC dissociates from
its substrate. Fixation was, thus, required toalige the RSC-nucleosome complex under our
experimental conditions.

The RSC alone showed the typical “crescent” shap®ocmation with a central cavity
(Figure 11.3D, #' row), a result in agreement with the previous rep¢Leschziner et al.,
2007; Asturias et al., 2002). However, when RSC waliswed to associate with the
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trinucleosome, a much larger structure than a singtleosome was observed (Figure 11.3D,
compare the structures of the trinucleosomes oPtheow with those of the 8row). The
linker DNA connecting this large structure with thejacent nucleosomes was clearly visible
(Figure 11.3D, 3 row). We attributed this structure to the RSGgEmucleosome complex.
Interestingly, this large structure exhibited a fomnh staining, demonstrating that the
nucleosome indeed filled the RSC cavity (Figur8Dl. 3% row). This result is in agreement
with the recent cryo-EM data showing that RSC foransomplex with a single isolated
nucleosome (Chaban et al., 2008) and further rhites$ that this is also the case when
nucleosomal arrays are used as substrate for niededer.

A

«|~] 4] @2 3]~ \] 3

g

Figure 11.3. Electron Cryo-Microscopy (EC-M) of the RSC treatedmono- and trinucleosomes
shows that different species are present in the RS@modeling reaction.(A) Centrally positioned
nucleosomes reconstituted on a 255 bp 601 DNA weetded with RSC for 30 minutes at 29°C in the
presence of ATP (under these conditiGh30% of the nucleosomes were completely mobilizad)
then immediately vitrified. The first two rows shake nucleosomes exhibiting ‘standard’ structure,
i.e. non-mobilized nucleosomes (the first row) ammpletely mobilized nucleosomes (the second
row). The remaining four rows show the EC-M miciaggis of the nucleosomes with altered structure.
Each micrograph is accompanied by schematic draillirgirating the shape of the DNA observed in
the micrographs.B) Incubation of 5S nucleosomes with RSC resulthiéngeneration of remosomes.
Centrally positioned nucleosomes were reconstitated 255 bp DNA fragment containing the 5S
somatic gene oKenopus borealis. The 5S nucleosomes were treated with RSC asideddn (A),
vitrified and visualized by cryo-EM. Non-affectéfirst row) and end-mobilized (second row) by
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RSC particles as well as RSC-generated remosoimed &nd fourth rows) are shownC)(RSC has
the capacity to generate remosomes in nucleosomalsa Trinucleosomes were reconstituted on a
DNA fragment consisting of three 601 repeats. Thegth of each repeat was 197 bp. The
trinucleosomes (containing a centrally positionetl@osome within each 601 repeat) were treated
with RSC as described in (A) and then immediatdiyfied. The first row illustrates the structuréa
trinucleosome un-affected by RSC. The second amedthird rows show a typical structure of
trinucleosome, containing a remosome (the blackvarindicates the centrally located remosome
within the trinucleosome). Note the altered struetof the remosome compared to the end-positioned
nucleosome in the trinucleosome. The fourth rowwsh@ trinucleosme in which the centrally
positioned nucleosome has been mobilized. Eachogriaph is accompanied by schematic drawing
illustrating the shape of the DNA observed in thierographs. D) The RSC complex is associated
with a single nucleosome within a trinucleosometiwaH1-depleted trinucleosomes were incubated
with RSC and the RSC-trinucleosome complexes wiegslfby 0.1 % formaldehyde. The material
was then negatively stained and visualized by cotimeal EM. The first and the second row show
representative electron micrographs of RSC andidldosomes alone, respectively. On the third row
are shown the RSC-trinucleosome complexes. NaieRIEC is associated with a single nucleosome
(see arrows). (Scale bar 50nm)

[1.3.3 The “in gel one pot assay” shows highly peurbed histone-DNA interactions

within the remosome

To biochemically characterize the DNA path withire tremosome at higher resolution we
have developed a novel method based on the recesplyrted “one-pot” assay for the
accessibility of DNA towards restriction enzymestl® nucleosome core particle (Wu and
Travers, 2004). We called this method “in gel orm¢ @ssay” (see the schematics of the
method in Figure [I.4A). Briefly, we have used diglifferent mutated 255 bp 601.2 DNA
sequences. Each one of the sequences bétadlarestriction site (designated dyad-Q)do
dyad-7 (d), where the number indicates the number of heligals from the dyad). Each
restriction site has the same rotational positidth an outward-facing minor groove (Wu and
Travers, 2004). With this system it is possibleneasure the accessibility of the nucleosomal
DNA at many different sites in a single reactior @my change in the rotational position or
protection of the site (s) could be readily detécte

We have produced the above described eight 60glB2sees by PCR amplification by using
%p_end labeled primers and then we used them fansgitution of centrally positioned
nucleosomes. An equimolar mixture of the eight @@yt positioned nucleosomes was
incubated with RSC in the presence of ATP in a weaproduce about 50% (relative to the
total initial amount of nucleosomes) of slided gruitioned nucleosomes and the reaction
mixture was run on a 5% PAGE under native condgi@igure 11.4A). Then the upper band

(containing the non-slided particles) was excised digested in gel with increasing amount
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of Haelll under appropriate conditions. DNA fragmentsrevesolated from the in gélaelll

digested nucleosome particles and separated ore§téescing PAGE. The same experiment
was carried out with control (incubated with RSQ buthe absence of ATP) nucleosomes.
After exposure of the dried gel, product bands fritrea experiment were quantified and

expressed as percentage of cut fraction.

A typical experiment is presented in Figure 1l.4BdaC. In the absence of ATP, the
accessibility of dyad-7 télaelll differed from that of the other dyads. Indeedgen at low
concentration (0.125 wl) of Haelll used(B0% of dyad-7 was cleaved (Figure 11.4B and C).
Increasing the concentration of the restriction yemz resulted in an increased dyad-7
cleavage, which reach&80-75 % at 8 wl Haelll. An apparent increase of the accessibility
was also observed for dyad-6, which reached 20-28%vage at the highest concentration (8
u/ul) of Haelll. The cleavage at all the other sites was veww land remained largely
unchanged at all concentrations laéelll, suggesting a weak accessibility of these sites
These results are in complete agreement with teeiquisly reported data and are consistent
with a transient unwrapping of DNA between dyadsnad -5 (Wu and Travers, 2004). The
picture was, however, completely different for tkenosome fraction. In this latter case, the
accessibility of dyad-7 sharply decreased uponeeing the concentration of the enzyme
(down to[Jthreefold decrease at the highest concentratioful8Haelll). The accessibility of

all the other sites (from dyad-6 to dyad-O) draoaly increased, the most pronounced
increase (up to 10-15 fold in the different expennts) being observed at dyad-0. These data
demonstrate that within the RSC generated remostiraeDNA organization differed
substantially from that of the unremodeled particl€he decrease accessibility at dyad-7
would reflect the RSC “pumping” of 15-20 bp freekier DNA and the association of the sites
around dyad-7 with the histone octamer and respagtiprotection of these sites against
Haelll digestion. The increased accessibility in tlmpsome of all the remaining dyads
could be viewed as an evidence for strong pertimbstin the histone-DNA interactions at
these internally located sites within the remosoNwe that the efficiency dflaelll cleavage
along the nucleosomal DNA was not completely umifobut instead displayed a parabolic-
like shape (see Figure 11.4C) with highest valuésdaand ¢. Since within the native
nucleosome the strongest histone-DNA interactiorsf@und around @l (Luger et al., 1997)

this shows that RSC has specifically altered tlhmtseactions and suggests that this alteration
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of the histone DNA-interactions around @& important for further mobilization of the

remosomes.
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Figure I1.4. In gel “one pot” restriction accessiblity assay of the RSC generated remosomegA)
Schematics of the in gel “one pot” assai) Hae Ill DNA digestion pattern of the non-slided
nucleosomes incubated with RSC in the absenceg#afel) or presence (right panel) of ATP. The
excised gel slice containing the control (incubatethe absence of ATP) or the non-mobilized (but
treated with RSC in the presence of ATP) nucleosomere incubated with the indicated units of
Haelll for 5 minutes at 29°C. DNA was then isolateddann on an 8% sequencing PAGE. Lane 11,
naked DNA digested 0.5 W/ Hae lll. The # indicates a fragment which corresporaaltae Il site
present only in “dyad 7” 601.2 fragment and lodate 4 bp from the dyad 7 Jdsite C)
Quantification of the data presented in (B).
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11.3.4 The remosomes are intermediate structures gerated during the RSC nucleosome

mobilization process.

All the above data strongly suggest that the remmesoare intermediate structures generated
by RSC that are further mobilized and converted metely into end-positioned
nucleosomes. To further confirm this we have desigan experiment, which allowed the
measurement of the amount of the various nucleospaeies present at different stages of
the remodeling reaction (Figure I1.5). The protofof these experiments is presented in
Figure II.5A. Centrally positioned nucleosomes avéncubated with RSC either in the
presence or absence of ATP for time points ranffimg 0 to 64 minutes. After arresting the
reaction they were submitted to partial DNase ledigpn and run on PAGE under native
conditions. Then the fractions containing the reoness (the electrophoretic band with lower
mobility) and two of the slided fractions (obtainaftier 48 and 64 minutes of incubation with
RSC, respectively) were excised from the gel, titNADvas eluted and run on a sequencing
gel (Figure 11.5B). Upon increasing the time otubation with RSC the accessibility of
DNA within the remosome fractions was strongly @tk (lanes 2-8) and in contrast to the
digestion pattern of the control nucleosomes (iatedh with RSC in the absence of ATP, lane
1) becomes very similar to naked DNA (lane DNA) &malt of the slided nucleosomes (lanes
9, 10). Since no mobilization of the histone octamas observed in the remosome fraction
(see Figure 11.2), we attributed the altered DN&sdigestion pattern to reflect strong
perturbations of the histone-DNA interactions witlthe remosome, a result in complete

agreement with the data of “one pot in gel ass@idure 11.4).

As the RSC remodeling reaction proceeds, the &leasain the DNase | patterns of the
fractions containing the remosomes are characteiizethe disappearance or decrease of
intensity of some specific for the nucleosome baadd the appearance (or increase of
intensity) of some bands specific for naked DNAg(Fe 11.5B, see bands indicated by
asterisks). We have used this effect to measurep#re of intact nucleosomes in the
remosome fraction (see Materials & Methods sectmmndetail). The part of the slided
nucleosomes was directly measured from the nat&@&HB° (Figure 11.5A). Since the total
amount of all type of nucleosomes in the RSC reactias known, this has allowed the

calculation of the part of remosomes present inr¢laetion mixture (Figure 11.5C).
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As seen, during the remodeling reaction, the amotinttact nucleosomes rapidly decreases,
while that of the slided nucleosomes increaseswitthtlower rate (Figure 11.5C, compare the
initial slope of the “intact” nucleosome curve witat of the “slided” nucleosome curve).
Consequently, at the initial times of the remodglieaction the amount of remosomes
increases, reaches a plateau, which is followedtdgradual decrease as the remodeling
reaction proceeds (Figure 11.5C). Note that théidhrate of remosome formation is higher
than that of slided nucleosomes (Figure I1.6C, caraghe initial slope of the “remosome”
curve with that of the “slided” nucleosome curd@portantly, when using our AFM data to
measure the proportion of each individual partspecies in the RSC reaction mixture very
similar curves were obtained (See supplementaryr€idl.S2). Therefore, the use of two
completely independent techniques has led to the sasults. This demonstrates that indeed
the remosomes are intermediate products genergtR&6 in ATP-dependent manner, which
are further converted into slided, end-positionadiples.
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Figure II.5. The remosomes are intermediate structures generatetliring the RSC mobilization
reaction. (A) Schematics of the experiment. Centrally positibnacleosomes were treated with RSC
(in the presence of ATP) for the times indicateh§ing from 0 to 64 minutes) and after arrestirg th
reaction they were incubated with DNase | and theye separated on a native PAGE. Then the upper
bands (from 1 to 8) and the lower bands 9 and b€a{jwed upon incubation with RSC for 48 and 64
minutes, respectively) were cut from the gel angl tlucleosomal particles were eluted. DNA was
isolated from the different eluted samples and ounDNA sequencing gel. The changes in the
intensity of the DNA bands (in the DNase | digestmattern) specific either for the nucleosome or
free DNA (marked with asterisk in panel B) wereduse quantify the fraction of intact nucleosomes
present at a given time in the remodeling reactitrture (see Material and Method section for
detail). The amount of mobilized nucleosome wasaliy measured from the native PAGE (see panel
A). The fraction of remosomes present in the reriogaeaction mixture at a given incubation time
was calculated as: %(remosome) = 1- %(intact ngole@s) — %(slided nucleosomedd) (8%
sequencing PAGE of the isolated DNA from the RS@aeeled and DNase | digested particles. At
the bottom of the gel are indicated the numberthefdifferent fractions presented in panel (A). At
the top of the gel are indicated the times of iratidn with RSC. The last two lanes (48 and 64
minutes) show the DNase | digestion pattern of dbk purified mobilized particles (see panel A).
DNA, DNase | digestion profile of free 601 DNA. Ahe right part of the figure is presented
schematically the position of the nucleosome; timeva shows the location of the nucleosome dyad.
Bands, which change in intensity (indicated witteask), were used for calculation of the fractwin
intact nucleosomes remaining in each remodelingtiga (C) Normalized fractions of intact
nucleosomes, remosomes and slided nucleosomesvigeyeelds) determined from A and B versus
the reaction timeNote that upon incubation with RSC an initial rapitrease of the amount of
remosomes is observed, then it reaches a platddch) 8 next followed by its gradual decrease as th
remodeling reaction proceeds.
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[1.3.5 The remosomes ardona fide substrates for mobilization by RSC

If the remosomes are intermediates of the RSC nsclee mobilization reaction, they should
be efficiently mobilized by RSC. We have addrestad question by using gel purified
remosome fractions. Briefly, we have incubated VR®C (in the presence of ATP and under
the same conditions as in Figure I1.5) centrallgifponed 601 nucleosomes for 16 and 48
minutes and after arresting the reaction we hayarated the different species on native
electrophoresis (Figure 11.6A). Then we have e gel slices containing the remosome
fractions (R and R+, obtained after 16 and 48 naeiswif incubation, respectively), the slided
nucleosomes (S), as well as the control fractioh ((Ngure [1.6A). Note that under these
conditions of incubation with RSC, both fraction® &nd R+) contained mainly remosomes
(see Figure 11.5C). The particles from R, R+, S Ahfilactions were eluted from the gel and a
RSC mobilization assay was carried out in the presef ATP (Figure 11.6B). As seen, the
remosome fractions (R and R+) as well as the cbmimcleosomes (N) were efficiently
mobilized by RSC, while the slided fraction, as ected, was not affected. In the absence of
ATP, no one of the different nucleosome species mabilized (results not shown). We
conclude that the remosomes are good substratdRS@r, which can be mobilized by the

remodeler in a ATP-dependent manner.
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Figure 11.6. The remosomes arebona fide substrates for RSC.(A) Schematics of the remosome
mobilization experiment. Centrally positioned 60Lclkeosomes were treated (under the same
conditions as in Figure 11.5) with RSC in the pmse of ATP for the times indicated. The reaction
was arrested and the reaction mixtures were loadetative PAGE. After separation of the different
nucleosome species, the bands containing the remess(R and R+), the slided nucleosomes (S) and
the control nucleosomes (N) were excised from #leagd the particles were eluted. Then they were
incubated again with increasing amount of RSC drml RSC-induced particle mobilization was
visualized by using native PAGE. The different maocdome species are indicated on the right part of
the panel.B) Mobilization of the remosome fractions R and Bwg control nucleosomes (N) and the
slided end-positioned nucleosomes (S). Note tb#t bemosome fractions R and R+, in contrast to
the end-positioned nucleosomes (S), are mobilizeRRC.

