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RESUME DE LA THESE

(Interaction entre H1 et le nucléosome: cartog@phihaute
résolution et organisation tri-dimentionnelle dungexe)

La composition et I'organisation de base du nudéus ont été établies depuis déja
guelques décades (1). La structure de la partswleceur nucléosomal (NCP) a été résolue a
I'échelle atomique par diffraction aux rayons X (3). Cependant, le méme type
d’'information concernant la structure compléte dicléosome, c'est-a-dire la particule du
cceur (NCP) contenant de ’ADN de liaison (linkessaciée avec I'histone de liaison, n’est
pas disponible. Les nombreux efforts investis deglils de trente ans pour comprendre le
mode d’association de I'histone de liaison avedIM nucléosomal n’ont pas abouti et les

données reportées restent controversées.

Dans ce travail, nous avons étudié en détailsefaction de I'histone H1 avec 'ADN
nucléosomal afin de comprendre comment cette ictieraconduit a I'organisation en fibre
nucléosomale. Nous avons pu résoudre ce problensgeerarpar I'utilisation de: (i)
lincorporation de H1 par une chaperonne d’histoplysiologique, NAP-1, (i) la
reconstitution de nucléosomes parfaitement homagéne une matrice d’ADN contenant la
séquence 601 fortement positionnante, (iii) une hkiomison de cryo-microscopie
électronique (EC-M) et de technique d’empreinte eadicaux OH°, (iv) une modélisation
meécanique du polymere ADN de type « coarse-graMotte « cartographie » par empreinte
OH° de résolution d’un nucléotide montre que le doma globulaire de H1 (GH1) interagit a
travers le petit sillon avec des « patch » d’ADN1depb de part et d’autre de la dyade du
nucléosome. De plus, GH1 organise environ un toélide d’ADN de chaque ADN de
liaison du nucléosome. En méme temps, une suité algdes aminés (120-127) de la partie

COOH-terminale est requise pour la formation detdacture en tige de I'’ADN de liaison.

En utilisant les données expérimentales, nous avomstruit un modéle 3D qui
explique comment les différents domaines de Hlragissent avec I'DN nucleosomal et qui
prédit la structuration spécifique en tige de 'AM liaison. Dans ce modele, la structure du
GH1 est assez large pour occuper I'espace entdi@N'Al'entré-sortie et d'interagir avec
environs 10 pb de chaque linker et avec 'ADN nastemal a la dyade. L’association de la
partie C-terminale de H1, en méme temps que du GHiince » efficacement les linkers
entrant-sortants de maniére a les assembler ectwsgude tige. Environ 20-30 pb des deux

linkers s’associent entre eux a I'extérieure du Ni@Rs une tige superhélicale a 2 débuts avec
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une légere courbure de 100-120 pb. Il est a natera modéle exige I'existence de trois
points de contact de GH1 avec 'ADN nucléosomahadd’une orientation spécifique des
linkers. Selon ce modéle, si I'orientation des ADds liaison dans la particule de cceur du
nucléosome est perturbée ceci aurait affecté Idason de H1 avec le nucleosome et abolie

la possibilité de formation de la structure en.tige

L’incorporation de I'histone variant H2A.Bbd au sedu nucléosome conduit a
I'altération de sa structure. Nos images d’AFM (Mg&copie a Force Atomique) et de EC-M
montrent une grande flexibilité de la structurelaeparticule variante H2A.Bbd, ou I'angle
d’entré-sortie de I’ADN est d’environ 180° (confaation paralléle) par opposition a la forme
«V » des nucléosomes conventionnels. La raisowcetiee déformation de structure réside

dans I'existence du domaine d’accrochage (dockinggfectueux ».

Dans ce travail, nous avons caractérisé les ptégriructurales et fonctionnelles du
nucléosome contenant un autre variant d’histondadiamille de H2A, H2AL2, qui par
analogie a H2A.Bbd présente un domaine d’accrockadgfectueux ». Les trinucléosomes,
reconstitués avec H2AL2, présentent une structaergyge « collier de perles » tres similaires
a celle des trinucleosomes H2A.Bbd. De plus, namées biochimiques et microscopiques
démontrent, en accord avec le modele, que [l'histblie est incapable de s’associer
correctement avec ces deux nucléosomes variane dbrther la structure en tige. Des
expeériences avec des histones chiméres contersrdolmaines d’accrochage variants et
conventionnels intervertis ont montré que la caestea nouveau le domaine d’accrochage
« défectueux » qui contribue a I'ouverture du nastéme et I'impossibilité d’accommoder et

retenir '’histone H1.
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SUMMARY OF THE THESIS

The composition and the basic organization of thdeosomes were established since
few decades (1). The structure of the nucleosowra particle (NCP) was solved with nearly
atomic precision by X-ray diffraction (2, 3). Howasy the same type of information for the
structure of a complete nucleosome, i.e. the NChadwing linker DNA with associated
linker histone, is not available. The numerous rgfginvested since more than 30 years) to
understand the mode of association of the linkstohe with the nucleosomal DNA have not
led to a successful outcome and the reported data & controversial character.

In this work we have been able to dissect how histédl interacts with the
nucleosomal DNA and to understand how this intevadeads to the spatial organization of
the nucleosomal templates. We have solved this-staged problem in the field thanks to the
use of: (i) physiologically relevant linker histormbaperone NAP-1 assisted deposition of
histone H1, (ii) 601 DNA sequence for reconstitntad strongly positioned nucleosomes, (iii)
a combination of electron cryo-microscopy with Offfotprinting techniques and, (iv)
Coarse-grain DNA mechanics. The one base pairugsol mapping by OH® footprinting
showed that the globular domain of histone H1 (GHigracts, through the minor grove of
DNA, with 10 bp localized symmetrically to the necsomal dyad. In addition, GH1
organizes] one helical turn of DNA from each linker of thealeosome. A row of seven
aminoacids (120-127) of the COOH-terminus of histétl was required for the formation of
the stem structure of the linker.

A 3D molecular model, based on these data and ea@gesn DNA mechanics, was
constructed. The model explains how the differaamhdins of H1 interact with nucleosomal
DNA and predicts a specific H1-mediated stem stmgcof the linker DNA. In this model, the
GHZ1 structure was large enough to fill the spadesden the exiting and entering DNA and to
simultaneously interact withllO bp of each linker DNA as well as with the nuskemal
dyad. The binding C-terminus of H1 together witk thinding of GH1 efficiently "clamped"
the exiting and entering linkers and resulted e ftirmation of the stem structure. Within the
stem, the linkers come together aldip-30 bases outside the core particle, slightlyiogr
into a two-start superhelical stem with a largetpibf around 100-120 bp. Note that the model
requires three contacts of GH1 with nucleosomal Dl thus, a specific orientation of the
linkers. According to the model, if the orientati@h the linkers in the core particle is
perturbed, this should affect the binding of Hithe nucleosome and would not allow the

formation of a stem.
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The incorporation of the histone variant H2A.Bbdhin the nucleosome resulted in
alteration of its structure. AFM and EC-M image®wha highly flexible structure of the
H2A.Bbd variant particles where the entry/exit DK&Am ~ 180° angle (the linkers are close
to parallel) in contrast to the V shape in the @riional nucleosomes. The defective docking
domain of H2A.Bbd appeared to be responsible fer ditered structure of the H2A.Bbd
particles. In this work we have characterized ttractural and functional properties of a
nucleosome, containing H2AL2, another variant o t2A family, which, as H2A.Bbd,
exhibited a defective docking domain. H2AL2 recdogtd trinucleosomes had a type of a
“beads on a string” structure very similar to tbhH2A.Bbd ones. Our biochemical and EC-
M data demonstrate, in agreement with the modeli thstone H1 was unable to bind
properly to the variant nucleosomes and to genemastem structure. Experiments with
swapped docking domains of conventional histone H2# the variant histone H2A.Bbd

showed that this is determined by the "defectiveCkihg domain of the these H2A histone

variants.
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CHAPITRE I: CHAPITRE D'INTRODUCTION

Le chapitre est dédié a la présentation de ladiiiée sur les propriétés structurales et
biologiques de la chromatine. Y sont inclus damsdfe chronologique les découvertes
essentielles dans le domaine. Une attention pééieuest portée aux aspects structuraux de
la chromatine, plus précisément, comment la moédiADN, d’'une longueur de quelques
metres, est repliée dans le noyau de la celluldirdension de quelques microns. Les histones
de liaison jouent un réle essentiel dans la casamleepliements de la chromatine, et
déterminent la structure de I'ordre supérieur deteacture. Les histones de liaison ont une
structure particuliere qui contienne un domainéuglaire central, tres conservé, et une partie
N-terminale courte et C-terminale longue de contmss d’'acides aminés variables. Malgré
le réle clé de I'histone de liaison H1 dans la dyitpue de la chromatine, son localisation et
interaction avec le nucléosome sont encore desssigecontroverse. En effet, I'existence de
plusieurs modeles alternatifs montre I'ambiguité silijet. Les cellules ont développé trois
stratégies majeures pour « ouvrir » la chromatiopactée pour que des processus vitaux
pour la cellule puissent s’accomplir. Ce sont lenodelage de la chromatine par des
complexes protéiques dépendants de I'ATP, l'inctapon d’histones variant et les

modifications post-translationnelles des histones.
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CHAPTER I: INTRODUCTION

| .1 Chromatin introduction

The basic thread of life in eukaryotes, contairtimg genetic information, is a complex
of DNA and protein called chromatin housed insite nucleus of the cell. The word has been
derived from the Greek "khroma" meaning colored &uima" meaning body, based on its
stainability with basic dyes (4). Chromatin must dmmpact enough to accommodate two
meters of DNA (6 x 13bp) in a micron sized (5-10um) nucleus and at #meestime must be
rapidly accessible to permit its interaction wittoggein machineries that regulate the functions
of chromatin: replication, transcription, repairdarecombination. The dynamic organization

of chromatin structure thereby influences, potdigtiall functions of the genome.

| .2 Chromatin history

The history of chromatin (Figure 1) can be saidbt&gin in 1880 with the W.
Flemming (4, 5), who has suggested the name ‘chiomén 1871, while developing the
methods for the isolation of nuclei from pus leuwkes, Miescher reported a strong
phosphorus rich acid, which he called nuclein (&er he performed additional experiments
on sperm heads of the Rhine salmon and fractionatdégsic component that he called
protamine and an acidic component that was higiniylar to the nuclein. In 1884 Albrecht
Kossel (7), who continued the work of Miesher inHeppe-Seyler laboratory, described the
‘histone’ in acidic extracts from avian erythrocytaclei. In the beginning, Miesher's work
was overshadowed by the more hyped discovery oétgerules by Austrian monk Gregor
Mendel and the theory of evolution by British stisinCharles Darwin. This period continued
and more progress was done in the field of genetitsl900 Mendelian principles were
rediscovered by H. de Vries (8), followed by theelepment of gene theory and principles of
linkage in 1910 by T. H. Morgan (9). Another bighavement in the field was made by
Franklin Griffith in 1928 (9) while describing thgrinciple of transformation which lead
Oswald Avery, Colin Macleod and Maclyn McCarty 844 (10) to demonstrate DNA as the
molecule responsible for the process.

Discovery of polytene chromosomesDnosophila and gene localization studies by E.
Heitz and H. Bauer (1933), T. Painter (1933) andB@dges (1935) (9) inspired D. Mazia
(11) to use proteases and nucleases to study ryatilend polytene chromosomes and plant

chromosome. Nucleases particularly revolutioniZesl gtudy in chromatin field. It was then
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the April 1953 issue of Nature journal which pubkd three papers describing the famous
structure of DNA double helix by Watson & Crick §1&Vilkins, Stokes & Wilson (13) and
Franklin and Gosling (14) .

Using biophysical approach to study the chromdtincsure was made possible by the
studies of G. Zubay's laboratory in 1959 (15) wihieey were able to prepare the soluble
chromatin. In the meanwhile, histone proteins weaetionated by the group of E. Johns (16-
18).

Electron micrography was introduced in the chromééld in 1970 by H. Davies (19)
who has observed chromatin threads of 30nm in tieken erythrocyte nuclei. Such fibers
were seen subsequently in purified chromatin pegars by the group of Klug, A in 1976
(20). ‘Beads on the thread’ were visualized by imdependent groups: Olins and Olins in
1974 (21), who named them as v (nu) bodies, and=FCWoodcock 1976 (22).

In 1974 R. Kornberg, in collaboration with J. Than@3) postulated a model of
chromatin structure describing it a repeat of ~B@8e pairs of DNA in complex with core
histone octamer, which in itself is made up of atblie H3-H4 tetramer and two H2A-H2B
dimers. This chromatin subunit was named as ‘Ndew’ by P. Chambon in 1975 (24).
Linker histones were reported to link the nucleosawore particles in chromatin (23, 25). The
organization of DNA and histones in nucleosome wasie out by X-ray crystallographic
studies of the histone octamer and the core parbgl the groups of Moudrianakis, E.N
(1991) (26) and Richmond, T.J (1997) (2), respetyivHowever, there have been many
controversial reports about the precise locatiotinker histones in chromatin (27, 28). This
will be discussed in detall, in the later chapt&rthis thesis.

In vitro studies of chromatin fiber have led to two maindele of the higher order
chromatin structure, namely zigzag model (29-32) swienoid model (33, 34). Despite many
refined and compelling studies, the structure @& 89-nm chromatin fiber remains open

guestion.
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Figure 1: Diagram representing the hallmarks in thehistory of chromatin studies.

| .2.1 Nobel Prize related to chromatin

Owing to their commendable and unprecedented ¢anioin to the field of chromatin,

many scientists were conferred the prestigious NBbee (Table 1).

7

o=

=

of

Year Who Award

1910| Albrecht Kossel (University of Nobel Prize in Physiology or Medicine "in
Heidelberg) recognition of the contributions to our

knowledge of cell chemistry made through
his work on proteins, including the nuclei
substances"

1933| Thomas Hunt Morgan (California | Nobel Prize in Physiology or Medicine "fg
Institute of Technology) his discoveries concerning the role playe

by the chromosome in heredity"

1962 | Francis Crick, James Watson and | Nobel Prize in Physiology or Medicine "fg
Maurice Wilkins (MRC Laboratory | their discoveries concerning the molecular
of Molecular Biology, Harvard structure of nucleic acids and its
University and London University | significance for information transfer in
respectively) living material"

1982 | Aaron Klug (MRC Laboratory of Nobel Prize in Chemistry "for his
Molecular Biology) development of crystallographic electron

microscopy and his structural elucidation
biologically important nucleic acid-protein
complexes"

1993 Roberts and Sharp Nobel Prize in Physiology "feirth

independent discoveries of split genes"

2006 | Roger Kornberg (Stanford Nobel Prize in Chemistry "for his studies
University) the molecular basis of eukaryotic

transcription”
Table 1: Showing Noble prizes awarded related to cmatin
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| .3 Chromatin structure

Chromatin exhibits a repeating structure. The baspkating unit of chromatin,
termed the nucleosome, is formed upon wrappingvofduperhelical turns of DNA around an
octamer of core histones (two of each H2A, H2B, &8l H4). This structure provides the
first level of compaction of DNA into the nucleusnterconnected by linker DNA,
nucleosomes form 10 nm "beads-on-a-string" filameypon addition of linker histones, the
"beads-on-a-string” structure coils, in turn, irto30 nm diameter structure known as the
30nm fiber. Chromatin is organized into functiortafritories (35) within an interphase
nucleus. Long range fiber-fiber interactions figaltompact the chromatin to highly

condensed metaphase chromosome (Figure 2).

Linker histones

Long Range
: Fiber-Fiber
N Inferactions

Stably foldedg\
chromatin fiber

Shoit Range
Internuicleosomal

Maximally folded \\ Interactions

nucleosomal array

Moderately Foldeél__\_

Extended N{ucleosomal
Array 31 T

B

Figure 2: Organization of eukaryotic chromatin fibers. The fundamental unit of chromatin is
defined as nucleosome that forms the “beads-on-arstg” chromatin structure.
Internucleosomal interactions, linker histones andnon-histone proteins mediate the further
condensation of chromatin into 30nm fibers and higar order structures. Adapted from (36)

Structurally and functionally chromosome has begidéed into two distinct domains.
Chromosomal regions that do not undergo postmitdgcondensation were termed as
heterochromatin by the German botanist Emil Heit1®28, whereas fractions of the
chromosome that decondense and spread out diffirsétg interphase nucleus were referred

to as euchromatin (37).
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| .3.1 DNA

In most living organisms (except for some virusgenetic information is stored and
transferred from a parent to its offspring by thelenule deoxyribose nucleic acid, called
DNA for short. Regions of DNA which have the infation encoded for giving rise to
diffusible products (protein or RNA) are called t@enes. The process of transmitting the
information from DNA to form protein via RNA is datl central dogma of molecular biology.
The proteins that are produced have functionabrimigust about every aspect of a living cell.
Some proteins play a structural role and othervesers enzymes that regulate many
biochemical pathways (anabolic and catabolic)vim§ organisms.

DNA molecule has a right handed double-strandeitddettructure in which the two
strands run opposite and intertwined to each dtt&y. Each helix is a polymer of four basic
nucleotides. The polymer backbone is composed ef atternating sugar (deoxyribose)-
phosphate units, attached to which are four tygdseterocyclic nitrogenous bases namely
Adenine, Thymine, Guanine and Cytosine, which hbé&ltwo strands together. Adenine from
one strand forms two hydrogen bonds with Thymimenfthe other stand, while as Guanine
forms three hydrogen bonds with the Cytosine frove dpposite strand. The DNA double
helix also has two different-sized "grooves": a engjroove and a minor groove (Figure 3).
These grooves are binding sites for a wide varatynolecules that affect DNA at the
molecular level such as proteins that control slueittions as gene expression, regulation,
replication and transcription. DNA double helicausture has been classified into three types
namely B-DNA, A-DNA and Z-DNA. B-DNA is the most abdant form of DNA commonly
found under physiological conditions in a cell.this structure, the helix makes a turn every
3.4 nm, and the distance between two neighborirsg Ipairs is 0.34 nm. Hence, there are
about 10 pairs per turn. In a solution with higbait concentrations or with alcohol added, the
DNA structure may change to an A form, which ifl sight-handed, but every 2.3 nm makes
a turn and there are 11 base pairs per turn. A-Ddifks are present under some biological
conditions that are not yet well understood. AnotB®A structure is called the Z form,
because its bases seem to zigzag. Z-DNA is leftkbe and also narrower than the other two
types of DNA. One turn spans 4.6 nm, comprisingo&®e pairs. The DNA molecule with
alternating G-C sequences in alcohol or high s@lit®n tends to have such structure. Z-

DNA has been found in synthetic short segmentsNAD
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Figure 3: A cartoon of DNA double helix showing DNAmajor and minor groove.

| .3.2 Nucleosome

Historically, the periodic nature of chromatin watentified by biochemical and
electron microscopic studies. The partial digestbohromatin, isolated from rat liver nuclei,
generated fragments of 180-200 base pairs in lewbtbh were resolved by electrophoretic
migration (38, 39). This regularity of chromatimustture was later confirmed by electron
microscope analysis that revealed chromatin asladguspaced particles or "beads on a
string” (21, 24). In parallel, chemical cross-lingi analysis permitted the precise
determination of the stoichiometry of DNA and hrste in the nucleosome to be 1/1 based on
their mass (23). Together these observations ldde@roposition that the nucleosome was
the fundamental unit of chromatin. Pierre Chambtabsratory was the first to use the term
"nucleosome” (24).

Nucleosome is the basic repeating unit of the clatomcomposed of a core particle
and a linker region (or inter-nucleosomal regidr@ttjoins adjacent core particles. The length
of the linker region, however, varies between sggeaind cell type. Therefore, the total length
of DNA in the nucleosome can vary with species frb8® to 241 base pairs (40-44). Two
copies of each of histone protein H2A, H2B, H3 &ittlare assembled into an octamer that
has 146-147 bp of DNA wrapped in 1.65 left-handeples helical turns around it to form a
nucleosome core particle (NCP) (26). A completéohis octamer is composed of a central
(H3-H4), tetramer flanked by two H2A-H2B dimers. The fowre histones are small basic
proteins (11 to 16 kDa), which are highly consertteaugh evolution. Histones induce the

structural bending in the major and minor grooveBMNA in a way to compress and narrow
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them down when they face the octamer and expandoties facing outside (45). The
nucleosome is stabilized by histone-DNA interaddievhich occur about once every 10 base
pairs, resulting in impressive distortion of the MKelix, and the final structure is stabilized
by 116 direct histone-DNA and 358 water-bridgeddris-DNA stabilizing interactions (46).
The connections between DNA and histones are maiohtspecific and include non-polar
interactions with the pentose groups in the DNAJrogen bonds to the phosphate groups of
DNA, and electrostatic interactions between theitpedy charged aminogroups of the
histones and the negatively charged DNA phospletkldone (47).

The association of one molecule of linker historfewlth the NCP yields 167 bp of
DNA and thus protects approximately 20 bp of DNAnfr micrococcal digestion. This
structure was originally termed the chromatoson®. (Mucleosomes are connected with one
another to form what are called nucleosomal aralyieh further fold into less understood
30nm fiber and higher order chromatin structures.

The function of the nucleosome is paradoxical, maam it to play two opposite roles
simultaneously. On one hand, nucleosomes musiabéesforming tight, sheltering structures
that compact the DNA and protect it from harm. @a tther hand, nucleosomes must be
labile enough to allow the information in the DNA be used. Chromatin modification
enzymes must be allowed access to the DNA for fonstlike replication, repair and
transcription. The method by which nucleosomes esdhese opposed needs is not well

understood, but may involve a partial unfoldinghe DNA from around the nucleosome.

| .3.2.1 Nucleosome core particle

The nucleosome core particle (Figure 4) is the tatljgable substructure of the
canonical nucleosome (49), defined by the DNA mtte@ pattern of histone octamer in
nuclease digestion of chromatin. The 205 kDa NORains two copies of each core histones
H2A, H2B, H3 and H4 and 146 base pairs of DNA wepn about 1.65 superhelical turns
around the histone core. Neutron scattering (5@) law resolution X-ray crystallographic
studies (7A) (51-53) demonstrated the disc shapeetddCP. However the more fine and high
resolution structural details were possible onlierathe solution of 3.1A structure of the
histone core of the nucleosome (26) and 2.8 A stracof NCP (2), using 146bp X
chromosomea-satellite palindromic DNA and heavy atom labelestambinant histone
proteins. A refined structure of NCP using 146ubgatellite palindromic DNA and native
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Figure 4: Nucleosome core particle: ribbon traces dr the 146-bp DNA phosphodiester
backbones (brown and turquoise) and eight histonerptein main chains (blue: H3; green: H4;
yellow: H2A; red: H2B. The views are down the DNA sperhelix axis for the left particle and
perpendicular to it for the right particle. For both particles, the pseudo-twofold axis is aligned
vertically with the DNA centre at the top. Image adpted from (54)

chicken histone octamer cores demonstrated therasymes in the nucleosome core particle
at 2.5 A resolution (49).

The histone octamer looks like a tripartite assgmbhen looking straight into the
dyad axis, with a central V-shaped (H3-H#tramer flanked by two flattened balls, the H2A-
H2B dimers. The octamer surface has several gramvesidges, which are set to incorporate
the left handed superhelix of the DNA double helndividual core histones of the octamer
share a common feature of having a symmetricalplidated (evolutionary) helix-turn-helix
motif called ‘histone fold’ motif (Figure 5A), coissing of three helices: a short helix on the
N-terminal side of the symmetry center of the fGNH), the long median helix (mH) and a
short helix on the C-terminal side (CH). The hedieee joined by loop NL between the NH
helix and the mH helix, and loop CL between the iaedelix and the CH helix. Histone
folds mediate histone-histone as well as histonékiferactions and account directly for the
organization of 147 bp DNA, each fold pair assoegtvith 27-28 bp DNA primarily binding

to the phosphodiester backbone as they face theipro
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Histones assemble in pairs of heterodimers, in vthe two monomers are intimately
associated in a head-to-tail manner in a so cdladdshake motif' (2, 26) and are stabilized
largely through hydrophobic interactions. The sheriminal helices are folded back and
rotated over the median helix, which lead to intgtdtion of the terminal helices and
overlapping of the central helices (Figure 5B). isTkype of structure is stabilized by
extensive hydrophobic interactions between theckgliAlso there are some other interactions
within the heterodimers, which lead to the formatimf f bridges between the CL loop of
H2A and the NL loop of H2B and between the ClLpad H3 and the NL loop of H4. These
bridges form the primary DNA docking sites on th&tdne surface.

Figure 5: Showing the structure of the histone foldnotif of H3 (A), H3-H4 heterodimer showing
the two histones interdigitated in a handshake mati(B) Image adapted from (49)

Long median and C-terminal side helices of two K81 two H3-H4 dimers interact
to form a four-helix bundle, which assists the fation of heterotetramer (H3-H4)The
tetramer shape resembles a twisted open horsezhd@, (55) and determines the nucleosome
positioning. Tetramer exists as soluble compleghatsiological ionic strength solutions and
interacts more strongly to the DNA than the H2A-H@iBher. To complete the octamer two
H2A-H2B dimers bind to the two opposite sides @& tbtramer to form the tripartite structure.

Histones also have a highly basic unstructured est@mrminal domain (‘tail’), which
extends from the surface of the nucleosome (56, H¥9se histone tails are targets for post-
translational modifications, and are important fogher order chromatin structure. These
tails, pass through DNA gyres, assume definite @onétion once bound to DNA and are

reported to be involved in interparticle and linkKeYA interactions (58).
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Histone octamer construction favors the placeménhe arginine side chains of the
core histones at the places which can fit in theomgrooves of the B-DNA to form a left-

handed superhelical ramp with the minor groovesegpanore or less evenly along the ramp.

| .4 Linker histone

Linker histones are the arginine rich, highly dsegroup of histones which lack the
proper histone fold domain unlike the other cortdnes. They bind to linker DNA between
the NCPs and help to compact and stabilize theenighder chromatin structure. They are
constituted of a particular three domain structuae: unstructured N-terminus, relatively
conserved central globular winged-helix domain andinfolded lysine rich C-terminus (59).
The linker histone family is highly diverse with least 11 tissue, stage and species-specific
variants (60-62), which differ in molecular weightamino acid sequence,
biochemical/biophysical and immunochemical progsr{63).

The Linker histone function was studied by sevgraups. Fan and coworkers have
systematically deleted linker-histone genes in re@mbryonic stem cells and generated mice
null for H1°, Hla, H1lc, H1d, Hle, or H1t, as wedl several double mutants of H1 variants.
Surprisingly, mice lacking any one of these subsypevelop normally (64-66), whereas the
disruption of multiple H1 isoforms leads to enmdmmic lethality. These results suggest that
the lack of a phenotype in single null mice is tmeompensation by the remaining subtypes.
Careful examination, however, revealed only limifadctional redundancy of the variants,
since the knockouts of histone H1d (H1.3) or H1&.M) affected age dependent regulation of
globin expression (67).

Tetrahymena thermophila has a single linker histone and the Knockout histbil
strains grow at normal rates (68, 69) and reach-meanal cell densities, arguing that H1 in
this organism is not essential for cell survivabwever, it is believed thatetrahymena
histone H1 is not the real linker histone as iktaa globular domain in its structure. On the
contrary yeas$accharomyces cerevisiae has a linker histone, Hholp, (70) which contains tw
globular domains, without N and C terminal tailheTHholp knockout cell line is viable,
although there are detectable alterations in gegalation. A recent report has also shown
Hholp essential for chromatin compaction in staigrphase of yeast cell cycle (71). Other
studies suggest that the linker histone subtypag @ifferential roles in the control of gene
expression (67). Apart from being the main archited protein of the chromatin and

maintaining the chromatin structure, linker histddg has been reported to regulate core
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histone acetylationn vivo (72) and some variants of H1 induce chromatin €0 in a
tissue specific manner (73). Recently, Konishi Argdcolleagues demonstrated a role for the
linker histone H1c or H1.2 in triggering apoptasisesponse to DNA damage (74).

| .4.1 Location of Globular domain on nucleosome

The central conserved winged-helix globular dom@sD) of the linker histone
appeared to be internally located in the 30 nm mlaten fiber (75, 76), but its exact position
within the nucleosome remains the major controvemsthe available data (for review see
(77-81). Several models have been postulated ipalse 30 years (Figure 6) to explain exact
location of globular domain on either native oraestituted nucleosomal substrate. The very
first model was postulated by Allan in 1980 (82)@rding to which GD binds 10bps

Figure 6: Different models of Globular domain locaization on the nucleosome A. Symmetrical
model (83), B. Bridging model (84) and C. Unsymmeital model of (85).

entering and 10bps exiting DNA (linker DNA) of timeicleosome in such a way that it is
placed at nearly dyad axis in a symmetrical maniibe model was validated by the GD
specific DNase | footprint on nucleosomal dyad (8@)is view was however challenged by
the asymmetrical GD binding model of An W. andeagues (87), which proposed that GD
protects 20bp of either entering or exiting DNA.ispattern, in turn, probably can lead to
directionality or polarity of the chromatin fibefFhe polarity of H1 binding to nucleosome
may be due to the presence of certain marker segqaefound at one end of bulk
chromatosomes (88) or due to a conformational chamghe NCP (89).
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Another study utilized the nucleosome positionieguence 5S RNA fronXenopus
borealis and cross-linked the nucleosomal DNA to the GHS8 @noposed a still much
debated model for GH5 binding. According to thedings of this group the GD binds
asymmetrically to the nucleosome inside the gyfd3MA at a distance of165 bp from the
dyad (90) and protects 15bp of DNA from one side Biop from other side of NCP (85). This
model was objected by the “bridging model” of Zhewual. (84), according to which GH5
interacts with the dyad and with only one (eithee exiting or entering) of the free DNA
arms. This model was supported by the findingsnofivo photobleacing experiments and
subsequent modeling (28). Fluorescence recovergr géhotobleaching (FRAP) studies
suggested the presence of only two DNA bindingssiteglobular domain. One of the two
binding sites fit within major groove close to tthgad axis and the other within minor groove
on the linker DNA in proximity of the NCP (28).

