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RESUME DE LA THESE

Structure de haute résolution du complexe nucleosome-H1 et son interaction avec le facteur de transcription Sox6

Comprendre la structure et l'organisation de la chromatine est une question fondamentale dans le domaine de la régulation de l'expression des gènes. La cristallographie par rayons-X et d'autres techniques biophysiques on permit de comprendre la structure du nucléosome avec une précision quasi atomique. Malgré de nombreuses études, les données structurelles au delà de la particule de coeur nucléosomale (NCP) demeurent imprécises. Au cours des dernières décennies plusieurs tentatives ont été faites pour montrer comment l'histone de liaison H1 interagit avec les particules nucléosomales pour les condenser en fibre de chromatine. Ces études ont mené à différents modèle décrivant la position de l'histone de liaison H1 sur la chromatine. De récentes avancées sur l'histone de liaison H1 suggèrent que le domaine globulaire de H1 (GH1) et la partie C-terminale interagit avec la dyade du nucléosome et les 2 bouts d'ADN de liaison (modèle à 3 contacts) qui sont contraintes de former une structure en tige. Cependant, la conformation et la position précise de l'histone de liaison H1 reste inconnues et la controverse à ce sujet persiste.

Dans cette étude, nous avons déterminé la structure tridimensionnelle de nucléosomes contenant H1 par des techniques de cryo-microscopie électronique (cryo-EM) et de diffraction aux rayons-X dans des cristaux. Nous avons utilisé le chaperons d'histone, NAP1, pour déposer l'histone de liaison H1 sur les nucléosomes reconstitué à partir des histones de coeur recombinant et la séquence d'ADN positionnante 601 de 197 paires de bases (dite de Widom). Nos résultats de cryo-EM montrent que l'association de H1 compacte le nucléosome en réduisant la mobilité des ADNs et stabilisant ainsi les contacts entre les nucléotides précédant la sortie NCP et l'octamer d'histones. Nos résultats par diffusion de rayon-x dans des cristaux à une résolution de 7Ä montrent que la partie globulaire de H1 (GH1) est située sur la dyade et interagie simultanément avec les petits sillons de l'ADN à la dyade et les ADN de liaison à l'entrée et à la sortie du nucléosome. Les parties N-et C-terminales de H1 sont orientées vers l'extérieur du coeur du nucléosome à travers les différents ADN de liaison. Nous avons validé l'orientation de GH1 par des expériences de pontages ADN-proteine, après substitutions de cystéine par mutagénèse dirigée, empreinte par radicaux hydroxyles et « amarrage moléculaire ». Nos résultats révèlent l'effet de H1 sur la dynamique du nucléosome et apporte une vision détaillé de la conformation du « stem du nucléosome » lors de l'incorporation de H1.

Nous avons également étudié l'association spécifique du facteur de transcription Sox6 à ces de reconnaissance consensus présent à l'intérieur du nucléosome, associé ou non avec l'histone de liaison H1 par une empreinte biphotonique avec laser UV. Nos résultats montrent que le domaine HMG de Sox6 se fixe spécifiquement sur son motif consensus situé profondément à l'intérieur du nucléosome à l'exception sur la dyade. Cette association n'est pas influencée par la « fermeture » des ADN de liaison avec l'histone H1 démontrant l'existence d'un autre façon de reconnaissance que le modèle de Widom basés sur fluctuations thermodynamiques des ADN de liaison. Le résultat que Sox6 est capable de surmonter la barrière nucléosomale (avec ou sans H1) suggère fortement que les facteurs de transcription de la famille Sox, de domaine de liaison de type HMG, jouent le rôle de facteurs « pionnier » dans la régulation de la transcription et en particulier dans l'initiation de la différentiation.

SUMMARY OF THE THESIS

High-resolution structure of the nucleosome-H1 complex and interaction with transcription factor Sox6

Understanding the structural organization of chromatin is a fundamental issue in the field of gene regulation. X-ray crystallography and other biophysical techniques have enabled understanding of the nucleosome structure nearly at atomic precision. Despite numerous studies, the structural information beyond the nucleosome core particle (NCP) remains elusive. Over the last few decades several attempts have been made to reveal how the linker histone H1 interacts with the nucleosome particles and condenses them into a chromatin fiber.

These studies have led to different models describing the position of linker histone H1 on chromatin. Recent advancements in linker histone H1 studies suggest that globular domain of histone H1 (GH1) interacts with the nucleosomal dyad and its C-terminal domain interacts with the linker DNA forming a stem like structure. However, the precise conformation of linker histone H1 and position of other domains still remains unknown.

In this study, we resolved the three-dimensional structure of H1-containing nucleosomes by using cryo-electron microscopy (cryo-EM) and X-ray crystallography. We have used the chaperone NAP-1 to deposit linker histone H1 onto nucleosomes reconstituted from recombinant core histones and 197 base-pair of 601 strong nucleosome positioning DNA sequence. Our cryo-EM results showed that association of H1 gives a more compact appearance of the nucleosome as it restricts the mobility of the two linker DNAs keeping them in close proximity and thereby stabilizing contacts between the histone core and nucleotides preceding NCP exit. Our X-ray crystallography results at 7 Ä resolution reveal that the globular domain of histone H1 (GH1) is positioned onto the nucleosome pseudodyad and recognizes the nucleosome core and both linker arms by contacting the DNA backbone in the minor groove. The N-and C-terminal domains of H1 are oriented away from the nucleosome core towards different DNA linkers. We further validated the orientation of GH1 by cross-linking experiments followed after cysteine substitutions mutagenesis, hydroxyl radical footprinting and by molecular docking. Our results reveal the effect of H1 on nucleosome dynamics and also provide a detailed view of the nucleosome stem conformation upon H1 incorporation.

We also studyed the nucleosome accessibility of transcription factor Sox6 and the impact of linker histone H1 incorporation to Sox6 binding on nucleosome by using UV laser biphotonic footprinting. Our results reveal that Sox6 HMG domain binds specifically to its consensus binding located deep inside of the nucleosomal DNA, but not at the nucleosomal dyad. Our in vitro footprinting results reveal that the "locking" of DNA linkers by incorporation of histone H1 on nucleosome does not show any impact on Sox6 HMG domain binding, evidencing an alternative to the Widom model based on thermal fluctuation "opening" of the nucleosome at the linkers.. The finding that Sox6 is able to overcome nucleosome (chromatosome) barrier in presence or absence of H1, strongly suggest that the HMG domain -based Sox family proteins it can act as a pioneer factor in transcription regulation, in particular in initiation of cell differentiation..

CHAPTER I I.1 Introduction

The organization of genetic material inside a eukaryotic cell is a packaging wonder.

You start unpacking the 6 µm wide nucleus and the DNA would stretch upto 2 metres. Such extraordinary level of compaction is achieved with the help of specialized proteins which enable the DNA to fold into multiple coils and loops. This complex of DNA with proteins is termed as "chromatin" and dynamic regulation of chromatin organization is essential for functionality of the genome. Understanding a small aspect of this massive packaging endeavor is the focus of this thesis. The following sections discuss in brief the history of chromatin discovery, the current state of knowledge about chromatin structure and how it led to the objectives of my study.

I.2 History of Chromatin

By late 19 th century, cell biology had evolved with the development of light microscopes and availability of stains and fixatives [START_REF] Bradbury | Landmarks in biological light microscopy[END_REF]; however, the understanding of substance inside the nucleus still remained elusive. It all began in 1871 (Figure 1), when a student in E. Hoppe-Seyler lab called as F. Miescher, noticed a strong phosphorous-rich acid while developing a method to isolate nuclei from pus leukocytes [START_REF] Miescher | Ueber die chemische Zusammensetzung der Eiterzellen[END_REF]. He termed this as "nuclein" and ten years later in 1881, H. Zacharia described nuclein to be resistant to protease degradation through his microscopy studies on protease digested isolated nuclei. Around the same time, W. Flemming, who was studying cell division, described the presence of thread like structures inside the nucleus which had high affinity for dyes. He named this stained material as "chromatin" (the Greek word for colour) and correlating with Zacharia's work suggested chromatin to be same as nuclein [START_REF] Hughes | A History of Cytology: Arthur Hughes[END_REF][START_REF] Flemming | kern und zelltheilung1882[END_REF]. Next major advancement again came from E. Hoppe-Seyler's lab in 1884, when A. Kossel performed acid extraction of avian erythrocytic nuclei which resulted in a preparation of basic proteins. He called these proteins as "histon" [START_REF] Kossel | Ueber die chemische Beschaffenheit des Zellkerns[END_REF].

In the beginning of the 20 th century, the rush hour of chromatin studies came to a pause and the emerging field of genetics came to limelight. It commenced with the rediscovery of Mendelian principles by H. de Vries in 1900 followed by the development of gene theory and the concept of linkage in Drosophila melanogaster by T.H. Morgan in 1910 [START_REF] Vries | The Evidence of Evolution[END_REF]. Later studies on the "transforming principle" by F. Griffith in 1928 and experiments by [START_REF] Avery | Studies on the Chemical Nature of the Substance Inducing Transformation of Pneumococcal Types : Induction of Transformation by a Desoxyribonucleic Acid Fraction Isolated from Pneumococcus Type Iii[END_REF] established DNA to be the genetic material [START_REF] Olins | Chromatin history: our view from the bridge[END_REF][START_REF] Avery | Studies on the Chemical Nature of the Substance Inducing Transformation of Pneumococcal Types : Induction of Transformation by a Desoxyribonucleic Acid Fraction Isolated from Pneumococcus Type Iii[END_REF].

The dark ages of chromatin studies ended with the discovery of polytene chromosomes by Heitz andBauer in 1933 andcorrelation established by Painter (1933) and Bridges (1935) between chromosome bands and gene localization. It was also the most awaited technical advancement for chromatin biologists as now they had access to a material to experiment with. Later in 1941, analysis by D. Mazia on polytene chromosome and plant chromosome using proteases and nucleases suggested that both polytene and plant chromosome are composed of a continuous framework which seems to be composed of histone like protein attached with nucleic acid through its phosphoric residues [START_REF] Mazia | Enzyme studies of chromosomes[END_REF]. Back then in 1941 scientific investigators started to accept that chromosome and chromatin formed the structural basis of genes. Development in X-ray diffraction and biophysical techniques led to major discoveries in the field of chromatin structure towards the middle of the twentieth century. The discovery of the DNA double helix by Watson and Crick in 1953[10], preparation of soluble chromatin molecules by G. Zubay and P. Doty in 1959[11], fractionation of histones by E. Johns in 1960 [START_REF] Johns | The Histones, Their Interactions with DNA and Some Aspects of Gene Control[END_REF], single DNA molecule as the constituent of chromatid framework by J. [START_REF] Gall | Kinetics of deoxyribonuclease action on chromosomes[END_REF] and association between chromatin transcription and histone post translational modification by V. Allfrey in 1964 are among the important milestones which led to the better understanding of the chromatin structure [START_REF] Gall | Kinetics of deoxyribonuclease action on chromosomes[END_REF][START_REF] Allfrey | Acetylation and methylation of histones and their possible role in the regulation of RNA synthesis[END_REF].

In 1970s, H. Davies introduced electron microscopy in the field of chromatin biology and two independent studies by Olins & Olins and Woodcock described the "beads on string" structure for chromatin fibers [START_REF] Everid | Electron-microscope observations on the structure of condensed chromatin: evidence for orderly arrays of unit threads on the surface of chicken erythrocyte nuclei[END_REF][START_REF] Olins | Spheroid chromatin units[END_REF][START_REF] Woodcock | Ultrastructure of inactive chromatin[END_REF]. A year later, R. Kornberg & J. Thomas proposed the model of chromatin structure based on nuclease digestion and histone crosslinking analysis which showed that approximately 200 base pairs of DNA forms a complex with pairs of four histones [START_REF] Kornberg | Chromatin structure: a repeating unit of histones and DNA[END_REF]. The chromatin subunit i.e. DNA wrapped over an octameric histone core, was termed as "nucleosome" in 1975 and multiple nucleosomes were found to be connected by another protein called as linker histone [START_REF] Oudet | Electron microscopic and biochemical evidence that chromatin structure is a repeating unit[END_REF][START_REF] Noll | Action of micrococcal nuclease on chromatin and the location of histone H1[END_REF]. The precise location of linker histone and its role in chromosome condensation is still an unresolved matter in the field.

The next most intriguing thing in the field was to elucidate the structure of the nucleosome. Using X-ray crystallography, three independent studies by T. J. [START_REF] Richmond | Structure of the nucleosome core particle at 7 A resolution[END_REF], K. [START_REF] Luger | Crystal structure of the nucleosome core particle at 2.8 A resolution[END_REF] and C. A. [START_REF] Davey | Solvent mediated interactions in the structure of the nucleosome core particle at 1.9 a resolution[END_REF] described structure of the nucleosome core particle to the resolution of 7 Ǻ, 2.8 Ǻ & 1.9 Ǻ respectively [START_REF] Richmond | Structure of the nucleosome core particle at 7 A resolution[END_REF][START_REF] Luger | Crystal structure of the nucleosome core particle at 2.8 A resolution[END_REF][START_REF] Davey | Solvent mediated interactions in the structure of the nucleosome core particle at 1.9 a resolution[END_REF]. Later tetra nucleosome structure was solved by T. Schalch in 2005 [START_REF] Schalch | X-ray structure of a tetranucleosome and its implications for the chromatin fibre[END_REF]. Following on the similar lines, this thesis work describes the crystal structure of linker histone positioned on a nucelosome core particle.

I.3 Chromatin Organization

In cell approximately 147bp of DNA wrapped around the octamer of core histones (pair of each H2A, H2B, H3 and H4) form the basic subunit of chromatin 'nucleosome' resulting five to ten fold compaction (~11nm) [START_REF] Kornberg | Chromatin structure: a repeating unit of histones and DNA[END_REF][START_REF] Felsenfeld | Controlling the double helix[END_REF]. Nucleosomes are linked to adjacent nucleosomes through ~10 to 80bp linker DNA form "beads-on-a-string" filament. The polynucleosome string folds into roughly 50 fold compact ~30 nm chromatin fiber and linker histone H1 stabilizes the chromatin fiber by binding to adjacent linker DNA of each nucleosome [START_REF] Felsenfeld | Controlling the double helix[END_REF]. The long range of chromatin fiber interactions lead to proteinaceous scaffolds that organizes the chromatin into a highly condensed metaphase chromosome (Figure 2) [START_REF] Gasser | A glimpse at chromosomal order[END_REF]. 

I.4 Histone

Histones are highly abundant basic proteins found in the nuclei of all eukaryotic cells.

Based on their amino acid composition they are divided into five types namely the linker histone H1 and the four core histones H2A, H2B, H3, and H4 [START_REF] Johns | Histones and gene control[END_REF]. Histones are highly conserved in evolution from yeast to humans and genetic experiments using yeast showed that core histones are essential for cell viability [START_REF] Kim | Effects of histone H4 depletion on the cell cycle and transcription of Saccharomyces cerevisiae[END_REF]. In a cell, core histones are found in same equal molar stoichiometry whereas linker histone H1 is present in half the amount [START_REF] Hayashi | Asymmetry of chromatin subunits probed with histone H1 in an H1-DNA complex[END_REF].

The core histones have a molecular mass ranging from 10-16 kDa and each one is structurally separated into three distinct domains based on the occurrence of various secondary structures (Figure 3). Approximately 70 amino acids in the central region of all core histones forms the histone fold domain comprising 3 to 4 turn α-helix (α1), a loop of 7-8 aa, an 8-turn α-helix (α2), a loop of 6 aa and a final 2 to 3 turn α-helix (α3). Histone fold extensions are less structured uniform elements that extend from histone fold domain: Nterminally in H3 and H2A (αN) and C-terminally in H2A and H2B (αC). Random coil elements of amino acid make the histone N-terminal ends which differ in length from histone to histone (16 aa for H2A to 44 aa for H3). N -terminal tails are flexible and unstructured at least in the context of a single nucleosome core [START_REF] Luger | Crystal structure of the nucleosome core particle at 2.8 A resolution[END_REF]. Histone H2A also has C-terminal tails which differs in length between H2A variants [START_REF] Sandman | HMf, a DNA-binding protein isolated from the hyperthermophilic archaeon Methanothermus fervidus, is most closely related to histones[END_REF]. Histones are subjected to many posttranslational modifications such as acetylation, methylation, phosphorylation, ubiquitination, sumoylation, biotinylation, glycosylation, parpylation and ADP-ribosylation in the tail region as well as in the core domains which regulates chromatin structure and functions [START_REF] Mersfelder | The tale beyond the tail: histone core domain modifications and the regulation of chromatin structure[END_REF]. 

I.4.1 Histone Octamer

Histone octamers are assembled in pairs of heterodimers (H2A-H2B and H3-H4). The α1-L1-α2-L2-α3 regions of histone in a heterodimer interact in antiparallel orientation through hydrophobic interactions. In detail, N-terminal α1 and C-terminal α3 helices of each histone fold back on center α2 generating left handed intervening loops. This folding gives a broad U shape to a single histone and causes terminal helices to interlink and central helices to overlap. This type of structure is stabilized by extensive hydrophobic interactions between the helices and formation of β bridges between the loops [START_REF] Luger | Crystal structure of the nucleosome core particle at 2.8 A resolution[END_REF]. The α3 helices and the C-terminal halves of the α2 helices of the two H3 within the H3-H4 dimers interact to form a four-helix bundle which assists tetramer formation (H3-H4) 2 . Two H2A-H2B dimers bind to the two opposite sides of the horseshoe shaped tetramer and complete the octamer formation (Figure 4a & 4b). Histone oligomers exist as H2A-H2B dimers and H3-H4 tetramers under normal physiological conditions or in the absence of DNA and form histone octamer at high salt concentration or in the presence of DNA [START_REF] Luger | Crystal structure of the nucleosome core particle at 2.8 A resolution[END_REF]. 

I.5 Nucleosome core particle

Nucleosome core particle (NCP) is the crystalizable substrate of the canonical nucleosome [START_REF] Harp | Asymmetries in the nucleosome core particle at 2.5 A resolution[END_REF]. In NCP, H3-H4 tetramers interacts with the central 60 base pairs and each H2A-H2B dimers bind to the adjacent 30 base pairs from the central region. H3 αN helices interact with the remaining 13 base pairs at the each end and keep them relatively straight.

DNA bends around the histone octamer due to charge neutralization of the acidic DNA phosphate groups, hydrophobic interactions and by hydrogen bond formation especially between main-chain amide groups and phosphate oxygen atoms [START_REF] Luger | Crystal structure of the nucleosome core particle at 2.8 A resolution[END_REF]. N-terminal tails of both H3 and H2B pass through DNA gyres and are reported to interact with linker DNA [START_REF] Luger | Crystal structure of the nucleosome core particle at 2.8 A resolution[END_REF][START_REF] Angelov | Preferential interaction of the core histone tail domains with linker DNA[END_REF].

H4 tails are reported to interact with the acidic patch of adjacent nucleosomes suggesting their possible role in higher-order-structure formation [START_REF] Luger | Crystal structure of the nucleosome core particle at 2.8 A resolution[END_REF][START_REF] Davey | Solvent mediated interactions in the structure of the nucleosome core particle at 1.9 a resolution[END_REF].

I.5.1 Nucleosome positioning

There are several factors which regulate the positioning of the nucleosome on the DNA. DNA sequence plays the most important role as it determines the intrinsic flexibility of the DNA strand, the orientation of the major and minor grooves relative to histone octamer and availability of DNA interaction sites [START_REF] Widom | Structure, dynamics, and function of chromatin in vitro[END_REF]. Mostly in high affinity nucleosome binding sequence, A/T motifs are incorporated in the minor groove bending site and G/C motifs are incorporated in the major groove bending site. However, only rotational orientation of DNA sequence obeys this rule but not the translational position of DNA sequence [START_REF] Shrader | Artificial nucleosome positioning sequences[END_REF]. Other factors which influence nucleosome positioning include DNA methylation, histone variants, PTMs, chromatin remodelers, DNA-binding proteins and higher-order structure. So far different high affinity nucleosome positioning sequences have been identified from naturally occurring sequences (5s rDNA) as well as from chemical synthesis (601 sequence). The latter has been used widely in many in vitro studies because it assembles strong, stable and single translational positioned nucleosomes [START_REF] Lowary | New DNA sequence rules for high affinity binding to histone octamer and sequence-directed nucleosome positioning[END_REF]. Palindromic DNA derived from high affinity nucleosome positioning sequences increases nucleosome's resolution in X-ray crystallographic studies by providing perfect twofold symmetry [START_REF] Luger | Crystal structure of the nucleosome core particle at 2.8 A resolution[END_REF][START_REF] Palmer | Large-scale production of palindrome DNA fragments[END_REF]. Recent studies on nucleosome positioning sequence showed that 601L palindromic sequence (derivative from 601 Widom sequence) has extraordinary salt stability compared to the human α-satellite NCP sequence and to the parental sequence (Figure 5) [START_REF] Chua | The mechanics behind DNA sequence-dependent properties of the nucleosome[END_REF].

I.6 Linker Histone H1

Linker histones constitute the most diverse group of histone proteins. They are extremely rich in lysine and lack the histone folding domain unlike core histones. H1 binds to linker DNA in the nucleosome in the ratio of one molecule per NCP and helps to stabilize the wrapping of DNA around the nucleosome, consequently promoting folding and assembly of higher order structures of chromatin [39][START_REF] Hansen | Conformational dynamics of the chromatin fiber in solution: determinants, mechanisms, and functions[END_REF][START_REF] Allan | Roles of H1 domains in determining higher order chromatin structure and H1 location[END_REF]. Canonical linker histone typically has a tripartite structure: a short unstructured N-terminal tail (20 aa), relatively conserved and stably folded central globular domain (80 aa) and a lysine rich unfolded C-terminal tail (100 aa) (Figure 6) [START_REF] Hartman | Studies on the role and mode of operation of the very-lysine-rich histone H1 in eukaryote chromatin. The three structural regions of the histone H1 molecule[END_REF]. In higher eukaryotes, the numbers of H1 variants are much larger within an organism and the differences are found mainly in the sequence composition of the C-terminal tail. There are 11 variants found in mammals out of which 5 are ubiquitously expressed in somatic cells in addition to other tissue and stage specific variants [START_REF] Happel | Histone H1 and its isoforms: contribution to chromatin structure and function[END_REF]. Knockout studies in mouse ES cells showed that lack of one or two H1 subtypes neither alters mice development or significantly changes chromatin structure suggesting H1 subtypes to have redundancy in their function [START_REF] Fan | Individual somatic H1 subtypes are dispensable for mouse development even in mice lacking the H1(0) replacement subtype[END_REF].

In the case of lower eukaryotes, the numbers of H1 variants are much less and show an alternative domain architecture as compared to higher eukaryotes [39]. For example, Saccharomyces cerevisiae has a single linker histone H1 like protein Hho1p, which contains two globular domains lacking both N-and C-terminal tails whereas Tetrahymena thermophile has a single linker histone H1 which lacks the entire globular domain [START_REF] Patterton | The biochemical and phenotypic characterization of Hho1p, the putative linker histone H1 of Saccharomyces cerevisiae[END_REF][START_REF] Hayashi | Tetrahymena histone H1. Isolation and amino acid sequence lacking the central hydrophobic domain conserved in other H1 histones[END_REF][START_REF] Shen | Linker histones are not essential and affect chromatin condensation in vivo[END_REF].

Knockout studies on these proteins showed that they are not essential for cell survival.