[1.4 Discussion

In this work we have studied the mechanism of ragdene mobilization by the remodeling
assembly RSC. Reconstituted centrally positionedemsomes flanked by two free DNA
arms were incubated with RSC and the productseoféhction were visualized by AFM, EM
and EC-M. EM was also used to analyze the compi&S& with tri-nucleosomal templates.
Our results, in agreement with the recently regbdata (Chaban et al., 2008), demonstrate
that RSC is associated with a single nucleosomeesiog that it remodels only one
nucleosome at a time. We show that as a resulh®frémodeling reaction two types of

103



products were generated: nucleosome-like part{cleaosomes) containing 180-190 bp DNA
and mobilized particles with the histone octameated at either one of the DNA ends. RSC
has also the capacity to generate remosomes it sBholeosomal arrays. Remosomes are
stable particles that can be separated from thdedslend-positioned nucleosomes by PAGE
under native conditions and eluted from the gethBeee DNA arms of the remosomes are
shorter compared to those of the non-remodeledcfetand the position of the histone
octamer relative to the center of the DNA fragmesmhains identical to that of the non-
remodeled structures. EC-M visualization demonsttdhat the DNA wrapping around the
histone octamer of the individual remosomes wasndisbut quite irregular, and importantly
strongly differed from the helical projection ofettbNA path of both the non-remodeled or
slided end-positioned particles. The histone-DNAeractions within the remosome were
strongly perturbed as shown by both the novel ‘@h @he pot assay” method and DNase |
footprinting. These data, taken together, allow tlaclusion that the remosomes do not
exhibit a single, well defined organization, bustead represent a multitude of structures,
each structure exhibiting a distinct DNA traject@sound the associated histone octamer.
The AFM visualization of the products of the remlote reaction carried out at different
concentrations of RSC strongly suggests that tr@semes are intermediate structures in the
mobilization process, which are subsequently cdedeinto normal, but end-positioned
nucleosomes. This claim was supported by the exgats demonstrating the evolution of
the different nucleosome species during the matiibn process and the capacity of RSC to

efficiently mobilize the remosomes.

Based on our and previous data we propose thenioigpmodel for the mechanism of RSC
nucleosome remodeling (see Figure 11.7). A sing@CRcomplex associates with a single
particle when using mononucleosomal (Leschzinealget2007; Chaban et al., 2008) or
polynucleosomal template (Figure 11.3). This nusleme “fills” the cavity of RSC with its
dyad axis accessible from the solution as suggd&iesthziner et al., 2007; Chaban et al.,
2008). It utilizes a two-step mechanism to mobitize nuclesome (Figure 11.7). By using the
energy of ATP hydrolysis, RSC pumps 15-20 bp DNé&irthe each one of the free DNA
linkers without repositioning of the histone octanithe AFM data). This has two major
consequences: (i) creation of a 30-40 bp loop (dgd) in the vicinity of the dyad and thus,
disruption of the strongest histone-DNA interactigithin the nucleosome and, (ii) changes
in the DNA path within the nucleosome. The partimleated in this way no longer fits in the

RSC cavity and the remodeler dissociates from thelemsome. The loop is, however,
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unstable, it propagates and stops at differens siteng the nucleosomal DNA, where it
partially spreads. Since the pumped additional @3p DNA of each linker is found
associated with the histone octamer (the “in gel pot assay” results), the spread loop cannot
dissipate. As a result, a multitude of stable $tmes with distinct, irregular DNA path is
generated, i.e. the remosome is formed. Duringéoend step of the reaction, RSC functions
as a true translocase, by pumping and releasing @BBIA has been suggested by single
molecule experiments (Lia et al., 2006; Zhang gt28106). To fulfill its translocase activity,
RSC has, however, to change its conformation inerord properly interact with the

remosomes and to translocate DNA.

Figure 11.7. Schematic representation of the two gp RSC-induced nucleosome mobilizatiorin a
first step (I) ATP hydrolysis is used by RSC to oatel a middle positioned nucleosome by pumping
~15-20 bp from both sides. The resulting remosocaesexhibit various configuration of their over-
complexed DNA. In a second step (Il), ATP hydradyby RSC results into the translocation of the
DNA to produce an end-positioned nucleosome.

The proposed model indirectly implies that the stacation of DNA is performed through
the remosome, a claim which is in complete agre¢méh the experimental data showing

that the remosomes are efficiently mobilized by RSC

Earlier reports have suggested that chromatin refimgd machines from the SWI2/SNF2
family are able to generate stable remodeled nsolees in which the DNA-histone
interactions are altered (Fan et al., 2003; Faal.e2004; Narlikar et al., 2002). In this study
we have for the first time directly demonstrated #xistence of such particles (remosomes)
and have both visualized the path of the DNA in osames and also importantly have
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distinguished these particles from mobilized nustenes. We conclude that the remosome
contains up to ~40 bp more DNA than the initialamodeled core patrticle. This observation
shows that remodeling by RSC proceeds initiallythy formation of a bulge or loop rather
than by a twist propagation mechanism. In formaingethe rotational tracking of the RSC
complex around the sugar-phosphate backbone idested principally as a change in writhe
of the octamer-associated DNA. Further the locatibdisrupted contacts in the vicinity of
the dyad indicates that ‘loop’ propagation doesproteed from one of the outer extremities
of the wrapped DNA. Rather this central positioncinsistent with the facilitation of
remodeling by HMGB proteins (Bonaldi et al., 200&)ich also can increase the accessibility
of octamer-bound DNA at the dyad (Ragab and Tra&f83). We speculate that the major
in vivo function of RSC is the generation of remosomescéihis process would minimize
nucleosome collision, it would in principle facdie several vital nuclear processes including

both DNA repair and transcription factor binding.

II.5 Experimental Procedures

[1.5.1 Preparation of DNA fragments

The 255 bp 601 DNA probe used for reconstitutiorcerdtrally positioned nucleosomes was
PCR amplified from pGEM-3Z-601.1 plasmid (kindlyoprded by J. Widom). 5’ end labeling
was performed by usinP-labeled primer in PCR. For ‘One Pot Restrictiozyene Assay’

a set of eight pGEM-3Z-601.2 mutants were utilizgh containingfael ll site at a different
superhelical location, as described before (Wu &aravers, 2004; note that the “dyad 7~
fragment contains an additiorntdbelll site located at 4 bp away from the d7 site). Briefly, a
281 bp fragment was amplified using primers targethe vector specific sequence flanking
the 601.2 sequence. Labeling of the fragment waxe @&s described above. The fragments
were subsequently digested wiphl to get a fragment of 255 bp with 57 and 51 bjxdin
DNA on left and right side respectively. All theagments were purified on 6% native
acrylamide gel prior to use for nucleosome rectutsdns. Additionally, A 255 bp 5S DNA
was PCR amplified from pXP-10 plasmid for Electr@nyo-Microscopy experiments to

visualize nucleosome remodeling reaction products.
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11.5.2 Proteins and Nucleosome reconstitutions

RecombinanXenopus laevis full-length histone proteins were expressed in fafnmclusion
bodies inE. coli Strain BL21(DE3) and purified as described (Lugkeal., 1999). Yeast RSC
complex was purified essentially as described (aét al., 1996). Nucleosome reconstitution
was performed by the salt dialysis procedure (Muislket al., 1998). For biochemical
experiments requiring’P-end labelled DNA, 100 ng ofP- labelled 255 bp 601.1 or an
equimolar mixture of the eight differefP-labelled 255 bp 601.2 mutated DNA fragments

(100 ng) were added to the reconstitution mixture.
[1.5.3 Nucleosome remodeling reaction

Typical remodeling reactions were performed wit® Ifol of nucleosomes and ~15 fmol of
RSC inremodeling buffer (RB) 10 mM Tris pH 7.4, 5% glycerl mM rATP, 2.5 mM
MgCl,, 1 mM DTT, 100ug/ml BSA, 50 mM NacCl, 0.01% NP40) in a volume d jl at 29°
C. In scaled up remodeling experiments nucleosa®SC concentration ratio (~10:1) was
maintained if not mentioned otherwise. It is toentltat under our experimental conditions
this nucleosome to remodeler ratio was sufficientbbilize nucleosomes to saturation in 45

minutes.
[1.5.4 DNase | footprinting assay

300 fmol of nucleosomes, reconstituted SRF- end-labeled 255 bp 601.1 DNA, were
incubated with 30 fmol RSC in 18 RB for indicated time intervals. Reactions wet@pped

by addition of 0.02 units of apyrase andug@ of plasmid DNA. In the ‘O time’ control
reaction, apyrase was added before addition of RHGhe reactions were divided into two
equal parts. In the first part, DNase | digestioasvperformed by addition of 0.5 units of
Dnase |I. EDTA was added to 25 mM to stop the DNadeavage. Both the undigested and
DNase | digested samples were resolved in paratieteparate native polyacrylamide gels
(29:1) in 0.25X TBE at room temperature. The nagjeecorresponding to undigested sample
was used for quantitation of nucleosome slidingontthe second gel, done for resolving

Dnase | digested samples, bands corresponding uimadland mobilized nucleosomes were
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excised. DNA was eluted, filtered, deproteinizedotiygh phenol.chloroform treatment,

precipitated and run on 8% denaturing PAGE.

The gel bands (Figure 11.5) were quantified by gnégion of rectangles using the Multi Gauge
v3.0 (Fuji) software. In the case of figure 5A, finection of mobilized nucleosomes (S) was
found by dividing the signal of the fast migratibgnd to the total radioactivity, i.e. to the
sum of the signals of the slow and fast migratingds. The quantification of the fraction of
native nucleosomes (N) present at each studiedpwire of the remodeling reaction (Figure
[1.5C) was based on the observation that upon rgéna of remosomes some typical
nucleosomal bands disappear, while other typickéddNA bands in the DNase | digestion
profile appear concomitantly (Figure 11.5B, see dmmarked with asterisks). Therefore, the
relative intensity of these bands is a measurehefamount of intact nucleosomes in the
remodeling reaction at the respective time poitie Bignals of these bands for each time
point of RSC remodeling, normalized to the sum loé signals of all bands (the total
radioactivity in the lane) were determined by im&dpn. These values were further
normalized assuming 100% and 0% intact nucleoscamebe time points t=0 and t=64
minutes respectively. This assumption is basedhenobservation of a full saturation at 48
and 64 minutes of the dependencies of the intersfitgach band versus time of RSC
remodeling (data not shown, but see Fig II.5C,dimtnucleosomes”). Finally, values for
different bands in each line were averaged and tingltiplied to the corresponding fractions
N+R=1-S (determined from Fig 1l.5A, see above). sThilows the determination of the
fraction of intact nucleosomes (N) present at tivergtime point of the remodeling reaction.

The fractions of remosomes R at each time poinewatculated as R=1-N-S.

[1.5.5 Sliding assay on gel eluted nucleosome

Centrally positioned 150 fmole 601.1 nucleosomesewmcubated with RSC in the
remodeling reaction as described above. Reactianstogpped 16 and 48 minutes by addition
of 0.01 units of Apyrase and [1g of plasmid DNA, as under these conditions the-non
mobilized fraction contains essentially remodeleati@eosome particles. Reaction products
were resolved on 5% native polyacrylamide gel. Bancbrresponding to unmobilized
fractions from 0, 16 and 48 minute, and mobilizeactfion from 48 minute reaction time
points were excised. Excised bands were then csihadl pieces and soaked in BOElution
Buffer (EB) containing Tris 10 mM pH7.4, 0.25 mM ER and 10 mM NaCl, at € for 3
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hours with gentle shaking. 0.75 nmol of cold 605 2 nucleosomes were added in the
elution buffer to maintain the stability of elutedicleosomes. Eluted nucleosomes were
filtered through glass fibre filter under low spemshtrifugation (200g) to remove acrylamide
particles, washed and concentrated using 100 k@affcspin filters. Eluted nucleosomes,
divided into equal aliquots, were further subjectedhext round of sliding reaction in the
standard remodeling conditions, as described alfovel5 mintutes with increasing amount

of RSC (in two fold increments) with the maximumirigel15 fmol.

[1.5.6 In Gel One Pot assay

The remodeling reaction was performed in a fiveeBnscaled up reaction with nucleosomes
reconstituted on equimolar mixture of the eight.@0hutants. 0.75 pmol (Control reactions
with no ATP) or 1.50 pmol (Remodeling reactions)notleosomes were incubated with the
amount of RSC (35 fmol for control and 70 fmol flemodeling reaction respectively)
sufficient to mobilize 45-60% of the nucleosomega&ions were stopped by adding 0.05
units of apyrase. Prior to loading on 5% nativeypotylamide gel, 6.25 pmol of cold 255 bp
601.1 middle positioned nucleosomes were addechth eeaction as a carrier in order to
maintain stability during subsequent procedureghBontrol and remodeling reaction were
equally divided in five aliquots and resolved on 5Pdtive polyacrylamide gel. Bands
corresponding to control unremodeled and unmohilizemodeled nucleosomes were
excised, collected in siliconized eppendorf tulmeashed very gently and immersed with 50
I restriction buffer (10 mM Tris pH7.6, 10 mM MgCBb0 mM NaCl, 1 mM DTT and 100
png/ml BSA) containing increasing amount teéelll (0.03, 0.12, 0.50, 2.0, 8 unitg) for 5
minutes at 2€. The reaction was stopped by addition of an egahlme (50ul) of stop
buffer containing 0.2% SDS and 40 mM EDTA. DNA vedsted from the gel slices, purified
as described above, and run on 8% denaturing de¢ quantification of extent of
accessibility at different superhelical locationghe nucleosome was performed using Multi-

Gauge Software (Fuji).

[1.5.7 Gel elution of nucleosomes for AFM analysis

600 fmol of the 255 bp 601.1 nucleosomes were iamwith increasing amount of RSC

(30 and 60 fmol respectively) in the remodelingcteen as described above for 30 minutes.
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However, the final reaction volumes in this expennh were adjusted to 1Ql to be
convenient for loading the samples on gel. Aftepping the reaction with apyrase, reaction
products were resolved on 5% native polyacrylangeéé To ascertain the migration of
unmobilized and mobilized species, a replicatehefexperimental set containifid- labeled
601-255 bp nucleosomes was done and run on the gamdluclesomes were eluted from
excised bands, corresponding to control, remodafetislided species, as described before.
Eluted nucleosomes were filtered through glassefiliter, prior to sample preparation for

AFM analysis.

[1.5.8 Atomic Force Microscopy, Image Analysis andconstruction of the 2D maps LcAL

For the AFM imaging, the nucleosomes were immoédionto APTES-mica surfaces as
described previously (Montel et al., 2007). To awdtically analyze AFM images, we have
written a Matlab © (The Mathworks, Natick, MA) satibased on morphological tools. Using
this script we are able to isolate single mono-eosbmes from other objects present on the

image (surface roughness, naked DNA, two conneuieiosomes).