Recently Fan & Roberts (91) described the thredibgsite model for GH5 binding
using the exhaustive rigid molecular docking progsgnote that no experimental data were
presented in (89)). This model favors the symroatibinding model for GHS5, in which one
of the three binding sites contact the nucleosomeha dyad and two others bind
symmetrically to the entering and exiting linker B Figure 7).

Several reasons could explain the controversiatacher of the reported data. The
abovein vitro studies used salt dialysis to deposit histonedtheé nucleosomes. This would
lead to improper assembly of histone H1 (92). Iditwh, the reconstitution on 5S DNA
would result in the formation of nucleosomes exinli several translational positioning,
which, in turn, would interfere with the mapping lmstone H1l:nucleosomal DNA contacts
(93). Thein vivo photobleaching studies could be viewed as indieator the mapping of
H1:nucleosomal DNA interactions, as they providdirect information .
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A | 4

Figure 7: GH5 docked to the nucleosome. (A) Differd possibilities to dock GH5 on the
nucleosome, which include dockings far from the ndeosome dyad axis, near the dyad axis but
contacting only one arm and over the dyad axis. (B)lucleosome model with one DNA arm bent
(orange). The 1,000 top-ranked GH5 solutions are ooentrated over the dyad axis. (C) Lys-85
lies in the DNA minor groove at the dyad axis in 20f the 30 top-ranked solutions or slightly to
one side of the phosphate backbone at the dyad ax{®) Interactions of GH5 side chains with
the nucleosome. The top-ranked GH5 solution has Ly89, Arg-73, and Arg-74 (blue) from helix
H3, site |, contacting one arm, with His-25 and Hi$2 (lavender) and Ser-29 and Ser-71 (gold
with red OG) nearby. Lys-85 (magenta) and its wingsite Il) are centered in the DNA minor
groove at the dyad axis; and Arg-40, Lys-42, Arg-Q4and Lys-97 (light blue, right, site III)
contact the other DNA arm. The Ser-41 side chain @d, lower right) extends toward DNA at the
dyad axis. The N and C termini of GH5 are indicatedFigure adapted from (91)

A

| .4.2 Role of the Carboxy terminus of Histone H1

Histone H1 is characterized by a long unstructu@terminus (~100 aminoacid
residues), which has been shown very importantiferH1 induced chromatin condensation
(82). The C terminus is highly rich in lysine, pn@ and alanine aminoacids (94). H1 N-
terminal deletion protein can stabilize chromatiding to the same extent as the full-length
H1s. However, neither the globular domain alonetherglobular domain plus the N-terminus
could facilitate chromatin folding (82, 83). Theswdies indicate that the ability of linker
histones to stabilize chromatin folding resideshia C-terminal domain (CTD) of the protein,
and the C-terminal performs its function by shietgdhegative charges on the DNA backbone.
However, simple charge neutralization role of thEDChas been questioned in many studies
where deletion of most of the C- terminal did noaddically interfere with the H1 induced
fiber condensation (95). In fact specific sub doradave been identified in the CTD which

37



mainly control its functions (95). The main functiof CTD, i.e. linker DNA conformation
and stabilization and self association of nuclecdoanray, has been assigned mainly to the
first 25 aminoacids flanking the globular domain.

The sequence of CTD varies among various sub-tgpel and exhibits differenn
vitro DNA and chromatin (96, 97) condensation propertisich do not depend on their
length and charge distribution.

Unstructured in solution (98), CTD can adopt gnsentala-helical conformation
upon DNA binding (99). Due to the intrinsic spestropic properties of DNA, the structure of
the C-terminal bound to DNA cannot be resolved egithy CD spectroscopy or Fourier
transform infra-red (FTIR) spectroscopy. Howevegamic solvent 2, 2, 2-trifluoroethanol
(TFE) has been used (reported to be a genuinecepknt for the DNA (100)) to study the
secondary structure formation in the truncated r@it@al peptides. Such studies proved the
induction of alpha helical structure in these wnstired peptides in TFE. Other studies also
suggest CTD peptides acquirehelical structure in both high salt solutions (4113) and in
presence of DNA (101, 102). CTD of some of the Hiiants also possesses one or nfiore
turn motif sequence S/TPKK (99-103) which has besported to bind DNA minor groove
and mediate condensation of naked DNA (104-106)e Pphesence of three imperfect
octapeptide repeats containing S/TPKK motif in Hibtker histone make it a better DNA
condensing linker histone than H1t isotype whicmptetely lack such motifs (97). The DNA
compacting ability of H1d was found reduced by Wf$n deleting these three imperfect
octapeptide repeats (107).

Interestingly the DNA compaction ability was redddoy 70% even if a stretch of 10
aminoacids between two of the repeats was delsiagijesting that a specific secondary
structure motifs in the C-termini is responsible lfoker histone dependent DNA compaction
(97, 107).

Studies (above described) suggest that thereasgstrircumstantial evidence that the
CTD of H1 might assume a segmentetelical conformation upon binding to DNA, which
in turn will track the phosphate backbone, kinkiagound the linker DNA by virtue of
proline-induced bends or breaks in the helix, follay one or other of the grooves (possibly
the major rather than the minor groove, since esitlgdies revealed no protection of the minor
groove from chemical modification (108)). Alternagly, helical segments of the CTD may
lie on the face of the DNA, binding across rathemtin the groove, but still kinking around
the DNA (99).
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| .4.3 Molecular dynamics of Histone H1

Recentin vivo photo bleaching experiments describe the bindfrigloto nucleosome
as a reversible process. The residence time (12 was found higher (109) compared to
transcription factors and other chromatin bindimgt@ins (HMG proteins) (25 seconds), but
lower when compared to core histones (30min) (11®).1A typical Fluorescence recovery
after photobleaching (FRAP) curve for H1 bindingctoomatin suggests three populations of
Histone H1: a rapidly diffusing fraction, a wealdpund fraction and a strongly bound pool
(Figure 8).
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Figure 8: A typical FRAP curve for H1 binding to chromatin showing multiple populations.
Figure adapted from (111)

Additionally the recovery pattern looks biphasiggesting the existence of a low
affinity H1 population and a relatively stronglybbal H1. Efforts have been put to explain
the H1 binding dynamics from this curve (113) ahké different models proposed. Brown
and colleagues (28) propose a two step processldbiitling in which unstructured CTD
make the initial contact with the linker DNA helgithe globular domain to properly position
the aminoacids at their specific position on theleosome (model I, Figure 9). This binding
will in turn induce the formation of secondary stures in the CTD. This implies CTD
binding would be responsible for the low affinityl Hbopulation and the globular domain
binding represent the high affinity binding. In ethwords, if the CTD fails to interact with
linker DNA, further binding of H1 to the nucleosonvél be compromised.
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I. CTD initiates low-affinity binding Il. Globular domain initiates low-affinity binding  1ll. The electrostatic clamp initiates
low-affinity binding
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Figure 9: Alternative models for the reversible assciation of histone H1 with the nucleosome. In
model |, the C-terminal domain (CTD) associates napecifically through electrostatic
interactions with the linker DNA. In model Il, the globular domain initiates a low-affinity

binding interaction between the linker DNA and hisbne H1. In model I, both the globular

domain and the CTD associate with the linker DNA toform an electrostatic clamp. Figure
adapted from (111)

Another model (model Il, Figure 9) suggests that @ftially interacts non-
specifically with the nucleosome (low affinity bing population). This event in turn induce
the three dimensional structure in the CTD, whictoaints for the high affinity binding of H1
to the nucleosome. This model was suggested freniFBAP studies of CTD point mutants
(28, 104, 107, 114) in which single lysine subsitos at either Thr152 or Serl83 leads to
increased affinity of the linker histone to the leoasome. Surprisingly a double mutant, where
both the residues were substituted with lysinewsba lower binding affinity, making this
model questionable. In addition, this model canexpplain why only GD can initiate the
nonspecific binding and not CTD.

Studies on swapped-domain mutants of different tidtypes, having different FRAP
profiles, suggest that perhaps both the globularaio and the CTD of H1 are responsible for
the low affinity binding. The DNA binding sites aflobular domain and the positively
charged CTD could act as an electrostatic clamppgbsitions H1 at the binding site (model
I, Figure 9), consequently the CTD acquires &¢hdimensional structure necessary for high

affinity binding.
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| .4.4 Linker histone isoforms

Linker histone family is the most divergent clagshistones, composed of related
proteins with distinct species, tissue and devekmal specificity. Figure 10 shows an
overview of the number of currently characterized \Hriants in selected organisms (115) in
an evolutionary tree. There are at least eleveierdifit subtypes in human beings, classified
on the basis of their discovery and the methoduwffipation. There are at least 12 different
systems of naming the histone variants (116, Mfjch complicates their systematic study.
In this thesis, for convenience, we will follow th&big and Doenecke (118) way of
nomenclature for human H1 variants and for mouaedhSeyedin and Kistler (119).

Linker histone variants differ in their timing ofrghesis, rate of synthesis, turnover
rates, phosphorylation status and ability to corhphoomatin. Broadly they can be classified
into three groups based on their expression pattestones expressed during S phase of the
cell division (H1.1 to H1.5), histones with varianbde of expression in somatic cells (H1.0
and H1x) and germ cell specific histones (H1t, HIAI2LS1 and H100).

The genes of linker histones have been found tst @iiher clustered or solitary and
their distribution in the genome was found highbnserved between the human, mouse and
rat genomes (118, 120-124).

Homo sapiens {11} Mus musculus (11)

Gailus gailus (T)

Xenopus laevis (5)

Danio rerio (4)

Drosophila virilis (3)

Drosophila
melanogaster (1)

Caenorhabditis
elegans (8)

Nicotiana
tabacum (6)

Saccharomyces
cerevisiae (1)

Tetrahymena
thermophila (1)

Figure 10: Number of H1 variants in various speciesThe species are shown on an evolutionary
tree; the number of H1 variants is indicated in paentheses. M. musculus and H. sapiens possess
two splice variants of H100. Image adapted from (15).
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.4.4.1H1.1-H1.5

Expressed initially in different tissues in prethatanditions, H1.1 expression is
restricted to thymus, testis, and spleen aftehbidl.1 has the highest turnover among the
different variants, with a half-life of five day&25, 126). The studies by Pina group reported
that the level of H1.1 decreases from 5% to 0.5%nduthe post-natal development of
cortical neurons in rat brain and is replaced leyHli.4 variant.

Cosmopolitan in expression with highest levels &N\ of all the somatic variants
(127), H1.2 is replaced very slowly and hence hakwer turnover rate compared to H1.1.
The expression level of H1.2 and H1.4 has been shtmwer in actively transcribed
chromatin, in comparison to facultative and counstie heterochromatin which contains the
four somatic main subtypes, H1.2—H1.4 (128). RdgémhR9), it was shown that H1.2 forms a
repressor complex with co-repressor proteins YB1 RdRy. This complex inhibits promoter
specific p53-dependent and p300 mediated trangmmifiy a direct interaction of H1.2 with
p53, thereby blocking chromatin acetylation. H1d talso been found to work in another
pathway involving p53. Indeed, Konishi et al (74vhA shown that X-ray irradiated cells
release all of the H1 isoforms into the cytoplasnaip53 dependent manner, however only
H1.2 activate the apoptosis pathway by inducing theochrome C release from
mitochondria. In agreement with this, cells from .Bileficient mice showed increased
resistance to X-ray induced apoptosis. H1.2 isragghas ‘ground state’ variant, responsible
for a basal level of chromatin compaction (128).

H1.3 and H1.4, like H1.2, are also present in lgptiescent and non-dividing cells of
almost all the tissues and has a low turnover (B2&). Level of H1.3 and H1.4 has been
shown to be depleted at active chromatin as wethasmatin poised for transcription (128).
Immunofluorescence staining of the human fibrolslassing specific H1 variant antibodies,
show differential nuclear localization, with H1.5eferentially localized at the nuclear
periphery (130) and H1.3 and H1.4 displaying a puaie staining pattern (128).

H1.4 has been found to participate in Msx1l-mediabehibition of myogenic
differentiation. Msx1 (73) interaci® vivo with H1.4 and this complex has been found to
regulate the activation and expression of MyoD gdueng differentiation. This effect of
Msx1-mediated inhibition was compromised upon djpeEil.4 depletion.

H1.5 has been shown enriched at the heterochromeggions of chromatin (109) in
addition to its preferential localization at theclaar periphery (130). H1.5 is present in
reduced amounts in quiescent cells (60); and itelde decrease after completion of
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development and differentiation (125). Moreoveteaheat shock induction, H1.5 becomes
lost from the activated HSP90 heat shock gene (128)

| .4.4.2 H1°/H5

Expression of H1° is essentially restricted to $pecific cell types (131) and was
discovered firstly in non dividing cells (132). Tkgpression of this, replication independent
expressed, variant of H1 is linked to cessatioDNA synthesis (133). Although having the
shortest C-terminal tail, H1° binds to the chromatiith a moderate affinity compared to
some others with longer C-terminal (109).

H5 is most similar to the mammalian replacemeistone H1°, but a striking
difference between the two linker histones is tifieiintial distribution of lysine and arginine
residues. Instead of having lysine at more tharptaitions in its CTD, chicken and duck H5

carry arginine residues (134).

| .4.4.3 H1x

H1lx is the least conserved histone H1 variant shgwibiquitous and replication
independent expression. The distribution of Hlxtgirois non random with a preference in

the less accessible regions of the genome (135).

| .4.4.4 Germ line specific linker histone variants

H1.t is a testis-specific variant which is highlyetgent in its primary sequence from
the other members of the family. Its expressionesricted from pachytene spermatocytes
until round to elongated spermatid stages, wheoeristitutes up to 55% of the total linker
histones in chromatin (136, 137). H1.t has a lof@lslA condensing capacity than the other
H1 subtypes and binds less tightly to oligonucleess (97, 138). This feature has been
suggested to help maintenance of chromatin in atively open state during meiosis,
facilitating meiotic events such as recombinatia89). However, the H1l.t-deficient mice
show no specific phenotype and are as fertile éd-type mice. Two opposite explanations
have been suggested to explain this behavior. Stuakes show that other H1-subtypes, fully
compensate for the absence of this very speaifieli histone (65, 140), others report that the
other linker histones only partially compensateHat in spermatocytes and spermatids (141).
In the latter case H1-deficient chromatin contagniess linker histones would be like H1t-
containing chromatin, less tightly compacted, alfgy\spermatogenesis to proceed.
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A new spermatid-specific H1 variant, HILS1 (H1-ligeotein in spermatids), has been
recently found in mouse and humans (142, 143).olmtrast to H1t, mHILS1 is exclusively
detected in the nuclei of elongating and condenspgymatids, whereas H1t is essentially
detected until the round/elongating stages. Thisession pattern highly suggests that HILS1
could replace H1t in elongating spermatids and playple in the chromatin reorganization
occurring in these cells.

H1.00 is the longest linker histone variant whishexpressed in oocytes, from the
secondary follicle to the two-cell stage embryo)(62he functions of this protein are still not

clear. However it may have role in the regulatibspecific genes during development.

| .4.5 Linker Histone post translational modifications

Recent proteomics approaches using mass spectyorfwetrthe identification of
purified peptides have added a wealth of knowletdgielentify the histone post translational
modifications. Just like other histones, H1 histmaee targets of several post translational
modification, in particular phosphorylation. Otheodifications found in H1 are acetylation
(144), methylation (145), ubiquitination (146) amdformylation (144, 147). Figure 11
highlights the main residues of different H1 vats&andentified till date, targeted for the post
translational modifications.

Phosphorylation is the most intensively studied ifrcation of H1 histones and has
been suggested to play role in chromosome condensdtring mitosis, transcriptional
regulation (148), DNA repair, apoptosis and ATPagent chromatin remodeling (149-
151). The role of H1 phosphorylation is still caersial as far as its role in chromosome
condensation is concerned. Some earlier studieedrwut any association of H1
phosphorylation and chromosome condensation (68,158). However dephosphorylation of
H1 in mitotically arrested murine cells by kinaséibitor staurosporine (155) was followed
by chromosome decondensation.

H1 phosphorylation has been suggested to playeandNA replication (156-158).
In fact there is progressive increase in H1 phosgpation profile during the progress of cell
division, existing as unphosphorylated and low-pinasylated forms during S phase,
becoming highly phosphorylated during late G2 antbsrs, till its sharp drop at the end of
mitosis in telophase (159-164). In a recent reffetreplicating DNA and phosphorylated H1
were shown to colocalize (165), suggesting that ptiosphorylation promotes DNA
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decondensation during replication. Also there iseammichment of phosphorylated H1 in
transcriptionally active chromatin (166, 167).

Phosphorylation reduces the electrostatic chargehef linker histones and may
interfere with their functions. In addition phospylation of specific sites in the CTD has
been shown to cause a decrease in the proportiarhefix and an increase in tiffesheet
suggesting a role of phosphorylation through stmattalterations (168). Phosphorylation
decreases the affinity of H1 for DNA and increaggesdynamic exchange within chromatin
(169-173). Phosphorylation of H1 has been showrintwease the action of chromatin
remodeling complexes im vitro (151) experiments.

Unlike core histones, there is very little litensuavailable for linker histone
acetylation and methylation. In fact there are hd & lysine positions in H1 polypeptide
identified as targets for acetylation and methglatirespectively. These residues are
distributed in the CTD and GD part of H1. The ome&D have been suggested to play a role
in H1 binding with nucleosome (144, 174). Deacdtytaor methylation of K26 of H1 has
been suggested to be implicated in the formationfamultative heterochromatin and
transcriptional repression respectively (175, 176).

TAF;250 mediates monoubiquitination of GD and hence heye an effect in DNA
binding dynamics. DNA damage in the linker regidmsve been shown to induce H1
formylation. The exact role of H1 formylation istradear, however it is speculated that it may

have a role in the signaling functions normallyoassted with acetylation (144, 147).
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Figure 11: Posttranslational modification sites idatified in human H1 isoforms. Residues: blue,
phosphorylation; red, methylation; green, formylation; highlighted in yellow, acetylation;
highlighted in grey, aN-terminal acetylation; underlined, ubiquitination. The sequence stretch
representing the winged helix motif according to (I7) is marked with a black bar. *Site of
acetylation/methylation has not been assigned exagct either acetylation of K168 and
methylation of K169 or acetylation and methylationof K168 in H1.3 and H1.4 and of K167 and
of K168 in H1.5, respectively (144). Image adaptddom (178)

| .5 Structure of the 30-nm chromatin fiber

Under conditions of low ionic strength vitro, isolated native chromatin is organized
as 11-nm "beads on a string" (24) or "open zig-Zaghent (179), which upon increasing the
ionic strength of the solution gets further compactibers approximately 30nm in diameter
(20, 180). There is a lot of debate on the exacictire of the 30nm fiber. Earlier studies,
using the electron microscopy and small-angle X-sawttering (SAXS) suggested two
different models of the chromatin fiber (Figure :18)st the one-start solenoidal helix, in
which a linear array of nucleosomes is coiled (@@h bent linker DNA and the consecutive
nucleosomes are next to each other (Figure 12A),sacond, the two-start helix, in which
nucleosomes are assembled in a zigzag with stréiigtdr DNA connecting two adjacent

stacks of helically arranged nucleosome cores181). Coiling or twisting of the two stacks

46



further divide the fiber models into two subclassesmed the helical/twisted-ribbon model
(29, 31) ( Figure 12B) and the crossed-linker mo@2) (Figure 12C). In twisted-ribbon
model linker DNA is oriented at angles varying fr@hto 50° to the fiber axis (29, 31) and
in crossed-linker model the linker DNA is orientapproximately perpendicular to the fiber
axis (32, 182).

Recent advances in the field came from the user@ys of 601 nucleosome-
positioning DNA (183, 184). A 9-A crystal structuséa tetramer of nucleosome cores, based
on a 167 NRL array without the linker histones ([1&bigure 13B) clearly showed folding of
the two-start twisted ribbon type with a diamete25 nm. In addition a compaction density
of 5—6 nucleosomes per 11 nm was reported andethéts were supported by crosslinking
experiments (185). To note is that the crystailrastudies were carried out at very high salt

concentration solutions.

Figure 12: Models for the DNA path in the chromatinfiber. The image shows longitudinal views
above and axial views below. (A) Solenoid model. \Bielical ribbon model. (C) Crossed-linker
model Figure adapted from (81, 186)
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Figure 13: Two widely accepted models of 30nm chroatin fiber (A) Interdigitated one-start
helix model (B) Two-start helical crossed linker mdel. Image adapted from (34)

Using the series of 601 nucleosome-positioning Ditrays (NRL of 177, 187, 197,
207, 217, 227 and 237 bp) Robinson et al. (34, 384died the electron micrograph of the
fiber in presence of linker histone at low divaleatt concentrations (1.6 mM Mgl which
produced a level of compaction corresponding tot tblatained in physiological salt
conditions. These studies conclude that the dianwdtéhe fiber does not increase linearly
with the length of the linker DNA, as expected frtdm crossed-linker model, but rather there
are two distinct structural classes with distinbef dimensions and packing ratios. Arrays of
NRLs 177-207 bp were shown to form fibers of 33fB4diameter with a nucleosome
packing ratio of ~11 nucleosomes per 11 nm. Inreashtarrays with NRLs of 217-237 bp
form fibers of 43 nm with a density of ~15 nucleess per 11 nm. The study concludes in
favor of left-handed one-start helix with 5.4 nwdemes per helical turn solenoid structure
for the short linker arrays (Figure 13A) and sudggeédbke crossed linker structure for long
linker arrays (186).

Both of the above studies can be supported frometiréer studies of native and
reconstituted fibers reported values of both ~6 ah@l nucleosomes per 11 nm (187-189) and
the ~13 nucleosomes per 11 nm for the native fixrera echinoid spermatozoa which has an
average linker length of ~70 nm (190).

From the above described discrepancy it seems @han3 fiber, or the study of
secondary folding of chromatin, remains an opeid ff investigation, without definitive

proof of the existence of a single structunreivo.
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There are evidences that the chromatin fiber &bikkted and condensed by the
electrostatic interactions between the nucleosoies.fact that upon increasing the divalent
cations concentration lead the 10nm primary fibecdndense to the 30nm secondary fiber is
explained by the notion that these salts actualiiuce the repulsive forces between the linker
DNA which in turn favour these internucleosomaknaictions (191). Crystal structure of the
core particle (2) has shown the internucleosontatattions between the highly basic histone
H4 tail and acidic patch on the surface of the H2Z2B dimer of an adjacent nucleosome.
These specific interactions were shown importantie formation of 30nm fiber by indirect
experiments like cross linking (185) and H4-N terabi tail (residues 14-19) deletion
experiments (185, 192). Further mutational studiesw that even a single modification at
Lysine 16 of H4 was sufficient to inhibit the fortita of the 30 nm fiber (193). On the other
hand several histone H2A varaints has been fourkd altered acidic patch. H2AZ has an
extended acidic patch and has been shown to B#exquilibrium dynamics of the 30nm fiber
formation from the nucleosomal array and this abik dependent upon just two amino acid
residues in the acidic patch (192). Recently it wesiostrated that H2A.Bbd cannot form a
regular 30nm fiber (194, 195) and there are justethacidic amino acid residues within the
acidic patch, that are required to correct theifigidlisorder in this varaint (194).

Linker histones influence the degree of chromabmpaction (180), ensure tightly
packed fiber (196) and their removal leads to ddeasation (197). Linker histone probably
induce linker DNA bending (34) and alter the amgfientering and exiting DNA and induce a
positive twist (186). Any protein which induce thaist in the fiber would favour folding
while, conversely, proteins that bind to the linkerd untwist DNA would favour unfolding
(198). Linker histones are believed to increasectikng of the fiber (186), and the process is
a highly cooperative process (199). Linker histofige some other chromatin binding
proteins (MeCP2) are considered to be the fibesathaking proteins which facilitate and/or
stabilze the interdigitation process (200, 201).

Core histone varaints, Linker histone varaintsidne modifications and chromatin
remodeling machines are suggested to modulateutidamental mechanism of opening up
and closing the fiber (202).

| .6 Higher order structures of Chromatin beyond the 30 nm fiber

30nm fiber induced 50 fold DNA compaction (1) id safficient to fit the ~2 m DNA

inside the micron sized nucleus. Cell has develdpetther, mainly unknown, strategies to
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condense the DNA to interphase and metaphase cBonwostructures. Several models have
been proposed over the years. According to thelrdabp model (203), DNA of interphase
chromatin is negatively supercoiled into independiomains of ~85kb. Loops can be seen
directly when the majority of proteins are extracteom the mitotic chromosomes. The
resulting complex consists of the DNA associateth wi8% of the original protein content.
As seen in (Figure 14), the protein-depleted chisontes take the form of a central scaffold
surrounded by a halo of DNA. This model suggestioran of organization of mitotic
chromosomes in which loops of DNA of ~60kb are amed in a central proteinaceous

scaffold.

Figure 14: Electron - Micrograph of a Histone-Depléed Metaphase Chrmosome from Hela.
The chromosome consists of a central, densely staig scaffold or core surrounded by a halo of
DNA extending 6-9um outward from the scaffold. Image adapted from (28)

In the chromonema model, it is believed that fibsith diameters of 60-80 nm are
coiled into 100-130-nm fibers, which are in theimt coiled into the 200-300 nm fibers that
constitute the most condensed chromosome strustureetaphase (204). Note that another
model suggests the involvement of both loops anlitdiecoils in the organization of

metaphase chromosomes (205).
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| .7 Chromatin territories

Interphase Chromatin can be distinguished into denmains or territories upon GTG
staining (37, 206) (Figure 15); weakly stained oegicalled Euchromatin and brightly stained
regions called Heterochromatin. These domains wragene activity, histone modifications,
nucleosome packaging (207) and have presumablgrelift higher order packaging (208,

209) and nuclear organization (210).

\"‘. v ‘ T W o

b ol P P PSSR
Figure 15: The distribution of Euchromatin (E) and Heterochromatin (H) in a normal thymus
lymphocyte. Electron micrograph adapted from (211)

| .7.1 Euchromatin

Euchromatin is a lightly packed form of chromatatt is rich in gene concentration,
and is often (but not always) under active tramgiom. It exists in a relaxed form in
interphase, but compact during cell division. T¢wsnpaction coincides with the cessation of
the synthesis of mMRNA during mitosis. Replicatidrirese regions occurs during the early S
phase. Euchromatin regions are marked by somenkistoodifications like methylation of
lysine 4 of histone H3 (H3K4me) (212), methylatiminlysine 36 of histone H3 (H3K36me)
(213) and the hyperacetylation of histones H3 aAadMBac, H4ac) (210, 214) (Figure 16).

| .7.2 Heterochromatin

Heterochromatin is generally a gene poor, rictejpetitive sequences, less accessible,

condensed and transcriptionally inactive domaithefchromatin. It is spread everywhere in
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the chromosome in small parts (215), but occupiedgminantly the centric and subtelomeric
regions of the chromosome. It is replicated latthencell cycle (207, 216, 217). Centromeres,
telomeres and the Barr body of the inactivated Xoetosome are few of the main
heterochromatic regions of the genome.

Heterochromatin is thought to play an importanerimi gene expression particularly
during the development and differentiation (217¢p&itive DNA sequence, methylation of
histone H3 lysine 9, heterochromatin protein 1 (H&1d RNAIi have been reported to play
important roles in generating heterochromatin (223). In addition to usual machinery
heterochromatin establishment in Drosophila, rexpuihe recruitment of the histone H2Av
variant and H4 Lys12 acetylation (224).

Heterochromatin is further divided into facult&itheterochromatin and constitutive
heterochromatin. Facultative heterochromatin isnfedt when silencing of genes is required
by the cell; it appears during the developmentrobaganism and exhibits varying degrees of
condensation. The regions of DNA packaged in fativk heterochromatin will not be
consistent between the cell types within a spe@esd, thus a sequence in one cell that is
packaged in facultative heterochromatin (and theegewithin poorly expressed) may be
packaged in euchromatin in another cell (and theegavithin no longer silenced). However,
the formation of facultative heterochromatin is ukged by proteins like Polycomb-group
proteins and non-coding genes such as Xist (225example of facultative heterochromatin
is X-chromosome inactivation in female mammals: ofiechromosome is packaged as
facultative heterochromatin and silenced, while dteer X chromosome is packaged as
euchromatin and expressed.

