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1 FOREWORD

The genome of eukaryotic cells is packaged into chromatin, a highly organised
complex of DNA and proteins. Chromatin functions as a scaffold for all processes of DNA
metabolism, such as replication, repair and transcription. High order chromatin structure
stability ensures normal cell cycle progression?®, differentiation during development? and
epigenetic inheritance®. There are growing evidence linking deregulated histone synthesis and
deposition with human cancers and other diseases'. The establishment of chromatin and its
following maintenance requires processes of replication-coupled and replication-independent
chromatin assembly. There are extensive number of factors involved into chromatin
assembly, with ATP-dependent assembly factors and histone chaperones groups being most
prominent®. Our understanding of chromatin assembly dynamics relies on identification of its
factors and their functions and interactions. This project is dedicated to characterization of
two factors of chromatin assembly machinery.

The first factor studied in this work was HIRIP3, a mammalian protein homologous to
yeast H2A.Z-depositing chaperone Chz1®. We aimed to test whether HIRIP3 has
characteristics of histone chaperone itself. At first we used TAP (Tandem affinity
purification)-TAG purification approach to characterize HIRIP3 complex in vivo and
established its interacting partners, including histones. Afterword, we moved to in vitro E.
coli expression system to characterize the structural specificity of HIRIP3 interaction with
histones. We have characterized HIRIP3 as a novel histone chaperone specific for H2A, that
utilizes its CHZ motif-containing 403-527 region to interact with H2A C-terminal alphaC
helix.

The second part of this work was the continuation of the studies on YL1 carried out
previously in our laboratory, for which we have shown to be a H2A.Z-specific deposition
histone chaperone belonging to the SRCAP complex’. SRCAP complex is a mammalian
chromatin remodelling complex consisting of 10 subunits, including ATPases, actin-related
proteins, histone chaperone and transcriptional co-activators. The interplay and functional
connection between its subunits is still not elucidated. In this study we aimed to decipher the
interaction network within the SRCAP complex and to identify functional sub-complexes
within it. At first, we have identified YL1 interaction with TIP49A and TIP49B ATPases.
Using YL1 and TIP49A/B proteins as a functional core, we have identified and reconstituted
YL1, SRCAP, TIP49A, TIP49B, H2A.Z/H2B complex using baculovirus expression system.



This sub-complex contained all factors sufficient for chromatin remodelling activity of
SRCAP complex, thus acting as a functional module.

2 RESUME EN FRANCAIS

La chromatine est un complexe d'ADN et de protéines qui forme des chromosomes dans le
noyau des cellules eucaryotes®. L'unité structurale répétitive de la chromatine est le
nucléosome, qui est constitué de 145-147 pb d'ADN s’enroulant autour d'un octamére
d'histones constitu¢ d'un tétramere d'histone (H3-H4); et de deux diméres d'histones
H2A/H2B®. La chromatine fonctionne & la fois comme un échafaudage et un régulateur de
tous les processus de métabolisme de I'ADN, tels que la réplication, la réparation et la
transcription. Au cours de ces processus, la structure de la chromatine est soumise a une
perturbation temporaire suivie d'une reformation en temps opportun, qui nécessite
I'assemblage de la chromatine. L'assemblage de la chromatine est nécessaire pour la formation
de novo de la chromatine et pour le recyclage/remplacement des histones qui se produit sur
les nucléosomes existants. Il y a deux grands groupes de facteurs impliqués dans 'assemblage
de la chromatine; les facteurs d'assemblage dépendant de I'ATP et les chaperons d'histones®.
Les chaperons d'histone sont un groupe constitué¢ de diverses protéines qui lient physiquement
les histones. Leur structure est variée, avec des chaines d’ acide-aminés, fréquemment riches
en acide glutamique et aspartique. Ces chaines se retrouvent souvent pres des extrémités C-
terminales des chaperons. Les chaperons d'histone jouent un role critique dans toutes les
étapes du cycle des histones. Ils protégent, notamment, les histones des interactions et des
modifications non-spécifiques, facilitent le recrutement d'histones a la chromatine et sont
impliqués dans l'incorporation, 1'éviction et 1'échange des nucléosomes™?.

L'assemblage de la chromatine est un processus clé dans I'organisation de la structure de la
chromatine, dont la stabilité assure la progression normale du cycle cellulaire! et la
différenciation au cours du développement’. La synthése dérégulée des histones et
l'assemblage non conforme de la chromatine pourraient contribuer a la tumorigénésel. Il
existe des preuves croissantes liant 1'échec dans le dépot de variants d’histone et 1’apparition
de cancers humains et d'autres maladies®.

Afin d'améliorer les connaissances sur la dynamique des histones, nous devons identifier tous
les facteurs impliqués dans la déposition / éviction des histones. En 2014, notre laboratoire a
identifié¢ le premier chaperon pour H2A.Z impliqué dans son éviction de la chromatine®?.

Récemment, notre laboratoire a encore découvert et caractérisé la protéine YLI comme un
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chaperon de déposition pour H2A.Z’. Pour étudier plus en profondeur le mécanisme de la
dynamique de H2A.Z chez les mammiféres, nous avons analysé la fonction de la protéine
HIRIP3. HIRIP3 est une protéine de mammifére de 556 acides aminés homologue au
chaperon de Chzl de levure H2A.Z-déposant’. La structure cristalline confirme son
interaction spécifique avec le dimere H2A.Z/H2B, le motif CHZ de Chz1 étant critique pour
sa stabilisation'?. Le motif CHZ est conservé parmi la famille Chzl et il est situé dans la
partie C-terminale de HIRIP3. HIRIP3 a été initialement découvert comme un partenaire
interactif de HIRA3, HIRA est un chaperon histone qui incorpore le variant d’histone H3.3
aux sites de transcription active d'une maniére indépendante de la réplication®*,

Compte tenu de cette information sur HIRIP3, j'ai tenté de déchiffrer son implication possible
dans la dynamique des histones et de la placer dans le contexte de la machinerie de la
chromatine.