In order to remove the piezoelectric scanner thedné, flatten of the image is performed.
The use of a height criteria (h>0.5nm where h éshhight of the object) allows to avoid the
shadow artifact induced by high objects on the idden we select nucleosomes based on
area criteria and height thresholding. Using a drngstis height thresholding, we verify the
presence of an NCP on each selected objects. Ebrnreano-nucleosome, the NCP center of
mass is localized and an Euclidian distance mapbeacalculated from this origin. After
exclusion of the NCP part, the skeletons of the &xtem regions are obtained by thinning. By
applying the previous distance map, the length afthearm is measured from the NCP
centroid. The longest arm is nameddnd the shortest LDNA complexed length is deduced
by L.=Lt-L.- L, where L is 255 bp in this case. The position of the nudeos
relatively to the DNA template center is calcula&gsiAL = (L. - L.)/2. It is important to
notice that the position defined in this way cop@sds to the location of the most deeply
buried base pair, which might differ from dyad agsition (strictly defined for symmetric

nucleosomes).
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As the length of each nucleosome arm &nd L) is measured from the centroid of the NCP,
it is necessary to subtract the crystallographieusa(5.5 nm) of the NCP to get the actual arm

length.

To construct the 2D-histogram a 10 bp-sliding oxsed. For each coordinatés 4, Lco) in

(O, 150 bpX(0, 300 bp), nucleosomes with a DNA complexed lerigtluded in the range
(Lco—5bp, Lo+ 5bp) and a position included in the range o(— 5bp, ALo + 5 bp) are
counted. After normalization a smooth distributisrobtained that represents mathematically
the convolution of the real experimental 2D-disitibn with an 8 bp square rectangular

pulse.

During the AFM mobilization assays, we have obsgmecleosomes where only one DNA
arm is visible. The single DNA arm exhibits the saitength as one arm of the over-
complexed two-arm nucleosome, and is also cleaffgrdnt from the slided end-positioned
one arm nucleosome. Cryo-EM experiments do not slayof such over-complexed one-
arm nucleosome. This type of objects most probabsults from the interaction with the
functionalized mica surface during the depositioncpss that might perturb the more labile
structure of the ‘remosomes’. This type of ‘falsee@rm’ nucleosome is very rarely observed
on control nucleosomes (-RSC). Accordingly, thodgects were discarded during the

analysis.

11.5.9 Electron-Cryo microscopy

Samples for electron cryo-microscopy were prepagedescribed previously (Dubochet et al.,
1988). The electron microscopy grids covered wignfgrated support film were used. The
film surface was treated by subsequent evaporafi@arbon and carbon-platinum layers and
the plastic support was dissolved prior to usel 8fisolution was deposited on the grid held
in the tweezers mounted in the plunger. The mgjaftthe liquid was blotted away with

Whatman No 4 blotting paper and the grid immedyaptlinged into liquid ethane held at -
183°C. The specimen was transferred without re-wagrmto the electron microscope using
Gatan 626 cryo-transfer holder. Images were acduiteé30 kV accelerating voltage either on
Philips CM200 using Kodak SO 163 negative filmsQ@@x direct magnification and 1.5 pm
underfocus or Philips Tecnai G2 Sphera microscapgpeed with Ultrascan 1000 CCD

camera (Gatan) using 14500x direct microscope riiaghon (0.7 nm final pixel size) and
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2.5 pum underfocus. Negatives were developed fomirfutes in full strength Kodak D19

developer.
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1.7 Supplementary Figures
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Figure 11.S1. The reconstituted nucleosomes are fefiently mobilized by RSC. (A) 18% SDS-
PAGE of the recombinant histones used for recaritit and the histone composition (oct) of the
reconstituted particlesBf Band shift assay of the reconstituted nucleosomesleosomes were
reconstituted on a 255 bp 601 positioning sequedeote that under the conditions of reconstitution n
free DNA was observedCj RSC mobilization assay. Reconstituted nucleosome® incubated
with increasing amounts of RSC in the presenceTd? A
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Figure 11.52. AFM experiments show that the remosmes are intermediary particles generated
during the RSC nucleosome mobilization reaction. Centrally positioned 601 nucleosomes were
incubated with RSC in the presence of ATP and ¢faetion was stopped at the times indicated. Then
the different species present in the reaction méxtuere visualized by AFM. The amount of each
individual type of particles was measured and aft@rmalization, the percentage of intact
nucleosomes, remosomes and slided nucleosomes n@ssnfed as a function of the time of the
remodeling reaction. Note that the initial increageremosome amount is followed by a gradual
decrease of the amount of this type of particleth@semodeling reaction proceeds.
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[11.1 Introduction

Chromatin exhibits a repeating structure and ipeagting unit, the nucleosome, is a complex
of an octamer of the core histones (two each of H22B, H3 and H4) andil50 bp of DNA,
which is wrapped around the histone octamerllif65 left-handed turns (van Holde, 1988 ).
The structure of both the histone octamer (Arebtsl.e 1991) and the nucleosome (Luger et
al., 1997) was solved by X-ray crystallography. Tindividual histones consist of a “histone-
fold” structured domain and non-structural, higfigxible NH,-termini, which are protruding
from the nucleosome. The nucleosomes are connbgtétk linker DNA and a fifth histone,
the linker histone, is associated with this DNAM\tdolde, 1988). The nucleosomal arrays are
further folded into the thick 30 nm chromatin fikemd this folding is assisted by the linker
histones and the Nktore histone termini (Thoma et al., 1979; Wolffalk, 1997; Hayes and
Haysen, 2001). The Nktore histone termini are also involved in the adsg of the mitotic

chromosomes (de la Barre et al., 2001).

The nucleosomes are stable particles and theyfentewith the cellular processes requiring
access to genomic DNA (reviewed in Beato and Eisf@b97). The cell uses three main
strategies to overcome the nucleosomal barrier tandet access to nucleosomal DNA,
namely histone modifications (reviewed in Strahd &tlis, 2000), histone variants (reviewed
in Boulard et al., 2007) and chromatin remodelingplexes (reviewed in Becker and Horz,
2002).

Chromatin remodeling complexes are multiproteireadsies comprising variable number of
subunits [Becker and Horz, 2002; Peterson, 200bigtaand Becker, 2001; Havas et al.,
2001). Each remodeling complex contains an ATPat&ch possesses a DNA translocase
property and is essential for the function of tlkenplex. According to the type of ATPase,
the chromatin remodeling complexes are divided Inleast four distinct families:
SWI2/SNF2, ISWI, CHD and INO80 families (Bao ande8h 2007; Gangaraju and
Bartholomew, 2007). The complexes from the diffiérgroups exhibit a common property,
they are able to mobilize the histone octamer at ékpense of the energy freed by the
hydrolysis of ATP. In addition, the complexes fraghe SWI2/SNF family (SWI/SNF and
RSC) induce strong perturbation in the histone-DiN#eractions and can evict the histone
octamer from nucleosomal DNA (C6té et al., 1998tchoet al., 1999). On the other hand,
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alterations in the nucleosome structure, inducethbyncorporation of some histone variants,
affect the capacity of chromatin remodelers to hmobithe histone variant nucleosomes
(Angelov et al., 2004; Doyen et al., 2006a; Gaugieal., 2004).

SWI/SNF was the first discovered chromatin remadetomplex (Peterson and Herskowitz,
1992). SWI/SNF in involved several processes, oy transcription (Peterson and
Herskowitz, 1992), DNA repair (Chai et al., 2008plicing (Batsche et al., 2006) and
telomeric and ribosomal DNA silencing (Dror and \&fam, 2004). It consists @fL1 subunits

and exhibits a central cavity. The dimensions efdhvity (1.5 nm in diameter andd nm in

depth) fit well with these of the nucleosome, sigjgg that the cavity would be viewed as a
nucleosome-binding pocket (Smith et al., 2003)sTihdicates that SWI/SNF would interact

and remodel only one nucleosome at the time.

Despite numerous studies, the mechanism of acfidimeoremodeling complexes is far from
being clear. Two different general classes of modetre proposed (recently reviewed in
(Gangaraju and Bartholomew, 2007). According tofiist class of models, DNA moves on
the surface of the histone octamer in 1 bp waves hodel is, however, inconsistent with
several recent reports (see for review GangarajuBartholomew, 2007). According to the
second class of models, favored in the literattine, remodeler creates a bulge on the
nucleosomal surface, which is further directionglippagated (Gangaraju and Bartholomew,
2007). Since the dimensions of SWI/SNF are quitgelaand its contacts with DNA are
extensive (the nucleosome is supposed to “fill” 8\/I/SNF cavity), a large fragment of
DNA could be involved in the SWI/SNF induced bulgemation and indeed, according to
the single-molecule experiments the average sizbeobulge was found to be about 110 bp
(Zhang et al., 2006). Note that each one of thelelsodescribed the mobilization of the
nucleosome as a continuing, non-interrupted proaesieh is achieved without dissociation

of the remodeler from the nucleosome.

In this manuscript we have studied the SWI/SNF emsbme mobilization mechanism by
using a combination of high resolution microscopghniques (Atomic Force Microscopy
(AFM) and Electron Cryo-Microscopy (EC-M)) and nbveochemistry approaches, which
allowed measurements with high precision of the DBécessibility towards restriction
enzymes at 10 bp resolution all along the nucle@soBNA length. We showed that
SWI/SNF uses a two-step mechanism to mobilize thdensome. The first step involves
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pumping towards the center of 15-20 bp DNA from heaedividual linker, which is
accompanied with extensive perturbation in theohistDNA interactions. This results in the
formation of a multitude of nucleosome-like paeg| termed remosomes, which contain 175-
180 bp DNA associated with the histones. Duringstbeond step, the SWI/SNF acts as a true

translocase by pumping and releasing DNA in onection

[11.2 Results

[11.2.1 The initial step of SWI/SNF nucleosome mobization mechanism is the
perturbation of the histone-DNA interactions and the generation of a non-mobilized

nucleosome-like particle associated withl180 bp of DNA.

By using AFM it was recently shown that during t88/I/SNF nucleosome remodeling
reaction, in addition to both the initial non-skblaucleosomes (associated wiflh50 bp of
DNA) and the completely slided nucleosomes, atgnoup of particles was observed, which
consisted of non-mobilized nucleosome-like particleut associated withll75-180 bp of
DNA (Montel et al., 2007). The presence of the addal 30-35 bp associated with the
histone octamer suggests that the histone-DNA antems within these non-mobilized
nucleosome-like particles might be perturbed. dst this, we used DNase | footprinting.
Briefly, we reconstituted centrally positioned rem$omes by using highly purified
recombinant histones and 255 bp 601.1 DNA. UnHdercdonditions used the efficiency of
reconstitution was very high (essentially no freMAwas observed in the reconstituted
samples) and the reconstituted particles exhilthedtypical nucleosomal organization. The
centrally positioned?P-end labeled nucleosomes were incubated withrdiffeamounts of
SWI/SNF at 29°C with in the presence of ATP, thaction was arrested with apyrase and
run on a 5% native PAGE (Figure III.1).
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Figure l111.1. Nucleosome mobilization with SWI/SNF.
Centrally positioned nucleosomes on 601.1 DNA were
incubated in presence of increasing amount of SMA/S
(as indicated) for 45 minutes at 29° C. Reactiomsew
arrested by addition of 0.01 units of apyrase amel t
reaction products were resolved on 5% native PAGE.
Positions of unremodeled and slided nucleosomegelis

as free DNA are indicated.

Conditions were found whefé0% of the nucleosomes were slided. Then the nsclaes

were incubated with SWI/SNF under these conditiand after arresting the reaction they
were treated with increasing amount of DNase |{Fadll.2A). The digested particles were
separated on the gel and the upper band (contathengon-slided particles) and the lower
band (consisting of slided particles) were cut, IidA was extracted from the gel slices and
run on a 8% denaturing PAGE (Figure 111.2B). Theedtion pattern of both the slided
particles and the non-slided ones, in contrash&b of the control particles (incubated with
SWI/SNF in the absence of ATP and gel-eluted afédive PAGE), were similar and close to
that of naked DNA (Figure 111.2B, compare lanes &6l lanes 7-9 with lane 10). Note that

this effect was stronger for the slided particlesnfpare lanes 4 and 5 with lanes 7 and 8).

This suggests that the histone-DNA interactiongh@ non-slided particles are perturbed,

which in turn suggests, that the non-slided nudees band might consist either of only

SWI/SNF remodeled nucleosomes or represent of @dnpopulation of structurally non-

modified particles and SWI/SNF remodeled particles.
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Figure 1ll.2. DNase | footprinting analysis shows that nucleosoentreatment with SWI/SNF
resulted in perturbation of the histone-DNA interadions prior to nucleosome mobilization.
Centrally positioned nucleosomes were reconstitole@®55 bp 601.2 DNA sequence and incubated
with SWI/SNF at 29°C in the presence of ATP. Thbea teaction was arrested with apyrase and
aliquots were incubated with increasing amountbfase | for 2.5 minutes at room temperature.
After arresting the DNase | digestion reaction, faenples were separated on a 5% PAGE under
native conditions. The bands corresponding to eithe non-slided particles (upper band) or slided
particles (lower band) were excised from the g, DNase | digested DNA was eluted from the gel
slices and run on a 8% sequencing gAl Schematics of the experiment and 5% native PAGE
fractionation of SWI/SNF treated and DNase | digdstucleosomes.B} DNase | digestion pattern

of control nucleosomes (lanes 1-3) and SWI/SNRedaucleosomes isolated from the upper band
(non-slided patrticles, lanes 4-6) and the lowerdogtided particles, lanes 7-9). On the left sidéhb

the position of the histone octamer relative toehds of the 601 DNA sequence and the nucleosome
dyad are indicated. Lane 10, DNase | digestiorepaitf naked DNA.

According to previously reported AFM data the remled particles would be associated with
175-180 bp of DNA (Montel et al., 2007). We testkid hypothesis by AFM visualization of

the SWI/SNF treated nucleosomes isolated from ugrel lower electrophoretic bands
(Figure 111.3). We found that the upper bands comgd indeed two types of particles (Figure

[11.3B row 2). The first types were particles urtdiguishable from the control particles)(
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with the same free DNA arms in length. The secgpe {3) exhibited, however, shorter arms
but appeared to be still localized close to theterenf the DNA fragment (Figure 111.3B,
compare rows 1 and 2). The nucleosome fractiomtsdlfrom the lower electrophoretic band

contained only slidedy nucleosomes (Figure 111.3B row 3).