Constitutive heterochromatin is a permanent strattentity which unlike facultative
heterochromatin, can never convert back into eunhtm. The regions of DNA that exist as
constitutive heterochromatin will be the same fibrcalls of a given species. They occurs in
certain chromosomal structures, such as at themegles, centromeres, and pericentric

heterochromatic regions (223, 226).
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Euchromatin Heterochromatin

Histone acetyltransferases

| |
LR

Transcriptional  Hyperacetylated
activator histone tail

Hypoacetylated, methylated
H3K9 histone tall

Less condensed
At chromosome arms
Contains unique sequences

Highly condensed
At centromeres and telomeres
Contains repetitious sequences

Gene-rich Gene- poor
Replicated throughout S phase Replicated in late S phase
Recombination during meiosis « No meiotic recombination

Figure 16: Properties of euchromatic and heterochmmatic regions: The decondensed gene-rich
euchromatin is permissive to transcription in contast to highly condensed heterochromatin,
which is resistant to gene transcription. Adaptedrom (210).

| .8 Chromatin Modifications and Their Function

Chromatin compaction creates a relatively inactésginvironment for the binding of
regulatory proteins to the DNA template. Howeveroohatin needs to be dynamic to regulate
gene expression and other DNA-dependent nucleazepses such as DNA replication,
homologous recombination, and DNA repair (227). ihorease the dynamicity of the
chromatin cell has developed three basic mechanismsodulate the chromatin structure at
molecular level, which are histone post translationodifications, ATP dependent chromatin

remodeling and incorporation of histone variants.

| .8.1 Histone post translational modifications

Although discovered quite early (228, 229), covaleosttranslational modifications
(PTM) of the core histones gained a lot of impocgim the last decade for their suggested
role in gene regulation and other DNA-templatedcpeses (230). Histone PTMs have been
shown to occur mainly on the flexible N-terminalddhat protrude from the nucleosome, in
addition to previously uncharacterized modificaion the central histone-fold domains and
C-terminal regions of the Histones (231). PTMsla# tail domain may alter the regulatory

capacity of the nucleosome through changes in bgndo effector proteins, where as
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modifications in the histone-fold domains may dike@lter nucleosome structure (232).
These modifications serve as targets for protetogeition modules, like the bromodomain,
which recognizes acetylated lysine (233, 234), #ral chromodomain, which recognizes
methylated lysine protein (234, 235). There aréeast eight distinct types of modifications
found over 60 different residues on histones (Taleincluding acetylation (236, 237),
phosphorylation (238), monoubiquitination (239),m&ylation (240), ADP-ribosylation

(241), deimination (242, 243) and proline isomdi@a (244). These modifications are
dynamic, mostly reversible and have specific fuorediin gene regulation and other DNA-

templated processes (245-247).

| .8.1.1 Histone Acetylation

Histone acetylation is mediated by histone acetgylferases (HAT), which catalyze
the transfer of acetyl groups from acetyl-CoA te thamino terminal groups of specific
lysine residues, mainly in the N-terminal tail bethistones with the exception of a recently
discovered yeast protein SPT10 mediated acetylatidd3K56 at the promoters of histone
genes (248) (Table 3). Acetyltransferases are @dvidto three main families, GNAT, MYST,
and CBP/p300 (236), which modify more than onenlgdbut some limited specificity can be
detected for some enzymes. The deacetylation moisesarried out by other group of
molecules called histone deacetylases (HDAC) wihialie been suggested in most of the
cases to function in gene suppression. Howeveorastleacetylation is also described for
transcriptional activation in some cases (249-2Btetylation is almost invariably associated
with activation of transcription and has been sgtgpe a role in chromatin assembly,
chromosome condensation, DNA repair, apoptosis, Medombination and dosage
compensation in Drosophila (230, 252). Histone ydtransferases can also acetylate non-
histone proteins (e.g. the tumor suppressor prgibB or the transcription factor UBF) and

thereby influence their functions (253, 254).

| .8.1.2 Histone methylation

Methylation is a very well characterized PTM toeal@ecause of the highly specific
nature of methytransferases, which can be broadigied! into Lysine methyl transferases and

Arginine methytransferases.
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Enzymes that Residues I\Eﬂr:)z(j;;fr;es that Residues | Enzymes that Residues
Modify Histones | Modified . Modified Modify Histones Modified
Histones
Acetyltransferase Lysine Methyltransferase Lysine
(conti.) Demethylases
(conti.)
H4
HAT1 (K5,K12) MLL4 H3K4 JHDM2a H3K9
H3
(K14,K18)
H4 (K5, K8)
CBP/P300 H2A (K5) MLL5 H3K4 JHDM2b H3K9
H2B (K12,
K15)
H3 (K9,
PCAF/GCN5 K14, K18) SET1A H3K4 JMJID2A/JHDM3A| H3K9, H3K36
H4 (K5, K8,
TIP60 K12, K16) | SET1B H3K4 JMJD2B H3K9
H3 K14
HBO1 (ScESA1, | H4 (K5, K8,
SpMST1) K12) ASH1 H3K4 JMJID2C/GASC1 H3K9, H3K36
ScSAS3 Egg’()KM' Sc/Sp SET1 H3K4 JMJID2D H3K9
ScSAS2 SET2 (Sc/Sp Arginine Methlytransferases
(SPMST2) H4 K16 SET2) H3K36
ScRTT109 H3 K56 NSD1 H3K36 CARM1 :gé)Rz R17,
Deacetylases SYMD2 H3K36 PRMT4 H4R3
SirT2 (ScSir2) | H4 K16 DOT1 H3K79 PRMT5 H3R8, H4R3
Lysine Methyltransferase Sc/Sp DOT1 H3K79 Serine/Thrionine Kinases
SUV39H1 H3K9 Pr-SET 7/8 H4K20 Haspin H3T3
SUV39H2 H3K9 SUV4 20H1 H4K20 MSK1 H3S28
G9a H3K9 SUV420H2 H4K20 MSK2 H3S28
ESET/SETDB1 H3K9 SpSet 9 H4K20 CKll H4S1
EuHMTase/GLP | H3K9 EZH2 H3K27 Mstl H2BS14
CLL8 H3K9 RIZ1 H3K9 Ubiquitilases
SpCira H3K9 Lysine Demethylases | gmj/Ring1A H2AK119
MLL1 H3K4 LSD1/BHC110 | H3K4 RNF20/RNF40 H2BK120
MLL2 H3K4 JHDM1la H3K36 Proline Isomerases
MLL3 H3K4 JHDM1b H3K36 ScFPR4 | H3P30, H3P38

Table 2: A detailed list of known histone posttrankational modification enzymes along with the
sites they modify. Only enzymes with specificity foone or a few sites have been included. Table
modified from (230)

Lysine methytransferases catalyze the transfepdbuhree methyl groups from S-adenosyl-
methionine to the-amino terminal group of a single lysine residubsyeby creating mono-,
di- or trimethylated lysines. In contrast the Pmotarginine methytransferases (PRMT)
generate both mono- or dimethylate arginine residegher symmetrically or asymmetrically
by transferring methyl groups to the guanidine gr¢R55). Although the methylation was
discovered 45 years back (256), but it was onh\2@94 when first histone demethylase
Lysine-specific demethylase 1 (LSD1) was reportedémethylate mono- and dimethylated
H3K4, but not the trimethylated form (257). LSD1shalso been observed to remove one or
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two methyl groups from H3K9 (258). Furthermore twst demethylase 1 (JHDM1),

containing JmjC domain, was recently identifiedctdalyze the demetylation of mono and
dimethylated H3K36 (259). Monomethyl groups of ange are removed by way of the
peptidylargenine deiminase 4 (PAD4), in which mélginine is converted to citrulline

(243).

Methylation has been described to activate as wasllsuppress transcription in
different situations. Methylation of lysine 4, Igsi 36 and lysine 79 of histone H3 (212, 260,
261) has been reported to activate gene expressiargntrast to di- and trimethylation of
lysine 9 or 27 of histone H3 (262-265) in silengmhes. In fact it is shown that di- and tri
methylated form of lysine 9 of histone H3 is a ‘Hing station’ for HP1 (heterochromatin
protein 1), and hence suggest a role in the estabint of heterochromatin (266, 267),
similarly methylation of lysine 27 of histone H3cfitates binding of Polycomb (268), a

protein involved in maintaining the silencing statdhomeotic genes during development.

| .8.1.3 Other covalent histone modifications

Important progress has been made, towards unddnstarthe role of histone
phosphorylation in processes such as transcripBb repair, apoptosis and chromosome
condensation (269, 270). Phosphorylation of setideand serine 28 of histone H3 is well
documented in literature to occur during mitosisretaphase and is important for mitotic
chromosome condensation (271). H3 phosphorylagarso known to occur after activation
of DNA-damage signaling pathways and has a rofacdiitate DNA repair. Phosphorylation
is also reported to occur in H2A variant H2A.X upexposure to DNA-damaging agents
(272, 273). Several kinases and phosphatases redhta phosphorylation state of histones,
such as Ipll/aurora kinase and Glc7/PP1phosph&d@de. Histones can be ubiquitinated as
well; a process wherein a 76 aminoacid peptidelded to lysine residues. This is the most
recent modification to be linked to DNA repair. Unduced DNA repair signals
ubiquitination of H3 and H4 by the CUL4-DDB-Roclngplex (275). Monoubiquitylation of
H2A is also implicated in UV-induced DNA repair @7 Proline Isomerization enzyme,
FPR4, has been identified in budding yeast thatis@amerize prolines in the tail of H3 (244).
FPR4 isomerizes H3P38 and thereby regulates thelslesf methylation at H3K36.
Deimination of histones involve the conversion ofaaginine to a citrulline. Arginines in H3
and H4 can be converted to citrullines by the PABiyme (242, 277). The precise function

of this process is yet to be known.
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| .8.2 Chromatin remodeling

Remodellers are the multisubunit molecular mototsctv use the energy of ATP
hydrolysis to move, destabilize, eject, or restuitet nucleosomes to order (chromatin
assembly) and/or expose them in a regulated mdanéne execution of the DNA templated
processes like gene transcription, DNA replicatiDiNA repair, and DNA recombination
(278). Remodellers are currently classified intarfalifferent groups which share some
similar structural and functional properties in @idth to some specialized remodeler specific
properties. All the remodelers share some featlikeshaving affinity for the nucleosome,
possess some histone modification sensor domamsaiscatalytic DNA dependent ATPase
domain and possess domains and/or protein necefssarggulation of ATPase action and
interaction with other chromatin or transcripticactors (278, 279). The catalytic subunit is
similar to the DEAD/H superfamily of ATP-depend®&MNA helicases but is generally devoid
of measurable DNA helicase activity. The four faesl of the multi subunit remodelers
(Figure 17), which include SWI/SNF family, ISWI féyy CHD family and INO80 family,
vary in the type of other subunits other than timeilar ATPase domain in their complex
(280) (Table 3). All the chromatin-remodeling coew®#s have been shown to mobilize and
relocate nucleosomes on DNA in a manner that reguirem to translocate along DNA (281-
284).

| .8.2.1 Different Chromatin remodeling Families

|.8.2.1.1 SWI/SNF family remodelers

The SWI/SNF (switching defective/sucrose non-fertimg) family remodelers
include many protein complexes which are compose® do 14 subunits (285). Most
eukaryotes have two related SWI/SNF family remadelike SWI/SNF and RSC in yeast,
which have similar catalytic subunits (Table 3)eTdatalytic ATPase of all the members has
an HSA (helicase-SANT), a post-HSA, and a C-terintmamodomain. In addition a pair of
actin-related proteins (ARPS) is present in furgahplexes (286), whereas a dimer of actin
and an ARP (hBAF53a/b) are present in higher ootm|(287). Other conserved subunits
bear additional conserved domains; examples inclnBAF155/170 (SANT, SWIRM),
hBAF60 (SwiB) and human polybromo (multiple bromodons). This family has established
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Figure 17. Remodeler Families, defined by their ATBse. All remodeler families contain a
SWI2/SNF2-family ATPase subunit characterized by anATPase domain that is split in two
parts: DExx (red) and HELICc (orange). What distinguishes each family are the unique duoains
residing within, or adjacent to, the ATPase domainRemodelers of the SWI/SNF, ISWI, and
CHD families each have a distinctive short insertio (gray) within the ATPase domain, whereas
remodelers of INO80 family contain a long insertion(yellow). Each family is further defined by
the presence of distinct signature distinct combinizons of flanking domains: Bromodomain
(light green) and HSA (helicase-SANT) domaindark green) for SWI/SNF family, SANT-SLIDE
module (lue) for ISWI family, tandem chromodomains (magenta) for the CHD family, and HAS
domain (dark green) for the INO80 family. Image adapted from (278)

roles in altering nucleosome positioning at promxtevhich can regulate transcription either

positively or negatively (278, 288, 289).

| .8.2.1.2 ISWI family remodelers

Earlier in vitro assays of nucleosome remodeling activity Onosophila embryo
extracts (290-293) led to the identification ofearmembers of the ISWI (imitation switch)
family named dNURF, dCHRAC, and dACF. ISWI-contamicomplexes were subsequently
identified in many other organisms, including yeastl humans, highlighting the conserved
function of this ATPase in chromatin remodelingisTfamily of remodelers contains 2 to 4
subunits (294) with one or two different catalysigbunits and some accessory subunits. In
addition to highly conserved ATPase domains, ISWhtains SANT (ySWI3, yADAZ2,
hNCoR, hTFIIIB) and SLIDE (SANT-like ISWI) domainghich together form a nucleosome

58



recognition module that binds to an unmodified dnst tail and DNA (295). Specialized
accessory proteins (Table 3) impart many domairreraodellers, like DNA-binding histone
fold motifs (in hCHRAC (296-298)), plant homeodom&PHD), bromodomains (hBPTF and
hACF1) and additional DNA-binding motifs (HMGI(Ypf dNURF301). Many ISWI family

complexes (ACF, CHRAC) help in chromatin assembiyl aucleosome spacing, which in
turn repress transcription (299). However, cert@mmplexes (NURF) work antagonistally and
can randomize spacing, which can assist RNAPIvattin (300, 301), showing the role of

accessory subunits in imparting the diversity ®ftimction of the family.

| .8.2.1.3 CHD family remodelers

The CHD (chromodomain, helicase, DNA binding) fami characterized by two
signature sequence motifs: tandem chromodomaimer(@tin organization modifier) located
in the N-terminal region, and the SNF2-like ATPasenain located in the central region of
the protein structure (302, 303). The chromodonmian evolutionarily conserved sequence
motif involved in the remodeling of chromatin sttw@ and the transcriptional regulation of
genes (268, 304-306). The member complexes cansbemall as monomeric in lower
eukaryotes and can be in large complexes in vetedr(Table 3). The accessory proteins in
the complexes often bear DNA-binding domains, PBBK, CR1-3, and SANT domains.
Some of the CHD family members can promote trapSon by sliding or ejecting
nucleosomes while as others have repressive rdiks, the vertebrate Mi-2/NuRD
(nucleosome remodeling and deacetylase) compleR® (8tich contains histone deacetylases
(HDAC1/2) and methyl CpG-binding domain (MBD) priot&

| .8.2.1.4 INO8O0 family remodelers

The INO8O (inositol requiring 80) family (308) isracently discovered family of
remodelers and some of the members contain more t@asubunits (Table 3). The higher
ortholog members of the family like hINO80, hSRCABNF2-related CREB-activator
protein) and p400 also have HAT activity. The fams characterized by “split” ATPase
domain, with a long insertion present in the middfethe ATPase domain, to which the
helicase-related (AAA-ATPase) Rvbl/2 proteins amé @RP protein bind. Both yINO80
and yYSWR1 complexes also contain actin and ArpL80I has diverse functions, including
promoting transcriptional activation and DNA repaBWR1 is unique in its ability to
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restructure the nucleosome by removing canonic#{-H2B dimers and replacing them with

H2A.Z-H2B dimers, thereby inserting the histone H2&iant H2A.Z.

| .8.2.2 Function of remodelers

A complete up to date reported function of the widlial Chromatin remodeling

complexes is shown in the form of Table 4 alondlite references.

Family and Model organisms
composition Yeast Fly Human
Complex SWI/SNF RSC BAP PBAP BAF PBAF
SWI/ ATPase Swi2/Snf2 Sthl BRM/Brahma hBRM or
SNF BRG1
Noncatalytic | Swil/Adr6 OSA/ BAF250/
homologous eyelid hOSAL
subunits
Polybromo BAF180
BAP170 BAF200
Swi3 Rsc8/Swh3 MOR/BAP155 BAF155, BAF170
Swp73 Rsc6 BAP60 BAF60a or b or ¢
Snf5 Sfhl SNR1/BAP45 hSNF5/BAF47/INI1
BAP111/dalao BAF57
Arp7, Arp9 BAPS55 or BAP47 BAF53a or b
Actin B-actin
Unique a b ‘
Complex ISWla | ISW1b | ISW2 NURF ‘ CHRAC ‘ ACF NURF CHRAC ACF
ISWI ATPase Iswl Isw2 ISWI SNF2L SNF2MA
Noncatalytic Itcl NURF ACF1 BPTF hACF1/
h‘;“JgLOn?g“S -301 WCRF180
CHRAC hCHRAC
-14 -17
CHRAC hCHRAC
-16 -15
NURF RbAp46
-55/p55 or 48
Unique loc3 | loc2, locd NURF
-38

a Swp82, Tafl4, Snf6, Snfl1l.
b Rscl or Rsc2, Rsc3-5, 7, 9, 10, 30, Htl1, Ldb7t{tF02.
¢ In addition, SNF2H associates respectively withips, RSF1, WSTF to form NoRC, RSF and WICH remodeles.
d Amida, NFRKB, MCRS1, UCH37, FLJ90652, FLJ20309.

(Table 3 continued to next page)
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Complex CHD1 CHD1 Mi-2/NuRD CHD1 NuRD
CHD ATPase Chd1 dCHD1 dMmi-2 CHD1, Mis2CHD3,
Mi-2/CHD4
Noncatalytic dMBD2/3 MBD3
hc’srﬂgl'ff{g“s dMTA MTAL 2,3
dRPD3 HDAC1,2
p55 RbAp46 or 48
p66/68 p66u, B
Unique DOC-17?
Complex INO80 SWR1 PhodIN Tip60 INO80 SRCAP TRRAP/
INOS8O 080 Tip60
ATPase Ino80 Swrl dino80 Domino hino80 SRCAP p400
Noncatalytic Rvb1,2 Reptin, Pontin RUVBL1,2/Tip49a,b
homologous | — e a8 1 GArp5 8 BAP55 BAF53a
subunits : dActin Acting7E :
Arp4, Actinl Arp5,8 Arp6 Actin
Tafl4 Yaf9 dGAS41 GAS41
les2,6 hles2,6
Swcd/ dDMAP1 DMAP1
Eaf2
Swc2/ dYL-1 YL-1
Vps72
Bdfl dBrd8 Brd8/TRC/p120
H2AZ, H2Av,H2B H2AZ,H
H2B 2B
Swc6é/Vp ZnF-
s71 HIT1
dTral TRRAP
dTip60 Tip60
dMRG15 MRG15
MRGX
dEaf6 FLJ
-11730
dMRGBP MRGBP
E(Pc) EPCL,
EPC-like
dING3 ING3
Unique lesl, 3-| Swc3, Pho d
5 5,7
Nhp10

Table 3: Showing composition of remodeler complexes different eukaryotes.

(278)
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Family Complexes Biological functions References
SWI/SNF ySWI/SNF | Replication (309)
DNA repair (310)
Transcription activation, elongation, and repreassio (297, 311-313)
Targeting by activators, corepressors (314-317);(313)
Mitotic gene expression (318)
yRSC DNA repair (310, 319)
Targeting by activators (320)
RNAPII and RNAPIII regulation (321-324)
Cell signaling (323, 325)
Spindle assembly checkpoint (323)
Chromosome segregation and cohesion (326-328)
Cell cycle progression (329)
dBAP, RNAPII regulation and elongation (330, 331)
dPBAP Metamorphosis and immune system function (332)
m/hBAF, Targeting by activators, Transcription elongation (321, 333-338)
m/hPBAF |Signaling (339)
Differentiation and development (287, 340-345)
Tumor suppressor (346-349)
Viral integration and expression (350)
ISWI yISW1a,b Transcription activation, elongatiamd termination (351-353)
yISW2 Replication (354)
Transcription repression, repression of antisense (299, 355, 356)
transcription
dISwi Maintenance of higher-order chromatin, H1 loading (300, 357, 358)
d/hCHRAC |Chromatin assembly (359-362)
d/hACF Replication (363, 364)
dNURF Chromosome organization (300)
Transcription activation (298)(299)(363)(364)(355)
Embryonic development and differentiation (300, 301, 365)
dTRF2 Regulation of TATA-less promoters (366, 367)
dRSF Silent chromatin formation, promoting H2Av (368)
replacement
x/m/hWICH | Heterochromatin replication (369)
Activation of RNAPI transcription (370)
hNoRC Replication, rDNA silencing (371-374)

(Table 4 continued to next page)

62




CHD CHD1 Chromatin assembly, H3.3 loading (359, 375)
Replication (363)
Transcription regulation, elongation, termination (331, 351, 376, 377)

mCHD2 Mammalian development and survival (378)
aPICKLE Repression of seed-specific genes, embcytoni (379)
vegetative development
dCHD3 Active transcription (380)
xCHD4 Control of neuroectoderm/mesoderm boundary 81)3
m/hCHD5 | Tumor suppressor (382)
hCHD8 Regional chromatin remodeling (383, 384)
NuRD Transcription repression with deacetylation (385)
Regulation of development (386, 387)
Cell fate determination and differentiation (388-390)
ySHREC Nucleosome positioning for transcriptioeisding for (209)
heterochromatin

INO80 SWR1 DNA repair (phospho-H2A recruitment) (391, 392)
H2A.Z incorporation (393-395)
Regulation of plant development and flowering (396, 397)

INO80 Replication (398, 399)
DNA repair (phospho-H2A recruitment) (391, 392, 400-402)
Core histones removal (391, 392, 402)
Homologous recombination (403)
Regulation of telomere length (404)
Regulation of transcription, RNAPII activation (403, 405, 406)

Table 4: Summarizing the function of different memlers of chromatin remodeling family.
Adapted from (278)

| .8.2.3 Mechanism of Chromatin remodeling

There have been many studies in the last decader&vel the still debated molecular
mechanism of the chromatin remodeling (407) and riile of different subunits in this
process. Earlier studies have suggested that #grgyfrom ATP hydrolysis is used to disrupt
histone-DNA interactions within the nucleosome, ebhireflects in the experimental
observations as change in the DNase | digestidernpatincrease in sensitivity of restriction
endonuclease digestion, and enhancement in adtibatding to nucleosomal DNA botim
vitro andin vivo.

The ATPase and chromatin remodeling activity ofedént subclasses of the ATP-
dependent chromatin remodeling enzymes requiresndtisstimulatory factors for the
catalytic activityin vitro. For instance, both naked DNA and nucleosomal IdA stimulate
the ATPase activity of the Swi2p/Snf2p and INO8bdasses. However, Mi-2/CHD and
ISWI ATPase activity is maximally stimulated by temsomal DNA rather than by naked
DNA, and the histone H4 N-terminal domain is regdirfor the ATPase activity and
nucleosomal sliding activity of ISWI (408, 409).
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Two major models have been proposed to explaimtbkecular events by which the
ATP-dependent chromatin remodeling complexes cahilin® nucleosomes or change the
nucleosome configuration. The first model “twisthasion model” suggests the generation of
spontaneous torsional oscillation from the edgewafleosome (410) which are propagated
inside and may cause nucleosome migration one ppaiseat a time along the DNA (46).
Chromatin remodeling enzymes may act as a “molecal@het” or a “DNA twistase” that
allows the twist defect to exit in one directiondaresults in DNA twist tension (410). The
observed “twist-defects” in the nucleosome crystaiuctures (411) supported such a
mechanism. However, the model could not explain ®hYNA nick or gap (loss of up to
10bp), which presumably dissipate the twist tenginrDNA, had no effect on ISWI or RSC
induced nucleosome remodeling (412-414). In additiatroduction of a DNA branch or
hairpin as a barrier did not affect nucleosome mgting by SWI/SNF and Mi-2 (415, 416).
Moreover, ISWI-induced nucleosome sliding was featiéd by nicks in the linker DNA in
front of the nucleosome (412).

Compelling evidences have rather favored the secondel called “translocation
model”. This model implies that the remodeler formgomplex, which has been recently
shown stable and processive in ISW2 remodeler (28dh the nucleosome in a way so that
the ATPase domain contacts DNA at two turns awaynfthe dyad inside the core particle
(Figure 18b, state 1). This then conducts direalidNA translocation by drawing in DNA
from the linker and pumping it toward the dyad.sThrocess may occur from the sequential
or concerted action of two domains, a DBD that pgsBNA into the nucleosome (Figure
18b, state 1 to 2), creating a small DNA loop oa tlucleosome, and a Tr that pumps that
DNA toward the nucleosomal dyad (Figure 18b, stt® 3). The loop then propagates
around the nucleosome by one-dimensional diffusiweaking histone-DNA contacts at the
leading edge of the loop and replacing them atabging edge of the loop (Figure 18b, state
3 to 4) (414, 417-420).
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Figure 18: Model of DNA movement during a remodelig event. (a) At left, a nucleosome side
view emphasizing the left-handed wrapping of DNA (p States 1 to 4 represent the successive
steps occurring during a remodeling event. The cometed action of a DNA-binding domain
(DBD) located on the linker DNA and a translocationdomain (Tr) located near the dyad
generates a small DNA loop that propagates on theunleosome surface. The remodeler
undergoes a conformational change in its DBD whenNDA loop is generated (State 1 to State 2),
followed by the translocation of the DNA through the Tr domain, which passes the DNA loop to
the dyad (State 2 to State 3). The DNA loop contims its propagation on the second half of the
nucleosome surface by one-dimensional diffusion. bp propagation then resolves into the distal
linker, resulting in nucleosome repositioning (Sta¢ 3 to State 4). The remodeler resets its
conformation with original binding contacts, readyfor a new remodeling cycle (State 4 to State
1). Figure adapted from (278).

| .8.3 Core histone Variants

Non-allelic isoforms of the conventional histones aalled Histone variants which
generally have specific expression, localizatiord aspecies-distribution patterns (421).
Discovered as early as in 1969 (1, 422), histoneants have gained a lot of attention in the
recent past for their suggested role in the motuladf chromatin structure and dynamics,
even though their exact role in such processestiis far from unambigious. Their
incorporation into nucleosomes confers novel stmattand functional properties of the
nucleosome and has been implicated in epigenelieritance mechanisms of chromatin
markings (423, 424) and shown to play significasies in gene expression, antisilencing,

heterochromatinization and the formation of spésxzal regions of the chromatin (425-428).
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Histone variant genes vary from the conventionsidme genes in expression pattern, number
of genes and the type of mRNA they synthesize. &ged generally from a single copy gene
throughout the cell cycle, the mRNA of histone &ats, in contrast to the conventional
histones, is polyadenylated and the longer polyai results in higher transcript stability
(429). There are reported histone variant fortedl tonventional histones, except H4, which
vary from the conventional counterparts from almostaminoacid difference to extremely

divergent changes (430).

| .8.3.1 H2A histone variants

The histone variants of H2A form the largest fanolfyidentified histone variants,
including H2A.Z, MacroH2A, H2A.Bbd, H2A. X, TH2A, H®.1 and H2AL2 (425, 427, 431,
432). H2A is a unique core histone which has anruasired C-terminal tail, which makes it
more susceptible for divergence in the evolutiomsTappeared to be related with the weaker
interaction of the H2A-H2B dimer with both nucleasal DNA and H3-H4 tetramer.

| .8.3.1.1 H2A.Z Histone Variant

One of the best studied H2A variants, H2A.Z congwisoughly 5-10% of cellular
H2As and is a highly conserved histone variant. AZ&quences have been given different
names in different organisms like H2A.Z (mammats}A.F (birds), H2A.FZ (sea urchin),
H2Av (Drosophila), Htz1l &accharomyces cerevisiae) and hvl Tetrahymena). H2AZ has
been reported non essential in yeast and essenfalbbsophila and mouse (433-436). X-ray
crystallographic structure of the H2AZ nucleosorasembles the conventional nucleosome
albeit with some local changes in the variant H2AZB dimer and the (H3-H4)tetramer
interface. DNase | footprinting analysis also swege that the structure of the H2A.Z
nucleosome in solution closely resembles the camwasd core particle (437). There have
been contradictory reports about the stability 8AH reconstituted nucleosome arrays, some
suggesting them less (437) and others report theme rstable than the conventional ones
(192). It is strongly believed that H2A.Z is impamt for both heterochromatin assembly and
maintenance of higher order chromatin structuree &bidic patch of H2AZ was shown
importantin vitro for heterochromatin protein, HElinduced folding of nucleosomal array.
In vivo suppression of H2A.Z resulted in perturbation$ath the structure of constitutive
heterochromatin and HBZXchromatin interactions, which in turn lead to sgomitotic

defects (438). H2A.Z is enriched in pericentric emethromatin in postmeiotic X and Y
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chromosomes (439) and also interact with the pgesemrotein INCENP (440), a member of
the Aurora B kinase complex, which plays a cruc@é in chromosome segregation and
cytokinesis (441).

H2A.Z has been linked to both transcriptional repren and activation and was found
to be partially redundant with chromatin remodeliogmplexes (434, 436, 442). Recent
genome-wide high-resolution localization of H2AZ yeast (443-446) found that H2A.Z
occupied promoters genome-wide, however there wase scontroversy among the reports
about the precise location around the promotersdutition H2AZ location correlated with
both particular transcription factors and particligstone acetylation pattern (445, 447). In
Tetrahymena thermophila H2AZ localizes to the transcriptionally active maaucleus
indicating its role in the activation of gene exgsien. Chromatin remodeling complex Swrl
was found to aid in exchange the H2A-H2B converdiatimer for the H2A.Z-H2B variant
dimer (393).

| .8.3.1.2 H2AX histone variant

Histone H2AX (14 kDa) is a ubiquitous, highly conssl H2A variant which
represents up to 25% (depending of cell type asglé studied) of the mammalian histone
H2A family (448). It contains an evolutionary conss SQ motif at the C-terminus (431).
Phosphorylation of Serine 139 within the SQ moi#lgs a form known as gamma-H2A¥- (
H2AX) in response to double-strand DNA damage gmaptosis (449)y-H2AX is essential
for the efficient recognition and/or repair of DNdouble-strand breaks (DSBs). Many
molecules, often thousands, of H2AX become rapjatypsphorylated in vicinity of each
nascent DSB. Three kinases belonging to the PIKkilja namely ATM, DNA-PK and ATR
(450) have been suggested to be involved in thegdtarylation of H2AX and the generation
of y-H2AX. In response to the DNA DSB, chromatin remedéNOS8O is recruited through
Nhp10 subunit to-H2AX (400) which then opens the DNA for the repaiizyme machinery.
Also there are reports of specific interaction oiAd HAT complex (involved in the
acetylation of histone H4) witirH2AX, suggesting that the chromatin acetylationNayA4
was important for DSB repair (451).

H2A.X knockout in mice results in infertility in éhmale but not in the female due to
failure of meiotic pairing by X and Y chromosomesdahas been shown to initiate

heterochromatinization in the sex body (452).
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| .8.3.1.3 MacroH2A histone variant

MacroH2A, first discovered in rat liver, is an uoas histone H2A variant which is
nearly three times the size of conventional H2Adme (42kDa). The N-terminal part of the
protein is more like conventional H2A, sharing mg&4 percent identity, while as the C-
terminal domain also called as Non- Histone RedidRR) or macrodomain resembles a
leucine zipper (453) and is characteristic for nroue bacterial, archaebacterial and
eukaryotic proteins (454). There is more diveratiien of macroH2A in humans where two
mH2A genes, mH2A1 and mH2A2, were identified, whictded for two distinct, but closely
related proteins (455-457). mH2A1, in turn, has tepliced variants, mH2A1.1 and
mH2A1.2, which differed only by a short aminoacédjgsence in the macrodomain (457).