Pour évaluer le role de HIRIP3 dans la dynamique de la chromatine, j'ai commencé a tester
son interaction avec les diméres d'histones H2A/H2B et H2A.Z/H2B in vitro. L'interaction
physique avec les histones est un indicateur important de l'activité de chaperon d’histone.
Dans ce but, les plasmides exprimant des histones H2A/H2B ou H2A.Z/H2B marquées ont
été co-exprimées avec HIRIP3 dans E. coli et testées pour l'interaction physique directe.
HIRIP3 a montré une interaction avec H2A/H2B et H2A.Z/H2B avec presque la méme
affinité. Il est possible que HIRIP3 puisse fonctionner en liant H2A et H2A.Z, mais il est
¢galement possible qu'une seule paire d'interactions soit biologiquement pertinente, avec une
spécificité acquise par interaction avec d'autres facteurs, des changements conformationnels
ou des modifications post-traductionnelles des histones.

Pour tenter de répondre a la question de qui est le partenaire de dimere fonctionnel pour
HIRIP3 in vivo, j'ai utilisé 1'approche TAP-TAG pour purifier les protéines qui interagissent
directement avec HIRIP3 in vivo. La lignée cellulaire HeLa exprimant de fagon stable le
HIRIP3 marqué a été générée en utilisant une approche de transduction rétrovirale.
L'immunopurification en tandem de HIRIP3 a partir d'extraits nucléaires HeLa nous a permis
d'identifier des protéines interagissant directement avec HIRIP3. La spectrométrie de masse et
I'analyse par Western blot du complexe HIRIP3 purifié ont identifié¢ des diméres d'histones
H2A/H2B en tant que partenaires interagissant avec ce chaperon. De maniére surprenante, on
n'a pas trouvé les dimeres H2A.Z/H2B pouvant potentiellement s'associer au complexe
HIRIP3. Ceci implique que méme si HIRIP3 a une affinité et peut lier les deux diméres in

vitro, il interagit exclusivement avec les dimeres H2A/H2B in vivo.
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L'analyse par spectrométrie de masse du complexe HIRIP3 a également révélé la présence de
la kinase CK2 dans le complexe. CK2 est une sérine/thréonine kinase omniprésente évolutive
qui participe a une série complexe d'événements cellulaires, incluant la régulation des genes,
la progression du cycle cellulaire et le maintien de la viabilité cellulaire!®. Un certain nombre
de cibles potentielles pour CK2 ont un role dans le métabolisme de la chromatine®®. En effet,
il a été démontré que CK2 phosphoryle et interagit in vitro avec HIRIP3". La présence de
CK2 dans le complexe HIRIP3 pourrait jouer un role dans la phosphorylation de HIRIP3 ou
avoir d'autres fonctions inconnues dans le contexte du complexe HIRIP3. Pour tester cette
derniére possibilité, j'ai utilis¢é un test de phosphorylation pour tester si CK2 peut
phosphoryler les dimeéres H2A/H2B. Dans ce but, j'ai généré deux mutants H2A non
phosphorylables (S1A et S122A). L'essai de phosphorylation a révélé que CK2 peut
phosphoryler I'histone H2A entiére et le mutant S122A mais pas le mutant S1A. La mutation
S1A a complétement supprimé la phosphorylation du H2A, ce qui indique que le site de la
Serine 1 est critique pour la phosphorylation de 1’histone H2A. Cette découverte implique une
connexion fonctionnelle entre les dimeres HIRIP3/CK2 et H2A/H2B qui est réalisée par la
phosphorylation et donne un apercu possible sur la dynamique d’interaction de HIRIP3 et
H2A.

L'étape suivante consistait a caractériser davantage l'interaction HIRIP3 et H2A/H2B en
cartographiant le domaine HIRIP3 impliqué dans la reconnaissance et la liaison avec les
histones. Pour atteindre cet objectif, j'ai utilisé une structure basée sur l'analyse mutationnelle
de HIRIP3. L'analyse de suppression a permis de déterminer le domaine minimal de HIRIP3
requis pour l'interaction avec 1’histone H2A. L'analyse initiale a identifié une région entre
403-527 comme nécessaire pour l'interaction avec les diméres H2A/H2B. D'autres mutants de
déletion ont identifi¢ le motif CHZ de HIRIP3 comme requis pour l'interaction avec les
dimeres H2A/H2B.

L'étape suivante consistait a identifier le domaine H2A qui interagit avec HIRIP3. Pour ce
faire, j'ai généré des troncatures de H2A a partir de l'extrémité C-terminale. Les troncatures
ont été sélectionnées sur la base des données disponibles dans la littérature montrant
l'importance de 1'hélice alphaC de 1’histone H2A pour l'interaction avec plusieurs chaperons
d'histones. Jai co-exprimé les mutants tronqués H2A avec la région 397-556 de HIRIP3, qui
contient le motif CHZ, et testé leur interaction. Les acides aminés 98-111 de H2A se sont
révélés étre critiques pour l'interaction avec HIRIP3. Cette région contient 1'hélice alphaC, qui
s'est avérée nécessaire pour l'interaction avec un certain nombre de chaperons du groupe

H2A, tels que YL1’, Anp32E!! et Chz1%8,
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Ce travail montre que HIRIP3 de mammifere interagit avec H2A d'une maniére similaire a la
levure Chz1 pour H2A.Z, en utilisant le motif hautement conservé CHZ. La divergence des
histones chaperonées par la protéine contenant des motifs CHZ peut étre attribuée a des
changements évolutifs dans la machinerie de la chromatine et a différentes exigences
cellulaires entre la levure et les mammiféres. En comparaison avec Chz1, HIRIP3 contient des
régions N-terminales additionnelles, telles que des régions a polarisation Glu et Poly-ser. Ces
régions peuvent contribuer a l'interaction plus grande entre HIRIP3 et H2A, comme montré
dans notre étude, avec la région 403-527, critique pour l'interaction. Ils peuvent également
servir d'échafaudage pour l'interaction avec d'autres protéines, telles que HIRA, qui a été
montré pour interagir avec HIRIP3™. Ces régions supplémentaires peuvent également
contenir des motifs qui pourraient étre ciblés par des modifications post-traductionnelles telles
que la phosphorylation par la kinase CK2, et pourraient donc contribuer a des interactions et a
des fonctions HIRIP3 uniques. La phosphorylation par CK2 est connue pour réguler la
localisation et la fonction des chaperons d'histones comme montré pour le chaperon Nap1%°.