To precisely measure both the length of DNA assediavith the histone octamer and the
position of the histone octamer relative to theteerof the DNA of one and the same
nucleosome, we analyzed several thousands of AFRJalized gel-isolated particles by a
specially developed image analysis program whitdwal us to precisely measure the length
of both DNA arms (see chapter Il experimental pdote section for detail). The data were
presented asdandAL distributions respectively, where Lc is the lémgf DNA complexed
with the histone octamer add. is the position of the nucleosome relative to dkater of the

of DNA fragment (Figure 111.3 C and D). In these MFstudies, the length of the 601 used for
reconstitution was 255 bp and the histone octanes gentrally positioned relative to the
ends of DNA, leaving (according to the biochemadracterization) a longer free DNA arm
(L+=56 bp) and a shorter one=L52 bp. For the ¢ distribution, Lc was calculated as Lg=L

L. - L., where L is the total length of the 601 DNA used for red¢itason whereasAL was
calculated asAL= (L. - L.)/2. As seen, the control nucleosome$ in the Lc distribution
exhibited peak value of LcEL50 bp, a result in good agreement with the previou
biochemical and AFM data (Montel et al., 2007, Doyt al., 2006b) as well as with the
crystallographic value (Luger et al., 1997). Thie€exl nucleosomes isolated from lower
electrophoretic band/Y also exhibit average DNA complexed length simiaunremodeled
control nucleosomes only with a narrower distribatialong the L axis. This is probably
indicative of less fluctuation of one linker DNAnmaras compared to nucleosomes with two
DNA arms. However, the nucleosomes isolated from I/SWF remodeled upper
electrophoretic band show an increase in DNA corguadength with the mean value ~165
bp (Figure I11.3 C). Considering that the nucleossmsolated from this band contain an
approximately equal mixture of unremodeled as aslliremodeled nucleosomes, the mean
values of DNA complex length should fall betweer® E»nd 180 bp, hence are in agreement
with previously reported values (~180 bp) for SWNFSremodeled nucleosomes (Montel et
al., 2007). Importantly, the nucleosomes isolatednfupper bands (unremodeled as well as
remodeled) exhibited the samik distribution profile, confirming that both of the particles

were not mobilized (Figure 111.3 D). As expecté@ ihucleosome eluted from the lower band
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showed a shift inPAL distribution with the peak value at ~ 50 bp iratige of octamer

movement to the end of the DNA (Figure I11.3 D).

We conclude that prior to mobilization, SWI/SNF geates particles associated with
additional ~30 bp DNA and this results in strongtyations of the histone DNA-
interactions. For simplicity we will refer to theparticles, further in the text, as remosomes
(remodeled nucleosomes). The remosomes were sialoke we have observed them after gel
elution and gel eluted remosomes exhibited the sapr@hology as the remosomes observed

directly in the reaction mixture without gel pucgition (Montel et al., 2007).
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Figure 111.3 . SWI/SNF generates non-mobilized nucleosomes partad associated with ~180 bp of
DNA. (A) Schematics of the experiment. Centrally posittbnacleosomes were reconstituted on 255
bp 601 DNA sequence. The histone octamer is losdl@dose to the center of the fragment, leaving
two free DNA arms with legths of 56 bp.jLand 52 bp (L-), respectively. The nucleosomesewer
incubated with increasing amounts of SWI/SNF fomdiButes at 29°C and after arresting the reaction
with apyrase, they were run on a 5% PAGE. The band®sponding to either the non-slided (upper
band) or slided (lower band) nucleosomes weretkatpucleosome particles were eluted from the gel
slices and analyzed with AFMB) AFM visualization of the gel-eluted nucleosomEsst row, gel
eluted control nucleosoméimcubated in the absence of SWI/SNFf @w, nucleosomes from upper
electrophoretic band incubated with SWI/SNF in finesence of ATP; "8row, nucleosomes eluted
from the lower gel band(Q) L. distribution of the gel eluted nucleosomes from tton-slided and
slided nucleosome fractions, Is the length of the DNA associated with the hist@ctamer [L= L
(L4+-L.)]. (D) AL distribution of gel eluted nucleosomes to measheeposition of octamer with respect
to DNA arms. For unremodeled)( (n=5806), remodeleda@p) (n=4448) and slidedy) (n= 6410)
nucleosome L and AL distributions C and D) are represented in blue, red and green color
respectively.
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[11.2.2 Restriction enzyme cleavage of remosome DNShows dramatic perturbations of
the histone-DNA interactions

As mentioned above, the perturbed DNase | digegtaitern of the remosome pointed to a
strong perturbation of the histone-DNA interactiomtowever, if the generation of the
remosomes is associated with some very weak (fegd)ascillation of the histone octamer
around its initial precise position (resulting metformation of a multitude of nucleosomes
with very slightly changed translational positiomgjich cannot be detected by AFM), this
would also lead to changes in the DNase | digegtattern. In other words, the alteration in
the DNase | footprinting of the remosome could bhetunambiguously attributed only to
alterations in the histone-DNA interactions. To destrate that the remosomes really
exhibited strongly perturbed histone-DNA interaniowe have developed an approach,
termed “In gel one pot assay” (see Figure IlIl.4A)his approach allows the unambiguous
detection of the alterations in the histone-DNAerattions at 10 bp resolution all along the
nucleosomal DNA and it is based on the restricibayme assay developed originally by Wu
and Travers (Wu and Travers, 2004). Briefly, eighttated®’P-end labeled 255 bp 601.2
sequences were used to reconstitute centrallyiposd nucleosomes (Figure 111.4). Within
each one of these sequences a sihfgle 111 restriction site was introduced (designated as
dyad 0 (dO) to dyad 7 (d7), where the number refeithe number of helical turns from the
dyad). Note that each restriction site exhibitstaml rotational position with an outward-
facing minor groove (Wu and Travers, 2004). Thenrbcleosomes were incubated with an
appropriate amount of SWI/SNF (in the presence DPAto produce 50-60% of mobilized
particles (as judged by gel-shift, see Figure A).4and the upper electrophoretic band,
containing the remosome fraction was excised argkirdigested with increasing amount of
Hae Ill. The digested DNA was purified from the gel andh mn an 8% PAGE under
denaturing conditions. Similar experiment was pened but with control (incubated with
SWI/SNF in the absence of ATP) nucleosomes. Thevgsl dried, the products bands were
visualized by exposure on a Phosphorimager andtifjedn
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Figure 1ll.4. Measurements of the DNA accessibility tdHae 111 along the nucleosomal DNA
length in control and SWI/SNF treated nucleosomesybusing the in gel one pot assayA)
Schematics of the “in gel one pot assg¥B) Left panel,Hae Il restriction nuclease digestion pattern
of control nucleosomes (incubated with SWI/SNFHe aibsence of ATP): right panel, same as (A),
but for the treated with SWI/SNF (in the presendeAdP) non-mobilized nucleosomes. After
incubation with 2 units of SWI/SNF at 29°C for 4%notes and separation on a 5% native PAGE , the
control and the non-mobilized by SWI/SNF nucleosofraction were in gel digested with the
indicated amount oflaelll for 5 minutes at 29°C. Then the samples were @lfram the gel slices,
DNA was isolated and run on 8% PAGE under denaguconditions. Lane 11, in gel digested naked
DNA with 0.5Ufl of Hae I1I. * indicates a fragment which corresponds to aditamhal Haelll site
present only in D7 fragment 4 bp away from th€@) Quantification of the data presented®).

As seen (Figure 1ll.4 B and C), in the control pdes the accessibility to the restriction
enzyme strongly decreases fromtd o. In fact, ¢ and @ behaved differently compared to
the other dyads since even at the lowest concaniréd.125 Ujil) of Haelll, about 50% of ¢
were accessible to the enzyme and this accesgilmidreases up to 80% at the highest
enzyme concentration (8l). The internally located dyads (from tb o) are poorly cleaved
at any concentration dfaelll used. These results are in compete agreement tigth
reported data of Wu and Travers (Wu and Traver84R20Jpon nucleosome remodeling the
Haelll accessibility changed dramatically all along tiikelaosome length (Figure I11.4 B and

C). The accessibility of-ds decreased relative to that f the control pkasicwhile that of the

124



other dyads is strongly increased with highestease (up to 10-12 folds in the different
experiments) observed aj. dntriguingly, theHaelll cleavage efficiency distribution showed
a parabolic-like shape (Figure 111.4C). These dallawed us to conclude that within the
remosomes the histone-DNA interactions are markpéeijurbed with the strongest SWI/SNF

induced perturbations in the vicinity of dose to the center of the particle.

The data from “in gel one pot assay” provided usamarage distribution of accessibility
across the octamer surface. However, it does netuyg kinetics of accessibility at individual
superhelical locations. To further elucidate tloeessibility profile of remosomes, we gel
purified the remosomes and carried Blael 1l digestion kinetics experiments in solution with
the unremodeled nucleosomes and remosomes (Figiie Note that under our conditions
of elution from the gel the remosomes did not disatble, i.e. ~5% and ~10% of free DNA
was observed in the eluted nucleosome and remogpantieles solution as judged by both
band shift and AFM (data not shown). Under el 11 digestion condition used (2 uniidy,
free DNA was completely digested within 1 minute difestion (Figure III.5A lane 13).
Therefore, these free DNA values, as mentioned @beere subtracted from the calculated
% cleavage values for unremodeled nucleosomes emdsomes. The experimental data
(Figure 111.4B) show that the kinetics curves oé tHaelll accessibility of dyads 0-4 for the
control nucleosomes are smooth, at the first timmtpa very small cleavage is detected,
which further increases with time with a slow dig@s kinetics. The characteristic
accessibility profile of unremodeled nucleosomeprisserved, i.e very high accessibility at
d;, a successive drop in accessibility @gadd @ and very low accessibility observed atd.
This indicates that the gel purification does nibérathe native nucleosome state after gel

purification which is also consistent with our AFddta.
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Figure 1II.5. Hae Ill digestion kinetics of control nucleosomes and remsomes in solution.(A)
Nucleosomes were reconstituted by using the ef@Ptlabeled 255 bp 601.2 sequences, each
containing a uniquélae Il site (see figure 111.4A) and incubated with 2 tsndf SWI/SNF for 45
minutes at 29°C. After running of the samplesads? PAGE, the control nucleosomes (incubated
with SWI/SNF in the absence of ATP) and the SWI/SiR-mobilized fraction were eluted from the
gel in presence of unlabelled 601 nucleosomes. @m the same amount of both types of
nucleosomes were digested with 2ulBf Hae 111 for different times, DNA from control nucleosomes
(left panel lanes 1-6) and remosomes (right paawetd 7-12) was isolated, purified and run on 8%
PAGE under denaturing conditions. The times oésigpn and the positions of the different dyads are
indicated. Free DNA eluted in presence of same amofliunlabeled 601 nucleosomes was digested
for 1 minute (Lane 13).B) Quantification of the data presented i).(Kinetic curves forHaelll
accessibility are shown for unremodeled nucleosdimdsiue) and remosomes (in red).

The picture is, however, quite different for thenérdependentaelll cleavage for the
remosome DNA. The kinetics d¢laelll digestion of each individual dyad consist of three
well defined parts: (i) an immediate cleavage (tpoént 1 min) indicative of bulge or defect
present at that specific location, (ii) a kinetarfp(time points 1-8 minutes) indicative of a
SWI/SNF induced defect/bulge created in vicinigading to transient changes in interaction
between the octamer and DNA at this location amd&(ilater part exhibiting relatively slow
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cleavge comparable of that of control nucleosomhs.percentage of the immediate cleavage
varies for different dyads. For all dyads, with tleception of d and &, the cleavage is
higher than respective one for the control nuclews (compare the cleavage of the 1 min
time points for control nucleosomes and remosoraeshe respective dyads, Figure I11.5B).
The highest increase in the cleavage is observétkioase of dO, where the cleavage is up to
10-12 folds higher compared to control nucleosom@ssistent with the “in gel one pot

assay” results.

[11.2.3 The remosomes represent a multitude of remaeled nucleosomes, in which each

individual particle exhibits a distinctly perturbed path of nucleosomal DNA

The Haelll digestion pattern of the remosomes is stronglygsestive of a multitude of
structures, each one exhibiting a distinct altevgghnization of DNA. To further test this
hypothesis, we used Electron Cryo-Microscopy (ECwhich allowed the visualization of
the path of DNA within in an individual nucleosonmeunfixed and unstained samples with
high resolution (Angelov et al, 2004; Doyen et 2006b). Briefly, we incubated centrally
positioned nucleosomes with SWI/SNF in the presesic&TP (under conditions where
[B0% of nucleosome mobilization is achieved) andthe aliquot of the reaction mixture
was vitrified and used for EC-M visualization. Tbe/o-electron micrographs clearly show
three types of structures: (i) centrally positiomagtleosomes, which are undistinguishable
from the control ones (Figure Ill.6A, left panelw® 1, 2 and 3); (ii) completely slided
nucleosomes (Figure 1l1.6A left panel, row 4 andg rijte that these nucleosomes are round-
shaped and thus, their DNA path appeared to besiemar to this of the control non-slided
particles and, (iii) “non-standard” multitude offfdrent structures that we attributed to
remosomes. Typically, each such individual struetisrlarger, shows both shorter free DNA
arms and distinct, irregular path of DNA comparedhe unremodeled nucleosomes (Figure
[11.6A right panel, rows 1-5). We conclude that tteenosomes are not a single, well defined
particle (as the conventional nucleosomes), bueats represent a multitude of structures
with distinct and highly perturbed path of DNA. Widso studied SWI/SNF mediated
remodeling products on trinucleosomes reconstitatech DNA fragment containing three
601 repeats in tandem (Figure III.6B). Consisteithwhe data from mononucleosomes,
SWI/SNF action on trinucleosomes resulted in gdimraof typical remosomes like
structures characterized by shorter linker DNA andcomitant increase in the diameter of

remodeled nucleosomes (Figure Ill.6B, compare #fe panel representing unremodeled
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nucleosomes with right panel representing remodeleteosomes). Interestingly, within one
trinucleosomal template both remodeled as wellmsmodeled nucleosomes could be seen.
Within the same reaction, a small fraction of tol@osomes could also be seen in complex
with SWI/SNF. Consistent with the dimensions repdrin a previous study about SWI/SNF
structure (Smith et al., 2003) only one SWI/SNF ptar was seen bound to one nucleosome

(Figure 111.6C). Taken together, this can be taksnevidence that SWI/SNF remodels one
nucleosome at a time.
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Figure 1l.6. Observation of different species in 8VI/SNF treated mono- and trinucleosomal
substrates by Electron Cryo-Microscopy (EC-M). (A)Centrally positioned mononucleosomes were
incubated in presence of SWI/SNF and ATP for 30utgis at 29° C (under these conditions ~40% of
nucleosomes were mobilized to the end of the 601 DMdgment).Left panel shows nucleosomes
which are either unperturbed or slided to the enthe DNA fragment by SWI/SNF action. In the
right panel nucleosomes with altered structure amgresented(B) SWI/SNF is able to alter
nucleosomes in a trinucleosomal array. Trinucle@demplate was reconstituted on DNA fragment
containing three tandem repeats of 601 sequeneetriflucleosomal array was remodeled in presence
of SWI/SNF as in (A). Left panel represents unaletrinucleosomes while the right panel represents
trinucleosomes altered by SWI/SNF. Note that all thucleosomes are altered by SWI/SNF (right
panel row one), only one nucleosome remains umatémiddle row, indicated by black arrow) or
only one nucleosome is altered (bottom row, indiddiy white arrow). All the EC-M micrographs are
accompanied with line drawing illustrative of thbape of DNA observed in micrographs. (C)
SWI/SNF complex associates with a single nucleosome trinucleosome array. SWI/SNF bound
nucleosomes are indicated by red arrows. Unaltausteosomes are indicated by black arrows. An
altered but unbound nucleosome is indicated by itevanrow. (Scale bar 50nm)
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[11.3 Discussion

In this work we have studied the type and structofethe products of the SWI/SNF
nucleosome remodeling reaction by using highly Itgsm microscopy methods combined
with novel biochemistry approaches. This has altbweletailed structural characterization of
the SWI/SNF reaction products. In the microscomdgtwe have used centrally positioned
nucleosomes, reconstituted on a 255 bp 601 DNAeseu These nucleosomes exhibited
two free(b0 bp DNA arms, which permitted the visualizatidritee structural alterations in
nucleosomal DNA upon remodeling. We found that, addition to the mobilized
nucleosomes, SWI/SNF generates a multitude of psolae-like particles that we called
remosomes and which are associated WitB0 bp of DNA, instead of 147 bp of DNA as in
the non-remodeled control nucleosomes. Importatilg, AFM data demonstrated that the
position of the histone octamer relative to theteerof the DNA remained unchanged,
indicating that the remosome is generated by SWH/§Nimping” of 15-20 bp of DNA from
each individual free DNA arm. The “in gel one pgsay” illustrates that the histone-DNA
interactions within the remosomes are markedlyupeed all along the remosome DNA.
Importantly, the accessibility of dyad 6 and 7 @ted at the very end of the nucleosomal
DNA) to Haelll, in contrast to those of all the remaining dyads,decreased in the
remosomes, which could be viewed as an evidencgeioeration of a stronger histone-DNA
interactions in the vicinity of this location, i.¢he “pumped” DNA interacting with the

histone octamer.