Several reports in the literature suggest that mHeduld be involved in
heterochromatin establishment or maintenance (433-4nd was found enriched in
senescence-associated heterochromatic foci whiehdamains of repressed transcription
associated with cell aging (446, 462). mH2A hasnbedso localized to pericentric
heterochromatin (463); and found associated with fédrcultative heterochromatin of the
inactive X chromosomes (Xi) in female mammals (458pwever immunofluorescence
experiments suggest that there is overall highetemsome density within the Xi and not an
enrichment of mH2A (464). In addition, mH2A is egpsed at similar levels in male and
female cells (465), suggesting that its functionas restricted to X-chromosome inactivation.
Although, recent data illustrate a relatively wgak.5 fold) enrichment of mH2A1 all along
the inactive X-chromosome (466). Interestingly, stdative silencing of some autosomal
genes, such as the IL-8 gene in B cells was shoedhiated by macroH2A. In senescent cells
the silent senescence-associated heterochromaii{S8HF) were found to be enriched in
mH2A (446). In a recent report promoters of numerganes particularly, the promoters of
the inducible Hsp70.1 and Hsp70.2 genes, but not that of the constitutively expressed
Hsp70.8, were shown highly enriched in mH2A1 (467). Ma@uwotins are reported to bind
ADP-ribose with high affinity (468). This fact led the discovery of a PARP-1-mH2A1.1-
nucleosome complex. This interaction was founde@$sociated with inactivation of PARP-
1 enzymatic activity. Heat shock released both mH2Aand PARP-1 from thélsp70.1
promoter and activated PARP-1 auto modificationvéygt The studies suggest that mH2A1.1
recruits PARP-1 to the promoter, thereby inactngtit. Upon heat shock, thesp70.1
promoter-bound PARP-1 is released to activate ¢rgstton through ADP-ribosylation of
otherHsp70.1 promoter-bound proteins (467).
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Invitro, mH2A was found able to inhibit SWI/SNF nucleosoreenodeling and to
interfere with initiation of Polymerase Il trangution (469, 470) which suggests that mH2A

could be involved in transcription repression.

| .8.3.1.4 H2A.Bbhd histone variant

Histone H2A.Bbd (Barr body-deficient) was first cheterized in humans (471) and
shown to be excluded from the female inactive Xoomwsome, hence named accordingly.
The variant was shown to colocalize with the aedgd H4 in the genome suggesting its role
in transcriptional activation (471). The proteirggence of the variant is highly divergent,
sharing only 48% sequence identity with the conesiai H2A and molecular evolutionary
analyses have revealed that H2A.Bbd is a quickbhévg hypervariable mammalian histone
variant, in striking contrast to all other historl@®wn to date (430, 472). The protein being
smaller in size (12.7 kDa) lacks a typical H2A findharacteristic C-terminal tail as well as
the very last sequence of the docking domain resplanfor interactions with H3 in NCP
(471, 473). In addition N-terminal tail of H2A.Blekhibits a row of six arginines, contains
only one lysine residue in its entire aminoacidusgwe compared to fourteen in canonical
H2A. H2A.Bbd lacks the ‘acidic patch’ (E69, E10(daE101) (54) in the C terminal tail,
which in turn impedes the inter-nucleosomal intBosms within the H2A.Bbd nucleosomal
array (194). Chromatin fractionation and sedimeomtaassays have shown histone H2A.Bbd
to cofractionate and copurify with core histonegl(dsuggesting it an integral component of
the chromatin. Histone H2A.Bbd can replace the eatienal H2A in then vitro nucleosome
reconstitutions and form a novel and distinct gtreec which exhibit numerous structural
perturbations compared to the conventional nucleeso These perturbations of the
nucleosomal structure result in altering its stghil modifying its interaction with
transcription factors, repair enzymes and affecttegmobilization by different remodeling
complexes like SWI/SNF and ACF (473-479). DNasedtprinting profile showed that the
perturbations exist all along the H2A.Bbd nucleoabM@NA (474). Micrococcal nuclease
digestion data suggested that the variant octamvbich is stable only in presence of
nucleosomal DNA, can organize only 118 base pdir®NA and the unusual H2A.Bbd
docking domain was found responsible for this op&ncture (473). However micrococcal
nuclease digestion experiments in combination \aittbmic force microscopy (AFM) and
electron cryo-microscopy concluded that the H2A.Blodleosome organizes 130 bp of DNA

and the entry exit angle of DNA was found to be %i80contrast to the typical V shaped
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configuration in the conventional nucleosome. Indiadn, FRAP and physiochemical
experiments pointed to the lower stability of theriant particle (475) and the stability was
shown dependent on the docking domain. The straicpuoperties of H2A.Bbd are well
characterized, but very few data are available riBgg its localization in the nucleus and
genome. Its biological role is not known. In humarn2A.Bbd is detected by northern-blot in
the testis by RT-PCR and in some cell lines (4R&cently H2A.Bbd was also detected in the
mouse in lower amounts in other tissues (brairr)ikidney, prostate) (472). The abundance
of H2A.Bbd in the testis compared to other tisswmb®re its presence is barely detectable,
suggests that this histone is one of many variswslved in chromatin remodeling during
spermatogenesis.

| .8.3.1.5 TH2A histone variant

TH2A is a variant of histone H2A, specifically ergsed in the rat testis (480, 481).
This variant differs from the histone canonical dnly eight amino acids. TH2A is actively
synthesized and incorporated into the chromatiprahary spermatocytes during the first
meiosis. TH2A represents 60% of histone H2A typepathytene spermatocytes and is

suggested to have a role in chromatin organizatioing spermiogenesis.

|.8.3.1.6 H2AL1 and H2AL2

Chromatin undergoes a dramatic reorganization duspermiogenesis (482), resulting
in the replacement of nucleosome based chromathound spermatids by highly compact
protamine based condensed structure in spermatahieh has been shown to retain 10-15%
of histones in the human sperm nucleus. The mtaeecnechanism of this process is still
unknown. However global hyperacetylation of seveddl the core histones and the
incorporation of histone variants have been shawwolved in this process (483). Recently
H2AL1 (H2A Likel) and H2AL2 (H2A Like2) have beedentified in the mouse (483). Both
variants are specific to mice and no sequence loghe could be identified in the human
genome. H2AL1 and H2AL2 were shown to express ffeidint tissues, but the expression
was found to be remarkably strong in testis duspgrmatogenesis (483). Both of them are
expressed in round spermatids, accumulate in etedgspermatids (483) and have been
shown to quickly disappear after fertilization imetone cell mouse embryos (484). Both
variants were found specifically associated witle tinajor satellite DNA and might be

involved in the organization of pericentromeric g during the late stages of
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spermiogenesis (483). When expressed ectopicalsomatic cells H2AL1 or H2AL2 has
been shown to form dimers with either H2B or aisespecific H2B (TH2B), which are
utilized to form the nucleosomes with H3-H4 tetrasnéne of the aims of the present study

is to analyze the properties of the nucleosometaagung the histone variant H2AL2.

| .8.3.2 H2B histone variants

Unlike H2A there are not many H2B histone variaisntified so far. The ones
identified are shown to be testis specific (485)4&8d their functions are largely unknown.
There are two reported H2B variants in humans, TA2B8H2BFWT.

| .8.3.2.1 TH2B histone variant

TH2B variant has been reported and found consearvédiman, rat and mouse (489-
493). The main differences in sequence between &#BTH2B are located in the N-terminal
tail of the histone, with three additional phospitation sites (Ser 12, Thr 23 et Thr 34), and
to a lesser extent in the histone-fold domain. Thierminal parts are completely conserved.
Interestingly, most of the differences in the N-&it (and also the histone-fold domain) are
conserved between the three species, and couldsed n a spermatogenesis-specific
signalization process (482). It has been shownTh&B replaces the conventional H2B and
remains the major form of H2B in round and elongapermatids and gradually disappears
in humans during the condensation of the spernmatadeus (490). All this suggests a role in

the chromatin reorganization process.

| .8.3.2.2 H2BFWT histone variant

H2BFWT is a recently reported H2B variant which hesy low homology (45%
identity) with the conventional H2B and presumed&associated with the telomeric DNA
(494). H2BFWT, in contrast to conventional H2B, hbsen found unable to recruit
chromosome condensation factors and to assisttotiomchromosome assembly. This loss of
function is shown to be associated with the highisergent N-terminal of H2BFWT (495).
In vitro reconstituted H2BFWT containing nucleosomes shoddse | footprinting pattern
identical to this of the conventional nucleosonmeli¢ating that the variant nucleosome may
have very similar solution structure (495). Howetles exact function of this variant is still

unknown.
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Figure 19: Sequence alignment of the main mammaliahistone H3 variants: H3.1, H3.2, H3.3
and H3t. The amino acids that differ among the segences relative to H3.1 are highlighted.
Amino acids 87, 89 and 90 are key to preventing hime H3.1 incorporation into chromatin
through the DNA-replication-independent (RI) pathway. The percentage of homology is shown
on the right, taking the H3.1 sequence as 100%. Thiears labeled el and a2 represent the
residues that constitute two of the threea helices forming the histone fold domain. Figure
adapted from (496)

| .8.3.3 H3 histone variant

Histone H3 variants have special role in the maitutar processes like chromosome
segregation and transcriptional activation. Différerganisms differ in the number of histone
H3 variants and their nomenclature (Table 5). Trageefour somatic and one testis specific
(H3t) (497) histone H3 variants in mammals. Somat& variants H3.1 and H3.2 are the
replicative histones expressed during S phase en@%%%6 identical. H3.3 is the replacement
histone expressed throughout the cell cycle angbt¥% identical to H3.1, differing at five
amino acid residues (Figure 19). Centromeric pnofei(CENP-A) is specifically present at
centromeres and is highly divergent and shares 46% identity with H3.1, whereas H3t

differs from H3.1 by just four amino acids (496).

Replication Replication
Organism dependent independent Centromere
(replicative) (replacement)
. Hht1, Hht2
Saccharomyces cerevisiae None (H3.3-like) Cse4
Schizosaccharomyces pombe None H3 (H3.3-like) Cnpl (SpCENP-A)
Neurospora crassa None H3 (H3.3-like) H3v
Caenorhabditis elegans H3 H3.3 HCP-3
H3
Drosophila melanogaster (homologous H3.3 Cid
to H3.2)

& Owing to a lack of sufficient information at thiene of writing, the H3t variant has been omitteahfrthe table.
Table 5: Histone H3 variants in different organisms Table adapted from (496)
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| .8.3.3.1 Centromeric protein A (CENP-A) or CenH3

CenH3 is an essential protein (498), present iewtharyotes and binds to centromeric
DNA by replacing the conventional histone H3 (4289, 500). The sequence of histone fold
domain is highly conserved while as N-terminalstaif CenH3 proteins are highly divergent
among the different species (43D). vitro reconstituted CenH3 nucleosomes show a very
similar structure as that of the conventional H8leasomes (501). CenH3 interacts directly
or indirectly with several kinetochore proteins Zb@nd is required for the formation of the
functional centromeres (498, 503). CenH3 histonld fdomain contains the centromere
targeting information (504-506) while as the N-terah domains are required for the binding
of other kinetochore proteins.

CenH3 has been suggested to act as a specificngpigenarker as it is retained in the
mature spermatozoa and transmitted through geoesatiThere is still no clearity in the
literature about the mechanism of CenH3 depositionhromatin. Recently a complex of
CENH3, histone H4 and the chaperone RbAp48 (5073 isalated fromDrosophila cells.
RbAp48 was shown to promote the assembly of Centt3ensomesn vitro. By using
tandem affinity purification, a human multiprotasomplex (CenH3 NAC) directly recruited
by CenH3 nucleosome, was identified (508, 509). ddraplex was found to carry three new
centromere proteins (CENP-M, CENP-N and CENP-T) cwhiwere essential for the
assembly. Another study (509) reported a completxawfscription implicated protein FACT,
histone chaperone nucleophosmin and CenH3 indepenti€enH3 NAC.

A recent study in Drosophila melanogaster, suggests that the centromeric
nucleosomes could contain only one copy of eaclors (CenH3, H2A, H2B and H4)
forming a tetramer around which would be complekx2d bp DNA (510).

| .8.3.3.2 H3.3 histone variant

Contrary to the histone H3, variant H3.3 is expedsthroughout the cycle cell (511,
512) and incorporated into chromatin independeuitiseplication (513). H3.3 has been found
to be the main form of H3 in the non dividing cellke neurons (514) and excess
accumulation of H3.3 in nerve cells leads to furtbeverity of Rett syndrome, a common
mental disorder directly related to the loss of M@Ca methylated CpG binding protein
(515). The subtle differences in aminoacid sequédrateeen the histone H3.3 and canonical

H3 would not affect the overall structure of theleosome. However they are responsible for
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the low stability of the H3.3 nucleosomes (516).3HBas a serine at position 31, instead of an
alanine in H3. The phosphorylation of this serinéhwanknown function occurs during the
prophase in pericentromeric region (517).

H3.3 is highly expressed in dividing cells, and ksaeuchromatin (513). A good
correlation was found irosophila between the transcriptional gene activity and geso
wide localization of H3.3 (518). In addition theiggnetic markers of H3.3, such as di- and
tri-methylation of lysine 4 (K4), acetylation ofdine 9, 18, and 23 and methylation at K79,
suggest its important role in the transcriptionativation. Recently a special class of NCPs
containing two histone variants, H3.3 and H2A.Z haen found enriched at 'nucleosome-free
regions' of active promoters, enhancers and irsulegions. These unstable NCPs could
serve as ‘place holders’ to prevent the region filmeing covered by adjacent quite stable
(canonical) NCPs and/or nonspecific factors andhat same time, could more easily be
displaced by transcription factors (519)

Histone chaperone HIRA (514, 520) has been fousdamsible for the deposition of
H3.3 in the genome.
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OBJECTIVES

Linker histone H1 binds the nucleosome and interagth an additional 20 bp of
DNA as it enters and leaves the nucleosomal coreregult in a structure called
chromatosome. H1 serves to stabilize a higher d8@emm diameter chromatin fiber that is
fundamental to the structural organization of chweomes. Structurally Linker histone
consists of a globular “winged-helix” central domdlanked by basic N4 and COOH-
terminal tail domains. Crystal structures of theclaasome core particle and H1 globular
domain have been resolved. However there have lvegry controversial reports, based on
biochemical and imaging data, about where doe®tihkstones bind to the nucleosomal core
as the crystal structure of the chromatosome isyabtavailable. The main reason for these
discrepancies in the data is either the undefinadirsg material (improper deposition of
linker histones on nucleosomal template) or th& lafcproper resolution in such studies. In
addition, the role of long unstructured C-termirtdmain of the protein, in chromatin
condensation has not been fully addressed. Alsethee no studies to show how newly
discovered structurally open histone H2A variantleasomes, which carry a “disordered
docking domain”, will interact with the linker hate. By utilising a combination of high
resoluition EC-M, OH° radical footprinting and ceargrain DNA mechanics, we aim to
address the following questions in the presentigshes
1 To develop and apply a very specific and physiaalgmethod of linker histone
H1 deposition on the well position&alvitro reconstituted nucleosomal substrate.
2 To determine the location of globular domain of bii the nucleosome and to
validate the data with the currently published niede
3 To decipher the role of C-terminal tail in H1 inéwc“stem structure” of linker
DNA and to develop a model, describing the inteoactof H1 with the
nucleosome.
4 To check the binding of H1 to structurally opentéw® variant H2A nucleosomes

and to decipher the role of H2A docking domainhie process.
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RESULTATS: CHAPITRE Il

PUBLICATION 1
CARTOGRAPHIE DE L'INTERACTION NUCLEOSOME-H1 ET SO N
ORGANISATION 3D A LA RESOLUTION D'UNE BASE

Dans ce travail, a l'aide de la technigue d’empgeeiau radical OH°, nous avons
montré que le domaine globulaire de I'histone BH{) interagit, a travers le petit sillon de
'ADN, avec 10 pb localisées symeétriquement ad’'alyade du nucléosome. En plus, GH1
organise approximativement une tour d’hélice daqcie ADN de liaison du nucléosome.
Une série de sept aminoacides (120-127) est requiseassurer la formation de la structure
en tige de I'ADN de liaison. Nous avons construit modéle mécanique en 3D de type
« gros-grain » qui expligue comment les differeotndines de H1 interagissent avec I'’ADN

nucléosomale et qui prédit la génération de lacgire spécifique en tige de ’ADN de liaison.
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[1.1 Abstract

Despite the key role of the linker histone H1 imazhatin dynamics, its location and
interactions with nucleosomal DNA are controversgsues. In this work we have used a
combination of electron cryo-microscopy (EC-M), hgxlyl radical footprinting and nano-
scale modeling to analyze the structure of pregigekitioned mono-, di- and trinucleosomes
containing physiologically assembled either fultg¢h histone H1 or histone H1 truncated
mutants. The one base pair resolution mapping B fOotprinting showed that the globular
domain of histone H1 (GH1) interacts, through theangrove of DNA, with 10 bp localized
symmetrically to the nucleosomal dyad. In additiGi1 organizes about one helical turn of
DNA from each linker of the nucleosome. A row ofvee AA (120-127) of the COOH-
terminus of histone H1 was required for the formatof the stem structure of the linker. A
3D molecular model, based on these data and cgaageDNA mechanics, was constructed.
The model explains how the different domains of iHteract with nucleosomal DNA and

predicts a specific H1-mediated stem structurdeflinker DNA.
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[1.2 Introduction

The nucleosome is the fundamental repeating unih@fgenomic DNA arrangement
in the nucleus of eukaryotic cells. The compositamd the basic organization of the
nucleosomes were established since few decadesdlthe structure of its dominant part, the
nucleosomal core particle (NCP), was solved witharlye atomic precision by X-ray
diffraction (3, 54). However, the same type of mfation for the structure of a complete
nucleosome, i.e. the NCP containing linker DNA wahksociated linker histone, is still
missing. Electron microscopy and electron cryo-oscopy (EC-M) imaging shows a
relatively low resolution structure of the completecleosomes, both native (181) and
reconstituted (521) and several important featafelse structure remain obscure.

The globular domain of the linker histone appearete internally located in the 30
nm chromatin fiber (75, 76), but its exact positigithin the nucleosome remains the major
controversy in the available data (for review ség, (79, 81, 522-524). The second not yet
clearly resolved question concerns the interactiand location of the linker histone C-
terminus. These issues have their origin in diffiea related to preparation of well defined
nucleosomal samples. The native chromatin has @alatariability both in the content of
linker histone and the proportions of linker hisgtomdividual somatic subtypes. The
preparation of reconstituted chromatin has beenifggntly facilitated by identification of
the strongly positioning sequence 601 (183), winokitions the histone octamer with high
precision. The last step required for the formatidrthe complete nucleosome, the linker
histone association, proved always to be a vergatel procedure.

The linker histone family is the largest one amatiger histone families. The linker
histones and the core histone Nidrmini are essential for the maintenance of th@matin
fiber and the mitotic chromosomes (78, 523, 525}5ZHe linker histones exhibii200 AA
in length (the numbers vary slightly between spgci€he vast majority of the linker histone
isoforms shares a common structural arrangemetiierahort non-structured N-terminus
(about 40 AA in length), followed b¥70 AA folded into structured (“globular”) domain,
which is fused to about 100 AA long non-structuderminus, strongly enriched in lysines
(about 40% of all AA). The widely used techniquelioker histone association by stepwise
salt dialysis does not assure its accurate posigorwith the precision required for

crystallography and in oligonucleosomal templatessi difficult to achieve native-like
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stoichiometry (one linker histone per nucleosoméhout at least partial aggregation. The
situation can be considerably improved using coitggdDNA technique (184).

It was recently shown that iKenopus laevis extracts the embryonic form of linker
histone B4 is associated with the histone chapekbhie-1 (528). This identified NAP-1 as a
chaperone for the linker histone B4 (528). It wagher demonstrated that NAP-1 could be
used to properly incorporate the somatic linketdme H1 as well as B4 in a dinucleosome
DNA template containing a tandem repeat of Xeaopus borealis 5S RNA gene (92). The
DNase | footprinting analysis of the 5S dinucleosandicated that both B4 and H1 protected
linker DNA (92). However, since 5S RNA gene seqeemxhibits several translational
positions (93), the histone octamers were not pedgipositioned on the dinucleosome
sequence, and it was difficult to understand hosvlithker histones interact with nucleosomal
DNA in this heterogeneous population of di-nuclenabtemplates.

In this study we have analyzed the structure of enomli- and trinucleosomes
containing either histone H1 or its Hand COOH-terminus truncated mutants. We have
used 601 DNA repeats to reconstitute preciselytipogid nucleosomal templates. The proper
incorporation of histone H1 and its mutants wasieadd by using NAP-1. The electron
cryo-microscopy data showed that the 3D structurehe reconstituted trinucleosomes
particles was indistinguishable from that of thdiveaones. In all templates studied, the
globular domain of histone H1 (GH1) was found tteract specifically with 10 base pairs,
localized symmetrically to the dyad axis of the lsosome. GH1 appears also to organize
additional 10 base pairs of DNA from each end efribcleosome core particle. A stretch of 7
AA at the C-terminus of H1 (located in very closeimty of the globular domain) was
sufficient for both the local and 3D organizatidrttze linker DNA. These data were used to
construct a 3D model, which explains how histonebiils to the nucleosome and predicts a
specific H1-mediated organization of the linker DNA

[1.3 Materials and Methods

11.3.1 Preparation of DNA fragments

The 423 bp dinucleosomal DNA and 623 bp trinuclewslo DNA fragments,
containing two and three 601 nucleosome positiorsequences respectively, were sub-
cloned from the 33x 200-601 chromatin array DNAnty provided by Daniela Rhodes).
Prior to reconstitution, the fragments were excigeth plasmid either by restriction enzyme

EcoRV for cryoEM experiments (610 bp with outekéns of 35 bp and 27 bp) or by enzymes
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Xbal and EcoRlI for Klenow radiolabelling. The oulieikers generated were 43 bp and 32 bp
while the length of internal linkers was 52 bp lhaases. To probe the binding of globular
domain on both strands, named upper strand andrlstrand for convenience, of
dinucleosomes, the two strands were separatelyoMiditied either at EcoRI or Xbal cleaved
overhangs respectively. The 255-bp DNA fragmentpt@oing the 601 nucleosome
positioning sequence at the middle, was obtaineB®R amplification from plasmid pGem-
3Z-601 (kindly provided by J. Widom and B. Bartholew) using 5" labeled primer for the

corresponding lower strand of dinucleosome.

11.3.2 Clone construction and Protein purification

Full length 227 amino acid human H1.5 clone waslusegrepare the deletion mutant
peptides 1-177, 1-127, 35-127, 35-120 and 40-1121{GThe corresponding proteins were
expressed by the standard IPTG induction in transd BL21- RIL bacterial cell line. The
soluble proteins were purified first by SP sepharasd later by using 1ml Resource S cation
exchange column (Biorad) using FPLC. Mouse NAP-INAR-1) was also bacterially
expressed and purified by Resource Q anion exchaogenn. Purified proteins were
analyzed by 15% SDS-PAGE and stained with coomddsee RecombinanXenopus laevis
full-length core histones (H2A, H2B, H3 and H4) weroduced in bacteria and purified as
described (529).

11.3.3 Nucleosome Reconstitution, H1 deposition anfibotprinting

Mononucleosome, dinucleosome and trinucleosomecfest(without linker histone)
were reconstituted by the salt dialysis proced®@0). Briefly chicken erythrocyte carrier
DNA fragments (150—200 bp) and 50 ng*@® labeled 601 DNA were mixed with equimolar
amount of histone octamer in nucleosome reconistitutuffer (2M NaCl, 10 mM Tris pH
7.4, 1 mM EDTA, 5 mM MeEtOH and 10% glycerol) aretially dialysed to low salt (10
mM NaCl) buffer. Trinucleosome reconstitutions tyo-EM experiments were carried out

without any carrier DNA.

11.3.4 NAP-1 mediated deposition of H1

Full length H1 or its deletion mutants were mixedhwnNAP-1 in a 1:2 molar ratio
(buffer 20 mM Tris-HCI, pH 7.5/0.5 mM EDTA, 100 mMaCl, 1 mM DTT/10% glycerol,

0.1 mM PMSF) and incubated at°80for 15 minutes. Dinucleosomes were mixed with

81



different concentrations of linker histones or Bnkhistone/NAP-1 complexes in binding
buffer (15 mM Tris-HCI, 0.3 mM EDTA, 0.2 mM DTT, 2%lycerol, 25 mM NaCl) at 3@

for 30 min to find the saturation concentrationamples were run on 5% native PAGE in
0.3XxTBE. After electrophoresis, the gels were dramtd analyzed by autoradiography.
Saturated H1 and deletion mutant bound dinucleosoneze used for DNase | footprinting

and analyzed on 8% urea denaturing gel as desquileetbusly (531).

11.3.5 Hydroxyl radical footprinting

To perform the hydroxyl radical footprinting, thelHor H1 deletion mutants)
saturated mono, di and trinucleosomes were bukehanged (few times using 100 kDa cut
off centricons) to be in the final quencher freelaasomal buffer (5 mM Tris, 5 mM NaCl
and 0.25 mM EDTA). Briefly, 1% reaction mixture containing 150 ng of full lengti- or
H1 deletion mutant bound nucleosomes in nucleostwn@r were aliquoted at the bottom of
an eppendorf tube. Subsequently the hydroxyl radezection was carried out by mixing 2.5
pl each of 2 MM FeAmSH4mM EDTA, 0.1 M ascorbate and 0.12%4 together in a drop
on the side of the reaction tube before mixingithvthe reaction solution. The concentration
of Fe(I)EDTA in the reaction mixture was varied dohieve different cleavage yields. The
reaction was stopped by adding 1@i0stop solution containing 0.1% SDS, 25 mM EDTA,
1% glycerol and 100 mM Tris pH 7.4, and the DNA wasenol/chloroform purified and

ethanol/glycogen precipitated.

11.3.6 Cryoelectron microscopy:

Trinucleosome reconstitutions were performed withamy carrier DNA. Full length
H1 and H1 deletion mutants were deposited in complgh mNAP-1 as described above.
The final reaction mixes were concentrated to 2@@uinof DNA and buffer exchanged
against nucleosomal buffer using 100 kDa cut offteeons. Immediately after the buffer
exchange, the samples were prepared for cryo-eteaticroscopy as described earlier (478).
Briefly, 3 ul droplet of the solution was depositaa an electron microscopy grid with home
made perforated supporting film with surface trddig successive evaporation of carbon and
platinum/carbon layers. The excess of the soluts@s removed by brief blotting using
Whatman No 1 filter paper and the grid immediagglynged into liquid ethan (-183°C). Grid
was transferred without re-warming into Tecnd& Sphera 20 electron microscope using

Gatan 626 cryotransfer holder. Sample was visuale80 kV acceleration voltage using low
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dose operation mode with total electron dose noeeding 15 e/sA Images were recorded
on Gatan Ultrascan1000 slow scan CCD camera abstope nominal magnification either
14500x or 25000x (final pixel size 0.7 and 0.4 mmith 2.5 um underfocus.

11.3.7 Mathematical analyses and structural model ebuilding

[1.3.7.1 Relative accessibilities of nucleosomal DNto OH°

Raw intensity traces of OH° footprinting gels wgmocessed by automated band
counting, band-wise integration and finally resogliwithin a moving window (see
Supplementary methods). The resulting signal regmtsshe OH® accessibility per nucleotide,
corrected for global trends and irregularitiesha gel.

[1.3.7.2 Visualization

The molecular visualization package Chimera (53Bws rendering of molecular
structures using a color code for user-defined atinbutes. This feature was used to present
the relative accessibility signals by color codthg deoxyribose C5' atoms. Footprints were
measured for one of the strands. Color-coding aih strands of DNA was displayed, by
exploiting the two-fold symmetry of the nucleosomBases, for which no single nucleotide

resolution footprinting was available, were notored.

11.3.7.3 Structure-derived accessibility profiles

DNA is attacked by OH radicals primarily at the @oms of the backbone sugars
(533). Per-C5' unified atom accessible surfaceseveaiculated with the MSMS program
(534) as implemented in the molecular visualizatisgstem Chimera (532) (see

Supplementary information for detail).

11.3.7.4 Structural model rebuilding

Three structural models (28, 84, 91) for linkertdwi® placement were rebuilt, by
manually matching the reported proteirhelix orientations and protein-DNA contact sites.
As a molecular model for the linker histone globudamain, an NMR solution structure of

H1 was used (535) (see Supplementary methods failligje
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11.3.7.5 Restrained energy minimization

We have carried out a restrained energy miniminatrgh the boundary conditions of
free linker ends and linker start base-pairs fixed their nucleosome core particle
conformation (54). For energy minimization, we haweployed the sequence-dependent rigid
base-pair model of DNA elasticity (with the "MP"rameter set, as described in (536, 537).
DNA volume exclusion was included by placing puredpulsive Lennard-Jones spheres with
2.05 nm diameter around each base-pair. To entanetacts between the two DNA linkers at
the corresponding maximally protected sites, lirgaings were introduced between the C5'
atom positions at the minima of the full-H1 acck#isy profile. Note that the symmetric
construction of the linker protection patterns @nel symmetry of the nucleosome structure
(which provides the boundary conditions), lead &iean conformation of the linker with the

same two-fold symmetry (see Supplementary methardddtails).