However, knocking out of Hho1p does affect chromatin compaction especially during the stationary phase in yeast [START_REF] Schäfer | The Saccharomyces cerevisiae linker histone Hho1p is essential for chromatin compaction in stationary phase and is displaced by transcription[END_REF]. Apart from serving the role of an architectural protein, linker histone H1 variants are also involved in gene regulation, triggering apoptosis in response to DNA damage and tissue specific chromatin repression [START_REF] Alami | Mammalian linker-histone subtypes differentially affect gene expression in vivo[END_REF][START_REF] Lee | MSX1 cooperates with histone H1b for inhibition of transcription and myogenesis[END_REF][START_REF] Konishi | Involvement of histone H1.2 in apoptosis induced by DNA doublestrand breaks[END_REF].

I.6.1 Domain architecture of linker histone H1

Early micrococcal nuclease digestion studies on chicken erythrocyte chromatin showed that globular domain (GH1) of linker histone H1 is alone sufficient to protect ~20 base pair in addition to the NCP termed as "chromatosome", however the remaining domains may be required for higher order structure formation [START_REF] Allan | The structure of histone H1 and its location in chromatin[END_REF]. The central domain belongs to the 'winged helix' family of DNA-binding proteins which is highly conserved, resistant to trypsin digestion and more hydrophobic in nature compared to other N-and C-terminal domains. Xray crystal structure from linker Histone H5 (GH5) and 2D NMR studies on GH5 and chicken histone GH1 showed that globular domain adopts a mixed α/β fold, with three α-helices forming the core of the domain and β-strands. α1 and α2 are separated by β-strands, followed by α3 and 2 anti-parallel β-strands and a loop are formed by the extension of these 2 βstrands [START_REF] Ramakrishnan | Crystal structure of globular domain of histone H5 and its implications for nucleosome binding[END_REF]. The N terminal domain (NTD) is less conserved as compared to globular domain (GH1). NTD has alanine and proline rich subdomains. Removal of NTD from H1 showed no alteration in the higher order structure of chromatin suggesting NTD is not required for chromatin condensation [START_REF] Böhm | Sequence conservation in the N-terminal domain of histone H1[END_REF]. The long unstructured C-terminal domain (CTD) of linker histone is poorly conserved among subtypes and species. CTD is highly abundant with a repeat sequence of S/TPXK, lysine and alanine amino acids. Lysine residues alone constitute ~40% of total amino acid residues which are evenly distributed throughout the region whereas alanine represents 20-35% of total residues [START_REF] Hansen | Intrinsic protein disorder, amino acid composition, and histone terminal domains[END_REF][START_REF] Subirana | Analysis of the charge distribution in the C-terminal region of histone H1 as related to its interaction with DNA[END_REF]. It was predicted that the high basic nature of CTD neutralizes DNA charges and helps chromatin condensation by stabilizing high order structure. However, deletion of most part of CTD did not drastically alter the H1 induced chromatin fiber condensation. The ability to stabilize the chromatin fiber resides within the first 25 amino acids flanking next to the globular domain [START_REF] Lu | Identification of specific functional subdomains within the linker histone H10 C-terminal domain[END_REF]. In solution, CTD is disordered and susceptible to protease cleavage but it can acquire α-helical structure in the presence of short DNA fragments or in the presence of secondary structure stabilizers (trifluorethanol and NaClO 4 ) [START_REF] Verdaguer | Helical structure of basic proteins from spermatozoa. Comparison with model peptides[END_REF]. A recent finding suggests that CTD undergoes conformational changes from random coil to more condensed form when binding happens between H1.0 to nucleosome and it is distinct from binding to DNA fragments [START_REF] Caterino | Nucleosome linker DNA contacts and induces specific folding of the intrinsically disordered H1 carboxyl-terminal domain[END_REF]. However, the precise mechanistic properties of CTD in higher order structure formation are not clearly understood.

I.6.2 Location of Linker Histone H1 on Nucleosome

Over the last few decades numerous attempts have been made to understand the exact location of H1 globular domain on both native and reconstituted nucleosomal substrates. The very first symmetrical model was proposed in 1980 by Allan in which globular domain binds to the dyad of nucleosomes and interacts with ~10 base pairs linker DNA at both entry and exit points and stabilizes them [START_REF] Allan | The structure of histone H1 and its location in chromatin[END_REF]. Later, this model was validated by DNase I footprinting experiment [START_REF] Staynov | Footprinting of linker histones H5 and H1 on the nucleosome[END_REF]. Several attempts were made in the following years to improve the understanding about nucleosome-linker histone interaction. An W and colleagues performed MNase treatment on in vitro reconstituted nucleosomes using 5S RNA and suggested that H1 asymmetrically binds to DNA either at entry/exit site on nucleosome and protects ~20 base pairs [START_REF] An | Linker histone protects linker DNA on only one side of the core particle and in a sequence-dependent manner[END_REF]. Further, cross linking studies on 5S RNA nucleosome suggested that globular domain of H1 asymmetrically binds to the gyres of DNA near the dyad and protects 15 bp from one side and 5bp form the other side of nucleosome [START_REF] Hayes | Preferential and asymmetric interaction of linker histones with 5S DNA in the nucleosome[END_REF]. This model was opposed by bridging model proposed by Zhou and colleagues according to which site-specific protein-DNA photo-crosslinking on native chicken nucleosomes suggested that globular domain of linker histone H5 binds to the dyad and only one end of the linker DNA (either entry or exit side) on nucleosome [START_REF] Zhou | Position and orientation of the globular domain of linker histone H5 on the nucleosome[END_REF]. However, FRAP studies on H1 globular domain and its mutants suggested the presence of two distinct DNA-binding sites one of which binds to major groove of DNA near the dyad and another binds to the minor groove either of linker DNA (Figure 7a) [START_REF] Brown | Mapping the interaction surface of linker histone H1(0) with the nucleosome of native chromatin in vivo[END_REF]. The recent cryo-electron microscopy (cryoEM) and hydroxyl radical footprinting studies on mono-, di-and tri-, nucleosomes supports the symmetrical model according to which globular domain binds to the dyad and CTD interacts with the linker DNA from both the ends of the nucleosome organizing them into a stem-like structure (Figure 7b) [START_REF] Syed | Single-base resolution mapping of H1-nucleosome interactions and 3D organization of the nucleosome[END_REF]. However, this binding requires "cavity" between linker DNA and nucleosome surface around the dyad. Any alteration in linker DNA orientation causes changes in the cavity which interferes with H1 binding on nucleosome. For example, depletion of docking domain from canonical H2A or replacing canonical H2A with variants H2A.Bbd or H2AL2 causes more opened nucleosome structure which leads to alteration in cavity and subsequently binding of H1 gets strongly compromised [START_REF] Syed | The incorporation of the novel histone variant H2AL2 confers unusual structural and functional properties of the nucleosome[END_REF][START_REF] Doyen | Dissection of the unusual structural and functional properties of the variant H2A.Bbd nucleosome[END_REF]. None of these studies provide a complete understanding about the molecular properties of linker histone H1, how it interacts and orients on the nucleosome, nucleosome array or the chromatin fiber. 

I.6.3 Histone H1 dynamics

At any given point of time nuclear histone H1 is predominantly bound to the nucleosome; however, the binding is transient and its dynamic nature further varies between variants [START_REF] Lever | Rapid exchange of histone H1.1 on chromatin in living human cells[END_REF]. In vivo FRAP analysis showed that H1 binding to nucleosome is a reversible process and its residence time is higher (1-2 min) compared to the other chromatin binding proteins (HMG proteins -25 seconds) and lower when compared to core histones (30 min) [START_REF] Th'ng | H1 family histones in the nucleus. Control of binding and localization by the C-terminal domain[END_REF][START_REF] Misteli | Dynamic binding of histone H1 to chromatin in living cells[END_REF]. Histone H1 binding kinetics to chromatin suggests existence of three populations: a rapidly diffusing fraction, a weakly bound fraction and a strongly bound pool (Figure 8) [START_REF] Phair | Global nature of dynamic protein-chromatin interactions in vivo: three-dimensional genome scanning and dynamic interaction networks of chromatin proteins[END_REF]. Three different models have been proposed to demonstrate histone H1 binding to the nucleosome (Figure 9). First model describes a two step process wherein unstructured Cterminal domain interacts with the linker DNA and directs the globular domain to bind at a specific position on the nucleosome. This model explains the secondary structure formation in CTD which is responsible for the low affinity of H1. If CTD fails to interact with linker DNA then binding will be compromised [START_REF] Brown | Mapping the interaction surface of linker histone H1(0) with the nucleosome of native chromatin in vivo[END_REF]. According to the second model, first, the globular domain non-specifically interacts with the nucleosome (low affinity H1 population) and induces conformational changes in CTD resulting in the formation of a stable complex (high affinity H1 population). However, FRAP analysis on CTD mutants showed that single mutation at either Thr152 or Ser183 into lysine increase histone H1 affinity to the nucleosome [START_REF] Hendzel | The C-terminal domain is the primary determinant of histone H1 binding to chromatin in vivo[END_REF]. Remarkably, double lysine mutant at these residues failed to show higher binding affinity to nucleosomes. Also, this model failed to convince why globular domain alone initiates the non-specific binding to the nucleosome. This brings us to the third model according to which both globular domain and CTD simultaneously make an electrostatic clamp (low affinity population) leading to conformational changes in CTD necessary for high affinity binding.

A common theme which emerged from all these models is that binding of linker histone H1 on nucleosome is largely mediated through the globular domain and C-terminal domain. However, heterogeneity among H1 variants especially in the CTD results in different affinity towards the nucleosome. This hypothesis was further supported by FRAP experiments were histone H1 variants with shorter CTD length showed lowest residence time on the nucleosome [START_REF] Th'ng | H1 family histones in the nucleus. Control of binding and localization by the C-terminal domain[END_REF]. In addition, with post-translational modifications especially phosphorylation and interaction with specific co-factors C-terminal domain alters the H1 binding affinity towards the chromatin fiber [START_REF] Catez | Determinants of histone H1 mobility and chromatin binding in living cells[END_REF]. 

I.6.4 H1 variants

Heterogeneity is the characteristic feature of linker histone H1 family proteins and the numbers of their variants differ between species. Eleven subtypes of H1 have been identified in human and mouse genome and they are further classified into following subgroups based on their temporal and spatial expression patterns (Table 1) [START_REF] Izzo | The histone H1 family: specific members, specific functions?[END_REF].

1. Genes expressed during S-phase of cell cycle (histone H1.1 to H1.5).

2. Genes with a variant mode of expression in somatic cells (histone H1.0and H1x) 3. Genes expressed specifically in germ cell (histone H1t, H1T2, H1LS1 and H1oo).

On the other hand linker histone genes can be classified as either cell cycle-dependent or replacement histone genes. H1.0 is the best example for a replacement histone gene which is expressed throughout the cell cycle and replaces other linker histones based on cellular signals [START_REF] Zlatanova | Histone H1 zero: a major player in cell differentiation?[END_REF]. Linker histone family genes exist either as clusters or solitary and their distribution patterns are conserved between human, mouse and rat genomes. The cell-cycle dependent H1genes are located as a cluster along with H1t gene and other core histone genes on human chromosome 6 (chromosome 13 in mouse) and the rest are located as solitary genes on other chromosomes (H1T2, H1LS1, H1oo, H1.0 and H1x) [START_REF] Albig | All known human H1 histone genes except the H1 0 gene are clustered on chromosome 6[END_REF][START_REF] Albig | Characterization of the H1.5 gene completes the set of human H1 subtype genes[END_REF][START_REF] Albig | The human histone gene cluster at the D6S105 locus[END_REF][START_REF] Wang | Characterization of the mouse histone gene cluster on chromosome 13: 45 histone genes in three patches spread over 1Mb[END_REF][START_REF] Wang | Characterization of the 55-kb mouse histone gene cluster on chromosome 3[END_REF][START_REF] Walter | Chromosome mapping of rat histone genes H1fv, H1d, H1t, Th2a and Th2b[END_REF]. The following table describes in detail the H1 histone family in humans. I.6.4.1 H1.1-H1.5

Cell-cycle dependent histone H1 group genes share common characteristics features that they lack introns and have a short 5' and 3' non-coding sequences followed by hairpin loop at the end of mRNA which regulates their expression. In cell, expression of H1.1 is restricted to proliferation phase when cell undergoes successive division. It has the highest turnover rate with half-life of five days compared to other members in the group [START_REF] Marzluff | Metazoan replication-dependent histone mRNAs: a distinct set of RNA polymerase II transcripts[END_REF]. Studies on post-natal development of cortical neurons in rat brain showed that H1.1 expression reduces from 5% to 0.5% during this process and further H1.1 is replaced by H1.4 [START_REF] Franke | Expression of murine H1 histone genes during postnatal development[END_REF].

Compared to other somatic variants histone H1.2 exhibits high level of mRNA expression with slower turnover rate. By interacting with YB1 and PURα, H1.2 forms a stable repressor complex which regulates p53-mediated trans-activation. This complex inhibits promoter specific p53-dependent and p300-mediated transcription by a direct interaction of H1.2 with p53, thereby blocking chromatin acetylation [START_REF] Kim | Isolation and characterization of a novel H1.2 complex that acts as a repressor of p53-mediated transcription[END_REF]. Lower level expression of H1.2 and H1.4

has been shown in actively transcribing chromatin as compared to facultative and heterochromatin stating that H1.2 is a ground state variant responsible for basal level chromatin compaction [START_REF] Parseghian | The distribution of somatic H1 subtypes is non-random on active vs. inactive chromatin: distribution in human fetal fibroblasts[END_REF]. In addition to higher order formation H1.2 also regulates apoptosis in p53 dependent manner in response to DNA damage [START_REF] Konishi | Involvement of histone H1.2 in apoptosis induced by DNA doublestrand breaks[END_REF]. As like H1.2 H1.3 and H1.4 also expressed in non-dividing cells as well as in quiescent cells with low turnover rate and depleted from active chromatin region [START_REF] Parseghian | The distribution of somatic H1 subtypes is non-random on active vs. inactive chromatin: distribution in human fetal fibroblasts[END_REF]. As compared to these variants H1.5

expressed in low level in quiescent cell and enriched in heterochromatin region located preferentially at nuclear periphery[100].

I.6.4.2 H1.0 and H.1x

These are replication independent H1 variants expressed all over the cell cycle. H1.0 expression is restricted to specific cell types and its expression is linked to cessation of DNA synthesis [START_REF] Zlatanova | Histone H1 zero: a major player in cell differentiation?[END_REF]101]. Despite having the shortest CTD, H1.0 binds to the chromatin fiber with moderate affinity as compared to other H1 variants with long CTD [START_REF] Th'ng | H1 family histones in the nucleus. Control of binding and localization by the C-terminal domain[END_REF]. H1.0 is most similar to avian replacement histone H5 and differences are found mainly in the distribution pattern of lysine and arginine residues. In the case of mammalian H1.0, lysine residues are present at more than ten positions in CTD whereas avian H5 predominantly carries arginine residues [START_REF] Doenecke | Differential distribution of lysine and arginine residues in the closely related histones H1 and H5. Analysis of a human H1 gene[END_REF]. H1x is the least conserved linker histone H1 variant and is preferentially distributed into less accessible regions of the genome [START_REF] Happel | Characterisation of human histone H1x[END_REF].

I.6.4.3 Germ line specific linker histone variants

Testis specific histone variant H1t is highly divergent in its primary sequence from other members of histone H1 family and its expression is restricted from pachytene spermatocytes to elongated spermatid stages. H1t binds to nucleosomes with less affinity compared to other variants and causes lower chromatin condensation [102]. This feature leaves chromatin relatively in open form which facilitates recombination events during meiosis [103]. The linker histone like H1LS protein is expressed exclusively in elongating and condensing spermatids and their expression pattern suggests that it could replace H1t in elongating spermatid and play a vital role in chromatin reorganization. H1LS also exhibits similar biochemical properties as like linker histones especially binding to mononucleosomes and condensing chromatin. H1.oo is the longest linker histone variant specifically expressed in oocytes. Primary sequence analysis of mammalian H1.oo and their homologs B4 (frog), cs-H1 (sea urchin) and dBigH1 (Drosophila) reveals enrichment of aspartic acid and glutamic acid residues in their CTD suggesting that sequence variation in CTD may affect the embryonic chromatin fiber condensation (Figure 10). This may lead to zygote genome activation and rapid cell division [104]. 

I.7 Structure of the 30-nm chromatin fiber

The 30 nm-chromatin fiber is the next higher level of compaction achieved by genome after the "11 nm beads on string" confirmation. Existence of 30 nm fiber form the major fraction of interphase DNA in which most of the important biological process like transcription, DNA repair and replication take place. For the past 3 decades the structure of chromatin fiber has been studied using various methodologies including small angle X-ray scattering (SAXS), neutron scattering, X-ray crystallography, and direct imaging techniques Based on the twisting and coiling nucleosome stacks this model is further divided into 2 subclasses : 1) Crossed-Linker Model and 2) Helical/ Twisted-Ribbon Model (Figure 12). The solenoid model was first proposed by Finch and Klug in 1976 wherein one-start helical stack of nucleosomes were described to be linked together by bending linker DNA from adjacent nucleosomes. This model stated that dyads of all nucleosome faced towards the center of the helix and consequently linker DNA and histone H1 are located in the center of the chromatin fiber. This model also suggested that diameter of helix (30 nm) is independent of linker DNA length [122]. Another model for one start helix is the supercoiled linker model according to which linker DNA is supercoiled like DNA wrapped round histone octamers. This model suggested that dyad positioning of nucleosome is dependent on the linker DNA length [123]. The cross-linked fiber model is the most characterized among two start helix models. It describes nucleosomes to be stakced in two start left hand helix where the linker DNA is oriented approximately perpendicular to the fiber axis and passes through the center.

In this model the diameter and mass per unit of fiber are dependent on the linker DNA length [125]. The twisted ribbon model suggests that chromatin fiber is formed by coiling of ribbon-like structure into a hollow cylinder where the linker DNA and histone H1 face the perimeter as like nucleosomes. In contrast to cross-linked model here the helical pitch increases and mass per unit decreases with increasing linker DNA length ; however, the diameter of pitch remains constant [126,127]. Irregular straight linker model was postulated through the observation of chromatin fiber by atomic force microscopy and electron tomographic in situ reconstruction. This model states that nucleosome arrays are loosely arranged in a zigzag manner without defined symmetry or geometry and histone H1 determines the linker DNA trajectory through its binding [128,129].

Over the past three decades several attempts have been made to solve the structure of the 30 nm chromatin fiber ; however, there is no single model which is acceptable in all respects. The chemical synthesis of high affinity 601 sequence by Widom and studies based on this sequence with different linker lengths provided structural insights into nucleosome arrays. Chemical cross linking of folded nucleosomal arrays (by divalent cation Mg 2+ or H1) for stabilizing the inter-nucleosome interaction followed by nuclease digestion and EM imaging showed two parallel stacks of nucleosome supporting the two start model [130]. This model was further supported by the crystal structure of tetra-nucleosome at 9Ǻ resolution which was based on 167 NRL without linker histone H1 and showed that nucleosome array is folded in a two-start twisted ribbon manner with a diameter of 25 nm [START_REF] Schalch | X-ray structure of a tetranucleosome and its implications for the chromatin fibre[END_REF]. However, the presence of high salt, weak resolution and lack of histone H1 makes this result highly questionable. Further, cryo-electron microscopy studies on series of 601 nucleosome arrays with different NRL (177, 187, 197,207, 217, 227 and 237 bp) in the presence of low divalent salt concentration (1.6 mM MgCl2) corresponding to physiological salt condition, showed two distinct structural classes with distinct fiber dimensions and ratio. Nucleosome arrays with shorter linker repeat length (NRLs 177 to 207) showed fibers of 33 to 34 nm diameter with a density of ~11 nucleosomes per 11 nm and in the case of longer linker DNA repeat (NRL 217 to 237) nucleosomes showed fibers of 43 nm with density of ~15 nucleosomes per 11 nm. In addition, cryo-EM image analysis showed that nucleosomes packing is achieved through the interdigitation of nucleosomes from adjacent helical gyres and modelling these images suggested that both fiber folding resembled into interdigitated one-start helices (solenoid model) (Figure13) [131].

Recent high resolution cryo-electron microcopy studies on H1 folded 601 nucleosome arrays with two different linker length ( 12x 177 bp and 12 x 187 bp) supports two start model folding. In addition, mathematical analysis of 12 Å 3D cryo-EM images through mass-density showed two-start helix twisted by tetranucleosomal units (N1-N4, N5-N8 and N9-N12) and the structural properties are not affected by increase in the length of the linker (~10 bp). Within each tetranucleosomal unit nucleosomes are connected with a straight linker DNA whereas linker DNA is twisted between two tetranucleosomal units (Figure 14)

[132]. However, these observations were made through the docking of tetranucleosomal crystal (4 x 167 bp) structure and failed to provide molecular details of H1 mediated compaction and the effect of longer linker DNA [START_REF] Schalch | X-ray structure of a tetranucleosome and its implications for the chromatin fibre[END_REF]132]. These experimental findings indicate that structure of 30 nm chromatin fiber is altered by various factors like the method of reconstitution done in in vitro, length of linker DNA, histone H1:nucleosome ratio and the inter-nucleosome interaction especially the one mediated through acidic patch of H2A-H2B dimer and H4 tails. Recent studies also showed that with increasing NRLs higher H1 per nucleosome is observed [133]. In addition, EM imaging in combination with sedimentation coefficient measurements suggested that folding of 30 nm chromatin fiber depends upon both NRL-and linker histone H1. Computational modelling studies on chromatin fiber having short, medium and long linker DNA using mesoscale modeling suggested that nucleosome having short and medium NRLs (173 to 209 bp) folds in an irregular zigzag manner ; however, the arrays with long linkers fold into solenoid form [134]. In the case of Monte Carlo simulations of oligonucleosome modelling, short and non-uniform NRL containing fiber formed a bent ladder rather than a compact chromatin fiber. Nevertheless, medium and long NRLs containing fibers fold in a regular zigzag manner.

These experimental and computational modelling results suggested that polymorphism in 30 nm chromatin fiber structure is triggered by the variations in the length of the linker DNA.

It has been suggested that condensed chromatin fiber structure is stabilized through electrostatic interaction between negatively charged acidic patch of histone dimers and H4 tails [135]. However, the mechanistic details of these interaction are still unclear. Indirect evidences from cross linking experiments, H4 tail deletion (residues 14-19) studies and specific modification at single residue (Lys16) showed these charge based specific internucleosomal interaction to be important for the formation of chromatin fiber [130,136,137]. Crystal structure of nucleosome provides evidence for the negatively charged acidic patch region formed by cluster of eight residues: Glu56, Glu61, Glu64, Glu90, Glu91, Glu92 of H2A and Glu102, Glu110 of H2B. In detail, α2-helix and the C-terminal extension of H2A forms the bottom of acidic patch and the edge is made through the α1-and αC-helices of H2B. Molecular dynamic simulation studies showed that residues 1-14 of H4 tail remain in unfolded form whereas residues 16-22 form α-helix and fit into to the acidic patch groove. In addition, residues K16, R19, K20 and R23 of H4 form non-covalent interaction extensively [138]. The residue K16 of H4 is the key residue which forms a salt bridge with H2A E61 and acetylation of K16 disrupts these non-covalent interactions (Figure 15) [139]. On the other hand, nucleosomes containing the variant H2A.Z, which has an acidic patch expanded with several residues, showed compaction more readily as compared to the canonical one indicating the involvement of acidic patch in higher order structure formation.