En résumé, ce travail a été consacré a la compréhension de la fonction du chaperon d’histone
HIRIP3. J'ai montré que HIRIP3 forme un complexe avec les dimeres d'histones H2A/H2B a
la fois in vitro et in vivo. HIRIP3 lie H2A domaine par son co6té C-terminal, a travers son
motif CHZ, qui est conservée au cours de I’évolution de la levure a I'hnomme. HIRIP3 interagit
avec H2A d'une maniere similaire a Chzl de levure qui interagit avec H2A.Z en utilisant
I’hélice alpha C localisée dans la région C-terminale. En conclusion, notre étude a établi
HIRIP3 comme un nouveau chaperon H2A qui utilise le motif conservé de CHZ pour

interagir avec H2A par son hélice alpha C-terminale.
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3 INTRODUCTION

3.1 Nucleosome composition

Chromatin is a complex of DNA and proteins that forms chromosomes within the
nucleus of eukaryotic cells®. The repeating structural unit of chromatin is nucleosome, which
Is comprised of 145-147 bp of DNA wrapped around a histone octamer in 1.65 turns of a flat,
left-handed superhelix®. An octamer has a tripartite organisation, with a central (H3—H4);
tetramer flanked by two H2A-H2B dimers?®?l. (H3—-H4), tetramer organizes the core of
nucleosome, while H2A-H2B dimers are located on periphery and thus are more easily
accessible. Linker histone H1 is located outside octamer, close to DNA entry/exist point in
nucleosome. It is present in most, but not all, eukaryotic cell, with a frequency of
approximately one molecule per nucleosome??. Histone octamers are linked together by
linker DNA of 20-80 bp.

In mammals all histone genes are found in 2 histone clusters?®. Their expression is
dependent on cell cycle phase, with a 35 fold increase before S phase for canonical histones?.
Unlike mRNA of other proteins, canonical histone mRNA is not polyadenylated. It possesses
a conserved stem-loop, which is recognised by SLBPs (stem-loop binding proteins). SLBPs
play major part in histone pre-mRNA processing and protection from degradation.

Histones are usually 9-14 kDa proteins, rich in arginine and lysine. There are a few
exceptions with unconventional molecular weight, such as macroH2A, that contains an
additional 30-kDa non-histone domain®. Histones possess two distinguished structural
elements — histone fold and histone tails. Histone fold is a structured region, highly conserved
among core histones?. This fold consists of three alpha-helices connected by two loops, L1
and L2. The histone tails are intrinsically disordered structures that protrude from the surface
of nucleosome. This disorder helps connections with neighbouring nucleosomes or with
nuclear factors. Histone tails also play an essential role in the folding of nucleosomal arrays
into higher-order structures. Majority of studied histones post-translation modifications are
located on those tails, with only a few identified on the core?®.

Nucleosomes are stabilised by a number of factors. First level is direct histone—histone
and histone-DNA interactions. The tetramer structure is defined by interaction of H3-H4
pairs through a 4-helix bundle formed from both H3 histones®. The interaction between
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tetramer and each H2A-H2B is facilitated through a second, homologous 4-helix bundle
between H2B and H4 histone folds. Another source of stabilisation is the bridging of
positively charged histone folds and negatively charged phosphate groups of DNA, with each
histone-fold pair associated with 27-28 bp of DNA?’. Water molecules also contribute to
nucleosome stability by strengthening direct protein-DNA interactions and enabling
formation of many additional interactions between more distantly related elements?®. The
presence of variant histones in nucleosome also has an impact on nucleosome stability. For
example, incorporation of MacroH2A contribute to the rigidity of the nucleosome structure?®,
while incorporation of H2A.bbd leads to its increased flexibility of the nucleosome®.
Considering this information about nucleosomes, they can be characterised as a highly stable

building blocks of chromatin that protect and organise DNA.

3.2 Chromatin organisation

Chromatin is organised in a way that allows both compaction of DNA in order to fit
into the nucleus and accessibility of DNA for all the processes of the DNA metabolism.
Chromatin was discovered to be hierarchically packaged into fibres of increased complexity>!
(Fig. 1). At the first level, nucleosomes together with linker histones and linker DNA form a
10-nm fibres that resemble “beads on a string” structures under microscope?. Those 10-nm
fibres are further getting packaged into secondary level of compaction — 30-nm fibres. This
compaction of chromatin is modulated by a number of factors: electrostatic interactions
between nucleosomes®, nucleosome repeat length®*, linker histones*3 and divalent cations®®
such as Mg?* which reduce the repulsive forces between linker DNA. One of the key histone
regions that is involved into compaction of chromatin, comprises of residues 14-19 of N-
terminal tail of histone H4. Acetylation of histone H4 on lysine 16 can disrupt nucleosome-
nucleosome contacts, inhibiting the formation of compacted 30-nm fibers®. H1 histone
stabilizes the chromatin 30 nm fibre by acting on the path of DNA at the exit of the
nucleosome®. It shields the excess negative charge of the linker DNA to promote the folding
of the chromatin, while its depletion leads to the decondensation of chromatin?.

There are a number of 30-nm chromatin fibres observed in vitro, such as solenoidal
one-start helix®, ribbon two-start helix®® and other structures. They are topologically
different, with 24- to 25-nm one-start helix having a zigzag arrangement of stacked

nucleosome cores and 34-nm two-start helix having arrangement of interdigitated
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nucleosomes from adjacent gyres®. The differences in observed structures are caused by the
variations of linker histones amount, nucleosome repeat length and other conditions. Those
structures obtained using electron microscopy and Xx-ray crystallography methods have
established the notion that chromatin fibres possess intrinsic helical formation.

The third level of compaction — tertiary structure — is achieved with tail-mediated self-
association of fibres. Thus 30-nm fibres are further condensed to interphase fibres or the even
more highly compacted metaphase chromosome structures. In metazoan genomes each
chromosome is located largely as an individual formation within chromatin, called chromatin
territory®®. Chromatin territories are highly interconnected within and between each other,
which is achieved by remote intra- and interchromosomal contacts facilitated by active

domains of each territory*.
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Figure 1. Hierarchical chromatin organisation.

The DNA helix is wrapping around the nucleosome to form a linear “beads on a string”
resembling structures. These structures condense into 30-nm fibres that possess helical periodicity. Further
condensation leads to a more rigid chromatin fibres, several hundred nanometres in diameter. Mitotic
chromosomes are the final level of chromatin compaction in the cell.