The DNase | footprinting pattern of the remosome<learly different from that of the
nucleosomes and is similar to free DNA. Since thmasomes appeared to be generated
without mobilization of the histone octamer, thi@irgs that the remosomes are not a set of
well defined particles as the parental nucleosoanes but instead represent an ensemble of
heterogenous structures. The EC-M visualizatiothefremosomes confirms that this is really
the case. A common feature of the remosomes is ldrgier size than that of nucleosomes.
Importantly, each remosome shows an irregular aistindt DNA path, the strongest
irregulatities being observed at different locasioalative to the center of the particles. This
indicates that within each individual remosome, istimctly localized region with very
strongly perturbed histone-DNA interaction shoukise The presence dfaelll immediate

cleavage regions all along the remosomal DNA ipenfect agreement with this statement.
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Interestingly, under our experimental conditionsyvieew SWI/SNF-nucleosome complexes
were detected by both gel shift assays and EC-Micating that once the remosome is

generated, SWI/SNF dissociates from it.

Taken together, all the above data suggest a w@m4siechanism of SWI/SNF nucleosome
mobilization. SWI/SNF, as RSC (a complex belongiogthe same remodeler’s family)
exhibits a central cavity (Smith et al., 2003; Uesoer et al., 2007; Asturias et al., 2002). The
dimensions of the cavity fit well to these of thecleosome, suggesting that the nucleosome is
localized in the cavity (Smith et al., 2003). Wephthesize that the entry/exit nucleosomal
DNA ends and thus, the center of the nucleosonee paented towards the solution. Upon
hydrolysis of ATP, SWI/SNF generates a bulge iriniig to the nucleosome center and in
this way it perturbs the strongest histone-DNArat&ions within the nucleosome. This bulge
IS generated through “pumping” of DNA from bothdr®NA arms without repositioning of
the histone octamer. The pumped DNA interacts tiéhhistone octamer and a topologically
“closed” structure is formed. Once the remosomgeiserated, SWI/SNF dissociates from it.
The bulge is, however, unstable and it can “traedfihg the remosomal DNA, but it cannot
dissipate since the ends (the “pumped” DNA) of temosome are “stuck” to the histone
octamer surface. In this way a multitude of struesy containing bulges at different sites
along the particle are created, and this deterninesrregular and distinct DNA shape of

each individual remosome.

During the second step of the reaction, SWI/SNE$@gain to the remosome, but this time it
acts as a true translocase by pulling and reled3Mg around the surface of the histone
octamer. Once the histone octamer is moved to rideoé the DNA fragment, the excess of
remosomal DNA is pulled out and a regular roundoshkastructure associated with50 bp
DNA is then formed.

According to the model, the remosome, and not ti@deosome, is used to translocate DNA.
This is a crucial feature of the model, since witithe remosome the histone-DNA
interactions are highly perturbed and thus, thesiacation of DNA could be achieved at the
expense of less energy. The model also suggestSWHSNF would be highly processive
and it would not dissociate from the remosome uh#l histone octamer is moved to the end
of the DNA. In addition, the suggested DNA transli@an mechanism requires a high

flexibility of SWI/SNF in order to be able to bind the multitude of different remosomes and
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translocate DNA. Since the remosomes are larggwvary distinct in shape, the translocation
step might not be realized through the binding ledf temosome to the SWI/SNF central
cavity, i.e. the binding of the nucleosome to tkatral cavity would be required only for the

generation of the remosomes.

Earlier reports have suggested that SWI2/SNF2 famol remodelers may generate
structurally altered nucleosomes (Fan et al., 26@3; et al., 2004; Narlikar et al., 2002). The
evidences presented in these reports, could beedielhowever, only as indicative since the
data did not allow the differentiation between nliegbd and remodeled non-slided
nucleosomes. In the present work we have firmhytified, isolated and characterized the
remosomes, a population of non-mobilized remodefedtleosomes with unexpected
properties. We predict that the generation of reammees could be the main vivo function of
SWI/SNF as well as of other remodelers of this famihe remosome is relatively stable and
could be isolated after separation of the SWI/SM&ction products on a native gel. In
addition, its generation requires only some “purgpiof 15-20 bp of both linkers DNA. This
would be low cost and would avoid nucleosome doltisa typical problem encountered in
the nucleosome mobilization. Moreover, since thstdme-DNA interactions within the
remosomes are highly altered, the histones couledser evicted from the remosomes
compared to the conventional nucleosomes and #aion of histone-free regions would be
facilitated. We predict that the generation of suehatively long-lived nucleosome-like
particles within the cell may significantly asssgtveral processes, including DNA repair and

transcription.

l11.4 Experimental Procedures

[11.4.1 Nucleosome remodeling reactions

Typical remodeling reactions were performed witl® IBol of nucleosomes iremodeling
buffer (RB) 10 mM Tris pH 7.4, 5% glycerol, 1 mM TR, 2.5 mM MgC4, 1 mM DTT, 100
pg/ml BSA, 50 mM NaCl, 0.01% NP40) in a volume ob {ul at 29° C. For sake of
convenience SWI/SNF amounts are expressed in dries. SWI/SNF units were defined as

described before (Angelov et al.,, 2006). Howevemdar the experimental conditions
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described nucleosomes were always in 10-15 molaessx with respect to SWI/SNF

concentration even under the highest concentrafi®@WI/SNF used.

[11.4.2 Dnase | footprinting assay

The remodeling reaction was performedRiemodeling buffer (RB) 10 mM Tris pH 7.4, 5%
glycerol, 1 mM rATP, 2.5 mM MgG] 1 mM DTT, 100ug/ml BSA, 50 mM NaCl, 0.01%
NP40) in a volume of 7.fl at 29 C for 50 min. The control reactions did not reeeATP.
450 fmol (Control reactions) or 900 fmol (Remodglireactions) of Nucleosomes
reconstituted ori’P- end labelled 255 bp 601.2 DNA were incubated wlte amount of
SWI/SNF sufficient to mobilize ~50% of the nucleosss. Reactions were stopped by
addition of 0.03 Units of Apyrase an@@ of plasmid DNA. Reaction products were divided
into three equal aliquots and increasing amounDbfasel (0.6, 0.12, 0.25 for control
nucleosomes; 0.12, 0.25 and 0.5 units for remodaleteosomes respectively) was added to
remodeleled or control nucleosomes. EDTA was adite®0mM to stop the DNasel
cleavage. Unmobilized and mobilized fractions wezeolved on Native PAGE (29:1) in
0.25X TBE. Bands, corresponding to Unremodeled, ét=ted-unmobilized and Slided
nucleosomes were excised from the gel, DNA wased]ufiltered, deproteinized through

phenol:chloroform treatment, precipitated and ror8& Denaturing PAGE.

[11.4.3 Restriction enzyme assay on gel eluted nusbsome

Centrally positioned 150 fmol of 601.2 nucleosomese incubated with SWI/SNF in the
remodeling reaction as described above. Reacti@stegped 45 minutes by addition of 0.01
units of Apyrase and jug of plasmid DNA, as under these conditions the-matilized
fraction contains essentially remodeled nucleosgmaeticles. Reaction products were
resolved on 5% native polyacrylamide gel. Bandsresponding to unmobilized fractions
(Unremodeled as well as remodeled) were excisediséd bands were then cut in small
pieces and soaked in §0 Elution Buffer (EB) containing Tris 10 mM pH7.49,.25 mM
EDTA and 10 mM NaCl, at'€ for 3 hours with gentle shaking. 0.75 pmol ofdc6D1 255
bp nucleosomes were added in the elution bufferm@ntain the stability of eluted
nucleosomes. Eluted nucleosomes were filtered ¢iraglass fibre filter under low speed

centrifugation (200g) to remove acrylamide parscl@ashed and concentrated using 100 kDa
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cutoff spin filters. Eluted nucleosomes were adjdsto buffer conditions of the restriction
digestion conditions (10 mM Tris pH7.6, 10 mM Mg(0 mM NaCl, 1 mM DTT and 100
pug/ml BSA).Haelll was added to 2 unitg/and the reaction was allowed to proceed at 29° C.
At indicated time points aliquots were taken arglrsaction was stopped by addition of 0.1%
SDS and 20 mM EDTA. DNA was extracted through pliehtoroform, precipitated and run
on 8% denaturing PAGE. Gels were dried, autoradjolged, scanned on phosphorimager and

quantified using Multigauge software (Fuiji).

[11.4.4 Atomic Force Microscopy

For the AFM imaging, the nucleosomes were immoédionto APTES-mica surfaces as
described previously. Image acquisition and anslygre done as described in chapter Il.
DNA complexed length (§) and position AL) distributions were constructed as described

(Montel et al., 2007).

Other experimental procedures were essentiallylaino and as described in chapter II.
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Chapter IV: Manuscript under preparation

Title: H2A Docking of H2A is essential for SWI/SNFand RSC induced

nucleosome sliding through generation of remosomatermediates.

V.1 Introduction

Nucleosomes, the fundamental repeating unit ofrolatm, consist of an octamer of histones
containing two copies of each of H2A, H2B, H3 andl Around this histone core about 146
bp of DNA is wound in 1.65 superhelical turns (Lugg al., 1997). The organization of
DNA into chromatin is generally repressive for wais DNA related transactions like
replication, transcription, repair and recombinatidbwo well understood modes to overcome
this nucleosomal barrier are covalent modificatiohkistones and ATP dependent chromatin
remodeling (Strahl and Allis, 2000; Becker and Ho2902). An emerging concept in
regulation of chromatin dynamics is incorporatidrhstone variants within the nucleosome
(Boulard et al., 2007)

Histone variants are nonallelic isoforms of conimml histones (van Holde, 1988 and
Russanova et al., 1989). The primary structureistbhe variants shows various degrees of
homology with the corresponding conventional histoMalik and Henikoff, 2003).
Incorporation of histone variants within the nugdeme imparts new structural and functional
properties influencing vital cellular processeselitanscription, repair, cell division and
meiosis etc (Suto et al., 2000; Abbott et al., 208igelov et al., 2003; Gautier et al., 2004;
Ahmad and Henikoff, 2002; Ausio and Abbott, 200Znkakaka and Biggins, 2005; Boulard
et al., 2007 ).

The histone H2A family encompasses the greatestrslty of variants among core histones
(Redon et al., 2002; Sarma and Reinberg 2005; Bibetaal., 2007). The members of histone
H2A family (H2A.1, H2A.X, H2A.Z, mH2A and H2A.Bbdgxhibit significant sequence
variability at both N and C terminal ends (Ausialakbbott, 2002; Ausio, 2006). While the
implications of N terminal heterogeneity still reima unclear, most of the recent work has
been focussed on C terminal domain variationsialhjit Eickbush et al., (1988) demonstrated
that the carboxy terminal tail of H2A is essentalthe stability of nucleosomal particles and
that the H2A-H2B dimer displays a significant dese in the affinity for the (H3-H4)

tetramer when the terminal 15 amino acids are rewmholly an endogenous protease.
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Interestingly, one of the latest described H2A amatii H2A.Bbd exhibits a similar C-terminal
truncation (Chadwick and Willard, 2001).

H2A.Bbd (Barr body deficient) derives its name from its property to éeluded from the
female inactive X chromosome. It is found to beala®ed to histone H4 acetylated regions in
the nucleus thus suggesting its association wdhstriptionally active euchromatin. It is
quite divergent as the primary sequence exhibity d8% homology to the conventional
H2A counterpart (Chadwick and Willard, 2001). Magiructural hallmarks of H2A.Bbd as
compared to conventional H2A are presence of dcktref 6 arginine residues at the N
terminal, presence of only one lysine residue aspawed to 14 lysine residues in H2A, and
absence of C terminal tail and the very last segroethe docking domain. Moreover, most
of the amino acid variations are concentrated endbcking domain (Chadwick and Willard,
2001; Bao et al., 2004; Doyen et al., 2006b). m ¢bnventional H2A, amino acids 82-119
form a distinct ladle shaped structure (the docldograin) which is involved in organizing
last turn of DNA through guiding the e8! helix. The shorti-C helix (amino acids 92-96) of
H2A forms a shorf3 sheet interaction with C-terminal region of H4 (amacids 95-102).
The whole docking domain of H2A constitutes abod®@ A of interaction area with (H3-
H4), tetramer (Luger et al., 1997).

Not surprisingly, incorporation of H2A.Bbd results profound changes in structural and
functional properties of nucleosomes. These changg#sde, a more relaxed structure and
organisation of only ~130 bp of DNA in contrast+b47 bp on canonical NCPs suggesting
release of ~10 bp nucleosomal DNA from each enthefoctamer (Doyen et al., 2006b).
Moreover, the H2A.Bbd-H2B dimer is less stronglg@sated with the tetramer resulting in
lower stability of the nucleosomes containing H2BdB(Bao et al., 2004; Doyen et al.,
2006b; Gautier et al., 2004).

These structural changes result in increased triptist factor access and a less prohibitive
chromatin to transcription (Angelov et al., 200dote that these changes are usually
associated with action of ATP dependent chromaimadeling machines. It is intriguing,
however, despite of having a relaxed structure H2&.Bbd containing nucleosomes or
chromatin are refractory to action of ATP dependeamodelers like SWI/SNF and ACF.
This property was largely attributed to the pregend a defective docking domain in

H2A.Bbd (Angelov et al.,, 2004; Doyen et al.,, 2006bYowever, SWI/SNF action on
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H2A.Bbd nucleosomes resulted in a partial increaseestriction enzyme accessibility and

base excision repair (Angelov et al., 2004; Merairal., 2007).

The aforementioned studies strongly indicate thgoitance of H2A docking domain and C-
terminal region in the process of nucleosome remimugleln this work, we have tried to
further elucidate the role and the mechanistic @spef involvement of these domains in
nucleosome remodeling by SWI/SNF and RSC, two eflthst characterized ATP dependent

chromatin remodeling complexes from yeast.