However, mutations in the additional residues of H2A.Z acidic patch showed identical folding like canonical H2A [136]. Importance of acidic patch in chromatin fiber folding has also been demonstrated using another variant H2A.Bbd, which has areduced acidic patch and cannot fold the fiber in a regular form. Correcting H2A.Bbd acidic patch through replacing three residues (K61E, R91E and L92E) showed similar folding like regular H2A fibers [140].

As like polymorphism in NRLs, incorporation of histone variants, histone tail modifications and chromatin remodelers modulate the architecture of chromatin higher order structure. These factors and their role will be discussed in the later part of this chapter.

I.8 Chromatin and transcription

The highly compact nature of chromatin prevents the access of genome by the transcription machinery and the question arises how the initiation of transcription takes place.

The answer lies with the subset of transcription factors commonly known as "Pioneering transcription factors". The pioneering transcription factors have special features which allow them to invade the highly organized chromatin and bind to the specific binding site on the DNA wrapped around the histone octamers and thus initiate the transcription. One of the well studied factors is HNF-3 (FoxA) which was shown to bind the albumin gene enhancer elements in the reconstituted, H1 deposited chromatin fibers in the absence of chromatin remodelers. The opening mechanism of chromatin was proposed by binding of HNF-3 to the core histone tails via its C-terminal domain [141]. With the recent advancements in the field of chromatin biology, increasing numbers of pioneering transcription factors have been identified most of them are involved in hematopoietic stem cell maintenance and lineage specific cell differentiation. However, there exact mode of overcoming nucelosomal and chromatin barrier to initiate the transcription is not known so far.

I.9 Structural Order Beyond the 30-nm fiber

The wrapping of DNA around the histone octamer and further folding mediated through linker histone H1 into a 30 nm chromatin fiber provides ~50 fold compaction; however, this level of folding is not enough to accommodate complete genome into a micron sized nucleus. Cells have developed further strategies to condense the DNA into interphase and metaphase chromosome structures. Several models have been proposed to explain chromatin condensation. Chromonema models suggest that the thin chromatin fiber turns and coils into a thicker fiber and is stabilized by fiber-fiber interaction. For example, a thin fiber with 60-80 nm diameter turns and coils into a 100-130 nm fiber which further coils into a 200-300 nm thicker fiber that constitute the most condensed form of chromosome structure i.e. the metaphase chromosome (Figure 16a & 16b) [142]. Also, this model suggests that thickness/diameter of beads varies based on the underlying fiber and the hollow core.

Radial-loop model is the widely accepted model which suggests that ~40-fold compacted 30 nm chromatin fiber achieves additional 100-fold compaction by forming loops around ~100kb DNA [143,144]. Further loops are attached to the protein scaffold at their base through the scaffold attachment regions (SARs) and achieve additional compaction through helical coiling and form the mitotic chromosome. These chromosome scaffolds are mainly composed of condensin and topoisomerase II which act together to form metaphase chromosomes (Figure 16c 

I.10 Chromosome territories

Interphase eukaryotic genomes are differently organized within their chromosome territories and they can be distinguished into two major domains based on GTG staining; a strongly stained heterochromatin region and a weakly stained euchromatin region (Figure 17a) [146]. As like their staining these two regions differ in their genome architecture, gene activity and histone post translational modifications [147][148][149]. Recent advancements in cytogenetic techniques unraveled the three dimensional organization of genome in a cell. 3D-FISH analysis of interphase genome in combination with multicolor technologies showed that chromosomes are compartmentalized within their territories by an interchromatin compartment [150]. Three dimensional arrangements of chromosome territories correlated with gene density as well with gene activity except in fibroblasts wherein chromosome territories correlate with the genome size (Figure 17b) [151][152][153]. 

I.10.1 Euchromatin

The euchromatin region of chromosome is loosely packed and is enriched with actively transcribing genes. It exists in a relaxed form during interphase and replicates in early S-phase. Later, it gets compacted during the cell division which coincides with the cessation of mRNA synthesis. Euchromatin regions are marked by histone modification like histone H3K4 methylation, H3K36 methylation and hyper acetylation of histone H3 and H4 residues (Figure 18) [154,155].

I.10.2 Heterochromatin

Heterochromatin constitutes the gene poor region consisting of repetitive sequences and is known for its condensed organization and transcriptional inactivity. They replicate in the late S-phase of the cell cycle and spread all over the genome in small parts [156]. They predominantly occupy the centromere, telomere and are present in the Barr body of inactivated X chromosome [157,158]. Although this region is transcriptionally inactivated they do play significant role in cell development and differentiation processes [159]. Histone tail modifications especially H3K9 di-and tri-methylation, repetitive DNA sequence, association with heterochromatin protein1 and RNA interference (RNAi) are the major factors which have been reported to play a significant role in the generation of heterochromatin region (Figure 18) [159][160][161][162][163][164]. Based on their characteristic features heterochromatin is divided into two sub classes : 1) facultative heterochromatin and 2) constitutive heterochromatin.

I.10.2.1 Facultative heterochromatin

Facultative heterochromatin is generated by a cell through gene silencing and these regions are not consistent between cell types within a species. The sequence in one cell type organized as facultative heterochromatin (silenced) may be packed as euchromatin and expressed in another cell type. Facultative heterochromatin is mainly found at the developmentally related loci and next to the rRNA genes and they play key role in cell differentiation and normal cell lineage development by exhibiting varying degree of chromatin condensation [165,166]. Formation of facultative heterochromatin is regulated by proteins like Polycomb-group proteins and non-coding genes such as Xist [167]. X chromosome in mammalian females is the best example for facultative heterochromatin in which one X chromosome is condensed as facultative heterochromatin and silenced, whereas another X chromosome is organized as euchromatin and is expressed through transcription regulation. 

I.10.2.2 Constitutive heterochromatin

Constitutive heterochromatin represent the permanently silenced regions of the genome and they exist as inactive region in all the cell types of a given species. Unlike facultative heterochromatin, they can be never converted back into euchromatin. These regions are mostly composed of large non-coding repetitive DNA such as clusters of satellite sequences, transposable elements of centromeres, pericentric foci and telomeres [165].

Constitutive heterochromatin plays significant role in keeping genomic integrity by preventing abnormal chromosome segregation, recombination and DNA replication.

I.11 Structural modification of chromatin fiber

The highly ordered nature of chromatin fiber makes genome relatively inaccessible to protein machineries which regulate the dynamic cellular process like transcription, replication and DNA repair [169]. To overcome this barrier eukaryotic cells have been evolved with different strategic mechanisms to modulate the chromatin structure and increases genome availability to regulatory proteins. Modifications of chromatin fiber are achieved through histone post translational modification, incorporation of specific histone variants and ATP dependent chromatin remodeling by chromatin remodeling complexes.

I.11.1 Chromatin remodeling

To access the DNA elements for executing various processes like gene transcription, genome replication, DNA repair, and DNA recombination from highly ordered chromatin a specialized set of protein machineries called chromatin remodeling complexes or remodelers are required. Remodelers act as molecular motors by using the energy from ATP hydrolysis and change the chromatin packing states by moving, ejecting, or restructuring the nucleosome [170].

There are several families of remodelers and perform a variety of roles in a speciesspecific manner. However, all of them share some basic properties like having affinity towards nucleosome, presence of specific domains to recognize histone modifications, similar DNA dependent ATPase domains, regulatory domain and/or proteins that regulate ATPase activity, specific interaction domain and/or proteins for interaction with transcription factors [170]. Based on their unique domain architecture remodelers are classified into four distinct families namely SWI/SNF family, ISWI family, CHD family and INO80 family (Figure 19) [171]. These families are conserved from yeast to humans and domain conservation suggests that all conserved subunits have conserved functions (Table 2). Functionally this family of remodelers play a significant role in altering nucleosome positioning by sliding or ejecting nucleosome at many loci for various process including transcription. However, they are not involved in chromatin assembly [170].

I.11.1.1.2 ISWI family remodelers

The ISWI (imitation switch) family remodelers namely dNURF, dCHRAC, and dACF were first identified in Drosophila embryo extracts and subsequently hWICH or hNoRC was identified in humans [175][176][177][178]. ISWI family remodeling complex consists of 2-4 subunits with one or two different catalytic subunits and some remodeler associated proteins [179]. 

I.11.1.1.3 CHD family remodelers

The CHD (chromodomain, helicase, DNA binding) family remodeler was first identified in Xenopus laevis. The catalytic subunit resides in the N-terminus and has two tandemly arranged chromodomains. In lower eukaryotes they exist as monomers whereas they can form large oligomeric complexs in higher eukaryotes. The chromodomains of CHD family are evolutionary conserved and play an important role in chromatin remodeling and in transcriptional regulation [186][187][188][189]. Remodelers associated proteins often bear DNA-binding domains, PHD, BRK, CR1-3, and SANT domains. The CHD family remodelers exhibit diversity in their functional regulation. Some of them promote transcription by sliding or ejecting nucleosome whereas other have repressive role mediated through histone deacetylases in remodeling complexes (histone deacetylases HDAC1/2 in Mi-2/NuRD complex) [190].

I.11.1.1.4 INO80 family remodelers

The INO80 (inositol requiring 80) family remodelers were first identified in Saccharomyces cerevisiae and they are known for their ability to specifically remove canonical dimers and insertion of H2A.Z-H2B dimers mediated through SWR1 complex [191]. INO80 family remodeling complexes consists of more than 10 subunits including SWR1-related complexes. 

Family and composition

Model organisms

Yeast

I.11.1.2 Remodeler mechanisms

Over the last few years several studies have been made to understand the mechanism of chromatin remodeling and to dissect the role of different subunits in the remodeling complexes [192]. Several models have emerged from these studies; however, the exact mechanism is still debatable. Initial studies on chromatin remodeling suggested that ATPase domain of different remodeling complexes required distinct stimulatory factors for the catalytic activity and the energy from ATP hydrolysis is used to disrupt DNA-histone proteins interaction within the nucleosome. For instance, in vitro experiments showed that both free DNA and nucleosomal DNA can stimulate the ATPase activity of the Swi2p/Snf2p and INO80 subclasses whereas Mi-2/CHD and ISWI family remodelers required nucleosomal DNA for the maximal stimulation of their ATPase activity as compared to the free DNA. In addition, ISWI family required N-terminal domain of H4 for their ATPase activity and for nucleosome sliding [193,194]. Based on multiple experiments two models have been proposed to explain the molecular events by which the remodelers mobilize or change the nucleosome configuration. These are described as follows.

I.11.1.2.1 Twist-diffusion model

This model suggests generation of spontaneous torsional oscillation from the linker DNA upstream of the first histone-DNA binding site on the nucleosome, which further propagates inside and causes nucleosome migration one base pair at a time along the DNA.

Chromatin remodeling complexes may act as a "molecular ratchet" or a "DNA twistase" that allows the twist defect to exit in single direction and result in DNA twist tension. Existence of twist defects in nucleosome crystal structure support such a remodeling mechanism [195][196][197]. However, this model failed to explain why occurrence of nick or removal of few DNA base pairs had no effect on remodeling mediated through ISWI or RSC complexes [198][199][200].

Also, introduction of hairpin loops in the nucleosomal DNA showed no impact on SWI/SNF and Mi-2 mediated remodeling [201]. These findings raised doubt towards the general applicability of this model (Figure 20) [196]. 

I.11.2.1 Histone acetylation

Histone acetylation is a highly dynamic process regulated by two major families of enzymes, histone acetyltransferases (HATs) and histone deacetylases (HDACs). HATs 

I.11.2.3 Histone methylation

Histone methylation mainly occurs on the side chains of lysine and arginine residues.

The transfer of methyl group is catalyzed by two distinct groups of enzymes, lysine methyl Histone methylation plays an important role in both gene activation as well as in gene suppression based on different cellular circumstances. For instance, methylation of H3K4, H3K36 and H3K79 has been reported to have active role in gene expression [219,223].

Whereas di-and tri methylation histone H3K9 and H3K27 is suggested to be involved in gene silencing by recruiting heterochromatin protein 1 (HP1) and polycomb repressive complex to chromatin respectively [186,224,225].

I.11.2.4 Ubiquitylation and sumoylation

Ubiquitylation of lysine molecule causes much larger covalent modification as compared to the above described histone modifications which cause relatively small molecular changes on the amino acid side chains. The attachment of a large ubiquitin molecule (76 amino acids) at a specific lysine residue (either mono-or poly-) is catalyzed by subsequent action of three different proteins namely, E1-activating, E2-conjugating and E3ligating enzymes [226]. The reverse reaction is catalyzed by specific action of isopeptidases called as de-ubiquitin enzymes. Ubiquitylation of histone protein is involved in both gene activation as well as silencing. For example, mono-ubiquitylation of H2AK119 is involved gene silencing through polycomb repressive complex, whereas H2BK123 monoubiquitylation plays significant role in transcriptional initiation and elongation [227][228][229].

Sumoylation of proteins is similar to the ubiquitylation process where small ubiquitinlike modifier (or SUMO) proteins are attached to specific lysine residues again by the action of E1, E2 and E3 enzymes [230]. Sumoylation of lysine side chain in histone proteins antagonize further acetylation and ubiquitylation events which occur on the same residues and leads to gene silencing [231,232]. However, their precise molecular mechanism and impact on chromatin functional regulation is yet to be understood. 

I.11.2.5 Other modifications

In addition to the above described histone modifications there are several others reported uniquely for histones. For example, deimination of arginine into citrulline catalyzed by the peptidyl deiminase PADI4 neutralizes positive charge of arginine residue [233,234].

Also, addition of single β-N-acetylglucosamine (O-GlcNAc) sugar residues to the side chains of serine and threonine residues in histone H2A, H2B and H4 has been reported where the forward reaction is catalyzed by O-GlcNAc transferase and reverse reaction is carried out by β-N-acetylglucosaminidase (O-GlcNAcase) [235]. There are reports suggesting that isomerization of proline residues (H3P38) between cis and trans conformations by yeast proline isomerase scFpr4 affects the methylation status of H3K36 [236,237]. However, the precise mechanism, role in gene regulation and effect on chromatin structure remains unclear for these modifications.

I.11.3 Histone Variants

Histone variants are non-allelic isoforms of canonical histones that are expressed throughout the cell cycle in smaller quantities and often replace conventional histones in the genome in response to specific cellular signals, hence referred to as "replacement variants" [238,239]. In contrast to canonical histones, their genes comprise introns and mRNAs are poly-adenylated with longer poly-A tails that provide higher stability to the 

I.11.3.1 Histone H2A variants

The histone H2A variant family harbors the highest numbers of identified variants including H2A.Z, MacroH2A, H2A.Bbd, H2A.X, TH2A, H2AL1 and H2AL2 [242,244,246,247]. Most of the variation between these family variants is found their C-terminal tails which play the significant role in inter-nucleosomal interaction and interaction with nucleosomal DNA. 

I

I.11.3.1.3 Histone variant MacroH2A

MarcoH2A, first discovered in the rat liver, is the longest and highly diverse histone variant among the entire family of histone proteins. Its N-terminal domain shares ~60% homology with canonical H2A, whereas C-terminal domain consists of a unique non histone region (NHR) which extends up to 200 amino acids in length, referred to as macrodomain.

Both NTD and NHR are connected by approximately 60 amino acid linger region that provides ~ 42 kDa as the final mass to this protein, which is nearly three times more than conventional H2A. In humans, different isoforms of macroH2A have been identified named macroH2A.1 and macroH2A.2 each one encoded by two different genes. Further, macroH2A.1 gene has been identified with two splice variants, macroH2A1.1 and macroH2A1.2 that differ mainly by a short amino acid sequence in their macrodomain [260,261]. Several experiments suggest that macroH2A can act as both transcriptional repressor and activator. For example, macroH2A is found to be associated with inactive X-chromosome in mammalian females and also several heterochromatin regions [260,262]. It has been reported that macrodomain of macroH2A1.1 binds to ADP-ribose with high affinity and can recruit recruit PARP-1 into the Hsp70.1 promoter. This interaction was found to be associated with inactivation of PARP-1 enzymatic activity [263,264]; however, the true functional implication mediated through machroH2A remains unclear. X-ray crystallography analysis of macroH2A NTD and C-terminal macrodomain along with computational modeling studies suggest that macroH2A-H2B dimer could interact tightly to the rest of the histone core which may provide higher ionic strength-dependent stability to the nucleosome [265,266]. This could explain the stronger binding of macroH2A to the chromatin. 

I.12 Objective:

We would like to understand the three-dimensional structure of a 197 base-pair nucleosome in complex with the linker histone H1 using both cryo-electron microscopy and X-ray crystallography. We would also like to validate our results using alternate approaches such as site-directed protein cross-linking, hydroxyl radical footprinting and molecular docking. The work will be divided under following heads:

1. Analyzing the structure and dynamics of the linker DNA 2. Construction of a highly compact H1-nucleosome complex Compared to the unbound nucleosome, the binding of H1 brings the two linker DNA arms together and reduces their apparent mobility. Our findings shed light on the functional role of linker histones and should facilitate future efforts to elucidate higher order chromatin structure.

I.13.2 Introduction

Linker histones are implicated in both the assembly and maintenance of the chromatin fiber [298-302] as well as of higher order chromatin structures [303]. Linker histones consist of a conserved globular domain flanked by a short N-terminal tail and a highly basic Cterminal domain of ~100 residues [START_REF] Allan | The structure of histone H1 and its location in chromatin[END_REF]304]. Atomic structures are known for the globular domain of linker histones H1 and H5, which adopt a winged-helix DNA-binding fold [START_REF] Ramakrishnan | Crystal structure of globular domain of histone H5 and its implications for nucleosome binding[END_REF]305]. Despite numerous studies, how linker histones are positioned on the nucleosome and interact with nucleosomal DNA remains a subject of debate. According to one model, the linker histone globular domain is positioned directly on the nucleosome dyad and interacts with both linkers [START_REF] Allan | The structure of histone H1 and its location in chromatin[END_REF][START_REF] Staynov | Footprinting of linker histones H5 and H1 on the nucleosome[END_REF]306,307], whereas in an alternative model this domain is displaced from the dyad and contacts only a single linker [START_REF] Zhou | Position and orientation of the globular domain of linker histone H5 on the nucleosome[END_REF][START_REF] Brown | Mapping the interaction surface of linker histone H1(0) with the nucleosome of native chromatin in vivo[END_REF]308]. Furthermore, while single-base resolution mapping revealed that the linker histone C-terminal domain is required for nucleosomal DNA end "closing" and the formation of the linker stem structure [307], the precise conformation and position of the C-terminal domain is unknown [309].

Efforts to determine the structure of nucleosomes bound to linker histones have been frustrated in the past by technical problems hampering the reconstitution of well-defined particles [310,311]. The use of DNA exhibiting strong positioning signals and of specific chaperones to deposit linker histones in a controlled manner (reflecting in vivo conditions)

have greatly improved the situation, allowing for the preparation of highly homogenous nucleosomes positioned with single base-pair precision and bound to linker histones with proper stoichiometry [307,312]. In this work, we used the chaperone NAP-1 to deposit linker histone H1 onto nucleosomes reconstituted from recombinant core histones and the 601 positioning DNA sequence. We determined the three-dimensional structure of H1-containing nucleosomes by cryo-electron microscopy (cryo-EM) and X-ray crystallography, and confirmed the structure by hydroxyl radical footprinting, targeted protein-DNA cross-linking, and molecular docking. Our structure reveals the molecular details of nucleosome recognition by H1, whereby the globular domain (GH1) is positioned on the nucleosome dyad, simultaneously interacting with DNA in the nucleosome core and in both linkers. Our data also provide a detailed view of the nucleosome stem conformation and reveal the effect of H1 on nucleosome dynamics. These findings significantly advance our understanding of the structural and functional role of linker histones in chromatin.

I.13.3 Results

I.13.3.1 Structure and dynamics of the linker DNA

We used recombinant X. laevis core histones centrally positioned on a 197 base-pair (bp) 601 DNA sequence to reconstitute nucleosomes bearing equally sized 25-bp DNA linkers. Nucleosomes were subsequently complexed with X. laevis histone H1 with the help of its chaperone NAP-1, as previously described [307]. Particles were then observed in frozen hydrated conditions by cryo-EM (Fig. S1). We first analyzed nucleosomes lacking H1. Frames showing well separated nucleosomes were selected and 29,711 molecular images were extracted and analyzed to reconstruct a three-dimensional (3-D) model of the particle ab initio. To analyze conformational variability, a 3-D classification scheme based on maximum likelihood optimization was used to separate different conformational variants [313]. The final cryo-EM map agreed well with the crystal structure of the nucleosome core particle (NCP) [START_REF] Luger | Crystal structure of the nucleosome core particle at 2.8 A resolution[END_REF] and revealed the DNA major groove at 10 Å resolution (Fig. S2a), allowing fitting of the linker DNA. While the nucleosome core showed little variation, we observed several distinct linker DNA configurations (Fig. 1a). We quantified linker orientation fluctuations in the planes parallel ("front" view, Fig. 1c,d) and perpendicular ("side" view, Fig. 1c,e) to that of the nucleosomal disc by defining two angles ( and , respectively) between the dyad axis and the entering linker DNA. Both angles can vary by as much as 25 o , revealing the highly dynamic behaviour of the linker DNA, which may reflect a breathing of the histone-DNA interactions. Although the linker arms appear to converge when viewed from the front (mean value for =19.5 o ± 6.3 o ), side views reveal that linkers diverge away from the nucleosomal disc plane (mean =14.5 o ± 7.5 o ). Indeed, the linker DNA ends are clearly not in contact, with a mean separation of 10.1 ± 0.9 nm.

Next, we analyzed H1-containing nucleosomes. The analysis of 27,279 molecular images and the 3-D classification of the data set showed that the linker DNA orientation changed significantly upon H1 association, giving particles a more compact appearance (Fig. 1b). Compared to unbound nucleosomes, the linker orientation showed considerably less variation, with both the  and  angles exhibiting narrower distributions (Fig. 1d,e). The  angle distribution overlapped with that observed in the absence of H1 but was shifted towards higher values (= 24.5° ± 4.3°), suggesting that H1 stabilizes the most convergent linker DNA conformations (Fig. 1d). More strikingly, the  angle distribution was shifted to negative values, indicating that, unlike H1-lacking nucleosomes, the linker arms converge towards the nucleosomal disc plane (Fig. 1e). Consistent with these observations, hydroxylradical footprinting shows that the addition of H1 enhances the protection of nucleosomal core nucleotides in the DNA turn preceding the linkers (compare lanes 1 and 2 at green asterisk in Fig. 5f), suggesting that H1 causes DNA to be more tightly wrapped around the histone core octamer. A similar effect is seen with only the GH1 domain (Fig. 5g). In summary, the binding of H1 appears to restrict the mobility of the two linkers and brings them into close proximity (or contact), thereby stabilizing contacts between the histone core and nucleotides preceding NCP exit.

I.13.3.2 Localization of H1 on the nucleosome

We further analyzed the reconstruction of the most compact H1-nucleosome complex (blue map in Fig. 1b and enlarged after high-pass filtering in Fig. 1f), which showed an estimated resolution of 10.0 Å (Fig. S2b). To localize H1, we compared the density of the cryo-EM map with that calculated from the atomic structures of the NCP and linker DNA fitted into the map. The resulting difference map revealed significant density on the dyad axis between the two linker DNAs and associated with both linkers (Fig. 1g). The additional density is asymmetrically positioned, showing more pronounced contacts with the right linker (as viewed in Fig. 1f andg) and with the core DNA than with the left linker. We attributed this density to the GH1 domain, whose volume is similar to that of the observed density. This attribution is consistent with footprinting data which show that GH1, like H1, protects nucleotides within the first turn of linker DNA (red asterisks in Fig. 5f,g). Determining the precise GH1 orientation was hampered by the local resolution of the cryo-EM map, which was only 18 Å in this region, in contrast to that of the rest of the particle which fluctuated around 10 Å (Fig. S3). This lower resolution suggests variations in the GH1 orientation relative to the nucleosome, possibly reflecting the dynamic nature of GH1/DNA interactions.