[1.4 Results

11.4.1 NAP-1 mediated assembly of H1 and its mutastto nucleosomal templates

We have reconstituted strongly positioned mone-add trinucleosomes by using 601
DNA templates. These nucleosomal samples wereubed as substrates for binding of full
length recombinant linker histone H1 or its truechimutants (Figure 1). The recombinant
proteins were purified to homogeneity (Figure 1B)daallowed to interact with the
nucleosomal samples either in the presence orlibenae of NAP-1. Then the binding of
histone H1 was studied by EMSA (Figure 1C). As samnthe absence of NAP-1, upon
raising the ratio H1:dinucleosomes, the samplesltegaggregate and at higher ratio a smear
all along the lane of the gel is observed (Figute thnes 7-10). This result is in complete
agreement with the reported data and reflectsnipeaper association of histone H1 with the
dinucleosomes (92, 528). Very similar results welpgained when mononucleosomes were
used in the binding reactions (not shown). WhenPNIAwas, however, present in the
reaction mixture a completely different picture wasserved. Indeed, the NAP-1 assisted
bindingof histone H1 resulted in a sharp band with welirae mobility (Figure 1C, lanes 3-
6). Importantly, higher increase of the ratio Hinutleosome in the reaction did not change
either the shape or the mobility of the band.
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Figure 1: NAP-1 allows the proper incorporation oflinker histone H1 and its truncated mutants
in 601 dinucleosomal templates. (A) Primary structte of histone H1 (upper panel) and
schematics of the different histone H1 mutants (loar panel) used. The globular domain is in
bold (upper panel) or in black (lower panel). The leginning and the end of the different mutants
are indicated. (B) 15% SDS-PAGE of purified recomkant full length H1, its truncated mutants
and NAP-1. M, protein molecular mass markers. The mlecular masses of the markers are
indicated in the left part of the figure. (C) NAP-1functions as a chaperone for full length H1 as
well as for its truncated mutants. Positioned 601 iehucleosomes were incubated for 15 min at
room temperature with increasing amount of eitherfull length histone H1 alone (lanes 7-10 ) or
with NAP-histone H1 complex (lanes 3-6 ) or with @omplex of NAP-1 with the indicated H1
truncated mutants (lanes 11-18 ). The samples wetken run on 2% agarose gel under native
conditions. The positions of both non-associatedH{1) and associated (+H21) with linker histones
dinucleosomes are indicated by arrows. Lane 1, cail dinucleosomes without H1; lanes 2,
dinucleosomes incubated with NAP-1 only. The molamtio NAP-1: linker histone was 2:1.

These results agree with the literature and ilkustthe capacity of NAP-1 to act as a histone
H1 chaperone able to properly deposit it in thelemsome (92, 528). Interestingly, NAP-1
was also able to deposit the different H1 truncatediants, including the globular domain of
histone H1, GH1 (AA 40-112), in the nucleosome (FgylC, lanes 11-18). This suggests that

the specific association of NAP-1 with H1 is esdiyt realized through interaction with
GH1.
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11.4.2 Electron cryo-microscopy imaging of trinucleosomes containing either full length
histone H1 or its mutants

In order to evaluate the overall structure of thheleosomes assembled with the help
of NAP-1, we have examined the conformation of ucieosomes using electron cryo-
microscopy. EC-M is the least invasive method faghhresolution visualization of such
dynamic and flexible structure as chromatin. Indegddoes not require, contrary to
conventional electron microscopy, any fixation afdorption of the material to a supporting
film, which may result in structural perturbatiofa88). Trinucleosomal particles were used in
order to best approximate the situation in 30 nmomfatin fiber, where the nucleosomes are
surrounded by neighboring ones. The central nuolaesin trinucleosomal particle will thus
exhibit behavior similar to this in native chronmati

Figure 2 shows gallery of trinucleosomes without (Figure 2A) and with NAP-1
associated full length H1 and some H1 truncationtamis (Figure 2B-D). The nucleosomes
without H1 adopt open conformation with divergindN® segments, best visible on the
central nucleosome, where DNA is entering and mxithe octamer at different sites (Figure
2A). In case of convenient projection, the shortAD8&gments on external nucleosomes can
be seen. Upon H1 association, the structure ofensome closes and the formation of stem
structure is clearly visible (Figure 2B, arrowheadBhe structural properties of the stem
structure are visually identical to these obseruedchative chromatin (181) (results not
shown). We conclude that, by using NAP-1 assigtedrporation of histone H1, we were
able to reconstitute native-like chromatin struesur

Intriguingly, the association of the H1 truncatedtamts 1-177 or 1-127 (which lack
either the last 50 or 100 AA from the H1 C-terminsse Figure 1A for detail), leads to a
structure very similar to this obtained upon theoagtion with full length H1 with the
trinucleosome (Figure 2, compare panel B with pabednd supplementary figure S1). In
contrast, the 3D organization of the trinucleosonassembled with the mutant 35-120
(consisting of GH1 and 5 and 8 AA from the N&hd COOH-termini of H1, respectively)
was close to this of the trinucleosomes without(Higure 2, compare panel A with panel D).
We conclude that the H1 globular domain was nogxgeected, able to assemble a stem-like

structure of the linker DNA.
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Figure 2: Representative Electron cryo-microscopymages of reconstituted 601 trinucleosomes
assembled with full length histone H1 (B), and 1-I2 H1 (C) and 35-120 (D), control
trinucleosomes without linker histones (A). The arowheads indicate selected examples of the
stem. Bar = 40 nm.

11.4.3 Hydroxyl radical footprinting of chromatin s amples assembled with full- length
histone H1

EC-M reveals the overall structure and 3D conforomabf the nucleosomal patrticles.
To correlate the generation of this structure \hta interaction of the different domains of
histone H1 with the nucleosomal DNA we have useth idNase | and hydroxyl radical
footprinting techniques. Initially we have appliggse techniques to study the organization of
dinucleosomes. The presence of full-length histélie but not of its globular domain,
affected the accessibility of the linker DNA to Dd¢al (Supplementary figure S2). This result
is in agreement with the reported data (92, 528) evidences for an interaction of non-
structured NH+ and COOH termini of histone H1 with linker DNA.

The comparison of the hydroxyl radical cleavagegpatof dinucleosomes without H1
with this of dinucleosomes with H1 provides, howewery interesting information on the
interaction of histone H1 with nucleosomal DNA ary high (one base pair) resolution
(Figure 3). Each of the two nucleosomes withindhreicleosome without H1 showed a well
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defined 10 bp repeat, evidencing for a proper wirgppf the nucleosomal DNA around the
histone octamer. The linker DNA exhibited a unifo@#° cleavage pattern. The presence of
H1 induces two major alterations in the OH° cleavgattern of the dinucleosomal DNA
(Figure 3 and Figure 4): (i) a strong decreasénéndccessibility of DNA at the dyad axis of
each individual nucleosome and, (ii) a clear 1Qdgpeat of the linker DNA. The data show
that 10 base pairs symmetrically located relativéhie dyad were protected by histone H1
(see Figure 3C for detail). The protection of eachividual DNA strand exhibited some very
weak asymmetry (Figure 3 A, B, see dyad and Fi§resee scans).

To approach more closely the physiological sibrat@nd to correlate the binding of
H1 with the 3D organization observed by EC-M we énalso carried out OH® footprinting
with trinucleosomes without and with H1 (Figure 3he same types of alterations were
observed upon histone H1 incorporation in thesagbes, namely a very clear footprinting at
the dyad of each individual nucleosome and the ajgpee of a 10 bp repeat of the linker
DNA (Figure 5). Note that in this case the cenimatleosome has two linkers (the entrance
and the exit ones) and each linker exhibited thebfiOrepeat. These types of structural
changes resulting from the NAP-1 assisted incotoraf histone H1 were also observed at

mononucleosomal level (Supplementary figure S3).

[1.4.4 The globular domain of histone H1 protects bth 10 bps of DNA located
symmetrically to the nucleosome dyad an@bne helical turn of DNA from each linker

Which domain of histone H1 is required for the aked protection of the nucleosome
against OH° cleavage? We have first concentratati@globular domain of histone H1, GH1
(AA 40-112, see Figure 1). As seen (Figure 4),dksociation of GH1 with dinucleosomes
resulted in a clear protection of the dyad. Asha tase of full length H1, 10 bps of DNA
located symmetrically to the dyad, were protectgdirsst OH° cleavage. Note that the
binding of the slightly larger (compared to GH1)}B® mutant of H1 (comprising additional
5 AA and 8 AA from the H1 NH2- and the COOH-termsnuespectively) resulted in
identical footprinting to this of GH1 (Figure 4mportantly, the association of this mutant
with either the mononucleosome (Supplementary &dgs@) or the trinucleosome (results not
shown) led to the same pattern of protection ofdyad. Therefore, the globular domain of
histone H1 interacts specifically with 10 bp of DNkated symmetrically to the nucleosome
dyad.
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Figure 3: Hydroxyl radical footprinting of control and H1 containing dinucleosomes.
Dinucleosomes were reconstituted on a tandem 32Peketabeled 423 bp 601 DNA repeat and
NAP-1 was used to deposit histone H1. The samplegne then subjected to OH° treatment and
the digestion products were run on 8% PAGE under deaturing conditions. (A) OH° cleavage
pattern of dinucleosomes reconstituted with 32P-enthbeled one of the DNA strands (upper
strand for convenience); DNA, OH° cleavage patterrof haked DNA. The arrowheads and the
stars show the digestion products of the central pa and the ends of the linker DNA,
respectively. (B) Same as (A) but for dinucleosomesconstituted with 32P-end labeled opposite
DNA strand (lower strand). The position of the nuckosome dyad is indicated. The arrowheads
and the stars designate the digestion products dfi¢ central part and the ends of the linker DNA,
respectively. In both (A) and (B) schematic drawing of the dinucleosomes are presented. (C)
Scans of the OH° digestion pattern in the vicinityof the nucleosome dyad of control (in black)
and H1-containing (in red) dinucleosomes. The uppgranel shows the scans of the OH® cleavage
pattern of the 32P-upper strand end-labeled dindeosome DNA, while the lower panel shows
this of the 32P-lower strand end-labeled dinucleosee DNA. The position of the dyad is
indicated.
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In addition to the protection to the dyad, the pres of either GH1 (AA 40-112) or
35-120 H1 mutant in the dinucleosome resulted alsca symmetrical 10 bp extension of
DNA protection at either ends of the footprint b&tcore particle (Figure 4, see stars). This
additional protection of 20 bp of linker DNA was also observed in both Gl 85-120 H1
mutant associated mononucleosomes (SupplementamefS3) as well as in trinucleosomes
(results not shown). Taken together, the abovertbest data demonstrate a highly specific
binding of the globular domain of H1 with 10 bp DNA located symmetrically to the

nucleosome dyad and an additional organizatiorOdf2of the linker DNA.

I1.4.5 A short aminoacid sequence located betweenAA120 and 127 of H1 COOH-
terminus is required for the generation of the linker DNA 10 bp repeat upon OH°
cleavage

The footprinting of the histone H1 globular domaissociated nucleosome samples
showed no linker DNA 10 bp repeat, which was othegvobserved in full-length histone H1
bound particles. This suggested that either the-MNi the COOH-termini of H1 or both
would be implicated in the generation of this rép®ée initially approached this question by
studying the OH° cleavage pattern of dinucleosoocoegaining bound either 1-177 or 1-127
histone H1 C-terminus truncated mutants (see Figui@ detail). Both samples exhibited a
10 bp repeat of the linker DNA (Figure 4 and resufiot shown). Mononucleosomes
assembled with either one of these mutants exuilaitso the 10 bp repeat of the linker DNA
(Supplementary figure S3). This pointed that eittier NH-terminus or the part of the C-
terminus present in the mutants or both are reduioe the generation of the repeat. To
differentiate between these possibilities, we neatried out a OH® footprinting of mono- and
dinucleosomes assembled with the 35-127 truncatgdmnof histone H1 in which both the
main part of the Nktterminus (35 AA) and the 100 AA from the COOH-tanas of histone
H1 were removed. This has allowed the study ofithglication of the histone H1 NH
terminus in the structuring of the linker. Both theono-nucleosomal and di-nucleosomal
particles containing the 35-127 mutant showed c€dbp repeat of the linker DNA (Figure 4
and supplementary Figure S3). This showed thaiNtHgterminus is not required for the 10
bp repeat of the linker. Since no repeat of th&einwas detected in 35-120 H1 mutant
associated particles, we conclude that a strdtohlg seven AA (AA 121-127) of the COOH
terminus of H1 plays a predominant role in the gatien of the 10 bp repeat and thus, in the

structuring of the linker DNA.
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Figure 4: Hydroxyl radical footprinting of control and assembled with full length H1 and its
truncated mutants dinucleosomes. Dinucleosomes weneconstituted on a tandem*P-end
labeled 200 bp 601 DNA repeat and NAP-1 was used teposit either full-length H1 or the
individual truncated mutants. The samples were thensubjected to OH° treatment and the
digestion products were run on 8% PAGE under denatting conditions. The lower part of the
figure shows the scans of the OH° cleavage pattermd the respective samples. The number of
the first and the last amino acid residue of the wncated mutants are indicated. (-), control
dinucleosomes. &), cleavage products corresponding to the centralgst of the linker DNA; (*),
cleavage products corresponding to a DNA fragmenttdahe end of the linker DNA; (}) designates
the footprinting at the nucleosome dyad. A schematidrawing of the dinucleosome is shown at
the upper part of the panel. The position of the yiad of each nucleosome as well as this of linker
DNA is indicated.
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[1.5 Discussion

Linker histone is a key player in chromatin dynasniDespite the numerous studies,
the location and the interactions of the differeioimains of the linker histone with the
nucleosomal DNA were and remain a controversialds®ast studies based on the digestion
of native chromatin with micrococcal nuclease amtbBe | suggested a symmetrical model of
the interaction of the linker histone with the raadome (48, 86). According to this model the
linker histone interacts with both the dyad and ¢néering and exiting DNA from the core
particle. More recently crosslinking studies of ghebular domain (GH5) of the linker histone
H5 to nucleosomal DNA pointed to a “bridging modeldccording to which GH5 interacts
with the dyad and with only one (either the exitimgentering) of the free DNA arms (84).
Another study, using also a crosslinking of GH®ISA, but within reconstituted positioned
5S nucleosomes, led to the proposal of asymmetiocation of GH5 inside the gyres of
DNA at a distance af! 65 bp from the dyad (90). Recentvivo photobleaching microscopy
report supported the existence of two distinct DNiAding sites of the globular domain
(GH1°) of the linker histone H1° (28). The datdigated that GH1° interacts with the DNA
major groove at about 10 bp apart from the dyadveitid one of the free DNA arms adjacent
to the nucleosome core (28).

Several reasons could explain the controversiatadher of the reported data. The
abovein vitro studies used salt dialysis to deposit histonedtheé nucleosomes. This would
lead to improper assembly of histone H1 (92) amlwlork). In addition, the reconstitution on
5S DNA would result in the formation of nucleosomeshibiting several translational
positioning, which, in turn, would interfere withe mapping of histoneH1:nucleosomal DNA
contacts (93). Then vivo photobleaching studies could be viewed as indieafor the
mapping of H1:nucleosomal DNA interactions, sirtoeytare indirect and model derived.

In this work we have overcome the above describesblpms by using: (i)
physiologically relevant linker histone chaperonBMN1 assisted deposition of histone H1,
(i) 601 DNA sequence for reconstitution and, (@ixombination of electron cryo-microscopy
with OH° footprinting techniques. This has allow#te reconstitution of very precisely
positioned nucleosomal templates containing phggioblly assembled histone H1 or its
truncated mutants, the mapping at one base paolutesn of the histone H1:DNA
interactions within mono-, di- and trinucleosomainplates and the dissection of the role of

the distinct H1 domains in the 3D organizationhasd samples.
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Figure 5: Hydroxyl radical footprinting of trinucle osomes. Trinucleosomes were reconstituted
on a**P-end labeled DNA fragment containing three tanden200 bp 601 sequences and then H1
was incorporated in the trinucleosome by using NAR- The samples were cleaved with OH® and
the cleaved trinucleosomal DNA was run on 6.5% denaring PAGE. Half of the sample was
loaded 2 hours after (panelA, less migrated products) the first half (panelB, more migrated
products) for better resolution on the same gel. Schematic drawings are presented on the left
part of each panel. The positions of the nucleosomeand the dyad in the trinucleosomal
templates are indicated.C. Scans of the OH° cleavage pattern of control (iblack) and H1-
containing (in red) tri-nucleosomes(A), cleavage products corresponding to the centralgst of
the linker DNA,; (*), cleavage products correspondig to a DNA fragment at the end of the linker
DNA. Note the specific protection at the dyad andhe structuring of the linker DNA in the H1-
containing samples.
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The EC-M data demonstrated that the reconstitutddcdthtaining trinucleosomes were
visually indistinguishable from the native trinuat®mmes evidencing that the reconstituted
samples exhibited lbona fide 3D organization. Importantly, the presence ofezithull-length
H1 or its COOH terminus truncated mutant 1-127ttethe generation of characteristic stem
structure of the linker DNA observed in native fiheOH®° footprinting of these two samples,
but not of samples without H1, showed the appeararica clear 10 bp repeat in the OH°
cleavage pattern of the linker DNA along its enkimegth. We attributed the generation of this
repeat to reflect the structuring (the stem stmajtof the linker induced by the binding of H1
or its 1-127 mutant to the nucleosomal DNA. Inténegy, the 10 bp linker DNA repeat was
observed in the particles assembled with the-Mmninal truncated 35-127 H1 mutant but
not in these assembled with the 35-120 mutant. efbes, the presence of only a short AA
sequence (AA 121-127) of the COOH-terminus of Hbesped to be required for the
induction of the 10 bp repeat and thus, for thecstiring of the linker DNA.

The second important feature of the OH° cleavagdepa of H1 assembled
nucleosomal samples was the protection of the dyathono-, di- and trinucleosomes, 10 bps
of DNA located symmetrically to the dyad were pobéel against OH° cleavage. This highly
specific protection was also observed with all ssmpassembled with GH1. This
demonstrates that GH1 interacts with these 10 Bpthe dyad. Since OH° cleavage is
performed through the minor groove of DNA we codeluthat interaction of GH1 with the
dyad is realized through the minor groove of DNApbrtantly, GH1, in addition to the
protection of the dyad, affected also the footpmmtof the linker DNA. Indeed, it protecis
one additional helical turn from each one of thitirg and entering DNA arms, suggesting a
direct interaction with both of them. These dateeagvith the excellent DNase | footprinting

studies published in the past (86).

Model of the nucleosome

The OH°-footprinting data characterize the protactof nucleosomal DNA from
OH°-attack at a single base pair resolution. Weehased this experimental geometric
information, the available crystal structure of tmeicleosome core particle (54) in
combination with coarse-grain DNA mechanics to ¢t a 3D model of the nucleosome
(see Supplementary methods for detailed descriptidhe whole procedure). Briefly, we first
precisely measured the OH° accessibility per nuidledy processing the gels. We next used

the visualization package Chimera (532) to "traeslghe relative accessibility signals in 3D
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structure of the nucleosomal DNA by color-codingtloé C5' carbon atoms of the backbone
sugars (OH° primary attacks C5' carbon atoms, (538 globular domain of GH1 or the H1

truncated mutant 35-127 were then manually plagedhe nucleosome to match the
nucleosomal DNA protected sites against OH® attack.

The resulting 3D organization of the nucleosome@rssented in Figure 6. As seen
(Figure 6A, upper panel and Supplementary moviesyienl), in nucleosomes without H1,
the protected sites (in blue) are located excligioe the DNA-histone octamer interface,
while the outward-facing DNA (including the regiaround the dyad and the linkers) is freely
accessible (in red). This confirms completely thkpextation that the molecular contacts are
occluding the OH?° reactive sites.

Our experimental data show that the presence of Gdtierates a clear protection at
the dyad and at both entering and exiting linkéfgs suggests that one and the same GH1
molecule could simultaneously interact with threistidct DNA binding sites. Recent
extensive computational docking data indicated thatglobular domain of the linker histone
H5, GH5, exhibits three binding sites and contaespectively the dyad and both the entering
and exiting linker DNA (91). The positively chargezhains of GH5, which contact
nucleosomal DNA, were found to be conserved amdrey dther linker histones, thus
indicating that this mode of interaction would Bsocaapplicable for the globular domains of
the other linker histones (91). With this in minek rebuilt a three-DNA binding site model,
by manually matching the GH-helix orientations and the OH° footprint-derivedNR
protected sites. We have used very similar (to tlescribed for GH5 (91)) orientation of
GH1. The corresponding contacting residues in éiselting structure were the same as these
proposed by Fan et al. (Supplementary methodsrigeeesm-9). For the matching, an NMR
solution structure of GH1 was used ((535) and Sapphtary methods). Remarkably, this
GHA1 structure was large enough to fill the spade/den the entering and exiting linker DNA
and to interact with both linkers and the nucleosaiyad (Figure 6B and Supplementary
methods, Figurem9 and Supplementary movies, movie 2). Note thahis three contact
GH1-nucleosome model no bending of the linker DNAlserved (compare the upper panels
of Figure 6 A and B and Supplementary movies, mbwaed movie 2), i.e. the orientation of
both linkers is identical to this for the model e nucleosome without H1. This is in
complete agreement with our experimental EC-M figdi which showed that the presence of
GH1 did not affect the orientation of the linker Bsee Figure 2).
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Figure 6: Molecular models for the nucleosome partie. (A) Nucleosome without H1. The
experimental relative OH°-accessibility profile (laver panel) is plotted (black, solid). The
corresponding structure-derived accessibility profie (dashed, magenta; see text), agrees closely.
The upper panel shows the experimental OH°-accesdiby profile on the three-dimensional
nucleosome structure by color coding the DNA deoxywose C5' atoms from blue (maximal
protection from OH°) over white (partial protection) to red (maximal accessibility to OH®).
Protection from OH° attack occurs at the DNA-core listone interface. (B) Nucleosome
associated with the globular domain (GH1) of histoa H1. The lower panel shows, as in (A), the
experimental relative OH°-accessibility profile (bhck, solid line) and the structure-derived
accessibility profile for the GH1 three-contact moeél (dashed, orange). Note the strong
additional protection at the dyad and the additiond protection of one helical turn of the linker
DNA (left part of the panel). The upper panel illusrates the location of GH1 in the nucleosome
in the three-contact model. Note that GH1 protectshe dyad and directly interacts with 10 bp of
each linker DNA; magenta, the COOH-terminus of GH1(C) Nucleosome associated with 35-127
H1 mutant. As in (B) the lower panel shows the expienental relative OH°-accessibility profile
(black, solid line) and the structure-derived acessibility profile for the 35-127 H1 mutant
model (dashed, red). Note the strong protection @ghe dyad and the presence of the 10 bp repeat
within the linker DNA. The upper panel shows the lgation of the 35-127 H1 mutant and the 3D-
organization of the linker DNA stem obtained from o©nstrained DNA elastic relaxation (see
text). DNA within a 30 Angstrom radius of the GH1 Gterminus is colored blue. A hypothetical
conformation of AA 112-127 is shown in yellow. (A-L Coloring: DNA C5' atoms without
footprinting data and all other DNA shown in gray, the dyad in green. Both strands are color-
coded from single-strand data by exploiting two-fal symmetry Protein is shown in black
(omitted in the left column). Viewing directions: rotated sideways and up by 30 degrees from the
NCP superhelical axis, at right angles with supertizal and dyad axes, and along the dyad axis
(from left to right). In the plots, the nucleosomecore (in light grey) is schematically presented.
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If the above described three contact model refldgwtseal GH1-nucleosome structure,
it should "exhibit" the same accessibility towaf@ld® than the experimentally found one. To
test this, we have developed an approach to caécalee OH° footprinting derived from
structural models (a detailed description of thecpdure used is presented in Supplementary
methods). As seen (Figure 6B, lower panel), theutatled footprinting pattern of the GH1-
nucleosome model matches pretty well the experiah@mte: both the dyad andlone helical
turn of the linker are strongly protected againdi°Ccleavage. Note that the predicted
accessibility profile for nucleosome without H1 reguces (Figure 6A, lower panel) also
accurately the measured accessibilities (linearretation coefficient R = 0.79, see
Supplementary methods). All this validates our apph for calculating the accessibility
profiles from structural models. With this in minge next asked if the two contact models
proposed for the association of the globular doroéitme linker histone with the nucleosomal
DNA (28, 84) would exhibit accessibility profilegyslar to the experimental ones. Note that
in either the model of Zhou et al. (84) or in tBiown et al. (28) the globular domain of the
linker histone contact the DNA major groove at an2l 5 base pairs distance from the dyad,
respectively. Since OH° attacks the DNA backborm®ubh the minor DNA groove, no
protection at the dyad should be observed. And eddeby comparing the predicted
(calculated) OH° protection profiles to the expeaitally measured accessibilities, we found
that both models were incompatible with the strgmgtection observed at the dyad (see
Supplementary movies, movie 3 and movie 4 and datashown). As for the two contact
model of Pruss et al. (90), it predicts a OH° prota by GH5 at[165 bp from the dyad, a
protection that we have not experimentally obserwe@ conclude that the reported in the
literature two-contact models were unable to déscrihe OH° experimentally found
accessibilities.

For the linker DNA stem, which is formed with fldéingth H1 or its truncated mutants
1-127 or 35-127, structural models are unavailablethis case the detailed register of the
protected sites along the stem can give valuabigctsral information. Based on the
assumption that the protected sites in the stese émom DNA-DNA contacts, the linker stem
structure may be virtually reconstructed by alignthe linkers in space in a way that their
mutual protection reproduces the measured acckysilprofile. Such a geometrical
reconstruction is giving, however, a whole familypossible stem shapes, corresponding to
multiple linker DNA twist profiles. To identify thehape, which would describe closely the
real stem structure, we have taken into considerdtie mechanical properties of DNA. We

reasoned that from all stem structures, which mpre the experimentally found OH°
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cleavage pattern and are compatible with the tlm#act arrangement of GH1, the most
likely structure is that with minimal DNA elastimergy. We have implemented elastic
relaxation of the linkers under these constraisé® (Supplementary methods for details). The
resulting calculated stem structure, which satistieese requirements, is shown in Figure 6C,
upper panel. As expected by construction, the &traalerived accessibility profile matches
well the experimental one (Figure 6C, lower panelthe minimal-energy configuration, the
linkers come together alon@0-30 bases outside the core particle, slightlyiogrinto a
two-start superhelical stem with a large pitch afumd 100-120 bp (Figure 6C, upper panel;
see also Supplementary movies, movie 5). This stredas, as the core particle itself, a two-
fold symmetry. We have also analyzed the generaifatme stem based on the two-contact
models (28, 84) and we found that this processhigisly energetically unfavorable (results
not shown).

The footprinting and EC-M data allowed to predioinhthe stem structure might be
generated and maintained. The short sequence ofAAL 121-127), required for the
formation of the stem, contained 3 positively cle@rgamino acids residues, namely K122,
K124 and K125 (see Figure 1A). These three lysingsther with the neighboring lysine
K120 would interact with both DNA linkers in thecunity of the binding site of the COOH-
end of GH1 (Figure 6C). The binding of these add#i four lysine residues together with the
binding of GH1 would be sufficient to efficientlyamp the exiting and entering DNA and to
form the stem structure (Figure 6C, upper panel @ndplementary movies, movie 5). We
hypothesize that the remaining part of the COOlMhieuns of H1 (AA 128-227, see Figure
1A) serves to neutralize the DNA phosphates, tbilsta the structure of the chromatin fiber
and to assist its condensation.

Alignment of the primary sequences of the differéfit molecules shows that
positions of these four lysines were not stricthonserved among different organisms (not
shown). Note that the C-terminus of each individdalexhibited, however, in vicinity of the
GH1 several other rows of lysines, which could p&ayilar role as the 121-127 peptide
sequence of the studied H1 molecule. We also spictiat the NKterminus of the core
histone H3, which interacts with the linker DNA &3%40), might be involved in the stem
structure formation and maintenance. These opestique remain a challenge for future

studies.
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[1.7 Supplementary figures

Supplementary figure 1: Representative Electron crg-microscopy images of reconstituted 601
trinucleosomes assembled with histone H1 truncatemutant 1-177 (in this mutant the last 50 AA
from the H1 COOH-terminus were removed). Bar = 40 m.
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Supplementary figure 2: DNase | footprinting of 6@ dinucleosomes containing either full length
histone H1 or the truncated mutants 1-127 or 3520. (A) NAP-1 was used to assemble
dinucleosomes with either H1 or its truncated mutats, the samples were digested with DNase I,
DNA was isolated from the digested samples and ruon an 8% PAGE under denaturing
conditions. A schematic drawing of the dinucleosom& shown on the right part of the figure.

DNA, DNase | digestion pattern of naked DNA.

(B) Dise | footprinting of the linker DNA of

the different dinucleosome samples. The part of pash (A), which corresponds to the footprinting
of the linker, was presented in an enlarged form twisualize better the differences in the DNase |

digestion pattern. In the lower panel are shown

thecans of lanes 5,9,13 and 17 corresponding to

the DNase | digestion patterns of control (-), Hland the mutants 35-120 and 1-127, respectively.
The positions of the nucleosomes and the linker DNAre indicated in each panel.
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Supplementary figure 3: Hydroxyl radical footprinti ng of mononucleosomes containing NAP-1
incorporated either full length histone H1 or the ndicated histone H1 truncated mutants.
Centrally positioned mononucleosomes were reconsitied on **P-end labeled 255 bp 601 DNA
sequence and NAP-1 was used to deposit either fudngth histone H1 or the indicated H1
mutants. The samples were then treated with OH°, DN was purified from the digested samples
and run on 8% denaturing PAGE. The electrophoresisvas carried out for either less time (panel
A, less migrated products) or for more time (paneB, more migrated products). In the upper
part of each panel are shown the scans of the OHfeavage patterns of the respective samples.
The number of the first and the last amino acid reslue of the truncated mutants are indicated.
(-), control mononucleosomes. X)), cleavage products corresponding to the centralgst of the
linker DNA,; (*), cleavage products corresponding toa DNA fragment at the end of the linker
DNA; (|]) designates the footprinting at the nucleosome dgaOn the lower part of each panel a
schematic drawing of the mononucleosome is showiThe position of the dyad of the nucleosome
as well as this of linker DNA is indicated. Note tb structuring of the linker DNA in the
mononucleosomes assembled with full length H1 or thi either 35-127 or 1-127 H1 truncated
mutants. In contrast to these samples, only one Mp linker DNA repeat (designated by *) is
observed for the nucleosome assembled with the 32dLmutant. All the samples assembled with
either one of the different H1 truncated mutants, It not the control sample (without H1), show
a clear footprinting at the nucleosome dyad
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[1.8 Supplementary Methods:
11.8.1 Structural Analysis of OH®-Footprinting Gels

[1.8.1.1 Conversion of gel exposure to relative aessibility signals

Relative accessibility profiles were determinednfr®H footprinting gels of the
‘lower DNA strand of the mononucleosome, in absermf H1 linker histone, with the
globular domain of H1 (called GHL1 in the followingnd with full H1.The typical shape of a
gel trace is shown in Figure sm-1. The horizonkas & the distance in pixels from the (non-
migrated) top of the gel, and the vertical axishis gel exposure intensity, with an arbitrary
scale. To illustrate our procedure for convertirecés into profiles of relative accessibility
per nucleotide we focus on the region highlightedreen in Figure. sm-1. The raw intensity
signal shows four main features:

1. The smallest oscillations are single-nucleokideds. They can be separated reliably

only in a region with sufficient contrast, showrred in Figure sm-1.