V.2 Results

IV.2.1 Nucleosome reconstitutions with H2A C-termial deletion, chimeric and variant
proteins

In order to understand the role of H2A docking domend C-terminal part in nucleosome
remodeling we first made serial deletion mutantisgishe X. laevis N-terminal HA-tagged
H2A protein as the parent clone. A chimeric proté2A.ddBbd was constructed in which the
docking domain of H2A was replaced with the dockdwnain of H2A.Bbd (H2A.ddBbd).
As a control full length H2A and H2A.Bbd were alssed. Alignment of human H2A.1 and
H2a.Bbd are shown in figure IV.1A. Truncation peimt deletion mutants are indicated by
arrowheads (in red) above the H2A.1 sequence.h&lipgroteins were bacterially expressed
and purified in denaturing conditions as describednaterials and methods section. The
purity of the recombinant proteins was checked &% SDS-PAGE (Figure 1V.1B). We next
checked if the mutant proteins could be reconstituh nucleosomes. For this, nucleosome
reconstitutions were performed using salt dialysethod and replacing conventional H2A by
mutant proteins in the reconstitution mixtures eamihg all the four histones and Notl
digested 601 DNA. This DNA fragment strongly pasis nucleosomes at one end and is an
ideal substrate for DNase | based footprinting yssall the mutants and variant H2A
proteins were efficiently reconstituted in the modomes as shown in figure 1V.1C. Under
the reconstitution conditions very little free DNias observed (with the exception &H79
nucleosomes where the amount of free DNA was $ighigher). This evidences for good
incorporation of mutant histones and reconstitubémona fide nucleosomes. Note that the
nucleosomes containing deletion mutants of H2A lekla slower migration in the gel and
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this tendency increases with successive deletidhdarC-terminal region. We attribute this to

change in conformation of linker DNA which affett® migration in the gel.
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Figure IV.1. Reconstitution of nucleosomes with H2AC terminal deletion and chimeric proteins.

(A) Alignment of human H2A.1 and H2A.Bbd proteins. rbain structure of histone H2A is
represented in the form of cartoon drawing beloashquence. H2A docking domain is represented
as dotted line below the sequence. Inverted aread$ above the H2A sequence (in red) represent the
last amino acid in truncated proteins. In H2A.ddBbémneric protein the docking domain and the last
C-terminal part was replaced with docking domairH&A.Bbd. (B) 18% SDS PAGE of different
histones and H2A mutant proteins. All the proteirse bacterially expressed in denaturing condition
and purified from inclusion bodies using SP-sepsammedium. Note that the proteins in lane 7-11 are
N terminal HA tagged. However, it does not chargefroperties of nucleosomes (Discussed in text)
(C) EMSA of the end-positioned conventional (lane @l & variant (lane 8) and mutant (lanes 2, 3,
4, 5 and 7) nucleosomes, reconstituted on Nothodstl and 3'-labeled 601 DNA (upper strand) to be
used in DNase | footprinting experiments. The*B'-label position is indicated by an asterisk.
Positions of nucleosomes and free DNA are indicated

IV.2.2 Changes in C-terminal region of H2A resultsin structural perturbations in

nucleosomes

The migration profile of nucleosomes containing amitand chimeric H2A (Figure 1V.1C) is
indicative of structural changes in the nucleosortiey are incorporated in. To test this

possibility we performed DNase | footprinting asggigure IV.2A). This assay is very useful
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in deciphering site specific changes in the con&drom of nucleosomal DNA. DNase |
digestion of canonical nucleosomes gives a 10 Ipgeatke typical for 601 nucleosomes,
indicative of minor groove of nucleosomal DNA fagitowards the solution (lanes 2-4).
Incorporation of H2AA109 in the nucleosome showed no major structureiugmtions.
However, subtle changes were observed in the tyciofi nucleosomal dyad (lanes 5-7).
Further deletion of C teminal residues, i.e H287 which lacksa-C helix and H2AA90
which lacks all of the C-terminal tail as well dsetlast twoa helices, results in clear
perturbation in the conformation of nucleosomal DNKnes 8-10, 11-13). Prominent
changes are indicated by the asterisk. Similaupeations are also seen when all of H2A C-
terminal as well the docking domain is completedyeted (H2AA79) as seen in lanes 14-16
or replaced with docking domain of H2A.Bbd (lanés1B) leading to a DNase | digestion
profile quasi-identical to H2A.Bbd nucleosomes @ar20-22). Note that the N-terminal HA
tag on deletion proteins does not contribute tsehezhanges as HA tagged conventional H2A
and untagged H2A containing nucleosomes exhibintidal DNase | digestion profile
(Compare lane 4 to 23).

In parallel, we performed OH° footprinting (FiguP¢.2B) on the nucleosomes containing
H2A.Bbd (lane 2), H2A.ddBbd (lane 3), and HAR9 (lane 4). A 10 base periodic repeat was
found similar to nucleosomes containing canonic2hHlane 1) confirming the wrapping of
DNA around the histone octamer. This is not suipgisas either type of nucleosomes may

not pose a steric hindrance towards OH° as sedénDMase | (Hayes and Lee, 1997).

An interesting phenomenon observed here is thergssiye appearance of specific bands in
DNase | profile with progressive deletion of C-témal region of H2A. As described before
the C terminal domain H2A perform two major funaso(i) organisation of last turn of DNA
through interaction with H2N helix and (ii) formation of g3-sheet interaction with C-
terminal of H4, thus contributes to the strengthdwher-tetramer interaction (Luger et al.,
1997). Note that histone octamer is not stablengsiplogical salt conditions (Eickbush et al.,
1978). This is due to weak nature of interactioetMeen H2A-H2B dimer and (H3-H4)
tetramer and wrapping of DNA contributes signifitgnin maintaining the interaction
between the two (Luger et al., 1997; Bao et alQ420Therefore, the perturbations observed
deep inside the nucleosome by DNase | footprintiogld be largely attributed to weakened

dimer-tetramer interactions. This weakening coukl daused indirectly by (i) loss of
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organization of last turns of DNA in mutants ladakithe last part of C terminal domain and
(ii) by directly affecting the strength of dimeri@mer interface in mutants lacking the base

of the docking domain.
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Figure IV.2 Biochemical characterization of convenibnal, variant and mutant nucleosomes by
DNase | and OH° footprinting. Nucleosomes, described in figure 1V.1C, were subjkto DNase |

or OH° footprinting. After stopping the reaction BNvas deproteinized, ethanol precipitated and run
on 8% denaturing PAGEA) Nucleosomes were digested with increasing amoubiNase |1 (0.2, 0.3
and 0.45 units) for 2.5 minute at room temperaflaee 2-23). Free DNA (lanel) was digested with
0.01 units of DNase | in the same conditions. Asmtrol of nucleosomes containing HA tagged H2A
(lane 2-16), DNase | digested untagged H2A nucleeso(Lane 23) were also run. Major structural
perturbations are indicated by asterisk (*). Positof nucleosomal dyad is indicated @y (B) In
parallel, conventional H2A (lane 1), H2A.Bbd (la?g H2A-dd.Bbd (Lane 3), and H2A79 (lane 4)
nucleosomes were subjected to OH° footprinting.
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IV.2.3 The base of H2A docking domain is essentitdr SWI/SNF mediated mobilization

of nucleosomes

It is well documented that H2A.Bbd containing neslemes are refractory to SWI/SNF and
ACF mediated (Angelov et al., 2004) as well as lwedticed mobilization (Bao et al, 2004).
Moreover, the observation that truncations in H2Ae@ninal domain and swapping of H2A
docking domain with that of H2A.Bbd result in petiations similar to H2A.Bbd containing
nucleosomes led us to test if these structural ggmmesult in affecting SWI/SNF catalyzed
mobilization of nucleosomes. To this end, we peried a sliding assay with nucleosomes
containing truncated H2A proteins or chimeric H2Mtpin with swapped docking domain.
Nucleosomes were reconstituted on a 255 bp 601 DN#s DNA fragment strongly
positions nucleosome in the centre and slidinguzflensomes to the end of the DNA could
be ascertained by faster migration of the slidestgs in native PAGE. All the nucleosomes
were incubated with increasing amount of SWI/SNF46 minutes at 29° C. Reactions were
stopped by addition of apyrase and the reactiodymts were resolved on 5% native PAGE
(Figure 1V.3A). Conventional H2A containing nucleoses are slided efficiently by
SWI/SNF as seen in figure IV.3A. However, nucleossmontaining H2A truncated till the
A90 are also slided with similar efficiency by SWWNIS and very little decrease in sliding
efficiency was observed. The results were furthenfiomed by quantitation of the gel
pictures in figure IV.3A and the percentage of esficspecies was plotted against SWI/SNF
units (Figure IV.3B). The situation, however, chasgirastically when the very last part of
the docking domain is deletedhq9) or when the H2A docking domain is swapped with
H2A.Bbd. No sliding was observed even with higleesicentration of SWI/SNF.

We also validated the results of H2A.ddBbd nucleos® using AFM analysis. Briefly,
centrally positioned 601 255bp H2A.ddBbd nucleosemere remodeled in presence of 2
units of SWI/SNF in conditions similar to the shdi assays and the reaction mixtures were
deposited on treated mica surface for AFM imagmagir. Using specially designed software
(see chapter Il experimental procedure sectiordébail) we were able to precisely measure
both the length of DNA associated with the histaotamer () and the position of the
histone octamer relative to the center of the DIMA)(of one and the same nucleosome. To
get statistically significant results we analyzegtiesal hundreds of AFM visualized patrticles.

The data were presented aAL and Lc distributions respectively (Figure IV.4 A and B).
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Similar to the sliding assay conditions, in thisMIexperiment, the length of the 601 DNA
used for reconstitution was 255 bp and the histmtamer was centrally positioned relative
to the ends of DNA, having a longer free DNA arpxh6 bp and a shorter one=L52 bp.
For AL distribution, AL was calculated aAL= (L. - L.)/2. For the k distribution, Lc was
calculated as LcsL-L. - L, where L is the total length of the 601 DNA used for

reconstitution.

As seen, the control (incubated in absence of Aa®)well as remodeled H2A.ddBbd
nucleosomes exhibited a widé peak distribution (in contrast to conventionatlaosomes,
see figure 111.3C). Importantly, it does not changignificantly by action of SWI/SNF,
confirming SWI/SNF is unable to mobilize these udet to the end of the DNAA=60bp)
(Figure 1IV.4 A), consistent with the results ob&dnfrom nucleosome sliding assays. The Lc
distribution profile of control nucleosomes showpeak value at ~130 bp meaning that only
130 bp of DNA is attached to the histone octamenil&r values were obtained in an AFM
study on H2A.Bbd nucleosomes (Montel et al., 2d0ther emphasizing the role of docking
domain of H2A.Bbd in open structure of these nustemes. The remodeled H2A.ddBbd
nucleosomes, however, show an increase in DNA cexepl length (mean value ~145 bp)
indicating towards structural perturbations imparbyy SWI/SNF (Figure 1V.4B). Note that
the Lc distribution of remodeled nucleosomes is very widdis strongly indicates
fluctuations of linker DNA arms and suggests the aiction of SWI/SNF on H2A.ddBbd
nucleosomes results in pumping of linker DNA inside nucleosome and that the interaction

of the DNA to the octamer remains dynamic.

The data from nucleosome sliding assays and AFNysisataken together, proves that the
docking domain of H2A is required for nucleosomebitivation mediated through SWI/SNF.
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Figure 1V.3. H2A docking domain is essential for SWI/SNF induced ndeosome mobilization.

(A) Centrally positioned conventional H2A (upper rowt jlganel),A109 (upper row middle panel),
A97 (upper row right panel)A90 (lower row left panel)A79 (lower row middle panel) and
H2A.ddBbd (lower row right panel) containing nudemes on a 255 bp 601 DNA were incubated
with increasing amounts of SWI/SNF in presenceraMLATP for 45 minutes at 29° C. Lanes 1, 8,
15, 22, 28 and 36 represent control reactions depective nucleosomes without added SWI/SNF.
Reactions were stopped by addition of 0.01 unitemfrase. Samples were resolved on 5% native
PAGE. Gels were dried and visualized by exposure &hosphorlmager. Positions of unmobilized
and slided nucleosomes in the gel are shown byaartirawing.(B) Quantitation of gel data for
conventional H2AA109,A97 andA90 nucleosomes presented in A.
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Figure IV.4. AFM analysis of SWI/SNF induced remodeling on H2A.dBbd nucleosomes
Centrally positioned nucleosomes were reconstitued?55 bp 601 DNA sequence. The histone
octamer is localized close to the center of thgrfrant, leaving two free DNA arms with legths of 56
bp (L)) and 52 bp (L-), respectively. The nucleosomesvirecubated with 2 units of SWI/SNF for 45
minutes at 29°C and after reaction products weadyaad by AFM. A) AL distribution of control
(incubated in absence of ATP) and SWI/SNF remodeleacdeosomes to measure the position of
octamer with respect to DNA armAl= (L. - L)/2 (B) L. distribution of the unremodeled and
remodeled nucleosomes, ils the length of the DNA associated with the histoctamer [l= L-(L.-
L.)]. For unremodeled nucleosomes N=1510, for renemtsl=585.

IV.2.4 RSC is more sensitive to perturbations in th docking domain of H2A

The yeast RSC_{@models 8ucture of_ tiromatin) complex is another complex from yeast
belonging to the SWI2/SNF2 family (Cairns et ab9@). It is shown to be similar in all the
biochemical activities associated with SWI/SNF ctarpHowever, they are not redundant
and exhibit different functional propertigsvivo (Becker and Horz, 2002). This prompted us
to test the effect of H2A C-terminal defect on R®€diated nucleosome sliding as well. As
in previous experiment, different nucleosomes wecebated with RSC in presence of ATP
and sliding efficiency was checked by standard gjeft assay (Figure 1V.5A). As with
SWI/SNF, the nucleosomes containing full length H2ére mobilized efficiently (lanes 2-7).
2.4 units of RSC were sufficient to slide nucleossno saturation in 45 minutes. However,
contrary to SWI/SNF, C-terminal truncations of HZXhibit a profound effect on RSC
mediated sliding (Figure IV.5A, lanes 16-21 and 283-which is clearly represented in
conditions when nucleosomes were incubated withufii®s of RSC. In this condition, while
RSC is able to slide ~60% of canonical nucleosormely, ~30% and ~15% a&97 andA90
nucleosomes were slided respectively (Figure IV.5B)en with highest amount of RSC the

reduction in sliding efficiency is clearly seeh79 and H2A.ddBbd nucleosomes were not
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slided even under the highest concentration of RS@ure 1V.5B and C). As previously, the

results on H2A.ddBbd nucleosomes were verified ByMAanalysis and no RSC induced

nucleosome mobilization was seen on these nuclessg@data not shown). We conclude that
RSC is more sensitive than SWI/SNF to perturbationthe nucleosome structure resulting
from defects in the docking domain of H2A.