Strikingly, the difference map also revealed a second feature of density on the left linker (Fig. 1g), consistent with the observation that this linker appears thicker than the right linker in the original map (Fig. 1f). The increased thickness is apparently not due to higher linker flexibility, which would have been detected by 3-D classification or local resolution measurements (Fig. S3). Instead, we surmise that the extra density is due to the highly basic C-terminal domain of H1, whose mass is compatible with the volume of extra density observed. This would imply that, under the experimental conditions used, the 114 mostly unstructured residues comprising this domain associate preferentially with a single linker rather than partitioning equally across both linkers. In summary, our cryo-EM data for the most compact H1-nucleosome configuration indicate that the GH1 domain is positioned on the dyad axis in contact with core DNA and with both linkers and that the C-terminal domain associates preferentially with one linker.

I.13.3.3 Crystal structure of the H1-bound nucleosome

We next sought higher-resolution data on the H1-bound nucleosome by X-ray crystallography. We prepared nucleosomes reconstituted on 601 DNA sequences of different lengths and subsequently deposited X. laevis histone H1 using NAP-1. Crystals were obtained with DNA sequences spanning either 187, 197 or 207 bp. Most crystals diffracted poorly, but one crystal form obtained with the 197-bp nucleosome/H1 complex (hereafter denoted the Nuc197 complex) diffracted at 7 Å resolution (Supplemental data, Table S1). At this resolution protein side chains and DNA bases cannot be discerned, but  helices and the DNA major and minor grooves are well resolved. We positioned the NCP structure within the crystal lattice by molecular replacement, and the resulting electron density map allowed us to trace the linker DNA (Fig. 2a,b). This revealed a fibre-like arrangement of nucleosomes, whereby each linker stacks end-to-end with that of a neighbouring nucleosome in the crystal (Fig. 2c). Crystal packing interactions result in a pronounced bend in one of the linkers (Fig. 2d), but the core-proximal turn of linker DNA follows a path (angles =25 o and =-3 o ) within the range of those observed by cryo-EM, consistent with the notion that the orientation of linker DNA exiting the nucleosome core is stabilized by H1.

In agreement with the cryo-EM data, we observed additional density attributable to GH1 between the two linkers and next to nucleosomal core DNA (Fig. 2a). To orient the GH1 domain, we performed a six-dimensional search by systematically rotating and translating the domain (whose structure we modelled based on that of the H5 globular domain [START_REF] Ramakrishnan | Crystal structure of globular domain of histone H5 and its implications for nucleosome binding[END_REF], a close homolog) within a volume centered on the observed density and evaluated each configuration for agreement with the Nuc197 diffraction data. This effort identified a clear solution (see Methods and Fig. S4-S10), which was consistent with the cryo-EM map (Fig. 2e and Fig. S11) and with previous experimental data localizing specific H1 residues close to DNA [START_REF] Zhou | Position and orientation of the globular domain of linker histone H5 on the nucleosome[END_REF][START_REF] Brown | Mapping the interaction surface of linker histone H1(0) with the nucleosome of native chromatin in vivo[END_REF][314][315][316]. The crystallographic asymmetric unit contains one GH1-nucleosome complex, with both GH1 orientations related by the nucleosome dyad present in the crystal, each at partial occupancy (Fig. S8). For simplicity we refer hereafter to a single GH1 domain, although descriptions below are valid for both orientations.

GH1 is positioned on the dyad axis in close contact with the nucleosome core DNA and in looser contact with both linkers (Fig. 3a). The domain's center of mass is shifted from the dyad axis towards the right linker (as viewed in Fig. 1234), explaining the asymmetric appearance of density in the cryo-EM map (Fig. 2e and Fig. S11). The N-and C-termini of GH1 point away from the nucleosome core, allowing the N-and C-terminal H1 tails to interact with distal linker DNA. The GH1 C-terminus is located next to the linker approximately 10 bp from NCP exit, coinciding with the point where the linker begins to thicken in the cryo-EM map (Compare Fig. 3a with 1g). Interestingly, the N-and C-terminal domains are oriented towards opposite linkers, raising the possibility that H1 may physically tether the two linkers together via interactions mediated by its two tail domains.

I.13.3.4 Nucleosome recognition by the GH1 domain

Like canonical winged-helix domains, GH1 comprises 3 helices and 3 strands, including a helix-turn-helix (HTH) motif formed by helices 2 and 3 and a "wing" (W1) defined by the 2-3 loop. The HTH and W1 elements are positioned close to the core DNA, while helix 3 and the 1-2 loop appear to interact more tenuously with the right and left linkers, respectively (Fig. 3a). The structure underscores the high degree of electrostatic complementarity between GH1 and the nucleosomal DNA, with nearly all basic residues of GH1 close to DNA and the acidic residues further away (Fig. 3b). Helices 1 and 2 point their N-termini towards the right linker and core DNA, respectively, suggesting that electrostatic interactions between the positively charged helix dipoles and the DNA backbone help stabilize the H1-nucleosome complex (Fig. 3a,d). Although the resolution of our structure precludes the visualization of detailed interactions, nucleotides within contact distance of GH1 can reliably be identified. These nucleotides are disposed nearly symmetrically about the dyad, despite the domain's closer proximity to the right linker (Fig. 3d). GH1-proximal nucleotides include the central base pair located on the dyad together with 3 or 4 downstream nucleotides on each strand, as well as 2 or 3 nucleotides on each linker arm at approximately one DNA turn from NCP exit (Fig. 3c,d), in agreement with hydroxylradical footprinting data (Fig. 5f, g and [307]).

GH1 appears unique among winged-helix domains in its mode of DNA binding.

Unlike canonical domains which recognize the DNA major groove [317], the DNA-proximal residues of GH1 are all positioned next to the phosphate backbone on the minor groove side.

No GH1 residues are within contact distance of bases in the major groove, implying that direct sequence readout is not important for DNA recognition by GH1, reminiscent of how core histones recognize DNA [START_REF] Luger | Crystal structure of the nucleosome core particle at 2.8 A resolution[END_REF]. Plotting the conservation of residues in an alignment of H1 and H5 orthologs (Fig. S12) onto the GH1 surface shows that sequence conservation correlates well with DNA proximity (Fig. 4a-c). Of the 21 surface-exposed residues which are highly variable in the alignment, 17 are far from the DNA. Conversely, of the 12 most highly conserved surface-exposed residues, 10 are within contact distance of the DNA. The two exceptions (conserved and DNA-distal) are Lys40 and Ser41, consistent with the finding that an alanine substitution of Lys40 has little effect on the stability of the H1-nucleosome complex [START_REF] Brown | Mapping the interaction surface of linker histone H1(0) with the nucleosome of native chromatin in vivo[END_REF] and that Ser41 corresponds to an acidic residue in most H1 orthologs (Fig. S12).

Interestingly, GH1 residues facing the core and left linker appear highly conserved, while those facing the right linker (specifically, residues K27, Q67 and R74) are more poorly conserved (Fig. 4c), suggesting that contacts mediated by the latter residues play a less important functional role.

I.13.3.5 H1-nucleosome interactions mapped by cross-linking and footprinting

To confirm the GH1 orientation in our structure we performed mutagenesis and crosslinking experiments. We made cysteine substitutions of H1 residues Arg42 and Ser66

(surface residues whose mutation should not perturb the GH1 fold), which in our structure are positioned in proximity to linker DNA one turn after NCP exit. Both mutants retain the ability to efficiently bind nucleosomes (Fig. 5a). Mutants were reacted with the cross-linking agent 4-azido phenacylbromide (APB), which forms a specific covalent adduct with the cysteine thiol group. ABP-derivatized H1 was then mixed with nucleosomes and activated by UV radiation, which causes the APB nitrene group to react with nearby nucleotides and to crosslink with DNA (Fig. 5a,b). A sequencing reaction revealed that Cys42 cross-linked to nucleotides -77 and -80 and Cys66 to nucleotides -74 to -77, as well as corresponding nucleotides on the other linker (Fig. 5c). These findings are in excellent agreement with the crystal structure (Fig. 5d).

We next performed a hydroxyl footprinting experiment to verify the position of GH1 on the nucleosome core. A previous study showed that both H1 and GH1 make a symmetric footprint on the core DNA, protecting the central base pair plus 3 to 4 flanking nucleotides on each strand ([307] and Fig. 5f,g). However, such results are compatible with binding modes ranging from that observed in our structure, in which GH1 binds to the dyad and protects all these nucleotides simultaneously (scenario I; We next performed molecular docking to test whether our crystal structure represented the most probable GH1 orientation compatible with the above biochemical data. Using the nucleosome structure from our crystals, we docked GH1 by two approaches. In a data-driven approach using the program Haddock [318], we used the cross-linking and footprinting (Fig.

and ref.[307]

) results and previous data indicating close proximity of specific residues (His25 and Lys85) to DNA [314][315][316] as interaction restraints to guide the docking procedure (Table S2). Using either the full set of restraints or various partial subsets of data, the bestscoring solutions consistently clustered around the GH1 orientation observed in our crystal structure (Fig. 2f and S14 and Table S3). In a separate, unbiased docking approach, we used the program Autodock Vina [319] to generate energetically favoured GH1-nucleosome configurations and subsequently screened these for consistency with the biochemical data.

This approach identified a single solution which closely resembled the configuration in our crystal structure (Fig. 2f). Thus, both molecular docking approaches support the GH1 orientation observed in our structure.

I.13.4 Discussion

Our structure rationalizes several observations regarding the association of linker histones with nucleosomes. For example, the interaction between GH1 and nucleotides located one DNA turn from NCP exit on both linkers (Fig. 3) explains why 20 bp of linker DNA are protected from micrococcal nuclease digestion in the presence of linker histones

[320], while the intimate interface between GH1 and the core DNA explains the high degree of protection from DNaseI digestion observed for nucleotides on the dyad axis [START_REF] Staynov | Footprinting of linker histones H5 and H1 on the nucleosome[END_REF].

Chromatin association protects lysine residues K52, K55, K69, K82 and K85 from reductive methylation [316], while point mutations of Lys85 enhance susceptibility to micrococcal nuclease digestion [315]. These lysine residues are all in close proximity to DNA in our crystal structure. Residue His25 was shown to cross-link with terminal regions of nucleosomal DNA [314]. In our structure His25 is slightly beyond contact distance from DNA, but a small inward movement of the linker DNA (consistent with fluctuations observed by cryoEM; Fig. 1d,e), would bring this residue into contact with the linker. Our structure is also in excellent agreement with a study in which the residence time of H1 on chromatin was measured in vivo using FRAP [START_REF] Brown | Mapping the interaction surface of linker histone H1(0) with the nucleosome of native chromatin in vivo[END_REF]. H1 point mutations that reduced residence time map to DNA-proximal residues in our structure, whereas those that had little effect map to DNAdistal residues (Fig. 4d,e). Notably, the four mutations with the strongest effect (K47, K69, K73, K85) involve residues located close to the dyad (Fig. 4e, residues in red), whereas mutations with milder effects involve more peripheral residues or those adjacent to linker DNA (Fig. 4e, residues in yellow). More generally, the rather tenuous contacts observed between GH1 and the linker DNA suggest why wildtype H1 has a relatively short residence time compared to the core histones.

Our cryo-EM data show that the orientation of the linker DNA undergoes substantial variation in the absence of H1, which becomes greatly reduced upon H1 binding to allow formation of the stem structure. Interestingly, these data suggest that, in the presence of H1, the linker arms could move closer together than the configuration seen in the crystal structure.

This movement would enhance the interface between GH1 and the linker arms, thereby stabilizing the H1-nucleosome complex; conversely, a small increase in linker separation would destabilize H1 binding. This helps to envisage how factors that alter the exit/entry angle of linkers could modulate the stability of linker histone binding. For example, the defective docking domain present in the histone variant H2A.Bbd [321,322] affects the wrapping of 10 bp of each end of the nucleosome particle and abrogates the binding of linker histones [323]. Similarly, the dynamics of the linker DNA may help explain the ability of transcription factors to compete with H1 and bind to their cognate site when present within the nucleosomal linker [324].

Studies of nucleosome-linker histone interactions have led to two main models regarding how GH1 recognizes the nucleosome: in one model, GH1 is centered on the dyad axis and binds to both linkers [START_REF] Allan | The structure of histone H1 and its location in chromatin[END_REF][START_REF] Staynov | Footprinting of linker histones H5 and H1 on the nucleosome[END_REF]306,307]; in the other, GH1 is off the dyad and binds to a single linker [START_REF] Zhou | Position and orientation of the globular domain of linker histone H5 on the nucleosome[END_REF][START_REF] Brown | Mapping the interaction surface of linker histone H1(0) with the nucleosome of native chromatin in vivo[END_REF]308]. Our structure has features resembling both models. On the one hand, the domain overlaps with the dyad axis and is proximal to core and linker nucleotides symmetrically disposed about the dyad. On the other, the centre of mass of GH1 is significantly displaced from the dyad axis towards one linker arm. This displacement, together with the observation that the C-terminal domain is preferentially associated with one linker (Fig. 1g) and that the N-terminal tail is oriented towards the other (Fig. 3a, top view), confers a notable asymmetry or polarity to the otherwise symmetric nucleosome.

Interestingly, aligning our H1-nucleosome structure onto the tetra-nucleosome structure [START_REF] Schalch | X-ray structure of a tetranucleosome and its implications for the chromatin fibre[END_REF] shows that GH1 domains on neighbouring nucleosomes are well separated when aligned with the same polarity (head-to-tail) but are within contact distance when aligned with opposite polarity (head-to-head), suggesting one way in which the asymmetry of the H1-nucleosome complex might influence the assembly of higher-order structures, such as the fibre-like structures recently observed by cryo-EM [325].

In conclusion, the present study sheds considerable light on the molecular basis of nucleosome recognition by linker histones and will help guide future efforts aimed at elucidating higher-order chromatin structure.

ethane using an automated plunger (Vitrobot, FEI) with controlled blotting time (1 sec.), blotting force [START_REF] Kossel | Ueber die chemische Beschaffenheit des Zellkerns[END_REF], humidity (97%) and temperature (4°C). The particles were imaged using a cryo-transmission electron microscope (Polara, FEI) equipped with a field emission gun operating at 100 kV. Images were recorded under low-dose condition (total dose of 20 e -/Å 2 ) on a 4096 x4096 CCD camera (Eagle FEI) at a magnification of 59,000 x resulting in a pixel size on the specimen of 0.187 nm.

I.13.7.1.2 Image Processing

Nucleosomal particles were selected manually using the Boxer application in the 

I.13.7.1.3 Local resolution estimation

Local resolution estimation was performed using the "ResMap" program [332]. The dataset was split randomly into two halves in order to obtain two reconstructions. The two reconstructions were used to estimate the local resolution. The linker histone-nucleosome complex map was colored based on the local resolution estimation using the "Surface color" tool implemented in Chimera (Fig. S3).

H4 and refining the resulting structure by rigid-body and TLS refinement in Phenix [337]) and inspected the 2F o -F c density corresponding to the helices of the omitted histone. Results are illustrated in Fig. S4. In general, when maps were contoured at 0.7-1.0 sigma, continuous tubular density was observed for the longest omitted helices (the 2 helices of all four histones and H2B helix C), whereas only partial or broken density was observed for the shorter helices. In order for most residues within these shorter helices to be included within density, maps had to be contoured at 0.3-0.6 sigma. These observations suggest that GH1 helix density should become visible at similar or lower sigma levels, given that the helices in GH1 are relatively short and that GH1 adopts two orientations each at partial occupancy.

The above findings are consistent with a recent study by Alber and colleagues which showed that important structural information is revealed when electron density maps are contoured at levels significantly below 1.0 sigma [339]. We used the programs END and RAPID developed by this group to place maps on an absolute electron density scale and to estimate the noise level [339]. For the 2F o -F c map calculated from the 197-bp nucleosome structure as well as the omit maps of the core histones, END yielded maps with an average electron number density of ~0.14 e -/A 3 and an rms of ~0.05 e -/A 3 (Table S4). The program RAPID calculated the noise maps due to model and measurement error, yielding average values of ~0.035 and ~0.013 e -/A 3 and rms values of ~0.013 and 0.007 e -/A 3 , respectively (Table S4). The total estimated noise was obtained by summing the two RAPID maps in MAPMAN [340], yielding mean and rms values of approximately 0.045 e -/A 3 and 0.015 e - /A 3 , respectively. These values were used to relate observed density features to the noise level. For example, a 0.3 sigma contour level for the H2B omit map corresponds to an absolute density of 0.15 e -/A 3 , or 7 rms levels above the mean noise (Z-score=7), justifying the use of this contour to reveal the tubular density for helix 3 (Fig. S4b). In contrast, features observed below a Z-score of 5 (corresponding to a sigma level between -0.2 and -0.4

; Table S4) are likely to be strongly affected by noise.

I.13.7.2.4 Positioning of the GH1 domain

The structure of the GH1 domain was modelled by homology with the GH5 crystal structure [START_REF] Ramakrishnan | Crystal structure of globular domain of histone H5 and its implications for nucleosome binding[END_REF] (PDB id 1HST, with which GH1 shares 80% amino acid sequence identity; 

1Docking with HADDOCK

Both the A and B chains of the GH5 crystal structure [START_REF] Ramakrishnan | Crystal structure of globular domain of histone H5 and its implications for nucleosome binding[END_REF] (PDB id 1HST) were used as templates to model the structure of GH1 using the SWISS-MODEL server [341]. These chains differ in the conformation of the 2-3 and H1-H2 and loops, with chain A exhibiting a more extended conformation and chain B being more compact (Fig. S5). Nucleosomal and linker DNA coordinates were taken from the Nuc197 crystal structure. GH1 was docked onto the DNA using the HADDOCK webserver [318]. HADDOCK uses biochemical information on interacting residues as ambiguous interaction restraints (AIRs) to drive the docking.

Residues directly implicated in mediating the interaction are defined as "active" while those feasibly but not necessarily involved in binding are defined as "passive". Each AIR is defined as an ambiguous intermolecular distance between an active residue of one molecule and specific active or passive residues of the other. Passive residues for GH1 were defined as all surface exposed residues with over 50% solvent accessibility (as calculated by Naccess [343],

while DNA passive residues were defined as the central turn of nucleosomal core DNA and the first two turns of each linker. The set of AIRs used to dock GH1 are summarized in Table S2. The default target distance of 2 Å was used for all AIRs, except for the cross-linking restraints, where a distance of 12 Å was used.

The HADDOCK docking protocol consists of three stages: randomization of orientations and rigid body energy minimization, semi-rigid simulated annealing in torsion angle space, and final refinement in Cartesian space with explicit solvent. Ten independent docking jobs were performed using different subsets of AIRs, as indicated in Table S3. For each job, a total of 1000 complex configurations were calculated in the randomization stage using an ensemble model of GH1 that comprised both the A and B conformations. The best 200 solutions were then used in the semi-rigid and final refinement stages, in which the side chain and backbone atoms of GH1 were allowed to move while the DNA was held fixed. The final structures were then ranked according to their HADDOCK score (which is based on the sum of electrostatic, van der Waals, and AIR energy terms) and clustered by pairwise backbone RMSD. Clusters were then ranked according to the average of the four best-scoring structures within each cluster.

For the majority of docking runs listed in Table S3, the best cluster scored substantially better than the next best cluster and was frequently the largest in size. The bestscoring solutions in each run consistently exhibited the more compact B conformation of GH1. For all 10 runs, the best cluster closely resembled the configuration observed in the Nuc197 crystal structure. Compared to the crystal structure, clusters showed a difference in GH1 orientation that ranged between 21 and 38 (mean of 28.7 over all runs) and a difference in interface RMSD (calculated on DNA atoms and main chain GH1 atoms within 10 Å of the protein-DNA interface) between 2.03 and 3.35 Å (mean of 2.48 Å over all runs).

I.13.7.3.2 Docking with Autodock Vina

An alternative approach to predicting binding positions of GH1 used the docking program Autodock Vina [319]. Vina docking calculations involve independent optimization runs, starting from a set of random positions of the ligand (GH1) with respect to the receptor (nucleosomal and linker DNA). Vina uses a stochastic global optimization algorithm to improve the docking score. The scoring function includes both the ligand-receptor interaction energy and the deformation energy of both interacting species. Vina was used to dock GH1 within a defined search space without any imposed interaction restraints. During docking the DNA was treated as a rigid body while GH1 was either held rigid or its side chains were allowed to be flexible. Both the A (extended) and B (compact) conformations of GH1 were tested. The dimensions of the search space were larger than GH1 by 3 Å along each Cartesian axis. The center of the search space was chosen so that the minimal distance of the GH1 centre of mass from the nucleosomal DNA and two linker arms was 11 Å. Subsequent optimization runs involved shifting the center of the search space by ± 3 Å in orthogonal directions. This allowed the center of GH1 to move up to 9 Å away from its initial position.

Multiple docking simulations (17 with rigid H1 and 6 with flexible H1 side chains), using different random seeds for the search procedure, resulted in a total 70 proposed complexes (with rigid GH1), and 30 proposed complexes (with flexible GH1 side chains). The Vina scores for these optimized structures ranged from -16.0 to -11.0 kcal.mol -1 . These structures were subsequently screened according to their ability to satisfy the following experimentally defined interaction restraints: (1) Arg42 cross-links to nucleotides 76 and -75 on chains I and J, respectively; (2) Ser66 cross-links to nucleotides 73-75 on chain J and -75 to -77 on chain I;

(3) His25 is close to DNA; (4) Lys85 is close to DNA; (5) 6-8 nucleotide pairs centered around the nucleosome dyad are protected by GH1, implying GH1 proximity to nucleotides -3 to +3 on both DNA strands; (6) the C-terminus of GH1 points away from the nucleosome core towards the stem formed by the DNA linker arms. During the screening, restraints 1-4 were counted as satisfied if the Cα atom of Arg42 (restraint 1) or Ser66 (restraint 2) was located within 13.0 Å of any atom of the corresponding DNA nucleotides, or if any atom of His25 (restraint 3) or Lys85 (restraint 4) was within 5.0 Å of any DNA atom.

Structures satisfying at least four of the six above restraints were retained and reoptimized in Vina and subsequently energy minimized in AMBER 12 [344] without any conformational restraints on the system to remove residual steric hinderance (having embedded the complex in an explicit solvent/salt environment using a TIP3P water model

[345] and Na+ and Cl-ions with Dang parameters [346] corresponding to a 0.15 M concentration). Several structures from the initial docking runs satisfied four of the six experimentally identified restraints with Vina scores of -13.0 kcal.mol -1 . After re-optimization in Vina and energy minimization in AMBER, we obtained a single structure that satisfied all restraints. This structure had an improved Vina score of -13.8 kcal.mol -1 and closely resembled the structure derived from the X-ray data as well as the Haddock models.

I.13.7.4 Biochemistry techniques

I.13.7.4.1 H1 modification

Site directed H1 cysteine substitutions were sequence confirmed, and H1 proteins expressed and purified as described previously [START_REF] Caterino | Nucleosome linker DNA contacts and induces specific folding of the intrinsically disordered H1 carboxyl-terminal domain[END_REF]. Following purification, H1 was treated with 50 mM dithiothrietol (DTT) for 1 hr on ice. After removing the DTT, the protein was modified with the cross-linking reagent 4-azidophenacyl bromide (APB) and excess APB removed as described previously [326].