(Modified from Felsenfeld et al., 2003%1).
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Recent studies, such as electron tomography assessed 3D structure of chromatin,
reveal a prevalence of open, asymmetrical 3D zig-zag nucleosomal structures in nucleus*>,
These studies indicate the presence of highly dynamic chromatin, which is more compatible
with 10-nm fibre than the rigid 30-nm one**. These 10-mm fibres possess highly dynamic,
liquid-like system characterisrics*, such as chromatin fluctuations. These fluctuations process
may facilitate protein mobility, DNA exposure and interaction between close regions of
chromatin®. Liquid-like chromatin is implicated to be a highly assessable substrate for the
transcriptional regulatory machinery*2.

The diversity of observations of chromatin structures, such as hierarchical helix-
repeating 30-nm fibres and dynamic and disordered 10-nm fibres rise a question of how those
structures can coexist in nucleus. The presence of both types in the same cells was
demonstrated, with transcriptionally inactive 30-nm and more structures located on periphery,
while 10-nm dynamic transcriptionally active structures located in the center?’. Such spatial
positions are shared with another structure observed in chromatin, i.e., topologically
associating domains (TADs)*. TADs are defined by boundaries consisting of housekeeping
genes and insulator sites. In TADs, more active chromatin is shown to be located internally,
while repressive chromatin on the periphery®°. Active and inactive genes regions are spatially
differentiated and are shown to cluster within nucleosome®. Taken together, these
observations support the notion of compartmentalised high-order chromatin organisation,

with non-randomly located and highly interconnected distinct regions®®5t,

3.3 Chromatin regulation

Chromatin is regulated by a number of diverse cellular processes, such as DNA
methylation, RNA inhibition, histone PTM modifications, chromatin remodelling and
assembly. Another layer of complexity comes from chromatin architectural proteins, such as
polycomb group proteins or silencing proteins that can also affect chromatin structure and
functions®. Chromatin is assuming different functional states defined by combinations of
regulatory proteins, transcription factors, PTMs and other factors**>3, There is recognition of
at least five chromatin types*>®*: two distinct types of transcriptionally active chromatin that
harbour different sets of genes, polycomb-repressed chromatin, HP1-repressed chromatin and
null chromatin, a strongly repressive chromatin type that lacks HP1 or polycomb proteins.
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The interplay between chromatin regulation factors regulate the diversity of processes and

events occurring in cells.

3.3.1 Histone post-translational modifications

Post-translational modifications (PTMs) are various modifications of proteins that
occurs during or after protein biosynthesis. Histone PTMs are introduction of various
functional groups or moiety on the amino-terminal and carboxy-terminal histone tail
residues®®. Those modifications are introduced by the processes of acetylation and
methylation of lysines and arginines, phosphorylation of serines and threonines,
ubiquitylation and sumoylation of lysines and others processes. Additional level of
complexity is achieved by the fact that lysine and arginine could accept more than one methyl
group. More PTMs are identified every year, leading to possibility that nearly every solvent
accessible histone residue may be a target for post-translational modification®. In yeast a
number of histone PTMs are essential for viability?®. The PTMs of histone residues have a big
impact on chromatin structure and functions. PTMs act by either altering chromatin
accessibility or folding, or altering binding of effector molecules®®.

Interplay between histone acetylation and deacetylation acts as a molecular switch
between permissive and repressed chromatine®. Acetylation neutralize positive charge of
target residue, which leads to destabilization of interaction between the histones and DNAS®.
This alters folding of nucleosome fibre, thus making chromosomal domains more accessible.
Domain-wide acetylation helps both initiation of transcription and its elongation®®. Acetylated
lysines are recognised by bromodomains, that are often present in HATs and chromatin-
associated proteins complexes®. Those lysines can also act as marks for bromodomain-
containing transcription factors®. Acetylation is regulated by the opposing action of two
families of enzymes, histone acetyltransferases (HATS) and histone deacetylases. There is an
important role of acetylation of histones H3 and H4 in chromatin assembly. Disruption of
acetylation on both histone tails lead to defects in nucleosome deposition and to a G2 cell-
cycle arrest®?. This acetylation is thought to mediate a reversible neutralization of the lysine
charge that facilitates chromatin assembly®2.

Histone phosphorylation has diverse functions, such as DNA damage response,
transcriptional activation and chromatin compaction®®. Phosphorylation adds significant

negative charge to the histone that can influence chromatin structure®. Phosphorylation of H4
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and H2A-group of histones has a critical role during DNA repair®*%, while phosphorylation
of H3 group is necessary for the changes in chromatin structure for both genes activation and
condensation during mitosis®. H3 phosphorylation and can temporarily relieve the silencing
of specific genes, allowing transient transcription without affecting epigenetic memory®’. Cell
cycle progression is dependent on phosphorylation of histones, as shown for H3, H4 and H1
linker histones®. Its precise regulation is achieved by dynamic phosphorylation and
dephosphorylation by the help of numerous identified kinases and phosphatases.

Histone methylation differs from acetylation and phosphorylation since it doesn’t
change the target charge, thus acting as a mark for other factors to carry out its function®®.
Histone lysine methylation can be involved in either activation or repression of transcription,
depending on the sites of methylation. Thus, methylation of H3K4, H3K36, and H3K79 is
associated with activation, whereas methylation of H3K9, H3K27, and H4K20 is associated
with repression®®. Methylation is shown to be involved into genome wide silencing. H3K9
methylation is a marker of both constitutive and facultative heterochromatin®. Histone
methylation is carried out by histone lysine methyltransferases and arginine
methyltransferases. For a long time it was considered that demethylation of histones is not
naturally occurring’®, but in 2004 the first lysine demethylases have been discovered’.

There are also number of other PTMs that affect chromatin structure and functions.
Ubiquitylation adds a 76 amino acid long protein to the histone, that likely causes
conformational changes in nucleosome®. Sumoylation introduces small ubiquitin-like
modifier molecules to the histones and has a role in nucleocytoplasmic signalling, transport
control and regulation of gene expression’2.