A H2A Nucleosomes A109 Nucleosomes A97 Nucleosomes
RSC units - .15 .3 .6 1.22.448 - .15 .3 .6 122448 -.15 .3 6 122448
— | -
w oyt bt LTI IR
_O h-LJHtj ol pd md ol
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
A90 Nucleosomes A79 Nucleosomes H2AddBbd Nucleosomes
RSC units - .15 .3 6 122448 - 06122448 - .06 12 2448
—Q—: P D g e .. LT
b e
22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38
B

—o—H2A
—=—Del 109
—+A—Del 97
—6—Del 90
T T

0 1.2 2.4 3.6 4.8

RSC Units

Figure IV.5. RSC is more sensitive to perturbationsin the docking domain of H2A for
nucleosome mobilization. (A)Centrally positioned conventional H2A (upper rovt lganel), A109
(upper row middle panelp97 (upper row right panelp90 (lower row left panel)A79 (lower row
middle panel) and H2A.ddBbd (lower row right par@ntaining nucleosomes on a 255 bp 601 DNA
were incubated with increasing amounts of RSC (acated) in presence of 1ImM ATP for 45
minutes at 29° C. Lanes 1, 8, 15, 22, 29 and 3resemt control reactions for respective nucleosomes
without added RSC. Reactions were stopped by additf 0.01 units of apyrase. Samples were
resolved on 5% native PAGE. Gels were dried andaligzed by exposure on a Phosphorimager.
Positions of unmobilized and slided nucleosomeghi gel are shown by cartoon drawin@)
Quantitation of gel data for conventional H2%,09,A97 andA90 nucleosomes presented in A.
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IV.2.5 Generation of distinct remodeled forms by SWSNF on H2A.Bbd nucleosomes

Recently, we have described a two step mechanisi8WI/SNF and RSC mediated sliding
of nucleosomes where the first step is generatioerraosomes characterized by having ~30-
40 bp of DNA pumped in and distinct restriction yme accessibility profile of the
nucleosomal DNA without translational repositionif8ee Results chapter Il & IIl). This step
is followed by second binding of the remodeler ctarpand ATPase activity leading to
mobilization of nucleosomes to the end of the DNAgment. Therefore, inhibition of
nucleosome sliding by incorporation of H2A.Bbd imtacleosomes can happen at either at the
remosomes formation or the subsequent step ofnglidio dissect this issue we took
advantage of the ‘One pot restriction enzyme as@ayi and Travers, 2004). Note that, no
translational repositioning was observed due to odeter action on H2A.Bbd and
H2A.ddBbd nucleosomes (Angelov et al., 2004; FiguM&, 4 and 5A). This allowed us to
probe the true DNA accessibility (without the cdmition of nucleosome repositioning) of

remodeled nucleosomes in solution without the rieedel fractionation.

Briefly, we reconstituted H2A.Bbd containing nudemes on an equimolar mixture of 8
different 601.2 mutants containiridgelll restriction site at different super helical locaso
(described inmaterials and methods). This allowed us to look at the accessibility of
nucleosomal DNA with 10 bp resolution. 223 bp DNAgments containing these sequences
were PCR amplified and used for reconstitutionscigosition the nucleosome at one end of
the DNA. Reconstituted nucleosomes were verifiedgey shift assay and DNase | foot

printing (data not shown).

Nucleosomes were remodeled in presence of SWI/SHFAZP and the reaction was stopped
by addition of apyrase. As a control, nucleosomesewncubated in presence of SWI/SNF
but in absence of ATP. After stopping the reactidselll was introduced in the reaction
mixture to 5 unitgdl and the restriction digestion was allowed to pext: At indicated time
points aliquots were taken and the reaction wagpst with addition of SDS and EDTA.
DNA was extracted from the samples and resolvedemraturing PAGE. Figure IV.6A shows
a representative experiment. Lanes 2-8 show tsieiagon enzyme accessibility profile of
unremodeled H2A.Bbd nucleosomes. H2A.Bbd nucleosoreghibit a characteristic
accessibility profile. Last 3 superhelical locasaii7, d6 and d5 (SHLs or dyads) are readily
accessible to the restriction enzyme which is cast with the previous observations where
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the DNA ends in H2A.Bbd nucleosomes were shownetdelss constrained (Doyen et al.,
2006b; Bao et al., 2004). The accessibility dropgdenly from d4 to d1 and displays slow
reaction kinetics (see Figure 1V.6B for quantitatiof the gel data). A characteristic feature
of H2A.Bbd nucleosomes was the unusual accesgilplibfile at the dyad (d0). At this
location the nucleosomal DNA seems to be highlyaayic and is accessible to restriction
enzyme in a distinct manner. This is in agreemaetit the DNase | foot printing data where
the most prominent perturbations were observedénvicinity of the dyad (Figure 1V.2).
Note that, the restriction enzyme accessibilityfiproof these nucleosomes is completely
different from canonical nucleosomes. In canonmmatleosomes maximum accessibility is
seen at the end of the nucleosomes (i.e. d7) vadild0 are essentially inaccessible to the
restriction enzyme (Chapter 3, Figure 111.5). Thetyre, however, is changed when SWI/SNF
remodeled nucleosomes are analyzed (Figure IV.68d®-15). The remodeled nucleosomes
exhibit a peculiar accessibility profile where d7-are largely unaffected. At dyads 2, 3 and 4
an initial jump in accessibility (leading to abol®-15 fold increase in accessibility) is
observed after which it follows kinetics similartttat of unremodeled nucleosomes. At dyads
0 and 1 neither the accessibility nor the shaphefcurve changes indicating that there is no
effect of remodeling at this location.

The typical remosomes, as described previouslyjbéxtwo characteristic features (i) A
sharp decrease in accessibility at d7, indicatirsggr@ng attachment of pumped linker DNA
inside the nucleosome and (ii) An overall increas@accessibility with the maxima at dO.
Interestingly, none of these features were obseme®&WI/SNF remodeled H2A.Bbd
nucleosomes. Taken together, these results syrangjgest that the lack of nucleosome

sliding observed in H2A.Bbd nucleosomes is duedefactive remosome formation.
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Figure IV.6. Generation of distinct remodeled forms by SWI/SNF o H2A.Bbd nucleosomes.

(A) H2A.Bbd nucleosomes were reconstituted by udiegeight®?P-labeled 223 bp 601.2 sequences,
each containing a unigu¢ae Il site (see material and methods for detail) andbated with 2 units
of SWI/SNF for 45 minutes at 29°C. After stoppihg remodeling reaction by addition of apyrase,
both control nucleosomes (incubated with SWI/SNFthe absence of ATP) and the SWI/SNF
remodeled nucleosomes (incubated with SWI/SNF énpiresence of ATP) were restriction digested
with Haelll (5unitsful). Aliquots were taken at indicated time pointgdaeactions were stopped by
adding SDS (0.1%) and EDTA (20mM). DNA was isolatpdrified and run on 8% PAGE under
denaturing conditions. Unremodeled (lanes 2-8)rantbdeled (right panel lanes 9-15) nucleosomes,
times of digestion withtHaelll and the positions of the different dyads are iaid. Free DNA, in the
same condition, was digested for 1 minute (LandR)).Quantification of the data presented ).
Kinetic curves forHaelll accessibility are shown for unremodeled (in blas)l remodeled (in red)
nucleosomes.
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IV.2.6 The docking domain of H2A.Bbd is responsibldor anomalous remodeling by
SWI/SNF

The previous result of lack of characteristic reamss formation on H2A.Bbd nucleosomes,
also seen in lieu of available literature (Doyenakt 2006b., Bao et al., 2004), strongly
suggestive of the role of a defective docking damkiowever, from previous experiment it
can not be ruled out that whether the whole hisfoie domain of H2A.Bbd is responsible
for this behaviour. To test this, we performed &massay with nucleosomes containing
chimeric H2A where the docking domain was swappét that of H2A.Bbd (H2A.ddBbd).
A representative experiment is shown in Figure IMmcorporation of this protein into
nucleosome, expectedly so, ameliorates highly pestl structure as seen with H2A.Bbd
nucleosomes (Fig IV.7A lanes 1-7). At d7 (the efdhe nucleosomes) the accessibility is
very high as ~40 % of DNA at this dyad is cleaveithin the first 30 seconds of Haelll
digestion and further goes to about 70% at 32 ras(Figure IV.7B). However, unlike
H2A.Bbd nucleosomes the accessibility of d6 andisdflecreased and somewhat close to
canonical nucleosomes (see Figure 1lI.5). Anothejomdifference is seen at dO where
histone DNA contacts seem to be greatly stabili@einpare dO cleavage kinetics in figure
IV.6B to that of 7B). The restriction enzyme acdedisy profile of remodeled nucleosomes
(figure IV.7A lanes 8-14) is, however, qualitatiyeVery similar to those of remodeled
H2A.Bbd nucleosomes. As with H2A.Bbd nucleosome®/I/SNF mediated remodeling
resulted in increase in accessibility at d2, d3 d4 with maximum at d3 (about 10-12 fold
increase at d3 as seen in 30 seconds digestionHa#h!). Additionally ~5 fold increase in
accessibility at d5 was also seen at this timetpdiote that this location DNA was highly
accessible in H2A.Bbd nucleosomes and remainechisihe unchanged after remodeling by
SWI/SNF (Figure IV.6B). Importantly, no reductiom accessibility was observed at d7 and
d6 as seen and rather a small increase was obsandezhtive of lack of firm attachment of
pumped DNA tightly associated with the octamer. iBimo H2A.Bbd nucleosomes, at dO
and d1 very little change in accessibility is see2-3 fold as compared to ~10 folds with d3)
at 30 second digestion biiaelll (Figure I1V.7B).

Taken together, these results clearly show thatidgaomain of H2A is essential for correct

remosomes formation thereby affecting nucleosomiilmation by SWI/SNF.
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Figure IV.7. The docking domain of H2A.Bbd is responsible for ammalous remodeling by
SWI/SNF (A) SWI/SNF remodeling reaction was performed on H@Bbd nucleosomes as
described in Figure 1V.6. Lanes 1-7 repreddatlll digestion of control H2A.ddBbd nucleosomes
(incubated in absence of ATP) at different timenpmi Similarly, lanes 8-14 represéidel Il digestion
of SWI/SNF remodeled nucleosomésaelll concentration is kept similar (5 unjiy as in Figure
IV.6. Times of digestion witlHaelll and the positions of the different dyads are iaigid. Free DNA,
in the same condition, was digested for 1 minuen@.15). B) Quantification of the data presented in
(A). Kinetic curves foHaelll accessibility are shown for unremodeled (in blaedl remodeled (in

red) nucleosomes.
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IV.2.7 RSC mediated remodeling is similar to SWI/SN on H2A.dockingdomain.Bbd

nucleosomes

Although SWI/SNF was not able to mobilize H2A.ddBfuatcleosomes, however, it was able
to induce structural perturbations in the nucleas®reeen clearly in the restriction enzyme
assay. The results of nucleosome sliding assays gtad RSC is more sensitive to defects in
the docking domain of H2A (Figure IV.5). This rais¢he question whether the initial
remodeling process by RSC is also affected by tlesects. To test this, we performed a
similar one pot restriction enzyme accessibilityseas H2A.ddBbd nucleosomes were
remodeled in presence of RSC and the accessibilitgmodeled nucleosomes was assayed
as described previously. Note that the activityR8C was normalized with SWI/SNF by
comparing its sliding activity on nucleosomes camtey conventional H2A. A representative
experiment is shown in figure 1V.8. It is clearlgen that the RSC action on H2A.ddBbd
nucleosomes gives rise to accessibility changesnéa#ly similar to that of SWI/SNF (Figure
IV.8A, compare lanes 1-7 to 8-14). The results warther confirmed when a quantitation of
the accessibility of unremodeled and RSC remodeledeosomes was performed (Figure.
IV.8B). Accessibility at different super helical dations of unremodeled H2A.ddBbd
nucleosomes was compared to RSC remodeled nuclegssaml16 minute time point of
Haelll digestion. A 2-3 fold increase in accessibilityd2d4 was seen, consistent with the
previous result of SWI/SNF mediated remodeling besé nucleosomes. As expected,
accessibility at dO does not change significarlgreover, no decrease in accessibility at d7
and d6 was observed, rather remodeling by RSCtseisul small increase of accessibility at
these super helical locations. We conclude thatfitbe step of nucleosome remodeling by
RSC is affected by a defective docking domain oAH2
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Figure IV.8. The docking domain of H2A.Bbd is responsible for ammalous remodeling by
SWI/SNF (A) RSC remodeling reaction was performed on H2A.dtlBbcleosomes as described in
Figure IV.6. RSC activity was normalized to SWI/SH§& described in the text. Lanes 1-7 represent
Haelll digestion of control H2A.ddBbd nucleosomes (indetdan absence of ATP) at different time
points. Similarly, lanes 8-14 represedtelll digestion of RSC remodeled nucleosomiselll
concentration was kept at 5 unitls/ Times of digestion withiHaelll and the positions of the different
dyads are indicated. Free DNA, in the same conmditiwas digested for 1 minute (Lane 1) (
Quantification ofHaelll accessibility of unremodeled and RSC remodeledensomes at 16 minute
time point from A). Light grey bars indicate unremodeled nucleosowtdte dark grey bars represent
remodeled H2A.ddBbd nucleosomes. Positions of ismedyads are denoted on x-axi€) Figure
11.4C, lower right panel, reproduced here for congmn of accessibility profile of remosomes (from
conventional nucleosomes) to that of remodeled H&8&bd nucleosomes.

V.3 Discussion

In the present work we have studied the role of H&#cking domain in nucleosome
mobilization mediated by SWI/SNF and RSC. Nucleosostiding assays using H2A C-
terminal deletion as well the H2A.ddBbd chimericoteins clearly demonstrated the
importance of H2A docking domain in this procesg(Fe IV.3, 4 and 5). It is important to
note that neither SWI/SNF binding nor ATPase attiig affected on H2A.Bbd nucleosomes
(Angelov et al., 2004). The results presented hatteer indicate towards an active structural
role of histone octamer in chromatin remodelingcess. SWI/SNF and RSC dependent

remodeling of conventional nucleosomes starts wittvrapping and/or pumping DNA from
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the linkers which is attached to the octamer fogrentypical remosome structure. This, in
turn, leads to decrease in the accessibility ofldyaand 6 and a concomitant increase in the
accessibility at nucleosomal dyad (see results @ndp&lll). The situation is, however,
completely different when the docking domain ised#iive, since no decrease is observed in
the SWI/SNF or RSC remodeled H2A.Bbd and H2A.ddBlodleosomes (in the case of
H2A.ddBbd nucleosome even a small increase in tteessibility of these dyads was
detected) as shown by our ‘one pot restriction ereassays’ (Figure IV.6, 7 and 8). This
suggests that the presence of a defective doclangach resulted in an inability to firmly
attach the pumped extranucleosomal DNA on the aataihe overall accessibility increase
at all the dyads in the SWI/SNF H2A.Bbd and H2A.ddBremodeled nucleosomes
evidences, however, that the remodeler is able ttongly perturb the histone-DNA
interactions in these particles. Our AFM resules also in agreement to that (Figure 1V.4B).
These results are consistent with previous observahat SWI/SNF is able to increase
accessibility of DNA on reconstituted (H3-H4)etramers arrays (Boyer et al.,, 2000)
indicating that the (H3-H4)tetramer is the minimal structural substrate fag fhist step

remodeling i.e unwrapping and pumping of extranomtenal DNA.

In our previous work (results chapter Il and lil}e have shown that nucleosome remodeling
on canonical nucleosomes is a two step processewigenosomes have been shown to be
essential intermediates in the nucleosome mohlizgirocess by SWI/SNF and RSC. Our
data, presented in this study, clearly demonstr#tes the formation is remosomes in
nucleosomes lacking a correct docking domain idtyfaand does not conform to typical
remosomes structure. We believe that due to tlissétond round of binding and ATPase
activity by SWI/SNF and RSC is non-productive andesl not lead to nucleosome

moblization.