I.13.7.4.2 Nucleosome reconstitution for crosslinking experiments

Nucleosomes were reconstituted by salt dialysis with recombinant core histone proteins expressed in bacterial cells as described [START_REF] Caterino | Nucleosome linker DNA contacts and induces specific folding of the intrinsically disordered H1 carboxyl-terminal domain[END_REF]. Reconstitutions included 5.2 µg BamHI-digested pBS plasmid and 1 x 10 6 cpm radiolabelled 217 bp 601 DNA fragment in reconstitution buffer (10 mM Tris, pH 8.0, 1 mM EDTA, 5 mM DTT, 2 M NaCl).

Nucleosomes were purified by sedimentation through 7% to 20% sucrose gradients, (34,000 × g for 18 h in a Beckman SW41 rotor at 4 o C) and nucleosome-containing fractions collected in 0.6 ml tubes pretreated with 0.3 mg/ml bovine serum albumin (BSA) overnight at 4 o C.

Fractions were analyzed by electrophoresis on a 0.7% native nucleoprotein agarose gel to ensure that carrier pBS DNA was separated from radiolabeled nucleosomes.

I.13.7.4.3 Linker histone binding and cross-linking

APB modified H1 proteins were mixed with a 2-fold excess of NAP-1 then incubated with radiolabelled 217 bp 601 nucleosomes in binding buffer (10 mM Tris-HCl, pH 8.0, 1 mM EDTA, 50 mM NaCl, 150 ng/μl BSA, and 5% v/v glycerol) at 4 o C for 30 min. One-half of each reaction was analyzed by electrophoresis on a 0.7% native nucleoprotein agarose gel followed by autoradiography. Cross-linking was induced by placing the rest of the reaction in a pyrex tube and exposing to UV irradiation at 365 nm for 90 sec as described [326]. The yield of cross-links was determined by electrophoresis on 0.8% agarose gels containing 0.02% SDS, followed by autoradiography of the dried gels.

I.13.7.4.4 Cross-link Mapping

Cross-linking reactions containing 50,000 cpm were performed as above using the ratio of H1/NAP-1:nucleosome that yielded maximal cross-linking. A portion of the reaction was analyzed by electrophoresis on agarose/SDS gels as described above to ensure crosslinking. DNA from the remaining cross-link reaction was precipitated by adding 200 ng calf thymus DNA, SDS (0.02% final), 0.3M sodium acetate, and 2 volumes 95% ethanol.

Centrifugation at 13,000 × g for 30 minutes was followed by washing the pellet with 70%

ethanol and centrifugation at 13,000 × g for 10 minutes. Ethanol was removed, and H1-DNA cross-linked species resuspended in water. Cleavage of DNA at sites of cross-linking was induced by incubation in 1M piperidine at 90 o C for 30 min; the sample was subsequently dried under vacuum, resuspended in pure water, and dried again. The latter step was repeated once and the final pellet resuspended in water and the DNA precipitated, resuspended in formamide and loaded onto pre-run 6% acrylamide / 8M urea sequencing gels. Gels were run at 55 W for 1hr, dried and the gels autoradiographed. Sites of H1-DNA cross-linking were mapped by analysis relative to Maxam-Gilbert sequencing reactions with the 217 bp 601 DNA fragment.

I.13.7.4.5 Hydroxyl radical footprinting

Both Xenopus laevis recombinant core histones and linker histone H1 0 b were expressed in bacteria and prepared by standard methods [22 , 307]. Radiolabeled 601 DNA of 240 bp (for centrally positioned nucleosomes) and 194 bp, 157 bp and 162 bp (for single linker nucleosomes) fragments and purified core histone octamer were used for reconstitution.

Nucleosome reconstitution and hydroxyl radical footprinting were performed as in [307].

After extraction of DNA by phenol: choloroform treatment, the DNA was precipitated and subjected to 8% denaturing PAGE. Gels were dried, exposed and imaged on a phosphorimager (Fuji-FLA5100). 3LZ0). Chains I and J represent the sense and antisense strands of DNA, colored in blue and cyan in Fig. 3, respectively.

2 Each distance listed corresponds to a separate restraint. 3 Restraints for Arg42 and Ser66 were defined for opposite DNA strands because it is not physically possible for both residues to simultaneously cross-link to nucleotides 76 and 80 on the same strand. 5 Fraction of the four lowest energy structures in the best cluster which exhibit the B conformation. 6 Mean and standard deviation of the interface RMSD calculated between the crystal structure and the four lowest energy structures in the best cluster. Interface RMSD was calculated over all DNA and main chain GH1 atoms within 10 Å of the interface. 7 Difference in GH1 orientation between the HADDOCK configuration and that of the crystal structure, averaged over the four lowest energy structures in the best cluster. 3 GH1 was also omitted from these map calculations. 4 Calculated as (- omit )/  omit where  is the electron density level equal to  noise + 5 noise (listed in column 6) S4. S3. The best-scoring configuration for each run is shown in grey, except for that yielding the lowest (run 2, yellow) and highest (run 10, green) iRMSD with the crystal structure.

I.14 Perspectives

We have successfully developed the approach for deposition of linker histone H1 on the nucleosome using a specific chaperone NAP-1. Structural studies on this complex using high resolution cryo-EM and X-ray crystallography will provide better understanding of the structural and functional roles of linker histone H1 in chromatin organization.

We found palindromic nucleosome positioning sequence (601L) derived from 601

Widom sequence to have high salt stability [START_REF] Chua | The mechanics behind DNA sequence-dependent properties of the nucleosome[END_REF]. H1 crystallography studies using 601L palindromic DNA will provide a strong nucleosome with a perfect twofold symmetry. It will also explain whether the association of C-terminal domain of H1with one linker is sequence dependent or not.

The previous X-ray crystallography studies on tetranucleosome were performed using nucleosome positioning repeats having short linker length (4 x 167 bp) [START_REF] Schalch | X-ray structure of a tetranucleosome and its implications for the chromatin fibre[END_REF]. Also, the complex was crystallized without incorporating linker histone H1 and thus provided much lesser information about the chromatin fiber as compared to the actual scenario in the cell. It will be interesting to perform crystallography studies on chromatin fiber using nucleosome positioning repeats having longer linker DNA length and incorporated with linker histone H1.

This study will provide the actual picture about 30 nm chromatin fiber including the fiber folding conformation and orientation of histone H1 within chromatin.

Recent studies on the globular domains of linker histone H1 and its subtypes suggest that each subtypes of histone H1 have differential binding mode on the chromatin [349]. In addition to that post translational modifications (PTMs) of linker histone H1 also modulate its binding on chromatin [350]. It will be interesting to perform X-ray crystallography studies on chromatosomes harboring different subtypes of linker histone H1 also with specific amino acid modifications which mimic the PTMs. This study will explore the different binding modes of linker histone H1 to chromatin mediated by changes in the amino acid residues at atomic precision.

CHAPTER II

II.1 Introduction

The two meter long eukaryotic genome is packed into chromatin in a way to fit into a micron sized nuclei. The primary condensation is achieved by wrapping of DNA around the H2A.Z at promoters could also expose the binding sites for transcription factors [296,[356][357][358][359]. However, these evidences do not address the primary question that how all these general co-regulators, chromatin modifiers etc access the specific regions in the compact chromatin. output signal (Figure 1). In addition they also remodel the local chromatin landscape by repositioning or evicting the nucleosome to promote nucleosome free region and by replacing linker histone H1 bound to chromatin thereby leading to the modulation of higher order structure of chromatin fiber. However, the exact mode of binding, transcriptional regulation and chromatin landscape alteration mediated through PTFs differs between various families. Recent genome-wide ChIP-Seq analysis for PU.1 (Ets family) in murine macrophages and B cells revealed that PU.1 along with few other lineage determining transcription factors marks the enhancers of genes activated in these cell lineages and regulates their expression.

II.2 Pioneer transcription factors

One of the studies showed that a high percentage of enhancers were occupied by PU. All these above mentioned findings suggest that most of these transcription factors may act as potential pioneer transcription factors. However, validating the "pioneer" status of this transcription factors in-vitro by different foot printing techniques is a huge time consuming process. Hence, we decided to focus on of the most important factor which is Sox and planned to analyze its ability to invade chromatin in order to access its binding motif. The main reason behind choosing Sox is that vertebrates contain ~20 Sox family members which are highly divergent in developmental functions. They all share highly conserved Sry-related High Mobility Group (HMG) domain which mediates their DNA binding. Hence, analyzing HMG domain DNA binding could be extrapolated to all the proteins in the Sox family. 

II.3 Sox proteins

II.4 Objective:

The structural organization of eukaryotic genome remains a barrier between genomic DNA and protein machineries. In order to regulate the cellular functions eukaryotic cells have evolved with unique sets of proteins commonly known as "pioneer transcription factors" to overcome such structural obstacles. Sox family proteins are one such pioneer factors and their unique highly conserved HMG DNA binding domain provides them the ability to overcome chromatin barrier and to play vital role in cell differentiation and development. Despite having various indirect studies, direct binding of Sox group's HMG domain to their consensus binding sites on nucleosome or chromatin is not yet shown. In this study we attempted to understand the binding of Sox-6 HMG domain on nucleosome where its binding motif 5`-GGACAATGGAGG -3` was positioned in 3 different places using UV laser footprinting technique. Further we attempted to understand whether deposition of linker histone H1 on nucleosome has any impact on the binding of HMG domain on nucleosomal DNA.

II.5 Results

II.5.1 Binding of Sox6-HMG domain to the nucleosome

To study the interaction of Sox6-HMG domain with nucelosomal DNA we have used recombinant protein purified from bacteria. Sox6 binding motif 5`-GGACAATGGAGG -3`, derived from genome wide mapping studies was used for the binding analysis. This binding site was inserted at three different places within the 601 nucleosome positioning sequence at positions 66 bp, 46 bp and 25 bp away from the end of nucelosomal DNA (length of the linker DNA sequences were not counted) towards the dyad of nucleosome. These sequences having Sox6 binding motif will be respectively referred to as 601-1, 601-2 and 601-3 (Figure 3A).

The modified 601 sequences inserted with Sox6 binding motif were reconstituted with human histone octamers. Proper wrapping of modified 601 sequences was analyzed using EMSA and hydroxyl radical footprinting. 10 bp repeat upon hydroxyl radical cleavage demonstrated both proper wrapping of DNA around the histone octamer and strong octamer positioning relative to the DNA ends. Based on this we concluded that insertion of Sox-6 binding motif didn't cause any alteration in the nucleosome positioning properties of 601sequence (Figure 3F).

We analyzed the binding of Sox6 HMG domain to their binding motif on nucleosome EMSA showed that incubation of free DNA (601-1 construct) or nucleosomes (601-1construct) with increasing concentration of Sox6 HMG domain results in generation of several bands with lower electrophoretic mobility, which reflects the binding of either one or more Sox6 HMG domain. Since only one Sox6 binding site is present in all constructs, only one band would reflect the specific binding of Sox6 HMG domain with its binding motif, whereas other bands reflects the binding to less affinity sites and/or non-specific interaction with DNA sequence (Figure4A). This non specific binding is clearly seen in free DNA footprinting pattern upon cleavage with Fpg restriction enzyme as well. As expected, disappearance of 8-oxoG band corresponding to Sox6 binding motif was observed in all 3 free DNA constructs (601-1, 601-2 and 601-3) with increase in the Sox6 HMG domain concentration thereby indicating the binding of Sox6 HMG domain to its consensus binding site (Figure 4B, 4C& 4D). Besides this, at high protein concentration disappearance of other 8-oxoG bands which correspond to the canonical 601 sequence observed in all 3 free DNA constructs, reflects additional protein molecules present at the low affinity binding sites. In the case of nucleosome, same kind of binding behavior was observed with constructs 601-2 and 601-3 nucleosomes whereas nucleosome with 601-1 constructs behaved somewhat differently. Upon increase in the Sox6 HMG domain concentration disappearance of 8-oxoG band corresponding to Sox6 binding motif was observed in 601-2 and 601-3 nucleosome, whereas no significant footprint was observed in case of 601-1 nucleosome. This observation suggests that Sox6 HMG is able to invade the nucleosome and access its binding site up to 50 bp from the end, however, when the binding site is positioned near the dyad of nucleosome it fails to recognize its consensus binding site significantly as it binds to the binding sites positioned at 25 bp and 46 bp even at the highest Sox6 HMG domain concentration.

Previous studies have reported the existence of multiple Sox6 binding sites in the genome. For instance, regulatory elements of the chondrocyte gene Col2a1 were found to have four Sox6 binding sites and the proximal promoter of globin gene has double Sox6 site lying within the 36 bp region [409,410]. These finding suggest that Sox6 may invade the nucleosome via cooperative binding. We wanted to check if binding of one molecule near the edge or middle of the nucleosomal DNA helps another molecule to access its binding motif near the dyad. Towards this, we designed another 601 nucleosome positioning sequence harboring three Sox6 binding motifs within it located 66 bp, 46 bp and 25 bp away from the end of nucleosomal DNA, hereafter this construct will be referred to as 601-123(Figure 3A).

After reconstitution, proper wrapping of 601-123 DNA on human octamers was checked by EMSA and hydroxyl radical footprinting. 10 bp repeat upon hydroxyl radical cleavage demonstrated both proper wrapping of DNA around the histone octamer and strong octamer positioning relative to the DNA ends (Figure 3F). With these observations we can conclude that insertion of three Sox-6 binding motifs did not cause any alteration in the nucleosome positioning properties of 601sequence. Binding of Sox6 HMG domain to 601-123 free DNA as well as nucleosome was analyzed using EMSA and UV laser footprinting. As expected disappearance of 8-oxoG band corresponding to all the three Sox6 binding motifs was observed with increase in the concentration of Sox6 HMG domain, thereby reflecting specific binding of Sox6 HMG domain to its binding motif (Figure 5A & 5B). In case of the nucleosome, concentration dependent disappearance of 8-oxoG band was observed only at the binding motif positioned 46 bp and 25 bp away from the end of nucleosomal DNA whereas no alteration was observed in the 8-oxoG band corresponding to the binding motif positioned at 66 bp which is near the nucleosomal dyad even at maximal level of protein concentration. This result suggests that Sox6 HMG domain binds at positions 46 bp and 25 bp but not at 66 bp. The footprinting results from 601-123 construct were similar to the footprinting results observed for 601-1, 601-2 and 601-3 constructs which contained single binding sites as in both the cases Sox6 binding was observed at the binding motif positioned 46 bp and 25 bp away but not 66 bp far.

These results suggest that Sox6 can overcome the nucleosome barrier up to approximately 50 bp away from the nucleosome end, but at the same time it can't invade the nucleosome completely. In addition results from 601-123 nucleosome also suggested that Sox6 binding is not cooperative. Briefly, Sox6 binding to motif at 46bp and 25bp position didn't assist another Sox6 HMG domain molecule to bind to the consensus motif near the nucleosome dyad which suggested binding of each Sox6 HMG domain molecule to be independent of each other. Further, effect of linker histone H1 on Sox6 HMG domain interaction with the binding motif on nucleosomal DNA was analyzed using UV laser footprinting. Footprinting results showed that no alterations were observed in the Sox6 HMG domain binding properties either in the presence or absence of histone H1. Chromatosomes either with a single binding site or with 3 binding motifs showed that Sox6 HMG domain could invade nucleosome upto 50 bp from the nucleosomal end as like the control nucleosome (-H1), but they could not invade the binding motif at the nucleosome dyad in both the cases (Figure 6B). These observations suggest that binding of Sox6 HMD domain to the consensus motif on nucleosome is an independent event, and presence of linker histone H1 doesn't have any impact on their binding. Also, result from 601-123 constructs further confirmed that no cooperativeness was seen between Sox HMG domain molecules to access the binding motif positioned near the nucleosome dyad.

II.6 Discussion

Studies on the Sox group's HMG domains are essential to understand the mechanistic properties of gene regulation through overcoming chromatin barrier. However, currently available in vivo and in vitro data are insufficient to validate their characteristic binding on chromatin. In this study, we used Sox6 HMG domain as an example for Sox's group HMG domain and attempted to analyze how HMG domain binds to the nucleosome and the effect of histone H1 on the binding by EMSA and UV laser footprinting tools. Our data showed that Sox6 HMG domain binds specifically to its consensus binding motif upto 50 bp from the end of the nucleosomal DNA, but not when it was inserted in vicinity to the nucleosome dyad.

This could be explained through the DNA bending property of HMG domain. The weaker interaction between histone-DNA at the near end of nucleosome could favor the HMG domain to bend the DNA and bind with higher affinity, whereas at the center of the nucleosome DNA -histone interaction are very strong which may oppose DNA bending mediated through Sox6 HMG domain and thus the protein is unable to specifically bind to it.

It was reported that cooperative binding of multiple transcription factors on nucleosome could help complete nucleosome invasion [411], hence, we attempted to analyze whether cooperative binding could help Sox6 HMG domain to bind at dyad region by inserting 3 Sox6 binding motifs on different position on the nucleosome. Interestingly, our data from 601-123 nucleosome containing 3 binding sites showed that binding occurs until 50 bp from the end of nucleosome and not at nucleosome dyad as seen in the case of nucleosome containing single binding motif. This observation suggests that no cooperativity exists between Sox6 HMG domain and binding events are dependent on the binding motif position on nucleosomal DNA and the affinity between DNA and histone octamers. The higher affinity between H3-H4 tetramers and DNA at nucleosome dyad may affect the binding of Sox6 HMG domain to its consensus motif. Existence of multiple Sox6 binding sites within short region of regulatory elements and promoters may be mainly to overcome this nucleosome dyad mediated barrier.

As reported from previous studies linker histone H1 deposition on nucleosome brings together the two free linker DNAs and form a "stem" linker structure [412], which provides flexible linker DNA a fixed form. Our data shows that Sox6 HMG domain footprints on chromatosome are similar to footprints on nucleosome with binding occurring up to approximately 50 bp from the end of nucleosome but not at the nucleosome dyad. These 123 observations lead to the conclusion that binding of Sox6 HMG domain is mostly dependent on the affinity between DNA and octamers and presence of linker histone H1 doesn't affect the specific binding of Sox6 HMG domain to it cognate binding sites.

II.7 Perspectives

Our in vitro footprinting study on the accessibility of the nucleosome to the Sox6 HMG domain shows that nucleosomes are accessible up to approximately 50 bp but not deep inside. The higher affinity between the H3-H4 tetramer with DNA may affect the accessibility of transcription factors binding at the nucleosome dyad. One interesting prospective is to analyze transcription factor binding to nucleosome dyad upon perturbing the DNA-histone octamer interaction by chromatin remodelers. Chromatin remodelers act as molecular motors by using the energy from ATP hydrolysis and change the chromatin packing states by moving, ejecting, or restructuring the nucleosome. For instance, RSC chromatin remodeler is able to remodel as well as slide the centrally positioned nucleosomes by a two step mechanism. During the first step a stable non-mobilized particle containing ~180bp of DNA associated with histone octamer is generated and these particles are known as "remosome" [413]. Within the non-mobilized remosome particle, DNA-histone interactions are perturbed which will allow transcription factors or restriction enzymes to access the remosomal DNA. During the second step, remosome particles are mobilized by RSC to generate end positioned nucleosomes. We can try Sox6 HMG domain binding studies on these remosomes and slide nucleosomes to analyze whether Sox6 is able to bind on the consensus binding site inserted in the nucleosome dyad region.

Another prospective is analyzing the Sox6 HMG domain binding on the nucleosome at the chromatin scale. We could insert 601 sequence containing Sox6 binding motif in between the 12 repeats or 24 repeats of nucleosome positioning sequences using specific restriction enzymes. Performing UV laser footprinting experiments using this construct in the presence or absence of linker histone H1will provide evidence to understand how exactly Sox6 transcription acts chromatin. 

II.8.7 NAP-1 mediated H1deposition

Xenopus laevis linker histone H1 0 b were mixed with histone chaperone mNAP-1 in a 1:2 molar ratio and incubated at 30°C for 15 minutes in the following buffer: 20 mM Tris-HCl (pH 7.5), 0.5 mM EDTA, 100 mM NaCl, 1 mM DTT, 10% glycerol, 0.1 mM PMSF. After incubation equimolar amount of nucleosomes and linker histone/NAP-1 complexes were mixed together and incubated again at 30°C for 30 minutes. After assembling chromatosome, experimentally determined amount Sox6 HMG domain was added in reaction containing 1X binding buffer and incubated at 37°C. An aliquot of this reaction mix was used to check the formation of the Sox6 HMG domain /nucleosome or Sox6 HMG domain /chromatosome complex by 5% native PAGE at room temperature in 0.3X Tris-borate-EDTA (TBE) buffer. The remaining aliquots were probed by UV laser footprinting.

II.8.8 Hydroxyl radical footprinting

Hydroxyl radical footprinting was carried out to check the strong nucleosome positioning ability of Sox6 binding site incorporated 255bp of 601constrcuts and deposition of linker histone H1 into nucleosomes. In case of chromatosomes sample were subjected to buffer exchange to remove glycerol by using 30 KDa cutoff centricon concentrators and hydroxyl radical quencher free buffer (5 mM Tris, 5 mM NaCl, and 0.25 mM EDTA). The reaction was carried out in 15 µl final reaction mixture in quencher free buffer placed at the bottom of an eppendorf tube. The hydroxyl radicals were generated by mixing 2.5 µl each of 2 mM FeAmSO 4 /4 mM EDTA, 0.1 M ascorbate, and 0.12%H 2 O 2 together in a drop on the side of the reaction tube before mixing rapidly with the reaction solution. The reaction was terminated after 2 minutes by addition of 100 µL stop solution (0.1% SDS, 25 mM EDTA, 1% glycerol, and 100 mM Tris, pH 7.4), and the DNA was purified by phenol/chloroform extraction and ethanol/glycogen precipitation. The DNA was resuspended in formamide loading buffer, heated for 3 minutes at 80°C and ran along with UV laser samples on 8% denaturing gel in 1X TBE buffer. The gels were dried and exposed overnight on a phosphor imager screen. The gels were scanned on phosphor imager and analyzed by Multi-Gauge (Fuji) software. 
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Figure 1 :

 1 Figure 1: Diagram represent major discoveries in the history of chromatin studies. Image modified from[7].

Figure 2 :

 2 Figure 2: Organization of eukaryotic chromatin fibers. The lowest level of organization is the nucleosome, in which 146 base pairs of left-handed superhelical DNA wrapped 1.65 turns around the histone octamer. Nucleosomes are connected to each other by short stretches of linker DNA. At the next level of organization, nucleosome is folded into ~30nm fiber and these fibers further folded into higher order structures. Condensations of chromatin fibers are mainly mediated through the internucleosomal interactions, linker histones and non-histone proteins. Figure adapted from [25].

Figure 3 :

 3 Figure 3: Graphical representation of the domain architecture of all the core histones. The boxes indicate the helices of the histone fold domain and histone fold extensions. Figure is modified from [22].

Figure 4 :

 4 Figure 4: Histone octamer assembly. (a) Histone octamer consists of two copies of each of four core histone (H2A, H2B, H3 and H4) and it assembles through H3-H4 tetramer forming complex with H2A-H2B dimmers. (b) SDS electrophoresis gel of individual core histone, H3-H4 tetramer, H2A-H2B dimer and histone octamer.

Figure 5 :

 5 Figure 5: Nucleosome positioning sequences. Different nucleosome core particle constructs are arranged in order of increasing salt stability measured by tyrosine fluorescence spectroscopy. Minor and major groove -inward-facing region on histone octamer are represented orange and black, respectively. DNA binding motifs of core histones are mentioned as L-loop and A-α helix, where the color represents histone proteins blue-H3, green-H4, yellow-H2A and red-H2B. Figure adapted from[36].