There are number of functional states and cellular events that correlate with a group of
different histone PTMs. For example, transcriptional activation is associated with H4K8 and
H3K14 acetylation and H3S10 phosphorylation, while transcriptional repression is associated
with tri-methylation of H3K9 and the lack of H3 and H4 acetylation®®. These examples
implicate that in some cases histone modifications may propagate states as a group rather than
alone. The idea that various PTMs, acting in a combinatorial or sequential fashion, together
define specific chromatin states was described as the histone code hypothesis 73. There are a
large amount of proteins identified that establish, process and maintain histone code — writers,
readers and erasers’* of PTMs (Fig. 2). This machinery modify histone PTMs landscape in a
highly dynamic reversible way, in order to modulate such processes of DNA metabolism, as

transcription activation and repression, DNA replication and DNA repair.
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Figure 2. Interplay between writers, readers and erasers of PTMs.

Epigenetic writers such as histone acetyltransferases (HATS), histone methyltransferases (HMTSs), protein
arginine methyltransferases (PRMTs) and kinases create epigenetic marks on amino acid residues on
histone tails. Epigenetic readers such as proteins containing bromodomains, chromodomains and Tudor
domains recognise and bind to these epigenetic mark. Epigenetic erasers such as histone deacetylases
(HDAC:S), lysine demethylases (KDMs) and phosphatases catalyse the removal of epigenetic marks. The
interplay between those factors regulates processes of DNA metabolism.

(Modified from K. J. Falkenberg and R. W. Johnstone’®)

Nowadays histone code model is enriched by studies revealing complex crosstalk
between histone PTMs. Some PTMs may either facilitate or block other PTMs on the same
histone tail®. For example, there is a strong correlation between methylation of H3K4 and
acetylation of H3K14'®. It was demonstrated that trimethylated H3K4 binds PHD finger
domain of Yng1, that is a part of NuA3 HAT, which subsequently acetylates H3K14". As an
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example of antagonising PTMs, it was shown that H3R2 methylation inhibits H3K4
trimethylation’®. In conclusion, location, context and timing of PTMs are all playing

important role for their total function®®.

3.3.2 Variant histones incorporation

Variant histones are sequential and functional variants of canonical histones. They are
expressed throughout the whole cell cycle’, with their mRNA polyadenylated®. Variant
histones are incorporated during replication-independent chromatin assembly, necessary for
DNA metabolism processes, such as transcription, repair and heterochromatin formation®:.
Variant histones, despite often having only a few amino acids difference with canonical ones,
have a set of specialised functions. Incorporation of the same variant histone can contribute to
antagonistic chromatin states based on the timing, location and presence of other factors. For
example, while variant histone H3.3 maintains transcriptionally active chromatin states®8, it
is also deposited into transcriptionally-repressed sites, such as pericentric® and other
heterochromatin regions®.

H2A group of variant histones is highly diverse and abundant. Some of the variants,
namely H2A.Z and H2A.X are evolutionary conserved, while macroH2A and H2ABbd are
vertebrate-specific®®®’. The H2A variants are primarily distinguished by their N- and C-
termini, which diverge in both length and sequence, as well as in their genomic distribution®®.
C-terminus of H2A, located at DNA entry/exit site, has the highest degree of diversity,
leading to altered nucleosomal stability, dynamics, and interactions in variant histones®°.

H2A.Z is highly evolutionary conserved variant of canonical H2A histone. It is
essential for early development of multicellular organisms®. H2A.Z-containing nucleosomes
are structurally different from canonical H2A ones®. Those differences are mainly
determined by alterations in C-terminal docking domain between H2A and H2A.Z (Fig. 3a).
H2A.Z/H2B dimers possess an extended acidic patch that may act as an interaction interface
for H4 tails or non-histone protein factors. H2A.Z docking domain residues His 112 and His
114 bind to and stabilize interactions with a metal ion, while the comparable region in H2A
doesn’t make this interaction (Fig. 3b). The presence of metal ion in H2A.Z-containing
nucleosomes may create a specific interaction interface for other nuclear proteins, such as
assembly factors or chromatin remodelling factors. The residue substitutions and deletions in

H2A.Z docking domain result into gap formation at the centre of H2A.Z-containing
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nucleosome, which is filled with additional residues in H2A-containing nucleosome (Fig. 3b).
Those structural differences result in altered, acidic surface that accounts for stability and
binding differences between H2A.Z-containing octamers and octamers with canonical H2A.
H2A.Z incorporation effect on the nucleosome structure stability remains controversial, with

both destabilising®® and stabilising®*** outcomes demonstrated.
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Figure 3. H2A and H2A.Z sequences and nucleosomes comparison

(&) Sequence alignment of Xenopus laevis H2A and mouse H2A.Z. Differences between the two amino
acid sequences are indicated in red, the docking domain is indicated with a dashed line. Regions essential
for the function of H2A.Z are boxed.

(b) Side-by-side comparison of H2A.Z-containing nucleosome and H2A-containing nucleosome X-ray
crystallography assessed structures. Colour coding of nucleosomes indicate the electrostatic potential,
which ranges from +7.0 (blue) to -7.0 (red) kcal mol e1. The manganese ion is shown in green. The acidic
patch is indicated by a black arrow. H2A.Z-containing nucleosome features gap in the centre, which is not
present in H2A-containing nucleosome.

(Modified from R. Suto et al., 2000°%)

H2A.Z incorporation into nucleosomes has a vital role in transcription, with exact

effect depending on chromatin context®®. Based on surrounding chromatin type and marks it
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could facilitate either gene activation or repression. H2A.Z containing nucleosomes are
widely present in euchromatin and are found at nucleosome-depleted regions of active
promoters and other regulatory regions®®’. Such positioning is necessary for the initial
binding of the transcriptional machinery®®. H2A.Z is also present at euchromatin and
heterochromatin boundary, preventing the ectopic spread of silent heterochromatin®. H2A.Z
is found at the promoters of silent genes occupied by the Polycomb-repressive complex 2%,
H2A.Z is also shown to be targeting pericentric heterochromatin during early mammalian
development, where it may act as a mark to distinguish constitutive from facultative
heterochromatin?®,

The introduction of H2A.Z into chromatin is carried out by ATP-dependent complexes
in a replication-independent manner in all eukaryotes. In yeast H2A.Z is bound by general
Nap-1 and H2A.Z-specific Chz1 chaperones that translocate it to ATP-dependent SWR1
complex. SWR1 with the help of swc2 chaperone® catalyses replacement of H2A/H2B
dimer with H2A.Z/H2B*%, In Drosophila, TIP60 acetylates and exchanges phospho-H2Av
with H2Av, by means of both histone acetyltransferase dTip60 as well as the adenosine
triphosphatase Domino/p400'%. In mammals SRCAP complex with the help of YL1
chaperone’ facilitates ATP-dependent exchange of histone dimers containing H2B and H2A.Z
into mononucleosomes®. The active eviction of H2A.Z from chromatin is also well defined
and characterized. ANP32E chaperone, as part of P400/TIP60 complex, specifically removes
H2A.Z from nucleosomes, including those at cis-regulatory sites'!. The INO80 complex
exchanges nucleosomal H2A.Z/H2B with free H2A/H2B dimers'®. Those competing
incorporation and eviction processes lead to constant dynamic exchange of H2A.Z in
nucleosomes’. This cycling allows for precise regulation of H2A.Z localization in response
to cellular requirements.