We speculate that the inability of nucleosomes vathiefective domain to firmly attach
pumped DNA is due to a weakened H2A-H2B dimer a@i4), tetramer interface. Indeed,
structural perturbations as seen by DNase | footfipg (Figure IV.2) and decrease in
nucleosome sliding efficiency with RSC (Figure 1YvBere additive in nature and increased
with progressive deletion of C-terminal H2A. Thesmether with the observations that H2A
C-terminal truncations or incorporation of H2A.Blmdnucleosomes weakens the H2A-H2B
dimer and (H3-H4)tetramer interaction (Eickbush et al., 1988; Dogéeal., 2006b) strongly

suggest the role of H2A-H2B dimer in characteristi;mosome formation. On the other hand,
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the data presented here reinforces our proposedelmeldere remosomes are essential

intermediates during the nucleosome mobilizatiatess by SWI/SNF and RSC.

V.4 Experimental procedures

IV.4.1 Preparation of DNA probes

The 255 bp DNA probe was PCR amplified from pGEM&XL plasmid containing 601
positioning sequence in the middle (Kindly providedJ. Widom and B. Bartholomew). 5’
end labeling was performed by usitf§-labeled primer in the PCR. For ‘One Pot Restitti
enzyme Assay’ a set of eight pGEM-3Z-601.2 mutam&se used as a template, each
containing Haelll site at a different superhelit@tation, as described before (Wu et al.,
2004). Briefly, a 223 bp fragment was amplified®@R and 5’ end labeling was performed.
Labeling of the fragment was done as described e@bleer DNasel and OH° footprinting a
Notl restricted 601.1 fragment was 3’ labeled usingnkie enzyme with ¢-32P]CTPin the
presence of 50M dGTP. All the DNA fragments were purified on 6% tNe acrylamide gel
prior to use for nucleosome reconstitutions. 25%dg 601.1 DNA was amplified using PCR

for reconstitution of nucleosomes used in AFM ekpents.

IV.4.2 Proteins

pET3a, containing HA taggedenopus laevis H2A betweenNdel andBamHI sites was used
as the parent clone for contsruction of H2A C-teahdeletion mutants. ORFs corresponding
to HA-H2A A109,A97, A90 andA79 were PCR amplified and cloned irtidel andBamHI
digested pET3a vector (see supplementary methodwifaer details). H2A.ddBbd chimeric
protein was generated by primer overlap extensiethad (Constructed by Cecile Doyen).
All the recombinant proteins including full lengienopus laevis H2A, H2B, H3 and H4
were expressed in form of inclusion bodiesBncoli Strain BL21(DE3) and purified as
described (Luger et al., 1999). Yeast SWI/SNF arffiCRcomplexes were purified as
described (Cairns et al., 1996; Coté et al., 1994).

IV.4.3 Nucleosome reconstitutions

Nucleosome reconstitution was performed by the dialysis procedure (Mutskov et al.,
1998). Briefly, 2.4ug Chicken erythrocyte Carrier DNA (200 bp average)sand 100ng of
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either®*P- labelled 255 bp 60Not! restricted 601.1 fragment, or an equimolar mixfr&
different 223 bp 601.2 mutant DNA fragments (100wgfe mixed with equimolar amount of
histone octamer in Nucleosome Reconstitution BUlfRB) 2M NaCl, 10 mM Tris (pH 7.4),
1 mM EDTA, 5mMf3 MeEtOH. Reconstitutions with 255 bp unlabeled G®NA were also
performed in the same way. In case of nucleosormEnstitutions with H2A deletion mutant
or H2A.ddBbd proteins, H2A was replace by an equamamount of corresponding protein
in the histone octamer. All the nucleosome recturtgins were verified on 5% native PAGE
run with 0.25X TBE.

IV.4.4 DNasel and hydroxyl radical footprinting

150 fmol of nucleosomes, reconstituted ot digested 601 fragment, were digested with
DNasel in a volume of 7.al buffer (10 mM Tris pH 7.4, 2.5 mM Mggll mM DTT, 100
pg/ml BSA, 50 mM NacCl, 0.01% NP40) for 2.5 minuterabm temperature. Additionally 1
ug of plasmid DNA was added to the reaction mixtidBlasel conditons for H2A ani109
were 0.14, 0.2 and 0.3 units. For other nucleosddrs0.14 and 0.2 units of DNasel were
used. Reactions were stopped by adding dlI06f 0.1% SDS and 20 mM EDTA. Hydroxyl
radical footprinting was performed as described yg$a and Lee, 1997). DNA was
phenol:choloroform extracted, precipitated andenr8% denaturing PAGE. Gels were dried,

exposed and imaged on phosphorimager (Fuji-FLA5100)

IV.4.5 Nucleosome sliding assay

Nucleosome sliding reactions were performed whb imol of nucleosomes iremodeling
buffer (RB) 10 mM Tris pH 7.4, 5% glycerol, 1 mM TR, 2.5 mM MgC4, 1 mM DTT, 100
pug/ml BSA, 50 mM NacCl, 0.01% NP40) in a volume adb @l at 29° C. The SWI/SNF and
RSC units were defined as described before (Angelowal., 2006). Nucleosomes were
incubated with increasing amount of RSC or SWI/SF 45 minutes. Reactions were
arrested by addition of 0.01 units of apyarse. Reagroducts were resolved on 5% native
PAGE. Gels were run in 0.25X TBE at room tempertamd processed as described above.

Sliding efficiency of indicated nucleosomes werkegiated from quantitaion of gel scans.
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IV.4.6 AFM analysis

For the AFM imaging, the SWI/SNF or RSC remodelePAHidBbd nucleosomes were
immobilized onto APTES-mica surfaces as describeglipusly. Image acquisition and
analysis were done as described in chapter Il. @NAplexed length ({) and position4L)
distributions were constructed as described (Mcettel., 2007).

IV.4.7 One pot restriction assay

1 pmol of the H2A.Bbd or H2A.ddBbd nucleosomes omixture of 8 different 601.2
sequences (223 bp) were remodeled in presence OE8W or RSC in a volume of 42 in
0.4X restriction buffer (4mM Tris pH7.4, 0.4 mM DT%0 mM NacCl, 10Qg/ml BSA) at 29°
for 45 minutes . Only the remodeling reaction wagptemented with ImM rATP while in
control reaction no ATP was added. Amounts of SWKFSand RSC were scaled up
proportionally (14 units). Reactions were arredigchdding 0.07 units of apyrase and Haelll
was added to 5 unitgd/ Restriction digestion was allowed to procee@d&it for indicated time
points. Aliquots were taken and the reaction wapstd by addition of 0.1% SDS and 20
mM EDTA. DNA was extracted as described before @astlved on 8% denaturing gel. Gel
scans were quantified using Multi-Gauge (Fuji). Datere normalized to the amount of
radioactivity in each lane and % cleavage for eidh (or dyads) were calculated and plotted

against time of Haelll digestion.
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IV.4.8 Supplementary information for Chapter I, Il | and IV

Wild type 601.2 sequence in pGEM-3Z

CAGTGAATTGTAATACGACTCACTATAGGGCGAATTCGAGCTCGGTACCCARCATGCACA
GGATGTATATATCTGACACGTGCCTGGAGACTAGGGAGTAATCCCCTTGGGGTTAAAAC
GCGGGGGACAGCGCGTACGTTCGATCAAGCGGATCCAGAGCTTGCTACGEAATTGAG
CGGCCCCGGGACCAAGCTTCTGCAGGGCGCCCGCGTATAGGGTCCGGGETCTAGAG
TCGACCTGCAGGCATGCAAGCTTGAGTATTCTATAGTGTCACC

Representation of Haelll sites in the 601.2 seceensed for ‘one pot assay’

CAGTGAATTGTAATACGACTCACTATAGGGCGAATTCGAGCTCGGTACCCARCATGCACA

GGATGTATATATCTGACACGTGCCTGGAGACTAGGGAGTAATCCCCTTGGGGTTAAAAC

Dyad Dyad1l Dyad2 Dyad3 Dyad4 Dyad5
GGCOGGGACAGGCUGTACGTGGCCTCAAGCGGCACCAGAGGGCACTACGAGGCCITGAG
Dyad6 Dyad7

CGGCACCGGGAGGCOGCTTCTGGCCGGCGCCGGCCTATAGGGTCCGGGGATCCTCTAGAG

TCGACCTGCAGGCATGCAAGCTTGAGTATTCTATAGTGTCACC

Oligos for 282 bp fragment :

New_Trav_link_2% 5' CAGTGAATTGTAATACGACTC AC 3'
AT_Rev223: 5' GGTGACACTATAGAATACTCAAGC 3

Oligos for 223 bp fragment :

AT_For: CAGGATGTATATATCTGACAC

AT_Rev223: GGTGACACTATAGAATACTCAAGC

601.1WT (pGEM3Z-601):

CTATCCGACTGGCACCGGCAAGGTCGCTGTTCAATACATGCACAGGATGTRATATCTGA
CACGTGCCTGGAGACTAGGGAGTAATCCCCTTGGCGGTTAAAACGCGGGHEAGCGCG
TACGTGCGTTTAAGCGGTGCTAGAGCTTGCTACGACCAATTGAGCGGCCTCGGCACGES
ATTCTCCAGGGCGGCCGCGTATAGGGTCCATCACATAAGGGATGAACTCGIBSTGAAGA
ATCATGC

Oligoes for 255 bp fragment:

601-Eco: GCTCGGAATTCTATCCGACTGGCACCGGCAAG

601-Bst: GCATGATTCTTAAGACCGAGTTCATCCCTTATGTG

157



158



Chapter V: General conclusions and perspectives

The mechanism of ATP dependent nucleosome remadbls been a subject of numerous
studies over the last decade. The basic outcomehoimatin remodeling is structural
alterations in the nucleosome which facilitate asae factors involved in vital cell processes
like replication, transcription, recombination amépair. The act of remodeling on
nucleosomes results in at least 4 major outcomenugleosome sliding or movement of
hostone octamer along the DNA drs, (ii) removal of H2A-H2B dimers, (iii) nucleosome
ejection i.e complete displacement of the histoctaraer and (iv) replacement of H2A-H2B
dimers by a variant histone like H2A.Z containingmdr (Cairns, 2007). Moreover,
accessibility to factors can be generated throtigittsiral alteration in the DNA (nucleosome
remodeling) around the histone octamer (Fan et28l04; Narlikar et al., 2004). Various
models have been proposed for the nucleosome glibmge propagation model being the
currently favored model (Gangaraju and Bartholoni20@7). However, no direct evidence of
a bulge is presented. Moreover, the long standuestipn of generation of accessibility via
nucleosome sliding or remodeling still remainednsveered as the experimental approaches
used did not discriminate between a translatioeabsitioning of the histone octamer or

structural alterations.

The present study aimed at dissecting these idsuasing a combinatorial approach of high
resolution microscopy techniques and biochemicdhods. We have identified, isolated and
characterized novel intermediates of nucleosome®deling by RSC and SWI/SNF, two
well characterized chromatin remodelers from yeHsese intermediates, termed remosomes,
are peculiar structures which have distinct progsite. ~180-190 bp of DNA as compared to
147 bp in the canonical nucleosomes. An importeature of these particles was that despite
of extra DNA pumped in side the nucleosomes nostedional repositioning was observed
through our AFM experiments. Moreover, the EC-M raggh demonstrated that these
particles do not represent a single well definegcen but rather an ensemble of differently
altered structures. Using biochemical techniquesmeee able to fractionate the remosomes
as well as to visualize them by AFM. A very impaoitdeature of the remosomes was a
distinct accessibility profile where the nucleosbnNA was rendered accessible to a
restriction enzyme all along the surface of theawar. Further, we demonstrated that these

remosomes arebona-fide intermediates of nucleosomes sliding process. idlantification
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of remosomes has allowed us, for the first timegdemonstrate the process of nucleosomes
remodeling. Further, another major outcome of theysis the demonstration of the fact that
nucleosome sliding is not a non-interrupted on@ gt@®cess but rather an iterative process
going through the intermediary remosome generation.

We also addressed the issue of inference of nume®ssliding by incorporation of histone
variant H2A.Bbd in the nucleosomes. We demonstrateat a defective remosomes
generation is the reason for this interferencethifeurwe demonstrated that H2A docking
domain is essential for nucleosome sliding by R$@ 8WI/SNF through generation of
characteristic remosomes. This observation alsensedred our view that remosomes are

essential intermediates in the nucleosome slidioggss.

The identification of remosomes has raised manyomapt questions. Are remosomes the
structures responsible for the observed outcomesl8f dependent nucleosomes remodeling
like H2A-H2B dimer loss, exchange or whole octaragrction? The biochemical evidence
provided in our study strongly suggests that theraction between the octamer and the DNA
are highly perturbed. It is known that the tightapping of DNA is responsible for stabilizing
the octamer and DNA interaction ((Luger et al., 3;9Bao0 et al., 2004)). Further analysis of
stability of these particles would allow us to gdwr this issue. Moreovem vivo, these
outcomes could be mediated through involvementistbhe chaperones which could either
destabilize or replace the H2A-H2B dimer with aiaat histone containing dimer (Heo et al.,
2008; Belotserkovskaya et al., 2003; Mizuguchilet2004). Indeed, there is evidence that
histone chaperones like Asf-1 can destabilize msdmes though interaction with H3-H4
tetramersin vivo andin vitro (English et al., 2006; Natsume et al., 2007; Sdhsvaand
Struhl, 2006; and Korber et al., 2006). Furthepefeling upon the temporal availability of
specific histones variants, histone exchange cbaldacilitated by generation of remosomes
owing to their highly perturbed structure. We wolike to test these hypotheses using
purified remosomes and testing them as the soufc@istone related transactions in

nucleosomes.

Generation of accessibility to factors without stational repositioning raises an attractive
possibility in vivo scenario where generation of remosomes could helpvercoming
nucleosome collision which is expected if nucleosostiding is considered as the major

outcome of ATP dependent remodeling by RSC and SMHA/ Furthermore, since no
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translational repositioning is required for generatof remosomes, it could help in
maintaining the positional memory for the nucleossmwhile still allowing factor access to

nucleosomal DNA.

Probably, the most interesting property of remosonobserved here is the random
distribution of accessibility. This feature can bspecially important for repair of DNA
lesions encountered due to ionizing radiationsearctive oxygen species generated through
the cell metabolism itself which are random in matut is established that organization of
DNA into nucleosomes poses a strong barrier toetlpgecesses (Menoni et al., 2007). The
inherent random distribution of factor accessipilif remosomes could help in overcoming
this problem and possibly represent a major wapA repairin vivo. One may imagine
that stochastic generation of remosomes is a nagestep for initiating global genome repair
(GBR) by facilitating the initial recognition andinbing of DNA glycosylases, the first
enzymes in base excision repair. We plan, at léastthe moment, to study the role

remosomes in repair by a seriesrofitro experiments.

In addition, we will also study how transcriptioactors can invade the nucleosome. The
expectation is that within the remosomes, in catti@conventional nucleosomes, the histone
octamer would become “invisible” for transcriptidactors, i.e. the transcription factors
would be able to invade the remosome with affingyy similar to that of naked DNA. If this

Is the case, the generation of remosomes wouldkeg &ctor in transcriptional regulation.

Are remosomes also formed upon nucleosome remadbelirother remodelers, belonging to
the three other families, different from that of BSWF family? If yes, what are their
structures? Are they different or very close tosth@f the SWI/SNF and RSC generated
remosomes? Do histone chaperones or other proteihs co-remodeling activity affect

remosome formation? If yes, how do they do this?

The discovery of remosomes has presented a mdta@iduestion of which only a part were

enumerated above. Addressing these questions remaimallenge for future studies.
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