Figure 6 :

 6 Figure 6: Domain architecture of metazoan linker histone H1. The unstructured N-terminal domain (NTD) consists of 25-35 amino acid residues, globular domain (G) consists of ~80 residues and the unstructured C-terminal domain (CTD) consist of 100-120 residues. Figure adapted from [55].

Figure 7 :

 7 Figure 7: Different models of H1 binding to nucleosome. (a) Simplified models showing the interaction of H1 globular domain with nucleosome, (i) Symmetrical model, (ii) asymmetrical model, (iii) asymmetrical DNA gyres model and (iv) bridging model. (b) Three-contact model for linker histone H1 globular domain binding within nucleosome, where globular domain (GH1), DNA and core histones are shown in green, grey and blue color respectively. Figures adapted from [55].

Figure 8 :

 8 Figure 8: A typical FRAP curve for H1 binding to chromatin showing multiple populations. Figure adapted from [73].

Figure 9 :

 9 Figure 9: Different models for the reversible association of linker histone H1 with nucleosome. The low affinity binding of H1 with nucleosome is initiated through nonspecific electrostatic interaction between CTD of H1 and linker DNA (Model I) or by nonspecific interaction between GH1 and linker DNA (Model II) or by both the globular domain and CTD that makes electrostatic clamp with linker DNA simultaneously (Model III). This low affinity association triggers confirmation changes in CTD, resulting high affinity binding of H1 with nucleosome. Figure adapted from [69].

Figure 10 :I. 6 . 5

 1065 Figure 10: Aminoacid sequence alignment of linker histone H1.5 and its embryonic isoforms from different organisms. Primary sequence analysis reveals that C-terminal regions of H1 embryonic isoforms

Figure 11 :

 11 Figure 11: Linker histone H1.5 post-translational modifications. Me-methylation, Ac-Acetylation, Phphosphorylation, Fo-formylation, Cr-crotonylation, Hib-2hydroxyisobutyrylation, Ububiquitination, Cit-citrullination, Su-succinylation, Ar-ADPribosylation, OH-hydroxylation. The boxes indicate the globular domain. Figure adapted from [104].

(

  fluorescence, electron, cryo-electron and atomic force microscopy). Based on the experimental evidences, several models have been proposed to explain how nucleosomes folded into 30 nm chromatin fiber. They are classified into two major categories: first one is the one-start model in which nucleosome arrays are coiled with bent linker DNA and consecutive nucleosomes are arranged next to each other. Solenoid model and super coiled linker model are best examples for one start model [122, 123]. The second one is two-start model/zigzag model in which nucleosome arrays are assembled in a zigzag manner with straight linker DNA connecting two adjacent stacks of helically arranged nucleosome cores.

Figure 12 :

 12 Figure 12: Models for the 30nm chromatin fiber structure. The image shows longitudinal views above and axial views below. (a) Solenoid model, (b) Crossed-linker model and (c) Helical ribbon model. Figure adapted from [124].

Figure 13 :

 13 Figure 13: Comparison of chromatin models to raw images of folded chromatin. (a) Cryo-EM images of folded chromatin arrays (22 nucleosomes with repeat length of 177bp). (b) View of interdigitated one-start helix model. (c) View of two-start crossed-linker model. Cryo-EM image analysis suggests that chromatin fibers are closely matched to the interdigitated one-start helix model, while they resemble the two-start crossed-linker model as well. The varying orientation of the coordinate axes describes the three dimensional orientation of the models in the corresponding rows. Figure adapted from [131].

Figure 14 :

 14 Figure 14: 30nm chromatin fiber structure. (a) The crystallographic image of tetranucleosome with a twisted linker DNA segment. (b) 3D cryo-EM map of the 30-nm chromatin fibers reconstituted on 12x187bp nucleosome array with the three tetranucleosomal structural units highlighted by different colors. Figures adapted from[START_REF] Schalch | X-ray structure of a tetranucleosome and its implications for the chromatin fibre[END_REF] 132] 

Figure 15 :

 15 Figure 15: Acidic patch of nucleosome and its interaction with H4 tail. (a) Electrostatic potential view of the nucleosome surface. (b) Close-up view of acidic patch, where histone H2A and H2B shown in yellow and red respectively. The α1-and αC-helices of H2B, α2-and αC-helices of H2A and the eight residues that make up the acidic patch are labeled. (c) Close-up view of the histone H4 tail-acidic patch interaction observed in the crystal structure, where H4 tail, histones and acidic patch residues are shown in lime green, grey and pink respectively. Figures adapted from [138].

  & 16d) [145].

Figure 16 :

 16 Figure 16: Chromonema and radial-loop/protein scaffold models. Chromonema model of condensed and decondensed form of chromatin fiber were shown in images 'a' & 'b' respectively. According to chromonema model, hierarchically folded chromatin fiber yields a series fiber of different thicknesses (condensed form), whereas local disruption of fiber-fiber interactions would lead to the unraveling of the fibers and would yield a light microscope image of two adjacent beads (decondensed form). Radialloop/protein scaffold model of condensed and decondensed form of chromatin fiber were shown in images 'c'&'d' respectively. According to this model, chromatin fiber forms loops attached to a protein scaffold. Local detachment of loop from scaffold leads to the decondensation of chromatin fiber and in order to visualize the beads the scaffold would have either to fragment or stretch. Figures adapted from [144].

Figure 17 :

 17 Figure 17: Chromatin territories. (a) Electron microscopy image showing the distribution pattern of Euchromatin (E) and Heterochromatin (H) in a normal thymus lymphocyte. (b) Identification of chromosome territories in intact interphase nuclei using three-dimensional fluorescence in situ hybridization. In this method each chromosome territories can be identified by labeling each chromosome with different set of fluorochromes. Image analysis by using appropriate software generates threedimensional reconstruction of all chromosome territories. Figures adapted from [150].

Figure 18 :

 18 Figure 18: Properties of euchromatic and heterochromatic regions. The gene-rich euchromatin region is permissive to transcription and generally found with active chromatin marks, where as the gene poor and highly condensed heterochromatin region mainly found with repressive chromatin marks which is resistant to gene transcription. Figures adapted from [168].

Figure 19 :

 19 Figure 19: Domain architecture of all remodeler families. All remodeler families contain a SWI2/SNF2family ATPase subunit characterized by an ATPase domain, which is split in two parts: DExx (red) and HELICc (orange). Remodeler families are distinguished from each other by the unique domains residing within or adjacent to the ATPase domain. For example, Remodelers of the SWI/SNF, ISWI, and CHD families each have a distinctive short insertion (gray) within the ATPase domain, whereas remodelers of INO80 family contain a long insertion (yellow). Further they are defined by the presence of distinct combinations of flanking domains: Bromodomain (light green) and HSA (helicase-SANT) domain (dark green) for SWI/SNF family, SANT-SLIDE module (blue) for ISWI family, tandem chromodomains (magenta) for the CHD family, and HAS domain (dark green) for the INO80 family. Figures adapted from [170] I.11.1.1 Different Chromatin remodeling Families

  Together with the C-terminalSANT (ySWI3, yADA2, hNCoR, hTFIIIB) and SLIDE (SANTlike ISWI) domains of ISWI family ATPase domain forms a nucleosome recognition module which binds to the unmodified histone tails and DNA[180]. Remodeler associated proteins impart many domains to remodelers such as DNA-binding histone fold motifs (in hCHRAC [181-183]), plant homeodomain (PHD), bromodomains (hBPTF and hACF1) and additional DNA-binding motifs (HMGI(Y) for dNURF301). Remodeler associated proteins also imparts functional diversity. For example, most of the ISWI family remodelers (ACF, CHRAC) are involved in transcription repression by nucleosome spacing through promoting chromatin assembly [184]. Whereas certain complexes like NURF work antagonistically by assisting RNP II activation through randomized spacing [185].

Figure 20 :

 20 Figure 20: The twist diffusion model of nucleosome remodeling. This model proposes that a segment of DNA at the entry/exit site of the nucleosome releases or absorbs a single base pair from the linker DNA. In the figure, an additional base pair is inserted from the left. This distortion is predicted to be relatively minor and thus not disrupt histone-DNA contacts. Transfer of this twist distortion to a neighboring DNA segment would translocate and rotate the DNA duplex by one base pair relative to the protein. Propagation of such a distortion around the histone core would effectively move the nucleosome along the DNA one basepair at a time, with a full rotation of duplex for every ~10.4 base pairs. Figures adapted from [195] I.11.1.2.2 Bulge/Loop Propagation Model

Figure 21 :

 21 Figure 21: The loop/bulge propagation model of nucleosome remodeling. (a) At left, a nucleosome side view emphasizing the left-handed wrapping of DNA (b) States 1 to 4 represent the successive steps occurring during a remodeling event. The concerted action of a DNA-binding domain (DBD) located on the linker DNA and a translocation domain (Tr) located near the dyad generates a small DNA loop that propagates on the nucleosome surface. The remodeler undergoes a conformational change in its DBD when DNA 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 continues its propagation on the second half of the nucleosome surface by one-dimensional diffusion. Loop propagation then resolves into the distal linker, resulting in nucleosome repositioning (State 3 to State 4). The remodeler resets its conformation with original binding contacts, ready for a new remodeling cycle (State 4 to State 1). Figures adapted from [170]

  catalyze the transfer of acetyl group from acetyl CoA to ε-amino terminal groups of specific lysine residues, whereas HDACs catalyze the reverse reaction i.e. lysine de-acetylation.Acetylation of positively charged lysine residue neutralizes its charge and weakens the interaction between DNA and histones. Based on their characteristics features HATs are divided into two major classes, type-A and type-B. The highly conserved type-B HATs are predominantly present in the cytoplasm and they specifically acetylate newly synthesized histones and not those already deposited into chromatin. For example, specific acetylation of K5 and K12 of histone H4 and few residues in H3 by type-B HATs are important for their deposition into chromatin[210]. Type-A family HATs are more diverse as compared to the type-B and they are subdivided into 3 separate groups based on their structure and sequence homology: GNAT, MYST and CBP/p300 families[211]. Type-A HATs families mainly acetylate the lysine residues in N-terminal histone tails which protrude from the nucleosome, thereby altering their electrostatic interaction and binding with diverse transcription factors that leads to variations in genome functional regulation[212]. In addition to tail modification, few type-A HATs families have been shown to acetylate residues within the histone folding domain (H3K56 acetylation by hGCN5) suggesting that it would affect histone/DNA interaction[213]. Histone deacetylases (HDACs) are predominantly associated with transcription repression and stabilize the local chromatin structure by removing active lysine acetylation marks. However there are evidences suggest that they also associated with transcriptional activation. Based on their sequence homology and domain architecture HDACs are classified into 4 distinct families class I, Class II, Class III and Class IV[212]. These HDACs families found together or alone in multiple protein complexes and single enzyme is capable of removing acetyl group form mutable lysine residues make difficult to determine which class is responsible for specific effect. Apart from the transcription regulation and chromatin condensation acetylation of histone do play vital role in DNA repair, apoptosis and in VDJ recombination[206].I.11.2.2 Histone phosphorylationHistone phosphorylation predominantly takes place on serine, threonine and tyrosine residues in the N-terminal tails and their level of modification are regulated through different kinases and phosphatases which add and remove the modification respectively[214]. Kinases transfer phosphate group from ATP to hydroxyl group of target amino acid side chain, which introduces the negative charge to the histones and leads to significant alteration in the chromatin higher order structure. As like acetylation, phosphorylation does take place in the histone fold domain and regulates genome function. For instance, H3Y41 phosphorylation by non-receptor tyrosine kinase JAK2 prevents binding of HP1α and thereby it relieves gene repression[215].

  transferases (HKMT) and protein arginine methyltransferases (PRMT). HKMTs catalyze mono-, di-or tri-methylation of lysine by transferring methyl group from Sadenosylmethionine to the ε-amino group of the lysine residue, whereas PRMTs catalyzes both mono-and di methylation of arginine, either symmetrically or asymmetrically by transferring methyl group to the guanidine group. Unlike acetylation and phosphorylation, methylation of histone molecule does not change their charges[216][217][218].All lysine methyltransferases share SET domain that harbors the enzymatic activity responsible for methylation of lysine; however, there are certain exception to this rule. For example, Dot1, which methylates H3K79, does not have a SET domain[219]. While methyltransferases have been known for a while, most of the demethylases were discovered only in last decade. The first identified demethylase was lysine-specific demethylase 1 (LSD1) that is able to remove methyl group from H3K4me1/2 but not from the tri-methylated form[220]. Later in 2006, first tri-methyl lysine demethylase, JMJD2, was identified and was which removes methyl groups from H3K9me3 and H3K36me3 residues. The specific demethylase activity of JMJD2 resides within the JmjC jumonji domain[221]. Very little is known about arginine demethylase. A single enzyme known as JMJD6 was reported to remove methyl group from H3R2 and H4R3[222].

  transcript[240]. Except histone H4, all other conventional histones are reported with variants that differ mainly in their length and composition of amino acid sequence[241]. Incorporation of these variants confers novel structural and functional properties to the nucleosome and their specific localization and distribution pattern suggests significant involvement in chromatin architecture, cell differentiation, genome expression and DNA repair[242][243][244][245].

  is the best studied histone variant. It shares 60% homology with canonical H2A and comprises roughly 5-10% of total cellular H2As. Despite heterogeneity in their amino acid composition, DNase I foot printing experiments and X-ray crystallography studies on H2A.Z nucleosomes show that its structure is similar to the conventional core nucleosome[248]. H2A.Z plays a controversial role in gene regulation by involving in both transcriptional activation and repression. Several possibilities have been proposed to explain the H2A.Z functional differences; one of them being nucleosome destabilization due to the presence of homotypic (nucleosome contains 2 copy of H2A.Z) or heterotypic nucleosome (nucleosome containing one copy of H2A.Z and one copy of canonical H2A) in the genome[249, 250]. It has been suggested that a slight change in the organization of loop 1 (L1) between canonical H2A and H2A.Z could result in steric hindrance that would destabilize the nucleosome. Indeed, enrichment of homotypic H2A.Z nucleosomes has been observed in the downstream region of active gene promoters and at intron-exon junctions. Further, H2A.Z has been shown to prevent the interaction of linker histone H1 with the nucleosome which may facilitate the accessibility of transcription factors at the proximity of transcription start site and promote transcription[251]. In addition to their structural features, post-translational modifications of H2A.Z are also shown to play role in their functional variation. For instance, it has been shown that mono-ubiquitinated H2A.Z is associated with facultative heterochromatin and human female X-chromosome inactivation whereas acetylated form is found at the promoters of actively transcribing genes[252][253][254]. variant is highly conserved and is expressed throughout the cell cycle with or without poly-adenylation and constitutes up to 25% of the mammalian histone H2A amounts[255]. H2AX evolved with a unique C-terminal sequence (…SQ(F/D)(LYFV)-COOH) which get phosphorylated in response to DNA double strand DNA breaks (DSBs) and yields a characteristic form known as γ-H2A.X, which plays a significant role in DNA repair by recruiting and interacting with DNA repair machineries through its docking domain[247, 256]. It also assists the recruitment of cohesin which stabilize the chromosome surrounding the broken DNA ends[257, 258]. Hence, it is also referred to as "histone guardian of the genome"[247]. In addition, phosphorylation of H2AX has been shown to play a role in chromatin destabilization and it impairs the binding of the linker histone H1 to the chromatin[259].
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 11314 Histone variant H2A.BInitially known as Histone H2A.Bbd, H2A.B was first characterized in humans and was shown to be excluded from female inactive X-chromosome upon transfection of different human cell lines with C-terminal GFP-myc tagged H2A.B plasmids, hence named as H2A.Bbd (Barr body-deficient)[267]. The protein sequence of H2A.B is highly divergent and shares only 48% homology with the conventional H2A. Being smaller in size with 115 amino acids(12.7 kDa), this variant lacks the typical H2A family characteristic C-terminal tail and docking domain which are responsible for interaction with H3 in NCP and inter-nucleosomal interaction[267, 268]. It has been shown that H2A.B could not form stable octamer in 2 M NaCl solution; however, nucleosome could be reconstituted in vitro in the presence of equimolar concentration of other core histones and DNA[268, 269]. In addition, H2A.B exhibited significant salt dependent instability as compared to the canonical nucleosome[270].In vitro experiments revealed that H2A.B containing nucleosome could be able to protect only ~120 bp of DNA suggesting that remaining 13-15 bp at each end of NCP are flexible and detachable. Further, incorporation of H2A.B in the nucleosome abolishes the binding of linker histone H1 to chromatin that leads to a dynamic open confirmation[271]. It has also been shown that ectopic expression of H2A.B is associated with active transcription, mRNA processing and enrichment at DNA synthesis sites. Recent evidences suggest that H2A.B could also be involved in spermatogenesis as H2A.B was found to colocalize with the acetylated histone H4 in elongating spermatids[272].Unlike large pool of H2A variants, so far only two variants have been reported for H2B, namely TH2B and H2BFWT[273]. TH2B is the first testis-specific histone variant ever reported and it is conserved among humans, rat and mouse[274]. With the length of 127 amino acids it shares 89% homology with canonical H2B and represents major portion of H2B population in the testis[273]. TH2B and conventional H2B are differs mainly in their Nterminal domain whereas C-terminal domains are completely conserved[273]. Like histone H2A.B, TH2B also could not form stable octamer in 2 M NaCl solution ; however, nucleosome can be reconstituted in the presence of DNA and its incorporation didn't alter the binding efficiency of linker histone H1 to the nucleosome[275]. This H2B variant is expressed quite extensively throughout spermatogenesis and has been shown to replace the canonical H2B in elongating spermatids. Its levels gradually decrease in humans during spermatid nucleus condensation suggesting its role in chromatin reorganization during spermatogenesis[276].H2BFWT is 175 amino acid long and shares only 70% homology with canonical H2B.The diversity between these two proteins is found mainly in their N-terminal domain as like TH2B. In addition, H2BFWT has a 42 amino acid extension in their N-terminal tail which is absent in conventional H2B[273]. H2BFWT has been shown to be associated with telomeric DNA[273] ; however, in vitro and in vivo experiments did not show any alteration or differences between canonical and H2BFWT variant nucleosomes suggesting that functional implications of H2BFWT in chromatin is yet to be elucidated[277]. Until now, several H3 variants have been identified and reported to play significant roles in cellular process like transcriptional activation and chromosome segregation. The numbers of variants in the H3 family and their nomenclature differ between species. The mammalian histone H3 family includes 4 somatic variants (H3.1, H3.2, H3.3 and CENP-A also known CenH3) and one testis specific variant H3t[278]. The somatic H3 variants H3.1 and H3.2 share 99% homology and are expressed during the S phase of cell cycle, hence referred to as replicative histones ; whereas H3.3 shares 96% homology as compared to H3.1, is expressed throughout the cell cycle and replaces the canonical H3 at active genes and promoters, thereby referred to as replacement histone variant. As compared to other somatic variants the centromeric protein A (CenH3) is highly divergent, shares only 46% homology with H3.1 and specifically localize at the centromeres[279]. known as CENP-A) is the least conserved histone variant among the H3 family[257]. It shares homology with conventional H3 in its C-terminal region whereas Nterminal tails are highly divergent[241]. Despite their sequence variability, they interact directly or indirectly with numerous kinetochore proteins and form neo-centromeres in a way that it is independent of underlying α-satellite DNA sequence[257]. It has been shown that CenH3 histone fold domain contains information for targeting centromeres whereas Nterminal region is required for binding other kinetochore proteins [280-282]. In addition CenH3 has been suggested to act as an epigenetic marker as it is retained in the mature spermatozoa and transmitted through generations [257, 283]. Cross linking and immune-precipitation studies in Drosophila melanogaster suggest a distinct structural form for CenH3 nucleosome in which only 120 bp of DNA is wrapped around only one copy of each histone (CenH3, H2A, H2B and H4) in a right-handed orientation referred to as hemisome[284]. Nevertheless, recent X-crystallography analysis revealed intrinsic features of CenH3 nucleosome where histone octamer wraps the DNA in a left-handed orientation and covers only 121bp as compared to the 147bp of canonical nucleosome[285]. Further, remaining 13 bp from both DNA entry and exit points of the nucleosome are suggested to be flexible due to the variations in the αN helix of CenH3 as compared to αN helix of conventional H3[285]. Recent studies on CenH3 nucleosome and its interacting partners also suggest that the final nucleosome confirmation depends upon the interaction of CenH3 with other proteins of the centromeric complex, such as CENP-C[286]. Histone variant H3.3 is expressed throughout the cell cycle in poly-adenylated form and is incorporated into the genome independent of replication by specific histone chaperones DAXX and HIRA[287-290]. Their accumulation rates in cells vary based on the age and type of tissues. For instance, H3.3 is found as the major form in neurons suggesting that in slowly dividing or non-dividing cells histone variant H3.3 is used to substitute the conventional histones[291]. As mentioned previously, structurally H3.3 varies only in 5 amino acids in contrast with H3.1 where H3.3 is replaced with Serine 31 at the NTD, and A87, I89, G90 and Serine 96 in the α2 helix of the HFD[292]. Incorporation of H3.3 variant didn't cause much structural changes in the NCP; however, they are responsible for their changes in hydrodynamics properties and low stability[293]. It has been shown that phosphorylation of serine 31 residue of H3.3 occurs during the prophase in pericentromeric region but still its functional regulation is not yet clearly understood[294]. It has been suggested that post translational modifications of H3.3 play a significant role in transcriptional activation. For example, H3.3 is shown to associate with epigenetic marks such as lysine 4 di-and trimethylation, lysine 9, 18 and 23 acetylation and lysine 79 methylation. Recent findings also suggest that in cells H3.3 is often found to be associated with H2A.Z nucleosome and they are enriched at 'nucleosome-free regions' of active promoters, enhancers and insulator regions[295]. In vitro experiments show that both H3.3-H2A.Z nucleosome and H3.1-H2A.Zor canonical nucleosome exhibit identical stabilities whereas in the cell nucleosome with both variants H3.3 and H2A.Z exhibits an unusual degree of instability[251, 296]. This observed variation in H3.3-H2A.Z nucleosome stability in cells could be associated with the post translational modifications of histone variants (H3.3 and H2A.Z) or attributed to recruitment of chromatin remodeling complexes which are yet to be determined[296, 297].
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 3 Structural analysis of H1-bound nucleosome 4. Understanding nucleosome recognition by GH1 domain 5. Validating our structural data using cross-linking and footprinting techniquesI.13.1 AbstractLinker histones are essential for the maintenance of chromatin organization in the nucleus. However, how these proteins recognize nucleosomes and interact with linker DNA remains elusive. Here, we report the three-dimensional structure of a 197 base-pair nucleosome in complex with the linker histone H1. The structure was determined by cryoelectron microscopy and X-ray crystallography and validated by site-directed protein crosslinking, hydroxyl radical footprinting and molecular docking. The globular H1 domain is positioned on the nucleosome pseudodyad and recognizes the nucleosome core and both linker arms by contacting the DNA backbone in the minor groove. The N-and C-terminal H1 domains are oriented away from the nucleosome core towards different DNA linkers.