2. Oscillations with a period of around 10 bandkeo protection from OF- attack.

3. Long-range trends are due to long-range featuwrdbe data but also to dilution

resulting from logarithmic migration in the gel.

4. The trace contains a constant background expdsuel.

The purpose of the accessibility profiles describedhe following is to extract the
OH-protection signal only, allowing comparisonsvibetn different nucleosome complexes

and nucleosomal locations.

11.8.1.1.1 Trace adjustment

The varying width of individual bands (7 to 14 gixén this example) results from a
combination of logarithmic migration and irregutas in the gel material. In a first step we
determine the nonlinear relation between migratsthdce (in pixels) and base number. To
determine the positions in pixels x(n) of indivitlbands (numbered by n), we first de-trended
the intensity traces by subtracting a suitable mg\average. We then iteratively maximized
the correlation between this signal and a modulatsihe function A(x) cos f&(x)], where
A is slowly varying. In each iteration, the runniphase of the cosine is adjusted, r{x)n(x)
+6(x), to improve the correlation between signal amatlulated cosine, in a moving window

of 7 bands length.
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Figure sm-1: Raw intensity trace obtained with a mnonucleosome with H1.

The width of the moving window allows to assign iareven in short intermediate regions
without sufficient contrast, by using the fact thend widths do not change abruptly, see

Figure sm-2. To ensure that no base-pair has béssed) we checked by eye the maximum

positions and the final base-pair-pixel correspoiedex(n), shown in Figure sm-3. To relate
OH° protected areas to absolute sites on the nuclem$aith the dyad base-pair centered at
0), rather than band numbers only, we identifiesbfite DNA lengths on the gels by using a
combination of molecular weight markers presenthe mononucleosome gels, traces of

sequence-specific cleavage after UV irradiationd @emparison with absolute positions

determined in dinucleosome gels. The unique paositgp of the 601 sequence on the

nucleosome then allowed us to assign DNA lengtimitdeosomal sites.
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Figure sm-4: Placement of analyzed gels on the nedsome

[1.8.1.1.2 Renormalization

After removing a constant level of background noike raw intensity signal measures
the amount of DNA of a given molecular weight. Byeigrating over the width of each band,
we obtain the irradiation intensity per band asracfion of band number. (Since we consider
only regions with well-separated bands, integratiostead of fitting of multiple peaks
introduces negligible errors.) Per band intensitfifes allow a comparison of corresponding
regions in gels with different migration times, $@gures sm-5, sm-6 and sm-7, upper panels.
To eliminate the global trends in the trace amgbt we then generated a signal which
represents the local accessibility of a nucleotdenpared to its neighbors. In this final
processing step the intensity of each base-paiivislied by the mean of the 3 maximum
intensities in a sliding window. The window widtrasvset to a value between 7 and 20 in the
presented data. In effect, thO bp oscillations are rescaled to values rougbktyben 0 and
1, while respecting the relative protection strésgif different traces in the same region; see
Figures sm-5, sm-6 and sm-7, bottom panels. Alcgssing steps were implemented in
Mathematica (542).
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Figure sm-7: Accessibility on the mononucleosomenker, without H1 (black), with the globular
domain GH1 (light green) and with full-length H1 (purple). From top to bottom: raw intensities,
intensity per base-pair and relative accessibility.
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11.8.1.2 OH°-footprints vs. three-dimensional nucleosome struates

11.8.1.2.1 Exploiting the two-fold symmetry

The mononucleosome accessibility profiles were mnemsfor only one of the two
nonequivalent strands, the ‘lower’ strand. Howevire nucleosome structure has an
approximate two-fold symmetry axis, which allowsd®duce an accessibility profile for the
complementary strand, as follows: The 147-bp nisdate core particle structure NCP147 (3)
shows that the two-fold (dyad) axis traverses t@aral base-pair. Thus by rotating the DNA
loop by a half turn around the dyad axis while kegphe histone core in place, one generates
two alternative, approximately symmetric conforraai in which the two strands change
roles. We make the hypothesis that these two cord@#ons are equally represented in our
experiments and take the accessibility profile e tomplementary ‘upper’ strand equal to
that of the ‘lower’ strand (both read from 5’ t0).3This hypothesis is supported by the co-
localization of protected sites from both strandee( Figures sm-8), and by the close

agreement between accessibility traces in the thosome gels where both were measured.

11.8.1.2.2 Three-dimensional rendering of relativeaccessibilities

The molecular visualization package Chimera (58RByws to render molecular
structures using a color code for user-defined aatimbutes. We have used this feature to
facilitate the geometric interpretation of measu@d’-radical protection patterns, Figures.
sm-6 and sm-7, bottom panels. We depict the locakssibility signal by a color code,
ranging from blue (least accessible) over whitereéd (most accessible). Since DNA is
attacked by OPFradicals primarily at the C5’ backbone atoms (588) choose this subset of
atoms for color-coding. This coloring scheme isdugeshow the protection pattern of H1-less
nucleosomes on straight DNA in Figure. sm-8. TBB-gel' shows directly that the10.5-
base periodicity of the experimental accessibgitynal places all protected sites on one side
of the double helix. As expected, in the nucleosavikout H1, linker DNA is not protected,
see also the traces in Figure sm-7. In order tplalysaccessibility profiles directly on the
nucleosome, we rebuilt several nucleosomal DNA a@onétions. These were first
constructed using a purpose-built Mathematica hibfar rigid base-pair DNA manipulations,
and then translated into pseudo-atomistic strustwging the 3DNA program (543). All
nucleosomal models presented in the article contadel base-pairs of the 601 sequence
used in the experiments, threaded onto the rigisedmair path DNA from the NCP147
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nucleosome structui(3). Linker DNA was added in straight regula-DNA conformation ol

in bent conformation, depending on the particulasil@osome model (see belo

Figure sir-8: Experimental accessibility profile fcr nucleosomes without histone H1 shown o
straight regular B-form DNA, top and bottom views. Only one half, fromthe dyad bas-pair
(green), is shown; linker bas-pairs outside the 147 core ba-pairs are shown in dark gray. C5’
atoms not covered in singl base-pair resolution are not colored

[1.8.1.2.3 Qualitative test of structural models for H1 placenent

Addition of the globular domain GH1 induces additb protected sites on the cc
DNA and at the entering and exiting linkers (seguFes. sr1-6, sm-7and main text). W
addressed the question whether existing modelgkér histone placement are compati
with the observed protection patterns. Three spegibdels were considered: a tt-contact
model(91) where the linker histone is placed between andaobiny both the entry and e
linker DNA and the dyad. Alternively, in the twi-contact models #84) and B(28), the
linker histone is placed between one linker andeaan core DNA, contacting only a sing

linker.

[1.8.1.2.4 Three-contact mode

The thre-contact structure was proposed by Fan e(91) as a result of exhausti
rigid molecular docking for given DNA linker configatron. We rebuilt their structu
manually by matching the orientations of the pmotaiphihelices and the prote-DNA
contacts for each of the three contact sites. Diegidrom the choic(91) of using a GH5 -
ray structure(544), we considered the solution NMR structure ensermb{@H1 (535 since it
corresponds to our experimental system, has seffficesolution for the present purpose,
allows to assess the structural variability of pirotein. Specifically, while the protein fold
stable, the protein loop regions and lysine sidairctorientations are highly variable; \
chose conformer 8 in the ensemble (PDB code 1ghcg st accommodates the predic
contacts well.. At the same fe, its relatively extended loop conformation doest

necessitate inward bending of the DNA linkers ttalelssh three contacts, in contrast to
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somewhat more compact GH5 conformation (6). No&¢ ¢cbrresponding residues numbers in

GH1 are offset by 22 AA from those in GH5

Figure sm-9: Three-contact nucleosome configuratiariThe contacting residues are Lys47, Lys51
and Ser52 (site I, orange); Lys63 (site Il, red); @d Lys18, Arg20, Arg72 and the C-terminal
Arg75 (site lll, purple). They correspond to the catacts proposed in Fan et al. (6). The viewing
direction is the superhelical axis, but rotated byd0° around the dyad axis.

Figure sm-10: Two-contact nucleosome configuratioA. Contact is established with core DNA at
1-4 bp from the dyad, and with one DNA linker (theother linker is not shown). The GH1 -
helices | (cyan), Il (purple) and Il (magenta) are colored as in (7); the C-terminal Lys75 is
shown in purple, Lys63 is shown in red, contactindinker DNA. The residues Ser7, 19, 49
mutated in (7) are shown in orange. The viewing daction is the superhelical axis.
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[1.8.1.2.5 Two-contact models

Zhou et al. (84) proposed an arrangement of lihk&ione onto the nucleosome based
on cross-linking experiments with mutated GH5. his tmodel (two contact model A) the
linker histone globular domain contacts core DNAnirthe major groove, at around 2 bp
distance from the dyad. It also contacts one ofXN&\ linkers. The spatial arrangement was
rebuilt by deforming one of the linkers in the DNodel, and matching the location and
helix orientations of the docking solution shown (B45) manually. We used the same
molecular model (1ghc, conformer 8) for the H1 gialb domain as for the three-contact
model, whose shape gives close-fitting moleculantaxts also in this arrangement, see
Figure. sm-10. Brown et al. proposed molecular rmtmtdinker histone placement refined by
rigid docking (two-contact model B) (28). Here tin&ker histone globular domain contacts
core DNA from the major groove, at around 5 bpatise from the dyad, and one DNA
linker. Note that globular domain positions in tin® models A, B are on opposite sides of
the dyad. Again the docking solution was reprodunadually by matching the reported helix
orientations (different from model A) and contagesidues; it is shown in sm-11.

Both two-contact models should be interpreted aswvsig one of two symmetric

coexisting configurations, forming a contact witther of the linkers.

/

Figure sm-11: Two<ontact nucleosome configuration B. Residues contémy core DNA
about 5 bp away from the dyad are Lys47, Lys51 an&er52 are colored light greer
residues contacting one DNA linker are Arg20, Arg72and Lys75(leftmost) are colorec

purpl
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11.8.1.2.6 Comparison

Figure sm-12 shows a comparison of the two- andetioontact models with the
protection pattern observed for mononucleosomegagong the globular domain of H1.
Clearly, two-contact model B leaves the dyad baseynprotected and thus cannot account
for the observed dyad GHootprint. While two-contact model A places GHbsz#r to the
dyad, it does not cover the minor groove, makingnitlear if this would produce sufficient
protection of the DNA backbone from OHttack (see discussion in the next section). In
contrast, in the three-contact model, protectiamflOH attack by occlusion due to protein
contact is compatible with all three observed e patches. These observations are
unchanged when the symmetry-related configuratamestaken into account. For a better
impression of the spatial arrangement of GH1 is¢hmodels, see supplementary movies 2, 3
and 4.

11.8.1.3 OHC-Footprinting predictions derived from structural m odels

11.8.1.3.1 Semi-quantitative OH footprinting predictions from structural models.

To establish a more quantitative relation betweémictiral models and OH
footprints, we calculated footprint predictions fdifferent structural models. It has been
shown that the C5-H atoms of each deoxyribose len DNA backbone are the most
important sites of attack for OHtadicals, and that the reactivity of attack sisedetermined
by their respective solvent accessible surfacesafépa The variations of surface accessible
areas due to DNA conformation and to contacts farmvéh protein side-chains have been
used successfully to predict the position-dependelative accessibilities observed in ®H
footprints (546, 547). Here, the solvent accessthidace is computed by rolling a 1.4 A
sphere representing water, or the similar-sized @#Hical, over van der Waals spheres of the
atoms in the molecular model. As a result, the esthaccessible area of each atom can be
extracted from a structural model (this area vassstor interior atoms) (548). Lacking the
resolution of single protons in our models, we sohet simplified the procedure,
considering solvent accessible surface areas of @&&ms directly, and using ‘unified
vanderWaals radii’ (549) to account implicitly fdre hydrogens. To mimic the smoothing
effect of thermal fluctuations, we increased theberradius to 3A. Accessible surfaces were
calculated with the MSMS program (534) as impleradnin the molecular visualization

system Chimera (3).
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Figure sm-12: Experimental GH1 protection pattern $iown color coded on a nucleosomal DNA
loop (leftmost panel). The other panels add GH1 aocding to, from left to right, two-contact
models A and B, and the three-contact model. All sictures are viewed down one (unbent)
linker. See also supplementary movies 2, 3 and 4.

After a moving average over the resulting tracéhwit3 bp window, predicted accessibility
patterns for the two strands in each complex weeeaged to account for the strand-exchange
symmetry observed in experimental footprints. Thaegplifications appear reasonable since
we focus on the positions of protected sites, and far a semi-quantitative measure for
relative protection. They are justified a posterty the good correlation between predicted
and measured accessibility profiles along the msdme without H1, see Figure 6 A in the

main text.

11.8.1.3.2 Structure-derived footprints for the two- and three-contact models

Figure sm-13 confronts the measured and the stascierived accessibility profiles of
two- and three-contact GH1 models. The two-contamtiel B fails to reproduce protection at
the dyad. It also incorrectly predicts strongert@cton at bp-90 than at -80. Since the
contacts between H1 and the core DNA at about ldidgipnce from the dyad are in the major
groove, they do not protect the DNA backbone Cbivet from OH attack. As a result, there
is no footprint of two-contact model B on core DN all. The two-contact model A gives
better predictions for linker DNA, generating a texied site at bp80. However it fails to
reproduce the strong protection pattern at the dgaslpite the proximity; here again, protein
contacts in the major groove cannot generate serfiticOH protection. In contrast, the three-
contact model is compatible with the experimentaldgerved protection pattern, reproducing

both the characteristic double-peak dyad protecidsp 2 and the protected site at-8f.
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Figure sm-13: Structure-derived relative accessibity for mononucleosomes with globular H1,
based on pure mononucleosome (magenta), and on tB#11 placement models: two-contact A
(blue) and B (orange), and three-contact (red). Th@redictions differ in the protection at the
dyad where the two-contact models show no or very eak protection, and at the entry/exit
linkers. The measured relative accessibility for GH is shown in black.

[1.8.1 4 Structure refinement based on DNA nano-mdwanics

[1.8.1.4.1 Geometric and mechanical constraints othe stem conformation

Proposed stem structures need to be compatiblethéttobserved protection pattern
on DNA linkers. Clearly, an arbitrarily chosen ststructure with juxtaposed DNA entry and
exit linkers would not bring them into contact ethacat the observed sites of maximal
protection. This already excludes many otherwisseaable stem arrangements, see Figure
sm-14. However, any nucleosome stem model withamimg linkers can be modified to
bring the protection patterns on both linkers wefaach other, just by suitably twisting DNA
while keeping the linker center-lines in shapes thus impossible to conclude on a particular
shape of the linker DNA center-lines purely on tiesis of the geometric arrangement of
protection patterns. On the other hand, twist de&tions would imply locally varying
torsional stress in the DNA linkers, which seemiskety. To make this intuition quantitative,
we considered the nanoscale mechanics of the 8nkesing the rigid base-pair model of
double-helical DNA (536, 550). We identify the mokkely linker structure as the
conformation with the lowest mechanical energy, ernthe constraint of reproducing the
experimentally observed OHadical protection pattern, and allowing a threetact
placement of GH1. When applied to the nucleosontieont H1 or with GH1 this prescription
reproduces the conformations shown in Figure 6 & Bnrespectively, since straight linkers
minimize the elastic energy. (Sequence dependéttsfare a minor correction). For the 35-
127 H1 mononucleosome, we carried out a restrdiiédl elastic energy minimization which
leads to the structure shown in Figure 6C, seenbelo
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Figure sm-14: Experimental relative accessibility pattern for full-length H1 shown on &
mononucleosomal loop (left). Nte the extended protection sites on the insi-facing linker DNA
surfaces. Two geometric models placing the DNA lirdes side-by-side (middle), or with a
counter-clockwise twist (right), fail to explain the obsered protection pattern.

[1.8.1.4.2DNA elasiic energy minimization

For energy minimization, we employed the sequ-dependent rigid ba-pair model
of DNA elasticity (with the ‘MP’ parameter set assgribed in (1{537); DNA volume
exclusion was included by placing purely repulsitrencated Lenna-Jones spheres wi
2.05 nm diameter around each base pair. To entanctacts between the two DNA linkers
corresponding maximally protected sites, lineanngs were ntroduced between the C
atom positions at the maxima of the accessibilitfije. The positions were at distances €
bp, 99.5 bp and 109.5 bp on each side of the diae.springs had 0O rest length, except
the one connecting positioi+88.5 bp, wlere the rest length was set to 0.7 nm to allow
insertion of lysines from the H1-terminal region. An alternative model where thist
length was set to 0 showed only slightly differgldbal conformations. An additional spri
enforced unchanged ker separation at the height of the globular donwdiii1l (+80.5 bp
from the dyad), and was given a rest length comedipg to the thre-contact model (se
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Figure. sm-9). The initial configuration was choseith straight linkers (as in sm-14, left
panel), and a conjugate gradient descent was dagtieuntil convergence, keeping only the

linker-core junction base-pairs fixed.

11.9 Movies of the Chapter are presented in the copact disc, attached physically to the
thesis.

[1.9.1 Movie 1: Nucleosome without histone H1

[1.9.2 Movie 2: Three-contact model for a nucleosom associated with the globular
domain (GH1) of histone H1.

11.9.3 Movie 3: Two-contact model (84) of a nuclesbpme with the globular domain
(GH1) of histone H1.

11.9.4 Movie 4: Two-contact model (28) of a nuclesbme with the globular domain
(GH1) of histone H1.

[1.9.5 Movie 5: Three-contact model for a nucleosom associated with the 40-127 mutant
of histone H1.
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CHAPITRE 1l

PUBLICATION 2
L'INCORPORATION DE LA NOUVELLE HISTONE VARIANT H2AL 2
CONFER AUX NUCLEOSOMES UNE STRUCTURE INHABITUELLE A INSI DE
NOUVELLES PROPRIETES FONCTIONNELLES

Dans ce travail nous avons étudies les proprid¢éeta nouvelle histone variant du
souris H2AL2. Nous avons utilise 'H2AL2 recombin@rmpour reconstituer des nucleosomes
et étudier leur propriétés structurales et fonct@les par une combinaison d’approches
biochimiques et microscopiques, comme microscogiecttamps de force (AFM) et cryo-
microscopie électronique (EC-M). Les empreintes aa DNase | et a la nucléase
microcroccocal et I'exonucléase Il ont montré streicture altérée du nucléosome H2AL2 a
travers toute la longueur de 'ADN nucléosomald.es expériences de l'accessibilité a la
nucléase de restriction ont montre aussi que kesactions entre I'octamer d’histones et les
extrémités de '’ADN nucléosomale sont tres pertsrihé@s images par AFM ont montré que
'octamer d’histones H2AL2 enroulel130 pb de DNA au lieu de 147 pb. En outre, les
trinucléosomes reconstitués avec H2AL2 possédemtstmcture en « collier de perles » tres
différente de la conformation en « triangle éqetlat» des trinucléosomes conventionnels.
Finalement, la présence de H2AL2 affecte le renamgelet la mobilisation de la particule
variante par les facteurs de remodelage RSC et S\WW/ Ces propriétés inhabituelles du

nucléosome variant H2AL2 suggérent un réle spagifidans la spermiogenese.
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[11.1 Abstract

In this work we have studied the properties ofribeel mouse histone variant H2AL2.
H2AL2 was used to reconstitute nucleosomes andtiinetural and functional properties of
these particles were studied by a combination othmmical approaches, atomic force
microscopy (AFM) and electron cryo-microscopy (EG-NDNase | and hydroxyl radical
footprinting as well as micrococcal and exonucledka@igestion demonstrated an altered
structure of the H2AL2 nucleosomes all over thelemsomal DNA length. Restriction
nuclease accessibility experiments revealed that ititeractions of the H2AL2 histone
octamer with the ends of the nucleosomal DNA aghllgi perturbed. AFM imaging showed
that the H2AL2 histone octamer was complexed wittly 0~130 bp of DNA. H2AL2
reconstituted trinucleosomes exhibited a type @&beads on a string” structure, which was
quite different from the equilateral triangle 3D ganization of conventional H2A
trinucleosomes. The presence of H2AL2 affected B#hRSC and SWI/SNF remodeling and
mobilization of the variant particles. These unliquaperties of the H2AL2 nucleosomes

suggest a specific role of H2AL2 during mouse spegenesis.
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[11.2 Introduction

Chromatin exhibits a repeating structure. The baspéating unit of chromatin, the
nucleosome, is formed upon wrapping of two supéakiurns of DNA around an octamer of
core histones (two of each H2A, H2B, H3 and H4)e Btructures of the histone octamer and
the nucleosome were solved by X-ray crystallografihy26, 56). The histones within both
the nucleosome and the histone octamer are caestitd structured histone fold domains and
unstructured N-termini (2, 56). The individual nemsomes are connected by linker DNA and
formed in this way the chromatin filament. A fiftiistone, termed linker histone, is associated
with the linker DNA and it assists the folding dfet chromatin filament into the 30 nm
chromatin fiber (34, 184, 199, 551, 552).

The nucleosome is a repressive structure. It ietesf with the cellular processes,
which need access to naked DNA. The cell usesthrain strategies to overcome the
nucleosome barrier, namely posttranslational hestmiodifications, chromatin remodeling by
ATP-consuming chromatin remodeling machines angbhévariants.

The N-termini of the histones play an essentiat riol the organization of both the
chromatin fiber (553, 554) and the mitotic chrommss (525, 527). The histone
posttranslational modifications are essentiallyated at the non-structured N-termini of the
histones. They can affect both the compaction ef ¢hromatin fiber and the ability of
remodeling machines to mobilize nucleosomes (fae@ent review see(555)). A typical
example for such role of the histone modificatimthe acetylation of the core histones (556,
557) and in particular the acetylation of histoneat K16 (193). Histone modifications serve
also as marks. These marks are recognized by gpecdtein factors, which in turn have
important functional consequences (148, 555).

The chromatin remodelers are high molecular mutgin complexes, which are able,
at the expenses of ATP hydrolysis, to mobilize nineleosomes. The chromatin remodelers
are required for several vital cellular processaduding transcription, replication and DNA
repair. They are grouped in four distinct famili&&VI2/SNF2, ISWI, CHD and INO80 (280).
SWI/SNF and RSC (both belonging to the SWI2/SNFilfg, in addition to their capacity to
mobilize the nucleosomes, are also able to alggrifszantly the structure of the nucleosomal
particle and even to evict the histone octamer8,(559).

Histone variants are non-allelic isoforms of corti@mal histones (422). They show a
variable degree of homology with their conventionalinterparts (for a recent review see
(421)). All core histones, with the exception of,Hvave histone variants. The H2A histone
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variants form the largest family of histone vargnincluding macroH2A, H2A.Z, H2A X,
H2A.Bbd, etc. Recently, a novel histone mouse wdyri&tl2AL2, belonging to the H2A
family, was described (483). PCR experiments shothatl H2AL2 is expressed in different
tissues, but its expression was found to be rerbérisirong during spermatogenesis (483).

The incorporation of some of the histone varianithiw the nucleosomes resulted in
alterations of its structure, which, in turn, afest its functional properties (194, 469, 478,
516). The most striking example is H2A.Bbd. H2A.Bbdcleosomes exhibited strong
perturbations all over the nucleosomal DNA, thesdysbations being stronger around the
dyad axis (473, 474, 478). H2A.Bbd histone octam&s able to wrap onlylL30 bp of DNA
and H2A.Bbd nucleosomes exhibited very low stabbibthin vitro (194, 473, 474, 478) and
invivo (475). In addition, the remodeling complexes SWFSand ACF were unable to both
remodel and mobilize the H2A.Bbd nucleosomes. Pehase Il activated transcription was
more efficient from H2A.Bbd nucleosomal arrays thifamm conventional H2A templates
(194, 474). The unusual docking domain of H2A.Bbaswmportant in determining these
particular properties of the H2A.Bbd chromatin (1944).

In this work we have focused on the recently idesttihistone H2AL2. We confirmed
the reported data that H2AL2 is expressed exclisiire testis and we have studied the
structural and functional properties of the H2Algtanstituted nucleosomes. We show that
the incorporation of this sperm specific histonaiasa within the nucleosomes altered
dramatically its structural properties. These gtmad perturbations affected both the
remodeling and the relocation of the H2AL2 nuclenss induced by either SWI/SNF or RSC

chromatin remodelers.

[11.3 Materials and methods

[11.3.1 H2AL2 cloning and preparation of DNA fragments

The H2AL2 coding sequence was amplified by PCR singithe EST IMAGE clone
6774311 cDNA and the primers 5-TTTTCCTGGCCATATGGAGGAAAAGGCAAAGG
-3’ (forward) and 5-TGAGGATCCTCAGTTGTCATCAGGTTCTGE3' (reverse). The
PCR product was cloned between the restrictiors $itede | and BamH | in a pET3a vector
(Novagen).

The 255 bp DNA fragments, containing the 601 nusi@e positioning sequence at
the middle was obtained by polymerase chain readiRCR) amplification from plasmid

pGem-3Z-601 (Kindly provided by J. Widom and B. BBatomew). The fragment was
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labeled either by incorporating the-f?P]JCTP and ¢-3*P]TTP to the PCR reaction for
micrococcal digestion experiments or by 5 labelimg of the primers for exonuclease and
hydroxyl radical footprinting experiments.

For “One Pot Restriction enzyme Assay” a set ghepGEM-3Z-601.2 mutants were
utilized, each containing Had site at a different superhelical location, assdribed before
(560). The 5’ labeled 147 bp core particle sequeneere obtained by PCR amplification
similarly. The same fragments were used for DNdsetbprinting experiments.

The 200 bp DNA fragment, containing the 601 nuadeos positioning sequence at
the end of the fragment was obtained by cutting2e bp 601 with Nok It was labeled with
Klenow enzyme with d-*P]CTP in the presence of 5M dGTP. All the labeled probes
were gel purified by 5% native acrylamide gel. DMAntaining three repeats of the 601
sequence was constructed by using standard methloeds33x200-601 DNA was produced as
reported (184) and nucleosomal array reconstitoyeshlt-dialysis.

[11.3.2 Protein purification and nucleosome reconstution

Xenopus laevis histone proteins were produced in bacteria andi@diras described
(529). Recombinant H2AL2 protein was also purifide other histone proteins by usual
process of IPTG induction, inclusion body solulaition and ion exchange purification. RSC
and SWI/SNF were purified from yeast cells by usangtandard TAP tag protocol (561). The
activity of both remodelers was normalized by meagutheir effect on the sliding of
conventional nucleosomes (477). Nucleosome redaohsti was performed by the salt
dialysis procedure (525). To demonstrate that etionstituted conventional and H2AL2
nucleosomes contain a full complement of core he$p 5 pg of the nucleosomes
reconstituted on 255 bp 601 sequence were run 5% anative polyacrylamide gel. After
completion of the electrophoresis, the bands cparding to the nucleosomes were excised,
eluted overnight in TE buffer, TCA precipitated asthalyzed by 18% SDS-PAGE. The gel

was stained by Sypro ruby protein gel staining smtufrom Invitrogen for better sensitivity.

[11.3.3 Exonuclease Il mapping, footprinting, micrococcal nuclease digestion

Exonuclease mapping, DNase | and hydroxyl radmatiprinting were performed as
described previously (469, 470, 562). Micrococcatlease digestion was performed at 8
U/ml at 30C for indicated times as described previously (470)
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[11.3.4 Nucleosome mobilization and remodeling

Mobilization experiments were carried out usingtcaly positioned nucleosomes,
reconstituted on a 255 bp DNA fragment containihng 601 positioning sequence. The
nucleosome samples (5 ng/pl) were incubated in detmg buffer (10 mM Tris—HCI, pH
7.4, 5% glycerol, 100 pg/ml BSA, 1 mM DTT, 0.02% AR 40 mM NacCl, 2.5 mM MgGl
and 1 mM ATP) with different concentrations of redeters for 45 min at 3@ and loaded
on a 5% native PAGE. End positioned nucleosomesnsgituted on a 200 bp 601 DNA
fragment (200 ng) were incubated in remodeling druffith SWI/SNF and RSC as indicated.
The reaction was stopped at different time poialisjoting) by adding jig of plasmid DNA
and 0.02 U of apyrase. These aliquots were subsdygudigested by the same amount of
DNase I. Similar experiment was done using RSChandentrally positioned nucleosome
with end labeled 601 DNA (Figure 8B).

111.3.5 “One pot” restriction enzyme accessibilityassay

For “one pot” assay 200 ng of core particle nuaeoss were digested with Halé
with final concentration of 5 Wl. Aliquots were taken at different time points atig
reaction stopped. Phenol chloroform purified arfthetl precipitated DNA fragments were
separated on 8% sequencing PAGE and quantifiedatbessibility of different superhelical
locations was quantified after normalizing the dagainst the ratio of different probes in the
mixture (560).