H2A.X is another conserved H2A variant, characterized by a C-terminal extension
with the consensus SQ[E/D]®, where ® represents a hydrophobic residue. H2A.X 1is
extensively involved in DNA repair processes. In response to double-strand breaks, H2A. X is
deposited to the affected nucleosomes, where it gets phosphorylated by DNA damage
signalling kinases®. H2A.X phosphorylation is important mark for DNA repair and
checkpoint factors recruitment, such as Rad50, Rad51 and BRCA1%1%", Loss of a single
H2A.X allele leads to increased sensitivity to ionizing radiation and a higher occurrence of
cancer in the absence of p53'%. This phenotype is not recovered by H2A.X with substitution
of the conserved serine phosphorylation site, implicating precise interplay between H2A.X

histone incorporation and modification. The H2A.X -/- mice has a number of defects

22



including radiation sensitivity, growth retardation, immune deficiency and male’s
infertility', These phenotypes are associated with chromosomal instability, repair defects
and impaired recruitment of repair machinery. Together, these data establish H2A.X as a
critical factor necessary for assembly and regulation of DNA-repair machinery in irradiation-
induced foci.

H2A.Bbd (Barr body-deficient) is a histone variant specific to mammals only. It is
highly specialized, being only 48% identical to canonical H2A. It lacks characteristic C-
terminal tail of the H2A family and end sequence of the docking domain, which is important
for interaction with H3°, H2A.Bbd was found to be largely excluded from inactive X
chromosomes!!! and to be enriched in nucleosomes associated with transcriptionally active
regions of the genome!!!. H2A.Bbd exchanges much more rapidly than H2A within the
nucleosome, and nucleosomes containing H2A.Bbd are less stable than canonical ones®. This
instability of H2A.Bbd contributes to disrupted chromatin structure at the sites of its
incorporations. Such disruption leads to formation of more accessible chromatin, thus
facilitating transcription.

MacroH2A is another highly divergent variant histone of H2A group. It contains
additional large nonhistone macrodomain with possible enzymatic function®’. Opposite to
H2A.Bbd, it is mostly associated with condensed, inactive chromatin. MacroH2A is enriched
on the heterochromatic inactive X chromosome!? and the transcriptionally silent XY body
during meiosis*3. It is shown to act as a barrier to reprogramming of induced pluripotent stem
cells?®. The mechanism of this transcriptional silencing involves macroH2A interference with
transcription factors binding and nucleosome remodelling by SWI/SNF chromatin
remodelling factors?®®. In addition, the macroH2A nonhistone macrodomain may act as a
roadblock for the passage of RNA polymerases, further establishing macroH2A as a

transcription suppressor.
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3.3.3 Chromatin remodelling complexes

Chromatin both protects DNA and impose constrains on it processing. In order to
allow access to DNA for essential activities such as transcription, replication and repair,
chromatin structure is being remodelled using energy of ATP. The factors involved in this
process are chromatin remodelling complexes (CRCs) that mobilize, move and cycle
nucleosomes!*.

CRCs are multi-molecular complexes of 300 kDa - 2 MDa molecular size. Their
unifying characteristic is presence of protein with catalytic ATP-hydrolysing core,
homologous to Snf2 family ATPase of the DEAD/H (SF2) superfamily of DNA-stimulated
ATPases!'>116 All of CRCs ATPases are evolutionary related to DNA and RNA helicases'“.
CRCs has a modular structure featuring diverse domains that allows high functional and
context-wise specialisation!*®.

CRCs are classified into different groups based on the domain organisation of
ATPase-containing protein found in each complex (Fig. 4). Most of CRCs proteins belong to
four major related families: SWI/SNF, ISWI, CHD/Mi-2 and SWR1/INO80"®, There are
number of differences between those families. Most importantly, they have different
functional domains in addition to ATPase, such as SANT and SLIDE domain for ISWI-like,
HSA and bromodomain for SWI/SNF group, chromodomains for CHD-like and HSA domain
for SWR1/INO80'%. These differences define CRCs subunit composition and functions.
Secondly, the remodelling mechanisms are different between those families. While SWI/SNF
family is more disruptive to DNA nucleosome interactions and may involve complete or
partial disassembly of the histone octamer, ISWI family group action is often less invasive
and may include nucleosome repositioning without its removal*?'. Thirdly, SNI/SNF
complexes tend to be up to 2MDA and consist of 9-12 subunits, while the ISWI group of
remodelling complexes are relatively small (300-650 kDa) containing 2—4 subunits!?. At
last, the substrate requirements for those families are different. The ATPase of CHD-family is
stimulated by nucleosomal DNA, while ISWI and SWI/SNF are stimulated by free DNA,

with ISWI being further stimulated by nucleosome tails*?!,
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Figure 4. Domain structure of four chromatin remodelling families.

Diagrammatic representations of four families of chromatin remodelling complexes. ATPase domain of
chromatin-remodelling complexes consists of an N-terminal DExx and a C-terminal HELICc subdomain,
separated by an insert region. The differences between families are determined by additional domains, such
as HAS, HAND, SANT, SLIDE, bromo- and chromodomains.