Fig. 5e )

 5e to one comprising a mixture of two offcentered GH1 binding positions related by the dyad symmetry, each protecting a subset of nucleotides (scenario II; Fig.5e). To address this issue we prepared nucleosomes lacking one linker arm, which retain the ability to bind GH1 (Fig.S13). In scenario II, GH1 should preferentially bind mono-linker nucleosomes in the orientation that maximizes interactions with the remaining linker, thereby yielding a distinct partial pattern of nucleotide protection(Fig 5e, bottom). In fact, H1 or GH1 incubated with mono-linker nucleosomes yields a footprint on the dyad closely resembling that observed with di-linker nucleosomes (magenta asterisks, Fig.5f,g). This is more consistent with scenario I (Fig 5e, top), thereby supporting the GH1 position observed in our structure.

  EMAN software package [327]. The Contrast Transfer Function (CTF) of the microscope was determined for each micrograph using the CTFFIND3 program [328] within the frame of the RELION software package [329]. The molecular images of both datasets representing nucleosomes with or without linker histone were subjected to reference-free classification in RELION to eliminate images containing contamination or bad particles. Structure refinement was done in RELION using a starting model obtained by the reference free angular reconstitution method [330]. Image sorting was found necessary to select the most homogeneous particles since part of the structure was flexible. Maximum-likelihood based sorting was performed using the RELION software package. The final 3-D reconstruction was carried out in RELION. Illustrations were prepared using the Chimera visualization software[331].

  using the SWISS-MODEL server[341]. The model was modified by trimming nonidentical surface residues to alanine or serine and by deleting the flexible H1-H2 and 2-3 loops. We performed a 6-dimensional search in which the atomic coordinates of the 197-bp nucleosome were held fixed while GH1 was systematically rotated and translated within a volume bounded by the linker and core DNA. Tests performed using a 20-residue polyalanine model (distorted to introduce an rmsd of 1.5 Å) corresponding to histone H3 residues 66-75 and 90-99 revealed that rotational and translational sampling intervals of 20 o and 3 Å, respectively, were sufficient to correctly position the search model. For GH1 we used a 10 o rotational sampling interval (6859 orientations) and an initial 3 Å translational sampling interval within a 12 Å x 9 Å x 9 Å box centred on the observed density between the two linkers and the nucleosome core.GH1/nucleosome configurations were generated using the CCP4 program lsqkab in a Unix shell script that looped over the six sampling parameters. For each configuration, a second GH1 molecule was generated by rotating 180 o about the nucleosome dyad; R cryst was then evaluated for the ensemble (nucleosome plus both copies of GH1, each at 0.5 occupancy) using the FUN=S option in program Molrep[342]. (An example of the rotational search space at one translational grid point is shown in Fig.S6a). These results yielded R cryst values that varied between 0.407 and 0.418 over the entire search. Configurations yielding local minima in R cryst which did not exhibit severe packing violations were then subjected to a finer 1 Å translational search on a 12 Å x 10 Å x 9 Å grid to place, as illustrated in Fig.S6b. The resulting configurations were then subjected to rigid body refinement in Phenix[337], in which the two dyad-related GH1 orientations of each configuration were treated as independent rigid bodies. Out of over 200 configurations tested, only one refined stably: for this configuration, one of the two dyad-related GH1 domains was shifted by 6.7 o and the other by 8.1 o (mean rotational shift of 7.4 o ) (Fig.S7). In contrast, all other configurations exhibited a mean rotational shift that varied between 21.5 o and 87.2 o . The solution which refined stably also yielded the lowest R free value (Fig.S7). The two GH1 orientations corresponding to this solution show only a limited overlap, involving the C-terminus of helix 3 from one orientation and  strands 2 and 3 from the other; the six helices of the two domains otherwise do not overlap, facilitating map interpretation (Fig.S8a). Tests performed in Molrep with different occupancy values yielded the lowest R cryst values when both orientations were present at approximately equal occupancy (0.35-0.45 when B factors were set to 375 Å 2 ) (Fig.S8b). Rigid body and TLS refinement performed in Phenix (in which the nucleosome core, two linkers and two GH1 orientations [each at 0.5 occupancy] were refined as independent bodies) yielded final R cryst and R free values of 0.2976 and 0.3016, respectively. Omitting either GH1 orientation from the model and repeating the refinement caused R free to increase by 0.2-0.3. The agreement between the final model and the omit and final 2F o -F c density is shown for orientation 1 in Fig.2aand b and for orientation 2 in Fig.S9and S10.

Figure 1 .

 1 Figure 1. Cryo-EM analysis of nucleosomal particles. a,b. Three representative 3-D classes of 197-bp nucleosomes showing different linker DNA orientations in the (a) absence and (b) presence of histone H1. c. Definition of linker DNA exit angles  and . d,e. Distribution of the linker DNA exit angles (d)  and (e)  in eight 3-D classes of nucleosomes observed in the presence (red) and absence (blue) of H1. Note the shift from positive to negative values for the  angle upon H1 addition. f. Surface representation of the nucleosome/H1 complex in the closed conformation (blue map in Fig. 1b) and bandpass filtered to keep spatial frequencies between 10 and 40 Å to highlight the additional density occupied by H1. The arrow indicates the density attributed to GH1. g. Density difference map (red) calculated between the cryo-EM map of the H1-nucleosome complex and the atomic structures of the NCP and linker DNA fitted into the map.

Figure 2 .

 2 Figure 2. Crystallographic analysis of the H1/nucleosome complex. a. Omit F o -F c (green) and 2F o -F c (blue) maps in which the linker DNA and GH1 were omitted from crystallographic refinement and from the map calculation. Maps are contoured at 0.056 e -/A 3 (F o -F c ) and 0.194 (2F o -F c ) e -/A 3 , which correspond to 2.5 and 1.0  above the mean density, respectively. Insets: Front and top views of 2F o -F c omit density attributed to GH1. The map is contoured at 0.149 e -/A 3 (0.1  above the mean), which corresponds to a Zscore of 6.67 above the map noise level as estimated by the program END/RAPID [339] (See Methods for details of density analysis). b. Final 2F o -F c map contoured at 0.220 e -/A 3 (left) and 0.165 e -/A 3 (insets) or 1.0 and 0.2  above the mean, respectively. The views are identical to those in panel a. c. DNA stacking interactions in the crystal lattice. The linker arms of molecule A stack with linker DNA from molecules B and C, giving rise to a fibre-like arrangement along the crystallographic a direction. GH1 is omitted for clarity. d. Bending of the linker DNA. Interactions with the nucleosome core of molecule D and stacking interactions with molecule C result in a 44 o bend in the right linker of molecule A as estimated by CURVES+ [347]. The bend is centered approximately 1.5 turns from NCP exit. For clarity only one linker arm of molecule C is shown. e. Agreement between the crystal structure and the cryo-EM map. The crystal structure was fitted as a single rigid body into the EM map, which is contoured at 1.25, 2.0 and 3.0  (light, medium and dark grey, respectively). f. Comparison to molecular docking results. Left, The position of GH1 in the crystal structure (magenta) is shown compared to the best-scoring Haddock model (green; Haddock Run No. 9 in Table S3). Compared to the crystal structure, the Haddock configuration showed a difference in GH1 orientation of 35.1 and a difference in interface RMSD (calculated on DNA atoms and main chain GH1 atoms within 10 Å of the protein-DNA interface) of 2.6 Å. Right, Comparison with the model obtained with Autodock-Vina. Compared to the crystal structure, the Vina configuration showed a difference in GH1 orientation of 36.5 and a difference in interface RMSD of 3.4 Å.

Figure 3 .

 3 Figure 3. Nucleosome recognition by GH1. a. Orientation of the GH1 domain. Helices 1-3 are shown in magenta and strands 1-3 in purple. The W1 wing is labelled. The base pair on the dyad axis is shown in red. b. Electrostatic surface of GH1 domain. Positively and negatively charged surfaces are shown in blue and red, respectively. GH1 orients its largest positively charged surface towards the nucleosome core and smaller basic patches towards each linker. c. Primary structure of the GH1 domain. Residues close to core or linker DNA are indicated by blue (sense) or cyan (anti-sense) squares and triangles, respectively, coloured as in panel a. d. Schematic summary of DNA-proximal GH1 residues. GH1 residues are shown next to the DNA phosphate positions (in red) on the core and linker DNA to which they are most proximal. The positively charged dipoles of helices 1 and 2 are indicated. Depending on side chain conformation, Lys73 might contact either the core DNA or the right linker. Basic residues are indicated in blue, while all other residues are in violet.

Figure 4 .

 4 Figure 4. Surface mapping of GH1 functional and phylogenetic data. a. Sequence of GH1 from X. laevis. Blue and black boxes indicate residues which are within 5 Å of DNA and those whose side chains have >50% solvent accessibility. Residues are highlighted according to the sequence alignment shown in Fig. S12: conserved residues with side chains which are more than 50% buried or exposed are shown in pink and green, respectively. b. Degree of sequence conservation plotted versus distance from DNA for solventexposed residues. c. Sequence conservation plotted onto the GH1 surface. Residues are coloured as in panel a. Conserved, solvent-exposed side chains are located next to DNA whereas variable surfaces are remote from DNA. d. Effect of alanine mutations on half-time of FRAP recovery (t 50 ) plotted versus distance from DNA. Data are those of [65]. e. Mutagenesis data plotted onto the GH1 surface. Mutations that have a strong, medium or weak effect on t 50 are shown in red, yellow and pink, respectively.

Figure 5 .

 5 Figure 5. Mapping of H1-nucleosomal DNA interactions. a-d. Site-specific cross-linking of GH1 to nucleosomal DNA. a. Top. Native agarose gel showing the binding of H1 R42C-APB to the nucleosome. Bottom. Denaturing SDS-agarose gel showing cross-linking of H1 R42C-APB to nucleosomal DNA upon UV irradiation. b. Denaturing SDS-agarose gel showing cross-linking of H1 R42C-APB and H1 S66C-APB to nucleosomal DNA upon UV irradiation. c. Mapping of cross-linked nucleotides by piperidine base elimination cleavage of the DNA and subsequent analysis on sequencing gels. Nucleotides cross-linked to H1 R42C-APB are indicated by orange arrows or brackets and those to S66C-APB by red brackets. The enhanced intensity of bands indicates cross-linking of H1 R42C-APB to nucleotides -77 and -80 and of H1 S66C-APB to nucleotides -74 to -77. Similar bands are observed on the other linker (in the region spanning -75 to -80), consistent with GH1 adopting two orientations related by the nucleosomal dyad. d. Crystal structure showing the location of residues Cys42 (orange) and Cys66 (red); the nucleotides with which they cross-link are shown in the corresponding colour. The view shown is that of the left panel of Fig. 4a viewed from the back. e. Cartoon illustrating two possible binding modes of GH1 and expected footprinting pattern. f,g. Hydroxyl radical footprinting of centrally positioned nucleosomes bearing two linkers (lanes 1-2) compared to nucleosomes with only one linker (Lanes 3-6). Reactions were performed in the absence (lanes 1, 3 and 5) or presence (lanes 2, 4 and 6) of (d) H1 or (e) GH1. Cleavage patterns are shown in duplicate. Nucleotide regions protected by H1 or GH1 are indicated by an asterisk (*).

Figure S1 .

 S1 Figure S1. Cryo-electron microscopy and image analysis. (a) Cryo-electron microscopy field of isolated nucleosomes reconstituted on a 601 DNA sequence 197 bp long. (b) Gallery of isolated nucleosomal particles. (c) Gallery of class averages obtained after image alignment and clustering. (d) Characteristic top view of the nucleosomal particles (left panel) with the corresponding orientation of the atomic model (right panel). The arrows indicate the junction of the core and linker DNA.

Figure S2 .

 S2 Figure S2. Resolution curves for the nucleosomal particles. (a) Fourier Shell Correlation (FSC) plot to estimate the resolution of the map of the NCP part of the nucleosome particle. The FSC plot shows a value of 0.143 at 10.1 Å resolution. (b) FSC plot of the H1 0 b-nucleosome complex in the closed conformation shown in Fig1f. The FSC plot shows a value of 0.143 at 10.0 Å resolution. The FSC curves were calculated between two independently refines halves of the dataset [329].

Figure S3 .

 S3 Figure S3. Local resolution measurements. Local resolution estimation was performed using the "ResMap" program [332]. The dataset was split randomly into two halves in order to obtain two reconstructions, which were then used to estimate the local resolution. The electron density map was colored based on the local resolution estimation using the "Surface color" tool implemented in Chimera.

Figure S5 .

 S5 Figure S5. Structure of the linker histone globular domain. a. Ribbon diagram of the globular domain of chicken H5 (pdb 1HST) [53] showing the A (green) and B (magenta) conformations. The W1 element and 1-1 loop that differ in conformation are marked by an orange and cyan asterisk, respectively. b. Sequence alignment of the X. laevis GH1 0 b and chicken GH5 domains.

Figure S6 .

 S6 Figure S6. Sample of the 6-dimensional search space explored to position GH1 within the crystal. a. Stereodiagram showing the results of the rotational search performed in spherical polar coordinates (,,) at a fixed translational grid position. Each grid point represents a GH1-nucleosome configuration, and its size and colour indicate the corresponding R cryst value calculated by MolRep[342], as indicated at the left. The local minimum in R cryst which gave rise to the final GH1 configuration in our crystal structure is circled in red. The grid points with lower R cryst values on the right correspond to solutions with molecular packing violations. b. Translational search performed for the orientation circled in red in panel a. The translational search minimum circled in black gave rise to the final GH1 configuration in our crystal structure.

Figure S7 .

 S7 Figure S7. Rigid body refinement of GH1 configurations identified in the 6D molecular replacement search. The bottom panel indicates the average rotational shift of the two GH1 orientations following rigid body refinement in Phenix [337] and the upper panel indicates the corresponding R free value, plotted against 221 configurations identified in the 6D molecular replacement search. This procedure identified a unique solution (red arrow) with an average rotational shift (7.3 o ) significantly smaller than those of all other configurations tested.

Figure S8 .

 S8 Figure S8. GH1 orientations related by the nucleosome dyad. a. Ribbon diagram showing the two dyadrelated GH1 orientations present in the crystal. The central complex in the left panels is coloured as in Fig. 3a, and symmetry-related complexes are shown in pale colours. Although both orientations are shown, only one orientation is present on any given nucleosome in the crystal. b. Plot of R cryst against the occupancy of each GH1 orientation as calculated by MolRep [342].

Figure S9 .

 S9 Figure S9. Omit map showing density for GH1 helices. Stereo figure showing a 2F o -F c omit map in which GH1 was omitted from crystallographic refinement and from the map calculation. Panels a-c show views centered on GH1 helices 1-3, respectively. GH1 (orientation 2) is shown as a C backbone trace in magenta while the DNA is shown in a stick representation. Blue, cyan and grey lines represent three different map contour levels. Panel legends summarize the absolute density, sigma level, and Z-score above the noise corresponding to each contour level. The Z-score was calculated as (- noise )/ noise , where  is the the contour level in e -/A 3 and  noise and  noise are the mean and rms values of the noise in the omit map as estimated by programs END and RAPID [339] and listed in TableS4.

Figure

  Figure S10. Stereo views of electron density covering the GH1 domain (orientation 2). a. Omit 2F o -F c map contoured at 0.164, 0.154 and 0.144 e -/A 3 (Z-scores of 7.7, 7.0 and 6.3 above the noise; 0.4, 0.2 and 0.0 sigma, respectively). b. Final 2 F o -F c density contoured at 0.172, 0.165, and 0.158 e -/A 3 (0.3, 0.2 and 0.1 sigma, respectively).

Figure S11 .

 S11 Figure S11. Stereoview showing agreement between the crystal structure and cryo-EM map of the H1nucleosome complex. The view in the top panel is the same as that shown in the left panel of Fig. 1e.

Figure S12 .

 S12 Figure S12. Conserved surface residues of GH1. Sequence alignment of 20 seed sequences from the PFAM Linker histone H1 and H5 family (PFAM entry PF00538). DNA-proximal residues and residues with side chains that are 50% solvent-accessible are marked by blue and black squares, respectively. The degree of sequence conservation is plotted underneath the alignment and was calculated using the Scorecons server and a valdar01 mutation data matrix [348]. Solvent-exposed and buried residues with a conservation score above 0.55 are highlighted in green and pink, respectively.

Figure S13 :

 S13 Figure S13: GH1 is able to specifically bind to nucleosomes bearing a single 10-bp linker. (a) EMSA of nucleosomes with linker length 10 bp (lanes 1-3) and with linker length 15 bp (lanes 4-6). Note the change in mobility upon incubation of the nucleosomes with NAP1-GH1 (lanes 6 and 3 versus 4 and 1, respectively). (b) Hydroxyl radical footprinting of 10 and 15 bp single linker nucleosomes without (lanes 2 and 3) and with (lanes 4 and 5) GH1. Protection on the dyad and on the linker are indicated by an asterisk.

Figure S14 .

 S14 Figure S14. Summary of Haddock results. Comparison of the C ribbon trace of the GH1 position observed in the crystal structure (magenta) with docking configurations obtained by the program Haddock [318] for the runs listed in TableS3. The best-scoring configuration for each run is shown in grey, except for that yielding the lowest (run 2, yellow) and highest (run 10, green) iRMSD with the crystal structure.

  histone octamer. Arrays of nucleosomes are further condensed by the binding of linker histone into the dyad axis of each nucleosome and form the DNA-protein complex commonly known as 'chromatin'. Compaction of chromatin fiber and hierarchy continues until genome is condensed to the metaphase chromosome. However, compaction is an obstacle for genome functional regulation processes especially for gene transcription, replication and DNA repair where DNA has to be accessed by protein machineries. Overcoming the chromatin barrier in order to access genome encoded information is a significantly important process to maintain the unique nature of distinct cell types in eukaryotes. Genome wide Chip-Seq localization analyses has shown that only a small percentage of transcription factors occupy their consensus binding sites as compared to the all the known transcription factors[351, 352]. In addition, location of histone modifications likes H3K4 methylation at active enhancers and promoters and histone modifying enzymes such as p300 at enhancers provide indirect evidence about target sites being occupied[353][354][355]. Further, nucleosome destabilization by ATP-dependent nucleosome remodeling complexes or deposition of histone variants H3.3 and

  Initiation of transcription in response to cellular signals through overcoming the chromatin barrier is specifically carried out by a unique transcriptional program, where specific DNA sequence in the regulatory elements of genome are recognized by a unique subset of transcription factors independent of chromatin mediated barriers and generates transcriptional regulatory signals. This subset of transcription factors are generally defined as 'Pioneer transcription factors (PTFs)' and they are grouped based on their biological functions, homology of binding sequences and the presence of conserved domains. In general, PTFs recognize their DNA binding motif by a unique DNA binding domain and trigger the recruitment of additional transcription factors thereby generating the transcriptional regulatory

Figure 1 .

 1 Figure 1. Initial targeting of pioneer factor and subsequent events. (A) Pioneer factors can target can target sites with high intrinsic nucleosome occupancy. (B) Binding of pioneer transcription factors on the target region enables other factors (transcription factors, chromatin modifiers, and remodelers) to access their target sites. (C) Binding of other transcription factors and chromatin modifiers mediates chromatin modification that could stabilize pioneer factor binding to the consensus binding sites. Figure adopted from [360].Over the course of last few years numerous biochemical and genomic location studies have identified several potential pioneer factors. The list of transcription factors predicted to be or validated as potential pioneer factors is given in table1. Most of them are involved in development, lineage specific cell differentiation and somatic cell reprogramming. However, their ability to initiate transcription still needs to be validated. These validations could be done by in-vitro foot printing techniques especially by hydroxyl radical foot printing and UV-

  1 and exhibited a broad window of H3K4me1 (modification used to mark genome-wide enhancer identification) in the unstimulated macrophages. Interestingly these PU.1 occupied regions showed low nucleosome density. Upon LPS stimulation, these enhancers were further occupied with lysine acetyl transferase p300, NFκB and other factors involved in LPSinduced transcription, suggesting that PU.1 binding during the macrophage development catalyzes the nucleosome eviction or repositioning at enhancer to facilitate the binding of p300 co-activator and other transcription factors upon stimulation[391, 400]. Another ChIP-Seq study on B-cell specific and myeloid specific genes during the early stage of development revealed that PU.1 is associated with H3K4me1 modifications in the enhancers of genes linked with B cell and myeloid development. Further, motif analysis revealed that PU.1 binding sites are mostly associated with other critical transcription factors like E2A, EBF, or C/EBP which are required for B-cell or myeloid lineage development. These indirect findings suggest that PU.1 could also be a pioneer transcription factor [391, 392]. Transcription factors Oct3/4, Sox2, Klf4, and c-Myc (commonly known as OSKM proteins) were shown to be able to reprogram the fibroblast into induced pluripotent stem cells (iPSC)[379]. Each of them contains a unique DNA binding domain, for example, Oct3/4 contains Pit-Oct-Unc (POU), Sox2 contains Sry-related High Mobility Group (HMG), Klf4 contains Zinc Fingers (ZF) and c-Myc contains basic-helix-loop-helix (bHLH). Studies showed that transcription factors Oct3/4, Sox2 and Klf4 were able to bind to the closed chromatin whereas c-Myc preferred binding to open chromatin. In this context, closed and open chromatin represents DNase I resistant and sensitive sites respectively. However, c-Myc can bind to closed chromatin with the assistance of other factors[380]. These findings suggest that Oct3/4, Sox2 and Klf4 can act as potential pioneering transcription factors. Recent single molecule imaging analysis using the fluorescent tagged protein during iPSC reprogramming showed that Sox2 first binds on the target DNA and directs Oct3/4 to stabilize the ternary complex[401]. However, these live cell imaging results do not match with the ChIP-Seq results and recent in vivo DNase footprinting results, where all three (Oct3/4, Sox2 and Klf4) were shown to interact with their target sites on nucelosomal DNA to a different extent[380].

  Sox group of proteins are highly conserved transcription regulatory proteins defined by the presence of highly conserved Sry-related High Mobility Group (HMG) DNA binding domain. Approximately ~ 20 Sox proteins have been identified from vertebrates and classified into groups A-H based on the amino acid composition of their HMG domain. The SoxA group has only Sry, encoded by in mammalian Y chromosomes. Even though the HMG domain of Sry is highly conserved within species, outside this region the amino acid composition is highly divergent among the species[402]. The SoxB group is further divided into 2 sub groups, SoxB1 and SoxB2 respectively. SoxB1 comprises Sox1, Sox2 and Sox3. SoxB1 family members consist of a short N-terminal region followed by HMG domain and a long C-terminal region which is responsible for transcription activation[403]. SoxB2 family comprises Sox14 and Sox12 and like SoxB1 family they too have similar HMG domain and a short basic amino acid sequences known as 'B homology'. Unlike SoxB1, this group of proteins has a C-terminal region which is known for their transcription repression[404]. SoxC, SoxE and SoxF groups of proteins share similar domain organization with SoxB1 group proteins. They are around of 300-500 amino acid long, where the HMG domain is located at the N-terminal region and C-terminal domain shares the transcriptional activation properties. In addition to that SoxE group also contains a self dimerization domain next to the HMG domain in their N-terminal region. SoxC comprises Sox4, Sox11 and Sox12, SoxE comprises Sox8, Sox9 and Sox10 and SoxF comprises Sox7, Sox17 and Sox18[405]. The SoxD family has a unique property; they have a long N-terminal region which contains a coiled-coil domain that allows dimerization with other SoxD family members. SoxD family comprises Sox5, Sox6 and Sox13 proteins. The SoxH family comprise of Sox15 and Sox30 proteins. The SoxG and SoxH family proteins are structurally related to the SoxB1 and SoxD group proteins respectively[405]. hydrophobic core and base specific DNA contacts are highly conserved among the families. The HMG domain recognize very degenerate consensus motif 5`-(A/T)(A/T)CAA(A/T)G-3`[407]. The binding is established through the interaction with the minor groove of DNA and the binding of HMG domain bends the DNA towards the major groove at about 75°. However, the degree of bending the DNA varies depending on the identity of Sox proteins and the sequence of bound DNA. This characteristic minor groove DNA binding distinguishes the Sox family proteins from other transcription factors which mainly target the major groove of DNA[408].

  inserted at different sites by using both EMSA and UV laser footprinting. The UV laser footprinting is based on change in the UV laser induced nucleotide photoreactivity upon protein binding. Single pulse of UV laser irradiation on DNA-protein complexes causes different nucleotide lesions, whose spatial distribution depends upon the type of proteins specifically bound with the DNA molecule. Briefly, the high intensity of laser irradiation causes specific biphotonic oxidative lesions in DNA. These lesions are extremely sensitive to local DNA structure and can be easily mapped specifically by alkali or enzymatic DNA strand cleavage followed by electrophoresis under denaturing conditions. In our study we have mapped UV laser specific biphotonic lesions 8-OxoG by Fpg glycosylase (formamidopyrimidine [fapy]-DNA glycosylase or 8-oxoG glycosylase and AP-lyase) which is present in the Sox6 cognate binding sequence after UV laser irradiation. Quantitative measurements of the lesions in comparison with those of free DNA allowed us to analyze the changes in the structure of DNA upon protein binding at a single base resolution.