[11.3.6 Xba 1 restriction assay

To confirm the inefficiency of remodeler to slideetH2AL2 nucleosome, an Xba 1
restriction site in the linker DNA was probed foreatual inhibition of restriction by the
translocation of nucleosomes. Briefly Conventiormhd H2AL2 nucleosomes were
reconstituted on an end labeled 255 bp centralbitipped 601.2 sequence with 51 bp and 57
bp linkers. The nucleosomes were subjected to R&@odeling reaction at 30C in
remodeling buffer lacking glycerol for 45 minuteedastopped by adding 0.01 units of
apyrase. 0.04 Units/ul of Xiawere added to the reaction mixture and aliquasewaken at
different time points and the reaction stopped. Pheified DNA was resolved by 8%
sequencing gel. Note that under the buffer conditised the maximum Xba 1 cleavage was

below 60%, even on naked DNA.

123



[11.3.7 Atomic Force Microscopy

AFM imaging of conventional and H2AL2 nucleosomessvearried out as described
previously (563). APTES-mica surfaces were usedrap the 3D conformations of the
nucleosomes (563). The samples were visualizedsimygua Nanoscope Il AFM (Digital
Instrument8", Veeco, Santa Barbara, CA) in Taping mode in/itomated image analysis
was performed using a specially designed Matlaipts€Fhe Mathworks, Natick, MA) based
on morphological tools, which allowed the precisedgth measurement for each naked DNA
arm from the nucleosome (563).

Centrally positioned nucleosomes, reconstitute@smbp 601 sequence, were used in
the AFM experiments. The length jJjLof DNA in complex with the histone octamer was
calculated by L= L - L. - L, where L is 255 bp, and Land L are the long and the short
naked DNA arm of the nucleosome, respectively. pbstion of the nucleosome relative to
the center of the DNA was deduced Ay = (L. - L.)/2 (563). An 8 bp-sliding box was used
for the construction of bothclandAL smooth distributions (563).

To study the effect of remodeler, the nucleosomesvincubated with RSC for 30
minutes at 29°C in a buffer containing 10 mM Tri$ p 7.4, 1.5 mM MgGland 1 mM ATP).

A drop of the reaction mixture was diluted and def@al on functionalized mica surface for
visualization by AFM. To plot the conventional avariant nucleosome position distribution,
only the nucleosomes having their DNA complexedyienin the range <> + oL, were
selected (where <t andol. are respectively the mean and the standard dewiati the

complexed length distribution in the absence of RSC

[11.3.8 Electron Cryo-microscopy

Electron cryo-microscopy samples preparation wafopeed as described (564).
Briefly, the film surface of the electron microsgogrids was treated by subsequent
evaporation of carbon and carbon-platinium lay&fter dissolving the plastic support,8
of either conventional or H2AL2 tri-nucleosome dmo were deposited on the grid, the
majority of the liquid was removed by Whatman bigt paper and the grid was then
immediately plunged into liquid ethane. The gridswigansferred without re-warming in
Philips Tecnai G2 Sphera microscope equipped wittattan 1000 CCD camera (Gatan).
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[11.4 Results

[11.4.1 Histone H2AL?2 is specifically expressed irthe testis and could efficiently replace
conventional H2A in the nucleosome

H2AL2 is a recently identified mouse H2A histoneiaat (483). H2AL2 shows only
41% identity with conventional H2A (483). The priotexhibits similar primary sequence to
this of H2A.Bbd, a human variant of H2A (see Figd®). Indeed, both H2A.Bbd and
H2AL2 show an arginine track at their N-termini aslgorter docking domain than this of
H2A (Figure 1A). H2A.Bbd is mainly expressed inttgsbut it was also found in other
tissues (472, 565). RT-PCR data have suggestedH®Aat 2, similarly to H2A.Bbd, was
expressed in different tissues, but mainly in $$t83). Since PCR is, however, very
sensitive to small contaminations, we have studiexrl expression of H2AL2 in different
mouse tissues by using Northern blot analysis. ddta show that, in general agreement with
the reported data, H2AL2 is expressed only indgste Supplemental Figure 1), suggesting
that H2AL2 is a mouse testis-specific histone varia

H2A.Bbd could be used to reconstitute nucleosorbasthe H2A.Bbd nucleosomes
exhibited peculiar properties (194, 470, 472-4%¢aring in mind the primary sequence
similarity between H2A.Bbd and H2AL2 one could esipsimilar behaviour of H2AL2
nucleosomes. To test this we have first reconstitdi2AL2 nucleosomes (Figure 1). We
have expressed and purified to homogeneity conwealticore histones as well as H2AL2
(Figure 1B) and used them to reconstitute nucle@esoone particles by usirigP-end labeled
147 bp 601.2 positioning sequence. The data shayur@ 1C) no presence of free DNA in
the reconstituted both conventional and H2AL2 nostenes illustrating that, H2AL2, as
H2A.Bbd, could efficiently replace conventional H2#Athe histone octamer.

To further show that the reconstituted particleatam a full complement of core
histones, we have used conventional and H2AL2 hestaariant nucleosomes, reconstituted
on 255 bp 601 DNA sequence. Both particles wereorub% native gel (Figure 1D) and the
bands corresponding to the respective particles wrcised from the gel. Then we eluted the
nucleosomes from the gel slices and separatedishents in 18% SDS-PAGE (Figure 1E).
As seen, a full complement of core histones is tegkin both cases demonstrating thaa

fide particles are reconstituted under our experimeraaditions.
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Figure 1: The histone variant H2AL2 can substitutefor conventional H2A in the nucleosome.
(A) Sequence alignment of mouse H2A.1 and H2AL2 anHuman H2A.Bbd. The N- and C-
termini, the histone-fold domain as well as the dding domain (in bold) are indicated. (B) 18%
SDS electrophoresis of the purified recombinant htsnes used for nucleosome reconstitution. (C)
EMSA of reconstituted nucleosome core particles. B2end labeled 147 bp 601.2 DNA sequence
was used to reconstitute conventional and histoneaxiant H2AL2 core particles. The
reconstituted particles were run on 5% PAGE under mtive conditions. The positions of the core
particles and of free DNA are indicated. Note thatunder the conditions of reconstitution
essentially no free DNA was observed. (D) Preparat EMSA of reconstituted nucleosomes.
Conventional and H2AL2 nucleosomes, reconstitutedno255 bp 601 DNA sequence, were run on
5% native PAGE, the bands corresponding to the nuelbbsomes were excised and then the
nucleosomes were eluted from the gel. The gel pugfl nucleosomes were run on SDS
electrophoresis. (E) 18% SDS electrophoresis of Botonventional and H2AL2 histone octamers
(lanes 3 and 4) and gel purified reconstituted nuebsomes (lanes 1 and 2).

I11.4.2 DNase | and hydroxyl radical footprinting of H2AL2 histone variant nucleosomes

To study the organization of the nucleosomal DNAhie variant H2AL2 particles we
have used both DNase | and hydroxyl radical foatprg (Figure 2). Numerous distinct
alterations were observed in the DNase | digespiattern of the H2AL2 nucleosome core
particle (Figure 2A, lanes 2-7) compared to thishaf conventional core particle (Figure 2A,
lanes 9-14). Indeed, changes in the intensity ofiyrizands corresponding to the DNase |

digestion products all over the length of the nosteanal DNA were clearly detected.
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Figure 2. DNase | and hydroxyl radical footprinting show alterations in the structure of the
histone variant H2AL2 nucleosome. (A) DNase | footjinting. Conventional (lanes 2-7) and
H2AL2 (lanes 9-14) nucleosome core particles wereconstituted by using 32P-radiolabeled 147
bp 601.2 positioning DNA sequence and digested witthecreasing amount of DNase |. After
purification the cleaved DNA was run on an 8% sequacing PAGE. Lanes 1 and 15 show the
DNase | digestion pattern of free DNA. The molecutamarker (lane 8), is a Hae Ill digested mix
of the eight 147 bp 601.2 fragments; the band witthe highest molecular weight corresponds to
147 bp, and the consecutive bands are separated b§ bp (see Material and Methods, one pot
assay). The position of the nucleosome dyad is icdied at the right part of the figure. (B)
Hydroxyl radical footprinting. Centrally positioned conventional and H2AL2 nucleosomes were
reconstituted on 32P-radiolabeled 255 bp 601 postiing DNA sequence and subjected to OH°
cleavage. The cleaved DNA was purified from the ceentional and H2AL2 nucleosomes and
run (in duplicate) on 8% PAGE under denaturing condtions. Lanes 1 and 2 were not adjacent
to lanes 3 and 4 in the original gel, and they werthus demarked accordingly. The right part of
the figure shows the scans of the OH° cleavage paths of the two samples (red, H2AL2
nucleosomes; black, H2A nucleosomes). The positiaf the nucleosome dyad is indicated. Note
the lower contrast of the cleaved H2AL2 nucleosomd@NA (designated byl) towards the end of
the nucleosome DNA.
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The OH° cleavage pattern of the H2AL2 255 bp nuseee particle exhibited also some
alterations. These alterations were more pronoutwmsdrds the end of the DNA complexed
with the H2AL2 histone octamer, where the contrafsthe bands was clearly decreased
(Figure 2B, compare lanes 3 and 4 with lanes 12ndVe attributed these changes in the
DNase | and OH° cleavage patterns to reflect H2AkRociated perturbations in the over-all

structure of the variant nucleosome.

I11.4.3 Micrococcal and Exonuclease Il digestion @monstrates a distinct organization
of the H2AL2 nucleosome

The structure of the H2AL2 nucleosomes was furtiheestigated by micrococcal
nuclease and exonuclease Il digestion. For themxegnts with micrococcal nuclease, a 255
bp 601 sequence wad-body labeled and used for reconstitution of hmthventional and
H2AL2 nucleosomes. These nucleosomes were cenpabitioned leaving two free DNA
arms of 52 and 56 bp, respectively. Identical an®nd 50 ng) of these two samples were
incubated in the presence ofufy of naked DNA (the presence of nearly 20 fold ezcef
naked DNA allows a very precise standardizatiothefdigestion conditions; note that under
these conditions the nucleosomes are stable atrdumsfer of histones to the naked DNA was
observed) for the indicated times with 8 units/mhocrococcal nuclease and after arresting
the digestion, DNA was isolated and run on a 10 AP under native conditions (Figure
3A). In the case of conventional particles, thee flBNA arms were rapidly digested and a
stable digestion intermediate, corresponding tactire particle is generated (Figure 3A, lanes
2-6). Note that even at the longest time of diges{i32 minutes, Figure 3A) a very weak
subnucleosomal digestion band was detected. TheLBI®articles show, however, different
digestion pattern (Figure 3A, lanes 8-12). Indeadstrong band corresponding to the
subnucleosomal particle was already observed atn8tes of digestion and at the longest
time of digestion (32 minutes) essentially only mudleosomal particles were generated. This
demonstrates that the H2AL2 nucleosomal DNA is nameessible to micrococcal nuclease
suggesting that its structure is more relaxed coatpto this of the conventional particle.

The accessibility of H2AL2 reconstituted nucleosbaraays to micrococcal nuclease
was also investigated and was compared to thiowventional nucleosomal arrays (Figure
3B). The data clearly show that, as in the casm@fionucleosomes, the H2AL2 arrays are
more rapidly digested than the conventional ondgated that not only the monosomes but

also the nucleosomal H2AL2 arrays, exhibited metaxed structure.
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The accessibility of H2AL2 nucleosomes to exonustell was also studied. These
experiments use a centrally positioned nucleosarenstituted on &P-5’end labeled 255
bp 601 DNA sequence. This nucleosome bears, asanedtabove, two free DNA “arms” of
52 and 56 bp, respectively. Incubation of the catie@al nucleosomes with exonuclease Il
results into two major stable intermediates: a fnse, located at position 200 bp and thus,
corresponding to the border of the particle (Figd@ lanes 2-5) and a second one at around
185 bp position and reflecting an arrest of theleamge in the interior of the particle. Small
amounts of lower molecular weight intermediates als generated at longer times of
incubation with the enzyme. Upon increasing theetiofi digestion the amount of the first
intermediate decreases, this of the second inggehsé even at the longest time of digestion
the first intermediate is still present. The exdeaase Ill digestion profile of the H2AL2
particle was totally different from this of the a@mtional one, since six distinct digestion
products were produced (Figure 3C, lanes 7-10)ntbkecular masses of the first three higher
molecular bands being the same as these of theentiamal particles. Increasing the time of
digestion leads to the generation of mainly loweteoular mass fragments, corresponding to
pauses of the exonuclease deeply in the interidheofH2AL2 particle. The observed ability
of exonuclease Ill to overcome the structural leasriimposed by the H2AL2 particle

evidences for weaker histone-DNA interactions dnubt for weaker stability of this particle.
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Figure 3. Higher accessibility of H2AL2 mono-nuclesomes and nucleosomal arrays to
micrococcal nuclease and exonuclease Il digestion(A) Identical amounts (50 ng) of

conventional (Nuc H2A) and H2AL2 (Nuc H2AL2) nuclesomes (reconstituted on a body labeled
255 bp 601 sequence) in a solution of 1@ were digested (in the presence of ig plasmid DNA)
with 8 units/ml of micrococcal nuclease for the inttated times (2 to 32 minutes) at room
temperature. After arresting the reaction, the digsted DNA was isolated and run on 10% native
PAGE. Lanes 1, 7 and 13, DNA molecular mass marker$he lengths (in bp) of the markers are
indicated at the left side of the figure. (B) Micr@occal nuclease digestion of conventional H2A
and histone variant H2AL2 33X200-601 arrays. 100 ngof fully saturated reconstituted
conventional (lanes 2-5), H2AL2 (lanes 7-10) and kad DNA (lanes 11-12) arrays were digested
for different time points with micrococcal nuclease The digested DNA was isolated and run on
1.4 % agarose gel and visualized with SYBR greenalne 1, 10 kb molecular mass DNA marker.
(C) Exonuclease Il digestion of conventional and BIAL2 nucleosomes. 50 ng of uniquely 5’-end
labeled centrally positioned nucleosomes (reconsitied on a 255 bp 601 sequence) were digested
with the same amount of exonuclease Il for the tires indicated. The reaction was arrested and,
after purification, the digestion products were runon an 8% denaturing gel. The lengths of the
50 bp DNA marker (lanes 1 and 6) are indicated ate left site of the figure.
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l11.4.4 The “one pot assay” shows that the interadbns between the histone octamer and
the ends of nucleosomal DNA are highly perturbed whin the H2AL2 particle

To further study the structure of the H2AL2 histmagiant nucleosome we also used a
recently described “one pot assay” (560). Briefflgth conventional and H2AL2 147 bp core
particles were reconstituted by using eight mutdfédend labeled 601.2 DNA sequences.
Each individual sequence was mutated in a wayttodnce a single Had restriction site in
it. All restriction sites exhibit the same rotatdrposition with an outward-facing minor
groove and are separated by 10 base pairs (5603ithplicity further in the text the Had
restriction sites will be designated as(duperhelical position 0) to; dsuperhelical position
7). Then, the nucleosome samples were incubatdd Sviinitsfl of Haelll for increasing
times. After arresting the reaction, DNA was isethaind run on 8% PAGE under denaturing
conditions (Figure 4A) . The quantification of tHaelll cut efficiency at the different sites is
shown at Figure 4B. As seen, major differencediéndut efficiencies are observed atatd
ds, i.e. close to the end of the nucleosomal DNA€rbat under our experimental conditions
we were unable to separate the Haeal; cleavage products from the non-cleaved fragments,
which did not allow the calculation of the cleavagféciency at ¢). Indeed, both the initial
cut rate (the slope of the curves) as well as #haration of the cleavage are much higher for
these superhelical positions for the H2AL2 nucleese® compared to these of the
conventional ones.

We conclude that the histone-DNA interactions &t ¢éimd of the nucleosomal DNA
are strongly perturbed within the H2AL2 particleotd that there are also differences inside
the nucleosome, particularly ag, &b and d consistent with the DNase | digestion data in

figure 2.

[11.4.5 AFM imaging of conventional and H2AL2 nucleosomes

The described structural alterations in the H2ALZlaosomes are similar to these of
the H2A.Bbd nucleosomes (478). The length) (&f the DNA complexed with the histone
octamer was found to be only.30 bp within the H2A.Bbd nucleosome (478). Witistim
mind, we next asked whether the H2AL2 variant metoctamer exhibited the same property,
i.e. whether it organizes also less DNA than theveational octamer does (147 bp). To this
end we have imaged by AFM both centrally positioneonventional and H2AL2
nucleosomes reconstituted on 255 bp 601 DNA fragitieégure 5A, B).
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Figure 4: “One pot assay” of conventional and H2AL2nucleosomes. (A) Kinetics of the Ha#l
digestion of conventional H2A (Nuc H2A) and variantH2AL2 (Nuc H2AL2) nucleosomes.
Identical amounts of both types of nucleosomes wergested with 5 U/ul of Hadll at 30°C for
the times indicated. After arresting the digestionDNA was isolated and run on a 8% denaturing
PAGE. Lane 1, naked DNA digested with 5 U/ul for Sminutes. (B) Quantification of the data
presented in (A). Note that the quantification forthe accessibility at d is not presented, since the
corresponding band is not resolved from the undigéed DNA under our conditions (see panel
A).

The relatively long free DNA arms present at eanold ef the nucleosome allowed their
precise length measurement by AFM image analysis dllowed, in turn, the calculation of
both the length of the DNA complexed with the higtactamer L (Lc= Lit- L+ - L., where
Lt = 255 bp is the length of the 601 fragment usedrézonstitution, L. and L are the
lengths of the long and the short DNA arms respelsti as measured by AFM image
analysis) and the position of the nucleosome redaBdNA template centeAl = (L. - L.)/2
(Figure 5C, D and563)). The measurements were performed in a large nuoitbebjects
(N = 1252 conventional and N = 2805 H2AL2 nucleossjn which made them statistically
relevant. The mean of the length distribution faNA complexed with the conventional
histone octamer was located close to 145 bp ardesiingly around 130 bp, for the variant
H2AL2 nucleosome (Figure 5C). The position of thieleosome relative to the DNA center,

AL, was same for both the particles (Figure 5D).
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Figure 5: AFM imaging shows that the H2AL2 histoneoctamer is complexed with(0L30 bp of
DNA. Centrally positioned conventional and H2AL2 nuileosomes were reconstituted on 255 bp
601 DNA sequence and visualized by AFM. Representae AFM images for the conventional
(nuc H2A) and H2AL2 (nuc H2AL2) particles are presated in (A) and (B), respectively. (C)
Complexed DNA length (L) distribution for conventional and H2AL2 nucleosones. Note the
difference in the peak position in the distribution curves of the two samples. (D) Nucleosome
position (AL) distribution for conventional and H2AL2 nucleosames. The numbers of particles
used for the calculation of the distributions wereN = 1252 and N = 2805 for conventional and
H2AL2 nucleosomes, respectively.

[11.4.6 Electron cryo-microscopy shows a very openstructure of the H2AL2 tri-
nucleosomes

The perturbation of the histone-DNA interactionsdat- ds and the ability of the
H2AL2 octamer to organize only130 bp may affect the entry/exit angle of the nostenal
DNA ends. To test this we have used Electron Crycrdscopy (EC-M). E-CM experiments
are performed in vitrified solutions without theligation of any contrasting reagents, which
allows the visualization of the “native”, unpertatbstructure of the samples. E-CM was very
successfully used for investigating the structufeboth reconstituted conventional and
H2A.Bbd histone variant nucleosomes (470, 478) a#l as native oligosomes and high
molecular chromatin samples (566). Note that otipalar interest for studying the linker
orientation are the trinucleosomes (567). With thisnind, we have reconstituted precisely
positioned 601 conventional and H2AL2 trinucleosseraad have visualized them by E-CM
(Figure 6).
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Figure 6: Electron cryo-microscopy visualization of conventional H2A and histone variant
H2AL2 tri-nucleosomes. A DNA fragment containing thiee tandem 601 positioning sequence
repeats was used to reconstitute conventional and 2AL2 tri-nucleosomes and they were
visualized by E-CM. Typical micrographs for both types of particles are shown. The
conventional trinucleosomes exhibit V-shaped struare with the two end-nucleosomes at both
ends of the “V” and the middle-nucleosome at the eger of the “V”. In contrast, the majority of
the H2AL2 trinucleosomes exhibit “beads on a string structure and very few H2AL2
trinucleosomes show open “V’-type of organization.Black arrows indicate the linker DNA,
while the nucleosome is designated by white arrows.

The conventional trinucleosomes exhibited a typivdl(equilateral triangle) shape with two
nucleosomes located at each end of the trinuclealsBMNA and the middle nucleosome at
the “point” of the “V” (Figure 6A). The 3D organiian of the H2AL2 trinucleosomes was,
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however, quite different (Figure 6B). Typicallyeti2AL2 trinucleosome shows “beads on a
string” organization, and in some cases, a veryndpe type organization with the linkers
DNA forming a very large angle (Figure 5B). We clugle that the variant H2AL2 octamer
cannot properly organize the 3D conformation of #mry/exit nucleosomal DNA. We
attribute this to the altered interactions of tidrgexits ends of nucleosomal DNA with the
H2AL2 histone variant octamer.

l11.4.7 The presence of H2AL2 affected both RSC an&WI/SNF nucleosome remodeling
and mobilization

The data described above unequivocally demondtratehe incorporation of H2AL2
in the nucleosomes results in perturbation of te&incture. Perturbation in the nucleosome
structure induced by the presence of the histomantaH2A.Bbd led to inhibition of both
nucleosome remodeling and mobilization (474, 4T&)s prompted us to next ask if H2AL2,
as H2A.Bhd, interferes with nucleosome remodelind mobilization. DNase | footprinting
assay was used for studying the capacity of RSCSAWUSNF to remodel the nucleosomes.
Conventional and H2AL2 end-positioned nucleosomegeweconstituted offP-end labeled
200 bp 601 DNA sequence. Identical amounts of Isatples were incubated for different
times (from 2.5 to 40 minutes) at 30°C with eitf®BC or SWI/SNF. After arresting the
remodeling reaction, the samples were treated Mtlase I, the digested DNA was purified
and run on 8% PAGE under denaturing conditions. /SWF (Figure 7A) and RSC (Figure
7B) remodeled both conventional and H2AL2 nucleassanThe 10 bp DNase | nucleosomal
repeat was lost and many bands corresponding teetipective bands of the digestion of free
DNA were observed (Figures 7A and B, compare |&h@&swith lanes 9-14). However, both
RSC and SWI/SNF remodeled about 2.5 times moreiefiily the conventional particles as
determined by quantification of the intensity ofrespecific bands (results not shown). We
conclude, that the presence of H2AL2, similarlythes of H2A.Bbd (474, 478), interferes
with nucleosome remodeling.

Is H2AL2 able to affect nucleosome mobilization? t€et this we have carried out a
standard nucleosome mobilization assay. Centrafigitipned conventional and H2AL2
nucleosomes were reconstituted by usfiyend labeled 255 bp 601 fragment and incubated
for 45 minutes (in the presence of ATP) with insiag amount of either RSC or SWI/SNF
(Figure 8). Treatment with the remodelers resulésdexpected, in loss of the 10 bp repeat in

the DNase | digestion pattern of either one oftaicles (Figure 8B).
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Figure 7. SWI/SNF and RSC remodeling of conventiodaand H2AL2 nucleosomes. End
positioned conventional (lanes 2-8) and H2AL2 (larse10-14) nucleosomes were reconstituted on
a ¥P-5'-labeled 200 bp 601 DNA fragment and incubatedor increasing times (from 2.5 to 40
minutes) at 30°C with 2 units of either SWI/SNF (A)or RSC (B). After arresting the reactions,
the samples were digested with DNase |, DNA was extted and run on an 8% sequencing gel.
The position of the dyad is indicated at the left art of the figure. Lanes 1 and 8 of each panel
show the digestion pattern of free DNA.
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However, careful comparison of the remodeled padt€lanes 2 and 4 in Figure 8B) shows
again some differences. Indeed, the remodelingetbnventional nucleosomes was stronger
compared to this of the variant particles. In dddit some bands present in the digestion
pattern of remodeled conventional nucleosomes wetealetected in the digestion pattern of
remodeled H2AL2 nucleosomes (Figure 8B, bands ndalke stars). These results are in
agreement with the data presented in Figure 7 Her 200 bp H2AL2 nucleosome and
evidence for a less efficient remodeling of thearstrH2AL2 255 bp particle.

Under the conditions of the experiments both rersrdeinduced a relocation of
conventional nucleosomes (Figure 8A). Althoughthes RSC nor SWI/SNF were able to
relocate efficiently the H2AL2 histone variant aoer to the end of the nucleosomal DNA
(Figure 8A). Quantification of the data showed ttia efficiency (the initial slope of the
curves, figure 8A, lower panels) of the variant H2histone octamer relocation at the end of
the nucleosomal DNA by either one of the remodelas at least 10 fold smaller than this of
the conventional histone octamer. Note, howeveat the upper band corresponding to the
centrally positioned H2AL2 nucleosomes is becomigger upon incubation with higher
amount of either RSC or SWI/SNF (Figure 8A). Thisginh be associated with some
heterogenisation due to either histone-DNA contdaruption and/or short range relocation
of the H2AL2 patrticles.

We have also studied the capacity of RSC to m@ii2AL2 nucleosomes by using
an enzyme restriction assay (see schematics aistbegy, Figure 9A). We have first incubated
both conventional and H2AL2 nucleosomes with anwamof RSC sufficient to relocate the
conventional nucleosomes at the end of the nucheasdNA (see Figure 8A). After
arresting the reaction both types of nucleosomee wigested with Xba, whose restriction
site is located in the linker DNA at 233 bp frone fiP-laleled end of the nucleosomal DNA.
If the nucleosomes were mobilized by RSC (in thespnce of ATP) one should expect the
yield of cleavage to drop two-fold (see figure 9A&his was really the case for conventional
nucleosomes (Figures 9B and C). In contrast, esflgnho change in the Xba cleavage
yield for the RSC incubated H2AL2 nucleosomes weteded (Figures 9B and C). These
data combined with the EMSA results (Figure 8A) daesirate that the presence of H2AL2
interferes with the chromatin remodeler inducedaation of the variant particles at the end
of the nucleosomal DNA. This conclusion was furtlseipported by studying the RSC-
induced mobilization by AFM (Figure 9D). The AFM amging showed that treatment with
RSC generated conventional, but essentially notltE22&nd-positioned nucleosomes (Figure
9D).
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Figure 8. The presence of H2AL2 interferes with bdt SWI/SNF and RSC nucleosome
remodeling and mobilization. (A) Nucleosome mobiliation assay. Centrally positioned
conventional and H2AL2 nucleosomes were reconstitetl on a**P-end labeled 255 bp 601 DNA
fragment and used for either RSC (left panel) or SWSNF (right panel) mobilization assay. Both
types of reconstituted nucleosomes were incubatedrf 40 minutes at 30°C with increasing
amounts of the respective remodeler in the presenad ATP. After arresting the reaction, the
samples were run on a 5% native PAGE (the convential and H2AL2 RSC-treated
nucleosomes were run on two different gels and thdata are presented in two separate panels).
The center and the end-positioned (slid) nucleosomend free DNA are indicated. The lower
part of the figure shows the quantification of thedata. (B) DNase | footprinting of RSC
remodeled conventional and H2AL2 nucleosomes. Bottentrally positioned conventional and
H2AL2 particles, reconstituted on a®P-end labeled 255 bp 601 DNA fragment, were treated
with the highest amount of RSC used in the mobilizion reaction as described in (A). After
arresting the remodeling reaction the samples werdigested with DNase I, the cleaved DNA was
purified and run on an 8% sequencing PAGE. A schenti of the nucleosome is shown in the
upper part of the figure. Lane 3, showing the diga®on of the naked DNA, was not adjacent to
lanes 2 and 4 in the original gel, and was thus dearked accordingly.
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Figure 9: Xba 1 nuclease restriction and AFM analyss of the RSC-induced relocation of
conventional and histone variant H2AL2 nucleosomeqA) Schematics of the Xba 1 restriction
analysis used to study the RSC induced mobilizatioof conventional and histone variant H2AL2
nucleosomes. The Xba 1 restriction site is locatad the linker DNA of the nucleosome at 233
bases from the end of thé?P-end labeled 601.2 DNA fragment. If RSC inducesiding of the
nucleosome, the cut efficiency of Xba is expected to decrease two-fold (the nucleosonvél be
mobilized to both ends of the DNA fragment, left pael). If RSC is unable to mobilize the
nucleosome, no decrease of the Xldacut efficiency will be observed (right panel). (Bldentical
amounts (150 ng) of H2A (left panel) or H2AL2 (righ panel) **P-end labeled nucleosomes were
incubated with 0.04 unitsful of Xbal either in the presence or the absence &fmM ATP. After
digestion for the times indicated, the reaction wastopped and the digestion products were
separated on the same 8% sequencing gel (the migeat products, which loading was not
adjacent in the original gel, are demarked by vertal lines). The positions of the full length (FL)
and cut DNA fragment are indicated on the left of he figure. (C) Quantifications of the data
presented in (B). Note the two-fold decrease of cyield for the conventional H2A nucleosomes
(Nuc H2A, left panel) and the absence of effect otihe cut yield in the case of H2AL2 (Nuc
H2AL2, right panel) nucleosomes. The digestion withXba 1 was carried out in remodeling
buffer and under these conditions a digestion plates was reached attb0-60%. (D) Position
distribution (AL) of conventional and H2AL2 histone variant nuclesomes after treatment with
RSC. Either conventional or H2AL2 nucleosomes wereated with RSC in the presence of ATP
and the samples were visualized by AFM. The insetsdicate the centrally positioned (first peak)
and the mobilized, end-positioned conventional nuebsomes (second peak). The numbers of
analyzed nucleosomes are: N(H2A-RSC) = 524, N(H2A8&)= 688 conventional nucleosomes
and N(H2AL2-RSC) = 1063 and N(H2AL2+RSC) = 1341 v@nt nucleosomes, respectively.