(Modified from M. Tyagi et al. 2016%23)

There are a number of well-established biological contexts where CRC are required,
such as transcription, formation of evenly spaced nucleosome arrays and chromatin assembly
facilitaion!14124,

Transcriptional remodelling is required for activation of regulatory elements of
genome’?*, such as promoters!?126, Regulatory elements of active genes are stably cleared of
nucleosomes, to allow quick access of transcription factors required for the regulation of the
genes?’. Experiments on rapidly transcribed HSP70 in Drosophila revealed three-fold
decrease of H3 on the body of the gene after heat shock'?. The dependence of transcription
on dynamic and transient chromatin structure change in gene bodies was also
demonstrated'?®. During transcription, RNA polymerase complex displaces the nucleosomes
what it passes. To recover this disrupted state, new histones are deposited back less than 1
min after passage, which generates a dynamic equilibrium of histone eviction and deposition
in sites of transcription'?°. Rapid transcription and more moderate transcription have different

requirements'®. During rapid transcription nucleosome frequently undergo transient octamer
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loss or exchange. In case of more moderate transcription either only H2A/H2B dimers
undergo frequent loss/exchange or transient octamer loss occurs more rarely*3,

Another important remodelling context is onset of proper spacing and structure of
chromatin after DNA-processing events!**. Optimal density and appropriate spacing of
nucleosomes are critical for newly synthesized chromatin after replication'*, Chromatin
remodelling complexes are also required for the conversion of prenucleosomes to
nucleosomes during chromatin assembly'3l. There is some overlapping between molecular
machinery involved in processes of assembly and remodelling. Some ATP-dependent factors
that can slide nucleosomes are also, together with chaperones, can assemble chromatin.
Functional synergy between remodelling and assembly by same ATP-dependent factors was
demonstrated on CHD1, which can participate in both assembly and remodelling processes®32.
Chromatin remodelling-defective Chd1 can still induce assembly, however the arrays that are
created are not spaced in periodic manner. Non-defective CHD1 can remodel those disorderly
distributed nucleosomes into periodic arrays. This implicates that while CHD1 assembly
function helps to create arrays of nucleosomes, its remodelling function is in charge of proper
spacing and organisation of array!®?. ACF was also demonstrated to have both histone
depositing and chromatin remodelling functions, with both reaction requiring ATP*3, These
data expose that assembly and remodelling functions of some ATP-dependant chromatin

machineries are distinct but synergetic.

To carry out these diverse functions CRCs utilize a number of global mechanisms of
action. CRCs have been observed to catalyse the mobilization and re-positioning of
nucleosomes, the transfer of a histone octamer from a nucleosome to a separate DNA
template, the creation of dinucleosome-like structures from mononucleosomes, and the
generation of superhelical torsion in DNA#117.132.134

The regular spacing between nucleosomes is achieved by generating superhelical
torsion in DNA, using energy of ATP hydrolysis'®®. This leads to alteration of local DNA
topology and disruption of histone contacts, allowing the histone octamer to move along the
DNA until regular spacing between nucleosomes is set**>. There are two general mechanisms
of action of nucleosome repositioning — sliding and looping*3®. SWI/SNF enzymes increase
chromatin accessibility by DNA looping, whereas ISWI enzymes induce nucleosome sliding.
During sliding, local DNA twist or bulge progresses over the histone octamer surface in a
wave-like manner'®. This causes the octamer to be relocated relative to the DNA sequence.

Sliding change the location of the exposed DNA, not the amount that is exposed. The looping
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mechanism makes nucleosomal DNA globally distorted and more susceptible to restriction
nuclease digestion'®’. During looping DNA segment from one edge of the nucleosome is
being detached that leads to DNA unwrapping. Together with looping SWI/SNF group is also
shown to be able to introduce topological changes in closed circular nucleosomal arrays®3e.

For nucleosome exchange promoted by SWR1, a mechanism similar to SWI/SNF
activity was proposedi®, SWR1 catalyses unwrapping of nucleosomal DNA from the entry or
exit positions of the nucleosome thus exposing the DNA-binding surface of H2A-H2B
dimer'®, The unwrapping is facilitated by intrinsic tendency of octamer to dissociate to H2A-
H2B dimers and the (H3-H4). tetramer and by action of SWR1 complex factors. In the end
SWR1 complex deposits Htz1-H2B dimer, which takes vacant place of previously placed
H2A-H2B, reassembling a nucleosome particle containing one each of H2A-H2B and Htz1-
H2B dimers'®. The diverse CRCs mechanisms of work mirror their numerous functions in
cellular processes. Next chapters are dedicated to overview four main families of chromatin

remodelling complexes.

3.3.3.1 ISWI family

ISWI-containing factors are highly conserved and have different roles in chromatin
assembly, nucleosomal spacing and repair'3. ISWI-containing CRC have been reported in
many species, including yeast ISW1 and ISW2, Drosophila ACF, NURF and CHRAC, human
hACF, hNURF, hCHRAC, RSF, NoCR and ToRC.

Even though ISWI is able to carry out nucleosome remodelling, nucleosome
rearrangement and chromatin assembly reactions on its own in vitro'*, it is always identified
in vivo in a complex with other factors 121, The role of proteins associated with ISWI may be
to stimulate, enhance and regulate the activity of the remodelling engine or to define the
biological context within which a nucleosome remodelling reaction occurs*?t,

Drosophila complex ACF consists of two subunits: Acfl and the ISWI ATPase. Acfl
enhances and modulates the activity of ISWI and synergistically cooperate with it in the
assembly of chromatin and nucleosome spacing*®3. In vitro assay revealed that ACF, NAP-1
or CAF-1, core histones, plasmid DNA and ATP are efficient for nucleosome assembly41:142,
ACF is shown to participate in both setting regular spacing after chromatin assembly and
transcription factor-mediated disruption of nucleosome arrays'#2. ACF is capable to assemble
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chromatin containing H1 linker histone, which is more repressive than H1-lacking
chromatin®®,

CHRAC is a complex similar to ACF, and contains ACF1 and ISWI, but also possess
two more subunits — CHRAC14 and CHRAC16 - histone fold containing proteins!*. CHRAC
has a function in the replication regulation by altering the nucleosomal structure at the origin
of replication, that allows efficient initiation of replication!*. CHRAC is able to mobilize
nucleosomes and relocate them to a central position on the DNA.