Figure 3 .

 3 Figure 3. Characterization of the reconstituted nucleosome. (A) Schematics of the reconstituted nucleosomes. The canonical Sox6 binding sequence was inserted in the 255 bp 601 DNA fragment either at single site(66 bp (601-1), 46 bp (601-2) and 25 bp (601-3) away from the end of nucleosomal DNA) or at multiple sites (601-123); bold lines-free DNA arms; dashed line-core particle region. The vertical black line represents the dyad. The Sox6 binding sites (BS) are depicted by the red line. The length of each region is shown on top of the constructs. B) Electrophoretic analysis of the purified recombinant histones and histone octamer. (C) SDS gel electrophoresis of chromatosomes complex. (D) Electrophoretic analysis of purified recombinant Sox6 HMG domain. (E) Native gel analysis of reconstituted nucleosomes. (F). Hydroxyl radical footprinting analysis of reconstituted nucleosomes.

Figure 4 .

 4 Figure 4. Binding of Sox6 HMG domain to 601 nucleosome containing single binding site. (A) EMSA showing the binding of Sox6 HMG domain to naked DNA (601-1) (left) or to nucleosome (601-1) (right). Naked 32P-end labeled 601-1 DNA or nucleosomes (40nM) were incubated with increasing amount of

Figure 5 .

 5 Figure 5. Binding of Sox6 HMG domain to 601 nucleosome containing three binding sites. (A) EMSA showing the binding of Sox6 HMG domain to naked DNA (601-123) (left) or to nucleosome (601-123) (right). Naked 32P-end labeled 601-123 DNA or nucleosomes (40nM) were incubated with increasing amount of Sox6 HMG domain and aliquots of the reaction mixtures were run on a native PAGE. The positions of free DNA, nucleosomes and their complexes with Sox6 HMG domain are indicated. (B) UV laser footprinting patterns of the Sox6 HMG domain -DNA and Sox6 HMG domain-nucleosomes

II. 5 . 2 Figure 6 .

 526 Figure 6. Effect of histone H1 on the Sox6 HMG domain specific interaction with nucleosomal DNA. (A) EMSA showing the binding of Sox6 HMG domain to nucleosomes and to chromatosomes. 255 bp of 601-2,601-3 and 601-123 constructs were 32P-end labeled and used to reconstitute centrally positioned nucleosomes. Chromatosomes were assembled by using the NAP-1/H1 complex to deposit H1 on the nucleosome under "physiological" conditions. The first 4 lanes (lanes 1-4) shows the binding of Sox6 HMG domain to 601-2 nucleosomes and chromatosomes. The lanes 5-8 shows Sox6 HMG domain binding to 601-3 nucleosomes and chromatosomes. The last 4 lanes (lanes 9-12) shows the binding of Sox6 HMG domain to 601-123 nucleosomes and chromatosomes. (B) UV laser footprinting patterns of the Sox6 HMG domain -nucleosomes and Sox6 HMG domain-chromatosomes complexes. After Sox6 HMG domain incubation with nucleosomes/ chromatosomes containing binding motif, complexes were irradiated with a single 10 nanoseconds UV laser 266 nm pulse (Epulse~0.1 J/cm2), DNA was purified from the samples and then treated with Fpg glycosylase. The cleaved DNA fragments were separated on 8% sequencing gel and visualized by autoradiography; Red box-Sox6 canonical binding site, (*) Sox6 HMG domain specific footprint at Sox6 consensus binding motif.

Figure 7 :

 7 Figure 7: Human histone octamer assembly: SDS electrophoresis gel of individual purified human core histone, H3-H4 tetramer, H2A-H2B dimer and histone octamer. II.8.4 Preparation of DNA fragments

Figure 8 :

 8 Figure 8: Principal of UV laser footprinting: Upon UV laser irradiation nucleotide bases are initially excited via S0 to their lowest triplet state T1 and then they are ionized upon absorption of another photon giving rise to chemically reactive transient radical cation. At high energy, 8-OxoG is the major product formed by biphotonic mechanism while as pyrimidine dimers are mostly formed at low energy by monophotonic mechanism. Each of these lesions is identified and cleaved by Fpg and T4 Endonuclease V respecitively and products analyzed on denaturing gel.

  

  

  

  

  

Table 1 : The H1 histone family in human. Table adapted from[43] H1 protein (and synonyms) H1 gene (and synonyms) Gene locus (chromosome) Length (amino acids) Expression (cell, tissue)

 1 

	Reference

Table 2

 2 

		Complex	CHD1		CHD1	Mi-2/NuRD	CHD1	NuRD
	CHD	ATPase	Chd1		dCHD1	dMi-2	CHD1	Mi-2α/CHD3,
								Mi-2β/CHD4
		Noncatalyti				dMBD2/3		MBD3
		c homologou				dMTA		MTA1,2,3
		s subunits				dRPD3 p55		HDAC1,2 RbAp46 or 48
						p66/68		p66 α, β
		Unique						DOC-1?
		Complex	INO8	SWR1	PhodIN	Tip60	INO80 SRCAP	TRRAP/
	INO80		0		O80			Tip60
		ATPase	Ino80	Swr1	dIno80	Domino	hIno80 SRCAP	p400
		Noncatalyti	Rvb1,2		Reptin, Pontin	RUVBL1,2/Tip49a,b
		c homologou s subunits	Arp5, 8 Arp4, Actin1 Arp6	dArp5,8 dActin1	BAP55 Actin87E	BAF53a Arp5,8	Arp6	Actin
			Taf14	Yaf9		dGAS41		GAS41
			Ies2,6				hIes2,6
				Swc4/		dDMAP1		DMAP1
				Eaf2			
				Swc2/		dYL-1		YL-1
				Vps72			
				Bdf1		dBrd8		Brd8/TRC/p1
								20
				H2AZ,		H2Av,H2B		H2AZ,H
				H2B				2B
				Swc6/V				ZnF-
				ps71				HIT1
						dTra1		TRRAP
						dTip60		Tip60
						dMRG15		MRG15
								MRGX
						dEaf6		FLJ
								-11730
						dMRGBP		MRGBP
						E(Pc)		EPC1,
								EPC-like
						dING3		ING3
		Unique	Ies1,	Swc3,	Pho		d
			3-5	5,7			
			Nhp10				

continued to next page...)

Table 2 : Showing composition of remodeler complexes in different eukaryotes. Adapted from[170] a Swp82, Taf14, Snf6, Snf11. b Rsc1 or Rsc2, Rsc3-5, 7, 9, 10, 30, Htl1, Ldb7, Rtt102. c In addition, SNF2H associates respectively with Tip5, RSF1, WSTF to form NoRC, RSF and WICH

 2 

	remodelers.
	d Amida, NFRKB, MCRS1, UCH37, FLJ90652, FLJ20309.
	The higher orthologs like hINO80, hSRCAP (SNF2-related CREB-activator protein)
	and p400 are known for their HAT activity. INO80 family ATPase domains are split by long
	insertions to which the helicase-related (AAA-ATPase) Rvb1/2 proteins and one ARP protein
	bind. Like ISWI and CHD family remodelers, INO80 family remodelers are also diverse in
	their functions but they are mainly involved in transcriptional activation and DNA repair
	[170].

Table 3 : A detailed list of known histone posttranslational modification enzymes along with the sites they modify. Only enzymes with specificity for one or a few sites have been included. Table modified from [206]

 3 

Table S1 . Data collection and refinement statistics Nuc197

 S1 

	Wavelength (Å)	0.9840
	Space group	P2 1 2 1 2 1
		a=63.1 Å, b=108.8 Å,
	Unit cell dimensions	c=433.1 Å
	Resolution range (Å)	48.7 -7.0
	(outer shell)	(7.38 -7.0)
	Number of measured reflections	57,252 (8071)
	Number of unique reflections	5,158 (706)
	Multiplicity	11.1 (11.4)
	Completeness (%)	99.6 (100)
	Mean I/sigma(I)	12.3 (2.2)
	R-merge	0.094 (1.13)
	R-meas	0.19
	CC 1/2	1.00 (0.78)
	Resolution used for refinement	55 -7.0
	Reflections used (total / R free )	5,251 / 275
	Molecules per asymmetric unit	1
	R work /R free	0.2976/0.3016
	mean B-factor:	
	DNA	478
	protein	422
	RMS deviations:	
	Bond distances (Å)	0.011
	Bond angles ( o )	1.56
	Ramachandran analysis (%)	90.0 / 9.0 / 0.95
	favored/allowed/outliers	
	Values in parenthesis are for the highest-resolution shell.

Table S2 . Interaction restraints used for docking with HADDOCK.

 S2 

	Passive residues				
	GH1	D24, H25, K27, D30, Q37, K40, R42, S43, G44, S46, S49,
		Q51, K52, Y53, K55, N56, H57, Y58, K59, V60, E62, D65,
		S66, K69, L70, K73, R74, V76, T77, G79, A80, K82, T84,
	DNA 1	K85, G86, V87, S90, G91, S92, L95, A96
	Nucleosome core	nucleotides -6 to +6 in chains I and J
	Linkers	nucleotides -87 to -71 and 71 to 89 in chains I and J
	Interaction Restraint		GH1		DNA	Target Distance (Å) 2
	1. Arg42 cross-links with	R42		chain I:-77	12
	Linker DNA 2. Ser66 cross-links with	S66		chain I:-80 chain J:-74 2	12 12
	Linker DNA				chain J:-76	12
	3. His25 close to DNA		H25		all	passive	2
					residues
	4. Lys85 close to DNA		K85		all	passive	2
					residues
	5. Footprint on nucleosome	all	passive	chain J:1	2
	core		residues		chain J:2	2
					chain J:3	2
					chain I:1	2
					chain I:2	2
					chain I:3	2
	6. Footprint on Right Linker all	passive	chain J:78	2
			residues		chain J:79	2
					chain J:80	2
	7. Footprint on Left Linker		all	passive	chain I:78	2
			residues		chain I:79	2
	chain I:80 1 DNA nucleotides are numbered as in the 601 nucleosome structure of ref. [335] (PDB 2

Table S3 . Summary of docking results obtained with HADDOCK.

 S3 

	HADDOCK Run	1	2	3	4	5	6	7	8	9	10
	Restraints Used:										
	1. R42 cross-links with	-	+	-	+	+	+	+	+	+	+
	Linker DNA										
	2. S66 cross-links with	-	-	+	+	+	+	+	+	+	+
	Linker DNA										
	3. H25 close to DNA	-	-	-	-	+	-	-	-	-	+
	4. K85 close to DNA	-	-	-	-	+	-	-	-	-	+
	5. Footprint on Core										
	DNA	+	+	+	+	+	-	+	-	+	+
	6. Footprint on Right	-	-	-	-	-	+	+	+	+	+
	linker										
	7. Footprint on Left	-	-	-	-	-	-	-	+	+	+
	linker										
	Structures clustered 1 /	82/1	151/	140/	181/	149/	130/	165/	136/	145/	124/
	No. Clusters	2	13	9	7	9	12	6	8	8	11
	Best Cluster 2	10	4	2	1	4	1	1	3	1	1
	Size of best Cluster	4	13	37	73	17	39	103 18	58	38
	Haddock Score of best cluster 3	-130.	-135.	-126.	-161.	-165.	-119.	-162.	-140.	-169.	-156.
		1	4	7	7	9	3	3	3	7	7
		±	±	±5.2	±	±	±	±	±	±	±
		15.0	9.2		3.5	3.8	10.6	3.7	17.9	14.2	7.2
	Score difference with next cluster 4	9.7	17.9 4.2	26.1 43.5 5.8	32.5 18.1 50.6 19.8
	%B conformation 5	75	100 100 100 100 100 100 100 100 75
	iRMSD with crystal structure 6	2.06 ±	2.03 ±	2.70 ±	2.45 ±	2.63 ±	2.11 ±	2.15 ±	2.78 ±	2.52 ±	3.35 ±
		0.24	0.15	0.23	0.51	0.22	0.15	0.30	0.26	0.16	0.19
	Difference in GH1	23.6	23.2	35.5	27.7	34.8	20.9	29.2	38.2	33.7	20.6
	orientation with crystal (degrees) 7	± 6.1	± 3.7	± 5.2	± 5.0	± 2.0	± 2.8	± 5.2	± 3.2	± 2.0	± 5.3

Table S4 . Helix density in Omit 2Fo-Fc END maps compared to noise level in corresponding RAPID maps.

 S4 

		Mean ± rms (e -/Å 3 )				Map Value Equal to
								 noise + 5 noise
	Histone omitted from	2Fo-Fc Omit Map	RAPID map (noise	1	RAPID map 2 (noise due	Map of total estimated noise	Electron Density (e -/Å 3 )	Sigma level 4
	map		due	to	to	(Sum	of	
	calculatio n		model error) 1		measurem ent error) 2	RAPID maps)		
		( omit  omit )	±			( noise  noise )	±	
	H2A (chain C) 3	0.13615 ±	0.03519 ± 0.01317	0.01323 ± 0.00744	0.04842 ± 0.01559	0.1264	-0.186
		0.05247						
	H2B (chain D) 3	0.13663 ±	0.03346 ± 0.01308	0.01217 ± 0.00660	0.04563 ± 0.01500	
		0.04651						0.1206	-0.344
	H3 (chain A) 3	0.13609 ±	0.03192 ± 0.01205	0.01212 ± 0.00662	0.04404 ± 0.01433	
		0.04573						0.1157	-0.446
	H4 (chain B) 3	0.13744 ±	0.03276 ± 0.01296	0.01174 ± 0.00627	0.04450 ± 0.01496	
		0.04749						0.1193	-0.382
	GH1	0.14427	0.03418 ±	0.01297 ±	0.04715 ±	
	(chains Y,	±	0.01294		0.00707	0.01530		
	Z)	0.05012						0.1237	-0.411
	1 The 2FoFc_error.map output by the END/RAPID program.		
	2 The 2FoFc_sigF_error.map output by the END/RAPID program.	

Table 1 . Predicted/validated pioneer transcription factors. Table adapted from [360]

 1 

	Pioneer	Cellular/biochemical	Predicted/validated		References
	factors	context (model organisms)	pioneer activity		
	FoxA	Transdifferentiation from fibroblast	Inducing transdifferentiation	[361, 362]
		to iHep (mouse)					
		Liver/foregut	development	Establishment	of	the	[363]
		(mouse/Caenorhabditis elegans)	competence	for	liver
					development			
					Occupying silent liver enhancer	[364]
					in endoderm progenitors	
					Recruitment of histone variant	[365]
					H2A.Z			
					Chromatin decompaction		[366]
		Mitotic bookmarking (human)	Binding to mitotic chromatin	[367]
		Hormone-dependent	cancer	Recruitment	of	hormone	[368, 369]
		progression (human)		receptor			
		In vitro reconstituted nucleosome	Binding to mononucleosomes,	[370, 371]
		or nucleosome array		dinucleosomes, and nucleosome
					array independent of other
					factors in vitro		
					Increasing DNA accessibility in
					compacted nucleosome array
					independent of other factors in
					vitro			
	Zelda	Zygotic	genome	activation	Inducing	zygotic	genome	[372]
		(Drosophila)			activation			
					Increasing DNA accessibility in	[373-375]
					native chromatin		
	Class V Pou	Zygotic	genome	activation	Inducing	zygotic	genome	[376, 377]
	(e.g., Oct3/4,	(zebrafish/mouse)		activation			
	Pou5f3				Binding to target sites before	[378]
					zygotic genome activation	
		Reprogramming from fibroblast to	Inducing reprogramming		[379]
		iPSCs (mouse/human)					
					Binding to chromatin that is not	[380]
					DNase-sensitive	and	not
					premarked by common histone
					modifications		
					in vivo			
	Group B1 Sox	Zygotic	genome	activation	Inducing	zygotic	genome	[377, 381]
	(e.g., Sox2)	(zebrafish/mouse)		activation			
		Reprogramming from fibroblast to	Inducing reprogramming		[379]
		iPSCs (mouse/human)					
					Binding to chromatin that is	[380]
					nonhypersensitive	and	not
					premarked by common histone
					modifications in vivo	
		Cancer progression (mouse/human) Inducing tumor formation		[382, 383]
	Klf4	Reprogramming from fibroblast to	Inducing reprogramming		[379]
		iPSCs (mouse/human)					

Number of structures clustered (out of

200) in the final refinement stage of docking. Structures are clustered if they have a pairwise RMSD < 7.5 Å.[START_REF] Miescher | Ueber die chemische Zusammensetzung der Eiterzellen[END_REF] The cluster with the lowest average HADDOCK score. The number refers to the rank in cluster size.[START_REF] Hughes | A History of Cytology: Arthur Hughes[END_REF] The average HADDOCK score of the four lowest energy structures in the cluster (in kcal/mol).[START_REF] Flemming | kern und zelltheilung1882[END_REF] Difference between the average Haddock score of the best cluster and that of the next best cluster exhibiting a significantly different configuration (differing in interface RMSD by > 1.5 Å).
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I.13.5 Methods summary

Recombinant core histones and Xenopus laevis linker histone H1 0 b were purified as described previously [START_REF] Luger | Crystal structure of the nucleosome core particle at 2.8 A resolution[END_REF]307]. Nucleosome reconstitution and NAP-1-mediated H1 deposition was carried out as described [START_REF] Syed | The incorporation of the novel histone variant H2AL2 confers unusual structural and functional properties of the nucleosome[END_REF]307]. Hydroxyl radical OH footprinting and sitedirected protein-DNA cross-linking were performed as in ref.

[307] and ref. [326],

respectively. Conditions for H1-nucleosome complex crystallization and analysis of the diffraction data as well as cryo-EM experiments and molecular docking are described in detail in Methods.
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Crystallization and Data collection

The Nuc197 complex was prepared using NAP-1 to deposit the X. laevis linker histone H1 0 b onto nucleosomes containing X. laevis core histones reconstituted with 197 base pairs of 601 assembly sequence DNA, as previously described [307]. Crystals were grown using the hanging drop vapour diffusion method at 20°C by mixing equal volumes of Nuc197 (25-30 M) and crystallization buffer ( and F o -F c maps revealed clear density for the two linker arms (Fig. 2a). The linker DNA was extended from the nucleosome core as B-form DNA, adjusted into density using Coot [338] and subjected to rigid body refinement in Phenix, resulting in improved R-values (R cryst =0.3030, R free =.3121). (The omit map density shown in Fig. S9 and S10 was calculated using this model). Additional TLS refinement tended to blur density in the GH1 region and so was delayed until after inclusion of the GH1 model.

I.13.7.2.3 Map scaling and noise estimation

Electron density maps calculated from the 197-bp nucleosome structure revealed tubular features potentially compatible with the helices present in GH1. However, these features, which were easier to recognize in 2F o -F c than in F o -F c maps, only became evident when the 2F o -F c density was contoured at low (<0.4) sigma levels. For comparison, we calculated omit maps for the core histones (by removing one copy of either H2A, H2B, H3 or S4. 

II.3.1 High Mobility Group (HMG) DNA binding domain

II.8.2 Human core histone purification

Human histones H2A, H2B and H3 were sub-cloned in pHCE vector system and human histone H4 sub-cloned in pET15b vector system. Histones H2A, H2B and H3

were produced in Escherichia coli BL21(DE3) cells and human H4 was produced in E. After centrifugation [START_REF] Johns | Histones and gene control[END_REF]216 x g; 20 min; 4°C), the pellet containing His-tagged histones as insoluble forms was resuspended in 50 ml of buffer A containing 7 M guanidine hydrochloride. After centrifugation [START_REF] Johns | Histones and gene control[END_REF]216 

II.8.3 Histone tetramers and dimers preparation

To prepare tetramers and dimers human H3 & H4 and human H2A & H2B were mixed in an equimolar ratio, and dialyzed overnight in HFB buffer (2M NaCl, 10 mM Tris pH7.4, 1 mM EDTA pH 8 and 10 mM β-mercaptoethanol). After dialysis the supernatant containing folded tetramers and dimers were subjected to Superose 6 prep grade XK 16/70 size exclusion column (GE Healthcare) purification using HFB buffer.

The major fractions containing purified tetramers and dimers were mixed together. For long time storage, tetramers and dimers were mixed with NaCl saturated glycerol to achieve the final glycerol concentration around 15-20% and stored at -20°C.

GCTTAAACGCACGTAGGACAATGGAGGCGCGTTTTGGACAATGGAGGCATTACTC CGGACAATGGAGGCACGTGTCAGATATATACATCGATGTGCATGTATTGAACAGC GACCTTGCCGGTGCCAGTCGGATAGAATTCCGGAC

All Sox6 binding motif harboring 601constructs were amplified using 32 P end labeled primers. The labeled DNA substrates were purified on 5% native acryl amide gel prior to use for nucleosome reconstitutions.

II.8.5 Nucleosome Reconstitution

Nucleosome reconstitution was performed by the salt dialysis procedure.

Approximately, 500ng of 32 

II.8.9 UV laser footprinting

The As compared to conventional light sources the use of UV lasers has many advantages.

Footprint of the protein is achieved with a single UV laser pulse. In addition, as compared to conventional light sources, high intensity laser irradiation induces specific biphotonic oxidative lesions in DNA (in addition to monophotonic pyrimidine dimers).

These lesions are extremely sensitive to local DNA structure and can be easily mapped by enzymatic DNA strand cleavage followed by electrophoresis under denaturing conditions.

In our study we have mapped the UV laser specific biphotonic lesions 8-oxoG by Fpg glycosylase which is generated in the Sox6 cognate binding sequence upon UV laser irradiation. The samples were exposed to a single high intensity UV laser pulse (E pulse ~0.1 J/cm 2 ) as described in previous studies [414,415]. The DNA was then purified by phenol-chloroform and ethanol/glycogen precipitated. The purified DNA was resuspended in resuspension buffer (10 mM Tris,pH 7.4,30 mM NaCl, 1 mM EDTA, 1 mM DTT, 100 µg/ml BSA, 0.01% NP40) and cleaved with 0.1 units of Fpg glycosylase.

The DNA was lyophilized and resuspended in formamide loading buffer, heated for 3 minutes at 80°C and loaded on 8% sequencing gel in 1XTBE buffer. The gels were dried and exposed overnight on a phosphor imager screen. The screens were scanned on phosphor imager and analyzed by Multi-Gauge (Fuji) software.