139



[11.5 Discussion

In this work we have studied the structural andcfiomal properties of the histone
variant H2AL2 nucleosomes. We confirmed that thsdme variant is testis-specific and we
show that it can efficiently replace convention&Adin the nucleosome. The variant H2AL2
nucleosome exhibited both structural and functigo@perties distinct from these of the
conventional one. DNase | and OH° footprinting, maoccal nuclease and exonuclease Il
digestion and nucleosomal DNA restriction nucleaszessibility assay demonstrated
alterations in the overall H2AL2 nucleosome streetdFM imaging showed that only130
bp of DNA were wrapped around the H2AL2 histoneiardr octamer. The H2AL2
trinucleosomes exhibited essentially “beads orringstnucleosomal organization in contrast
to the conventional trinucleosomes, which showedilaggral triangle shape. Finally, we
found that H2AL2 nucleosomes cannot be efficiebtiyh remodeled and relocated at the end
of the nucleosomal DNA by either one of the chromatmodelers RSC or SWI/SNF. The
effect of H2AL2 on the efficiency of nucleosomeasdtion was, however, more pronounced
than this on the efficiency of nucleosome remodgliNote that for the reconstitution of the
nucleosomal samples we have u3edopus laevis core histones H2B, H3 and H4, but their
mouse analogs are essentially the same and tleudesitribed results would not be affected.

The above summarized data indicate that the obdqueeturbations in the H2AL2
nucleosome structure were sufficient to induce mpediment of the remodeling of the
nucleosome and the relocation of the variant hestmectamer to the nucleosomal DNA end. In
particular, the alterations in the wrapping of Didfound the H2AL?2 variant histone octamer
may not allow the proper binding of the varianttigée in the nucleosome binding pocket
(568-570) of both RSC and SWI/SNF.

H2AL2 is a testis-specific histone variant ((483)dathis work). H2A.Bbd is also
expressed mainly in testis. Common properties ®HBAL2 and H2A.Bbd particles are their
altered structures and their capacity to interfeith the remodeler’s function, i.e. to interfere
with nucleosome remodeling and relocation. Thegeftwoth histones would be involved in
thein vivo “construction” of distinct nucleosomes with spdigied functions. These functions
would require an easier removal of the variant dém&om the nucleosome and no
nucleosome mobilization.

We have reported earlier that the docking domainH@A.Bbd is required for
nucleosome mobilization (478). Since the dockinghdim of H2AL2 differed considerably

from this of the conventional H2A and its lengtltisser to this of H2A.Bbd (see Figure 1A)
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this indicates that the cells in both mouse anddmnnse very similar strategies to generate
nucleosomes lacking the ability to be mobilizedchyomatin remodelers.

The H2A.Bbd nucleosomes exhibited an open struct(#é8). The H2AL2
trinucleosomes showed also an open (beads on rag diype) structure and micrococcal
nuclease digestion of H2AL2 nucleosome arrays sstggenore relaxed organization of these
variant arrays. This appeared to be determinedhbyaltered interactions of the H2AL2
histone octamer with the ends of the nucleosome [tk work). Since the H2A.Bbd the
docking domain was required for the generation led bpen nucleosome structure we
hypothesized that the H2AL2 altered docking domsialso involved in the generation of the
open structure of the H2AL2 nucleosomes and nuolea$ arrays. This open structure of
both H2A.Bbd and H2L2A chromatin filaments couléylan important role during different

spermiogenesis specific processes, including repiaat of these histone variants.
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111.8 Supplementary figure 1S: Northern-blot

RNA blotting was performed using a membrane Fitsdi€eTM Northern blots
(Ambion) according to the manufacturer's protoddie H2AL2 antisense RNA probe was
generated using the Strip-EZ RNATM kit (Ambion, lncThe GAPHD DNA probe was
labeled by random priming using the Prime-a-Genelldbeling System (Promega) and a
DNA sequence first cloned with the primers:
5-GCACAGTCAAGGCCGAGAATGG-3’ (forward) and
5-TGGGGGCCGAGTTGGGATAGG-3' (reverse).
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Supplementary figure 1: Northern blot analysis show that H2AL?2 is specifically expressed in
testis. Total RNA was isolated from the indicated ifferent tissues and the Northern blot was
carried out by using a standard protocol. For estimtion of the amount of RNA isolated from the
different tissues and loaded on the gel, the membna was also hybridized with a GAPDH RNA

specific probe.
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CHAPITRE IV

PUBLICATION 3
LE DOMAINE D’ENCRAGE DE H2A ET L’ANGLE D’ENTRE-SORT |IE DE L’ADN
DE LIAISON DETERMINE L’ASSOCIATION DE H1 AVEC LE NU CLEOSOME.

Dans ce chapitre nous apportons les preuves qustohle H1 est incapable de
s’associer correctement avec les nucleosomes t&rit®AL2 et H2A.Bbd et de générer la
structure en tige de 'ADN de liaison. Les expeces avec des domaines d’encrage
d’histones conventionnels et variants inter-changés montre que cette propriété est
déterminée par le domaine d’encrage « défective »c&bs histones variants. Cette étude
suggere un role de ces histones variants dansutztigie supérieure de la chromatine.
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V.1 Introduction

Eukaryotic genome is organized in a repeating aohyucleosome core particle
(NCP) and linker DNA. NCP is an octameric disc cosgd two copies of each of the four
core histone proteins (H3, H4, H2A and H2B) arowtidch 146bp of DNA are wrapped in
nearly 1.65 superhelical turns (571). The linkerAiN occupied in most of the eukaryotes by
linker histone H1, which is essential for chromatimpaction. The nucleosomal organization
of the DNA makes it inaccessible to the many prehat must bind to it for normal cellular
functions. Although this process is still not cl€ar2-574), but there are three suggested main
mechanisms that the cell has developed to overtcbeneucleosomal barrier. These processes
include ATP dependent chromatin remodeling, pastdiational modifications of histone and
incorporation of histone variants.

Linker histones consists of a folded globular domahich is flanked by less
structured and highly charged N-and C- terminalstgb9, 575). Linker histones bind
preferentially to the supercoiled (576-579) andrfeay junction (4WJ) DNA (580)
compared to linear DNA. This preferential binding limker histones to 4WJ DNA was
explained to depend on the particular angle forbmttveen the two DNA arms or crossovers
(580). In chapter 2 we have mapped at single basaution the specific H1 linker histone
binding to the nucleosome and have proposed a Hineléng sites model for globular domain
of H1.

Histone variants are non-allelic isoforms of theantional histones. Incorporation of
a histone variant usually confered a particulaucitre of the nucleosome (421). More
recently the histone variants of H2A family namel2A.Bbd (478) and H2AL2 (chapter 3)
have been shown to form open nucleosome structlinese variants show a high divergence
in the structure of their docking domain comparedte conventional H2A. The histone
octamer of both the variants is shown to wrap ofll30bp of DNA with a DNA turn less
from both sides of the core particle. AFM and Criybmages show a highly flexible
structure of the variant particles where the eatiy DNA form ~ 180 angle in contrast to the
“V” shape in the conventional nucleosomes. Theseulma properties of the variant
nucleosomes appeared to be associated with thectdef' docking domain of both H2A.Bbd
and H2AL2. Interestingly, several remodeling compke were not capable to both remodel
and mobilize H2A.Bbd (478) and H2AL2 variant (ch&pB) nucleosomes suggesting a
relationship between the unusual nucleosome vasiantture and the capacity of remodelers

to act on these nucleosomes.

145



Bearing in mind how histone H1 interacts with thecleosome, i.e. the specific
requirement for the 3D organization of the entewng exiting DNA allowing H1 to bind to
three nucleosomal DNA sites (see Figure 6, of @ra@), one could expect the opened
H2A.Bbd or H2AL2 nuclesome structure to also affibet H1 binding. In this work we have
approached this problem by using a combinationafhemical techniques and electron cryo-
microscopy (EC-M). Our data demonstrate that histd1 was unable to bind properly to the
variant nucleosomes and to generate a stem steuctbdxperiments with swapped docking
domains of conventional histone H2A and the varlastone H2A.Bbd showed that this is

determined by the "defective" docking domain ofsth&l2A histone variants.

V.2 Results

IV.2.1 NAP-1 mediated binding of linker histone H1to conventional and variant
nucleosomes

We have separately reconstituted conventional, H2Adnd H2A.Bbd centrally
positioned 189bp mononucleosomes on the strongdigusig 601 sequence (183). We have
also used H2A.ddBbd (a H2A chimera, where the Haékthg domain was replaced with the
"defective" docking domain of H2A.Bbd) to reconst# centrally positioned nucleosomes.
The nucleosomes were then used for depositiom&eétihistone H1 with the help of linker
histone chaperone Napl. The complexes were themyzada by the band-shift gel
electrophoresis experiment. Figure 1B shows tdratof H1 binding to the different
nucleosomal substrates. As seen, there is a dhéfarirs the electrophoretic mobility of the
conventional nucleosomal band upon H1 binding (cam@gontrol lanel with lane2), which is
in good agreement with reported data (92) and ate th chapter 2. In the case of H2AL2
nucleosome there was also a shift in the electngicomobility of the nucleosome observed
upon H1 titration, but a higher smear was obserd¢®A.Bbd nucleosomes exhibited,
however, different behavior upon H1 binding. Indetl# shifted band was not well defined,
rather a highly diffused smear was observed. Intiad the higher concentrations of H1 led
to the formation of aggregates (not shown). Theselts suggest that the linker histone can
bind to the variant nucleosomes, albeit more effity to H2AL2 than H2A.Bbd, but the
binding is less specific than to the conventionatleosomes. Interestingly, the same picture
as this for H2A.Bbd, was seen for the H2A.ddBbdleosomes (Figure 1B, lanes 18-22),
suggesting that the H2A docking domain is essefurahe specific interaction of histone H1

with the nucleosome.
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Figure 1. Napl facilitated deposition of linker hisone H1 on different mononucleosomal
substrates. (A) Sequence alignment of mouse H2AH2AL2 and human H2A.Bbd. The N- and
C-termini, the histone-fold domain as well as the acking domain are indicated. (B) Nucleosomes
with H2A (lane 1), H2AL2 (lane 7), H2A.Bbd (lane 12 and H2A.ddBbd (lane 18) were
reconstituted on a centrally positioned 189bp 601gsitioning DNA. Increasing concentrations
of H1/Napl complex, in a molar ratio of 2:1, were dded to H2A (lanes 2-6), H2AL2 (lanes 8-11),
H2A.Bbd (lanes 13-17) and H2A.ddBbd (lanes 19-22Jhe samples were then run on 2% agarose
gel under native conditions. The positions of botmon-associated (-H1) and associated (+H1)
with linker histones dinucleosomes are indicated bgrrows.

IV.2.2 Hydroxy radical mapping of H1 on H2AL2 nucleosomes

The gel shift analysis gives only some general rmftion on the histone H1-
nucleosome interactions. To study in more delské interactions we have used hydroxyl
radical footprinting, since this allowed to ascertdne nature of H1 binding and mapping the
exact location of H1 on the nucleosome (see Cha&)tdriefly, H2A, H2AL2, H2A.Bbd and
H2A.ddBbd dinucleosomes were reconstituted on ahlaipeled 423 bp long DNA bearing
two 601-nucleosomal positioning sequences. H1 veaesited by using NAP-1. Control and
H1 deposited dinucleosomes were subjected to tesdtwith hydroxyl radicals and the
cleaved DNA was purified and analysed on an 8% teing gel (Figures 2, 3).
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Figure 2: Hydroxyl radical footprinting analysis of conventional and H2AL2 variant
dinucleosomal substrates in presence and absenceliaker histone H1 show a weak H1 binding
in the variant. Dinucleosome were reconstituted od23bp 601 nucleosome positioning sequence
and H1 was deposited in complex with histone chapene Napl. (A & C) Scans of the OH°
digestion pattern of intact (black) and H1-containhg (red) conventional and H2AL2
dinucleosomes respectively. (B) Hydroxyl radicakleavage pattern of H2A and H2AL2
dinucleomes, either intact or H1 deposited. DNA, B° cleavage pattern of naked DNA. The
arrowheads and the stars show the digestion produstof the central part and the ends of the
linker DNA, respectively. (A) represents cleavage products corresponding to theentral part of
the linker DNA. Schematic drawing of the dinucleosme is also presented
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As expected, in agreement with gel shift analyses aur previous data (see chapter 3),
control (without H1) H2AL2 dinucleosomes showed, wontrast to conventional
nucleosomes, less contrasted repeats suggestinglations in the histone-DNA interactions
and more open structure. The binding of H1 to emtional nucleosomes induced a strong
and specific footprint at the dyad and a clear A@dpeat in the linker DNA (Figure 2, but see
also Figure 3, chapter 2). Although, the hydrosadlical footprinting pattern of H2AL2
nucleosomes containing H1, was quite distinct. éagle very weak footprinting at the dyad
and no generation of the repeats at the linker Div%e detected. Note, however, that the
presence of H1 induces a protection of additioGabgp of linker DNA only at one end of the
nucleosomal DNA (Figure 2).

IV.2.3 The docking domain of histone H2A is requird for proper histone H1 binding to
the nucleosome

The highest divergence in H2AL2 compared to corieeat H2A resides in its
docking domain (see Figure 1A and chapter 3), sstgggethat the docking domain of H2AL2
might be determinant for the inability of H1 to pesly bind to the H2AL2 nucleosome. If
this was the case, histone H1 should not alsoaotgroperly with the H2A.Bbd nucleosome
(the docking domain of H2A.Bbd is even more divertgdan that of H2AL2, Figure 1A and
(473). To approach this we have carried out a hgdroadical footprinting analysis of
H2A.Bbd nucleosomes with or without histone H1 (i 3). As in the case of H2AL2
nucleosomes, the H2A.Bbd nucleosome without H1ketdd less contrasted OH° pattern,
evidencing for perturbation in its structure (comgp&igure 3A with Figure 2). The NAP-1
mediated association of histone H1 with the H2A.Bhdleosome does not induce any
changes in OH° cleavage pattern of the varianigl@afDNA (Figure 3A). Interestingly, the
situation was identical with the nucleosome, retited with the chimera H2A.ddBbd, i.e.
upon binding of H1 no changes in the pattern of Qitfavage of H2A.ddBbd chimeric
particle DNA were detected (Figure 3B). We concltiti: (i) the inability of H1 to bind to
the nucleosomal DNA is a common property for bofAHhistone variant particles and, (ii) a
defective docking domain of H2A was sufficient tonéer this property to a nucleosomal

particle.
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Figure 3: Hydroxyl radical footprinting show no binding of linker histone H1 to the H2A.Bbd

and swapped mutant H2A.ddBbd dinucleosomal substrat (A) Control (lanes 2-6) and H2A.Bbd

dinucleosomes in complex with linker histone (lane3-11) were subjected to hydroxyl radical

reaction and the cleavage pattern is shownBj H2A.ddBbd dinucleosomes in presence and
absence of linker histone H1 were subjected to hydkyl radical reaction. The reaction was

stopped and the purified DNA was loaded on 8% PAGHkInder denaturing conditions. Schematic

drawing of the dinucleosome is presented. The arrdveads show the position of nucleosomal
dyad.
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IV.2.4 Electron cryo-microscopy imaging reveals a Beads on a string" structure for H1
associated H2AL2, H2A.Bbd and chimeric H2A.ddBbd tmucleosomes

The OH° footprinting data show the absence of hhé@d repeats in the linker DNA of
the H2AL2, H2A.Bbd and H2A.ddBbd dinucleosomes (ffgg 2 and 3). Since this repeat
reflects the presence of a "stem" structure oflitileer DNA (the close juxtaposition of the
two linker in space induced by H1 in conventionatleosomal samples, Figure 4A and
Chapter 2, Figure 2 ), this suggests that no st structure would be generated in the
variant particles. To test this we have used EbdectCryo-microscopy (EC-M) to visualize
conventional, variant (H2AL2 and H2A.Bbd) and chiroe(H2A.ddBbd) trinucleosomes
reconstituted on a 623bp DNA containing three repefpositioning 601 sequence. Note that
EC-M is the least invasive method for visualizihg thighly dynamic structure of chromatin
(538), as unlike conventional microscopy thereadiration of the material and thus, EC-M
can be used to study different chromatin conforrmeder "native" conditions.

Conventional trinucleosomes without H1 exhibitegrtgular shaped beads on the
thread structure (Figure 4A). In agreement with previous results, upon NAP-1 mediated
deposition of linker histone H1 the outgoing andoiming linkers of the nucleosome were
pulled together towards the axis of the nucleosdysd, which resulted in the formation of
“stem structure” of the linker DNA (arrow in thedrire 4B). EC-M visualization of both the
variant and chimeric trinucleosomes without H1 shbet these particles are quite different
compared to their conventional counterparts. Indebdy look like “beads on a string”
filament, with linkers DNA forming an angle close180°C (Figure 4C-E). Remarkably, the
shape of these particles remain completely unclhngmn depositing linker histone H1
(Figure 4F-H), thus demonstrating that there isteon structure formation. We conclude that
even the physiological NAP-1 mediated depositiotd@fcannot lead to a 3D reorganization
of the variant and chimeric trinucleosomes and waowlt probably result in lbona fide 30 nm

chromatin fiber structure if longer nucleosomabgs were used in the experiments.
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Figure 4: Electron cryo-micrographs of various contol and H1 deposited H2A histone variant
tri-nucleosomes don’t show any detectible differerec A DNA fragment containing three tandem
601 positioning sequence repeats was used to reditage H2A (A),H2AL2 (C), H2A.Bbd (E) and
H2A.ddBbd (G) tri-nucleosomes and were subsequentlysed for H1 deposition (B), (D), (F) and
(H) respectively. The arrow and star shows the stemstructure and nucleosome respectively.
Figure A and B adapted from Chapter 2 (figure 2).
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V.3 Materials and Methods

IV.3.1 Preparation of DNA fragments

The 189bp DNA fragment containing the 601 nucless@usitioning sequence at the
center was obtained by polymerase chain reacti@RjRamplification from plasmid pGem-
3Z-601 (kindly provided by B Bartholomew and J Wagjo The fragment was labeled by
incorporating 3QCi of [-*P] CTP to the PCR reaction. DNA fragments contajrtime two
and three 601 positioning sequences were subclisoedthe 33x 200-601 chromatin array
DNA (kindly provided by Daniela Rhodes) and endelad by klenow enzyme at the EcoR |

overhang as described in chapter 2.

IV.3.2 Protein purification, nucleosome reconstituion and hydroxyl radical footprinting

Recombinanienopus laevis full length histone proteins were expressed anifipd
as described (529). H2AL2 (chapter 3), H2A.Bbd &2d\.ddBbd (H2A domain from M1 to
180 fused to H2A.Bbd domain from T84 to D115) (4248) were expressed and purified
from bacteria as described earlier. Full length 28%no acid human linker histone H1.5 was
purified as described in chapter 2. Nucleosome n&tttotion was performed by the salt
dialysis method (530). Briefly an equimolar mixturfethe histones was dialyzed overnight at
4°C against histone folding buffer (10 mM Tris [ptB], 5 mM B-mercaptoethanol, 1 mM
EDTA) containing 2.0 M NaCl. Carrier DNA (150—209, 2 pug) and 50 ng of?P-labeled
DNA were mixed with equimolar amount of histoneawoér in histone folding and stepwise
dialyzed against decreasing concentration of Na@hrd to 10 mM. Hydroxyl radical

footprinting was performed exactly as reportechim ¢thapter 2.

IV.3.3 Cryoelectron microscopy

Trinucleosome reconstitutions were performed withamwy carrier DNA. Control and
H1 deposited trinucleosomes of H2A, H2AL2, H2A.Blotd H2A.ddBbd  were concentrated
to 200ngul and buffer exchanged against nucleosomal buffengu 100 kDa cut off
centricons. Immediately after the buffer exchargyg/l droplet of the solution was deposited
on an electron microscopy grid with home made patéml supporting film with surface
treated by successive evaporation of carbon antinpta/carbon layers. The grid was
immediately plunged into liquid ethan (-183°C) aftemoving the excess of the solution by
brief blotting using Whatman No 1 filter paper. Teid was transferred into Tecnaf G
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Sphera 20 electron microscope using Gatan 626rarnysfer holder. Sample was visualized at
80 kV acceleration voltage and images were recoaedsatan Ultrascan1000 slow scan
CCD camera at microscope nominal magnificationegittd500x or 25000x (final pixel size

0.7 and 0.4 nm) with 2.5 pm underfocus.

V.4 Discussion

By using a combination of hydroxyl radical footgmmg and EC-M we have recently
mapped at one base pair resolution the histone udleasomal DNA interactions and have
shown how they reflect the 3D organization of thmkdr DNA (see Chapter 2). The OH°
mapping demonstrated that the globular domain stiohe H1 (GH1) interacts specifically
with 10 bp of DNA, localized symmetrically to thecleosome dyad. Moreover, GH1 makes
additional contacts witfhllO bp of DNA from each end of the nucleosome camdigle. A
stretch of 15 aminoacids residues (located immelyiafter the end of GH1) was required for
the formation of the stem structure. We have psepoa detailed model, which described at
very high resolution how both histone H1 interagith the nucleosomal DNA and maintains
the structure of the chromatin fiber (see Chapiéiigure 6). In this model, the GH1 structure
was large enough to fill the space between theingxiand entering DNA and to
simultaneously interact withllO bp of each linker DNA as well as with the nuskemal
dyad. The binding C-terminus of H1 together witk tinding of GH1 efficiently "clamped"
the exiting and entering linkers and resulted i fibrmation of the stem structure. Note that
the model requires three contacts of GH1 with raspenal DNA and thus, a specific
orientation of the linkers.

This work shows that NAP-1 is able to depositdnst HL on any of the studied
particles, the conventional, both the variant H2ABRd H2A.Bbd and the chimeric
H2A.ddBbd ones. Although, a proper interactionHdf with nucleosomal DNA was found
with the conventional particles, no simultaneou®tgumtion of both linkers and the
nucleosomal dyad against OH°® was observed in eitfewvariant or the chimeric structures
containing histone H1. All these three structurgkit@ted, however, a common property,
namely a "beads on a string" type of organizatiomth wompletely perturbed mutual
orientation of the entering and exiting DNA linkersThis peculiar ("beads on a string")
structural organization would not allow the simokaus contacts of GH1 with both linkers

and the nucleosomal dyad.
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Interestingly, the swapping of the docking domditH@A with the "defective" one of
H2A.Bbd was sufficient to create completely operAHRIBbd trinucleosomes. The docking
domain of H2A interacts with the last helix of loise H3 and with the C-terminal region of
H4 (aminoacids 95-102). Our data suggest thatattezations of these interactions would
generate perturbed nucleosomal structures unalpeofeerly interact with histone H1. The
cell could achieve this by using either histondarats with "defective” H2A docking domain
or probably, by modifying (in some other not idéetli for the moment way) the structure of
the docking domain.

Immunofluorescence data showed that the histonantald2A.Bbd colocalized with
hyperacetylated chromatin (471). In agreement With, in vitro experiments illustrated the
higher capacity of p300 to acetylate H2A.Bbd nustenes (474). In addition, p300- and
GAL4-VP16-activated transcription was found to berenefficient for H2A.Bbd nucleosomal
arrays than for conventional arrays (194, 474, 478l these data suggest that H2A.Bbd is
involved in vivo in transcriptional regulation. The data presentethis work support and
reinforce this hypothesis. Typically, transcribedions in the nucleus are generally devoid of
histone H1 (581). The presence of H2A.Bbd nuclewsowithin these regions would not
allow the stable incorporation of histone H1 anakticould be one of the main reasons for the
depletion of H1 from them. Note that both H2A.Bdnadd H2AL2 are over expressed during
spermatogenesis ((565); chapter 3) and similar am@sim could operate for the generation of

H1 depleted chromatin domains during this process.
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CHAPITRE V

PERSPECTIVES

Le développement de I'approche de déposiierH1l dans des conditions proches des
conditions physiologiques et I'utilisation avec séis de EC-M a haute résolution, 'empreinte
aux radicaux OH et le modele a « gros grains » rEouEs dans une position unique dans
I'étude de la structure et le réle fonctionnel testone de liaison. Dans la perspective de
I'étude future, nous adressons les questions si@gan

1. Comment H1 interagit avec un chapelet de nucleosatedalifferent longueurs de
I’ADN de liaison

2. ROle de la queue N-terminale de H3 dans la mainnde la structure en tige.

3. Role des différents résidus de H1 de charge pesitans son association avec le
nucléosome et la formation de la structure tige.

4. Les histones de liaison Hho 1p du levure et B4 dndpe.

5. Structure du complexe H1-NAP1.

6. Exclusion mutuelle de H1 et H2A.Bbd et H2AL2 dars aellules somatiques et
pendant la spermiogenese.
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CHAPTER V: PERSPECTIVES

The development of the approach for deposition df & nearly physiological
conditions and the successful use of high reseluB€-M, OH° radical footprinting and
coarse-grain DNA mechanics put us in a uniquetiposio study the structural and functional

roles of linker histones. In future we will addreise following questions:

V.1 How does H1 interact with nucleosomal array wh different linker length

A recent theoretical study (582) suggested th&elirDNA variation can give rise to
different conformations to the fiber structure, @ridiffer both in mechanical (583) and
topological (584) properties. The study proposeat the chromatin fiber containing linker
histones is a highly polymorph structure, tunedh®/NRL (Nucleosome Repeat Length) and
suggested different structures of the fiber whiah explain the numerous experimental and
theoretical models of the 30 nm chromatin fibetesoids (188), 2-start helix (185) (32), 3-
start helix (585) and 5- start helix (586). Thigdst can be tested experimentally, by applying
the same approaches we have used here in the, thedise longer nucleosomal arrays with
different repeat lengths. We believe there sho@dcbanges in the linker DNA protection
pattern, hence the stem structure, by changindNREe. Of particular interest would be the
localization of the globular domain in these diffier NRL—dependent structures. The
information in turn can be used to develop the NRipendenin silico models of the 30nm
fiber. Topological (Linking number) variations ihe different arrays upon linker histone

incorporation can be studied by using appropripfg@aches.

V.2 Role of histone H3 N-terminal tail in maintenarce of the stem

Core histone tail domains play critical roles ingukating the structure and
accessibility of nucleosomal DNA within the chromdiber. The N-terminal tail of H3 is of
particular interest since it interacts with higladiinity with the linker DNA (540). Keeping
this in mind and the fact that deleted H1 mutad®Z-was able to generate a stem structure;
we hypothesize that the N-terminus of H3 could havele in the stem structure formation
and/or stabilization. In order to test such pabsibwe will replace the full length H3 by
tailless H3 (N terminal) in our reconstitutions acatry out the same experiments as these
described in the thesis work. If the results prthwe involvement of N terminal H3, we will
next use a swapped mutant of H3 fused to the Nhteisrof H2B. This would shed light on
the specificity of "assistance" of the N-termind@i$i® in the formation of the stem structure..
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V.3 Role of different positively charged residuesfdH1 in the binding and stem structure
formation

From our studies we support the three bindingraibelel (91) for GH1 binding to the
nucleosome. The three binding sites on the glohdemain bear mainly positively charged
lysine and arginine residues. In addition the $sten aminoacids in the 1-127 H1 deletion
mutant, which are necessary for its role in thenstructure formation, is rich in lysine
residues (KPKAKKA). The next direction of the studyll be to mutate these positively
charged residues either singly or in combinatiogselther neutral or negatively or even
different positively charged residues. The resulitt provide more detailed role of these

aminoacids in the binding of GH1 and stem structammation.

V.4 Yeast histone Hholp and Xenopus specific B4 hisme

YeastSaccharomyces cerevisiae has a linker histone, Hholp, (70) which contains tw
globular domains, without N and C terminal tailswill be interesting to see if Hholp can
bind in the same way as H1 to nucleosomal arrayts 467 bp repeat (the NRL of yeast is
167).

B4 is Xenopus laevis oocyte-specific linker histone and like other memnsbof the
oocyte-specific family has a relatively high levefl acidic amino acids, compared with
somatic histones (587). It has 36 aspartic andaglig acid residues, almost all of which are
localized in the extended C-terminal tail. B4 lidier linker histones binds the nucleosame
vitro and shown to protect internucleosomal linker DNi@ni digestion by nucleases (588).
However B4, unike H1 allows chromatin to be remedeby ATP dependent chromatin
remodeling factors (528) and folds chromatin arrt@ya lesser extent, compared to H1 (587).
The current studies can be extended to study treeerob B4 interaction with the chromatin

array and may suggest its role in chromatin dynamiging the development.

V.5 Structure of HI/NAP1

NAP-1 has been found in complex with histones H24 &2Bin vivo, suggesting a
role in de novo chromatin assembly (589). Yeast NAP-1 binds H2AH#hd H3-H4 and
mediates nucleosome assembiyitro (590, 591). yNAP-1 has been shown to exist as a
stable dimer and self-associated oligomers in &olutThe crystal structure reveals that
yNAP-1 exhibits a fold consisting of a lomghelix that is mainly responsible for dimerization
and aB-sheet which is similar to other known histone @rape proteins (592). No structural
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data on higher eukaryotic NAP-1 are available. dntrast to yNAP-1, mouse NAP-1 (and
probably human NAP-1, which exhibits highly homadog structure to this of mMNAP-1) is a
chaperone of linker histones. With this in mind thave began collaboration with Dr. D.
Panne (EMBL Outstation, Grenoble) to co-crystalbrel solve the structure of mNAP-1-H1

complex.

V.6 Mutual exclusion of H1 and H2A.Bbd and H2AL2 in somatic cells and during
spermatogenesis

H2A.Bbd histone variant has been shown colocalized hyperacetylated chromatin
(471) suggesting its role in transcriptional regola Linker histones are transcriptional
repressor and usually transcribed regions are tplaf them (581, 593). With this in mind
we propose to carry out genome-wide out ChiP—orp@Ginid ChIP-Seq experiments to test
with higher resolution if there is no, as expectsalpcalization of these proteins. The same
experiments could be carried out with H2AL2 butidgrspermatogenesis.
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