While ACF and CHRAC set regular periodic arrays, another drosophila ISWI-
containing CRC — NURF - disrupts nucleosome periodicity’*¢. NURF was shown to facilitate
transcription factor-mediated disruption of physiologically spaced nucleosomal arrays**’. This
disruption sets accessible chromatin structure at the promoter regions of genes, thus
promoting transcriptional activation. NURF is able to rapidly reposition a full histone octamer
to adjacent positions on the same DNA fragment, by lowering the activation energy for short-
range sliding of a histone octamer*¢, While CHRAC slides nucleosome from a fragment end
toward the middle, NURF is able to slide central nucleosome in bidirectional way 4. NURF
perturbs histone-DNA interactions in mononucleosomes when added at a stoichiometry of
one NURF per 20 nucleosome core particles'®’. It shares this characteristic with SWI-SNF
factors, however they disrupt interaction at higher stoichiometry and unwrap nucleosomal
DNA, while NURF only slides octamer along DNA4,

Human homologues of ISWI containing complexes were identified (Fig. 5). The
human ISWI family of remodelling ATPases comprises the Snf2H and Snf2L proteins that
form complexes with different non-catalytic subunits. RSF complex consists of ATPase
hSNF2H and p325 (Rsf-1)*¢. RSF can induce regular periodic nucleosome spacing and was
found to be able to assemble chromatin without histones in vitro!®. hACF, consisting of
SNF2h and hACF1 is involved into replication through highly condensed regions of
chromatin, such as pericentromeric heterochromatin®®. hNURF is comprised of SNF2L
ATPase and non-catalytic subunits BPTF and pRBAP46/48 and is implicated into facilitation
of transcription factor binding®®!. NoRC consists of SNF2h and Tip5 and is shown to
specifically repress rDNA transcription in chromatin'?2. The functional specificity of these
factors is determined by their non-ATPase subunits composition. For example, TIP5 of NoRC
modulates complex affinity to nucleosome, while CtBP subunit of NoRC homologue ToRC
mediates entire complex localization!®2. The diverse subunit composition of ISWI family

complexes determines their numerous functions in chromatin-related processes.
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Figure 5. Mammalian chromatin remodelling complexes of ISWI family

Diagrammatic representations of ISWI family complexes. The subunits are represented as ellipses and
conserved protein motifs as rectangles. HSS is the HAND, SANT and SLIDE domains.
(Modified from Bartholomew et al., 2014%53)

3.3.3.2 SWI-SNF family

In eukaryotic cells there are two subfamilies of SWI/SNF chromatin remodelling
complexes, differing by the presence of the subunits®. First is the SWI/SNF group that
contains yeast SWI/SNF, drosophila BAP and human BAF. Second is the RSC group, which
contains yeast RSC, drosophila PBAP and human PBAF complexest!®>*, Despite similarities
to other organism’s complexes, mammalian SWI/SNF complexes feature more diversity of
subunits that are combinatorially assembled into functional subcomplexes®®*. This divergence
is likely caused by developmentally distinct functions, since a number of mSWI/SNF
complexes subunits have an important function in embryonic development®>157, SWI-SNF
family complexes utilize energy of ATP hydrolysis to mobilize nucleosomes and make the
DNA accessible for various nuclear processes'®®!®. They are involved into DNA breaks
repair, replication, transcription activation and repression'®%-163,

hSWI/SNF complex mediates ATP-dependent disruption of nucleosome core that is
accompanied by changes in DNA topology®®. It was demonstrated in vitro that hSWI/SNF

can exchange nucleosome between normal and activated state in an ATP-dependent
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process'®. Activated nucleosomes are topologically different and characterized by DNA
loops on the nucleosome surface'®®. They are more sensitive to digestion by DNAse,
restriction enzymes, and micrococcal nuclease, which implies that they have more open,
accessible structure!®®. This structure change helps transcription factors to bind to the site of
DNA, as exemplified on activator Gal4-AH®*. Presence of hSWI/SNF and ATP enhanced
Gal4-AH binding to DNA more than 100-fold. Swi/Snf complexes are shown to be recruited
to promoters to carry out their remodelling function through direct interactions with DNA-
bound activators or repressors*®®. RSC complex was also was demonstrated to facilitate
transcription, by the means of disassembling nucleosomes in order to remove them from
promoterst34167,

Together with role in transcriptional activation, SWI-SNF subfamily complexes are
also shown to be involved into transcriptional repression. ChIP experiments revealed that
subunits of hSWI/SNF complexes are present at repressed promoters'®1%°  Apility to both
activate and repress transcription could be attributed to distinct forms of Swi/Snf each
carrying out their functions. Some forms of Swi/Snf are shown to possess histone
deacetylases that can promote repression*’®. SWI/SNF was also shown to facilitate and
increase efficiency of DNA replication. A direct interaction between Inil/hSNF5 subunit of
human SWI/SNF complex and the human papillomavirus E1 replication protein was
demonstrated'’. This interaction is essential for the efficient replication of papilloma-virus
DNA. These data establish SWI/SNF-containing complexes as a multi-functional factors,
which utilize their chromatin remodeling activity to facilitate diverse chromatin-related

processes.

3.3.3.3 CHD/Mi-2 family

CHD/Mi-2 family CRCs are playing important roles in the regulation of transcription,
differentiation and developmental processes'’>!3. Some of CHD family factors, i.e. CHD5
and CHDS8 are tumour suppressors, implicated in a number of human diseases’>1/417°,

There are three subfamilies within CHD/Mi-2 family differing by additional domains
(Fig. 6). Chdl and Chd2 subfamily contains DNA-binding domain; Chd3-Chd5 subfamily
(Mi-2 subfamily) has N-terminal PHD Zn-finger-like domains; Chd6-Chd9 possess paired
BRK (Brahma and Kismet) domains, a SANT-like domain, CR domains, and a DNA-binding

domain'’2.
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Figure 6. CHD subfamilies domain organisation.

Diagrammatic representations of three CHD subfamilies of chromatin-remodelling factors. Green
diamonds, PHD finger domains; red vertical boxes, chromodomains; blue rectangular boxes, split SNF2-
like helicase/ATPase domain; brown oval, DNA-binding motif; orange boxes, domains of unknown
function (DUF1, DUF2); light blue box, SANT domain; yellow oval, BRK domains.

(Modified from Kolla et al., 201476)

Early studies of Drosophila Chdl using polytene chromosomes established its ability
to alter chromatin structure in a way that facilitates gene expression'’”. Chd1 can participate
in both chromatin assembly and remodelling processes, first facilitating formation of
nucleosome arrays and then remodelling them to be evenly spaced'®. It was shown that those
processes are distinct and carried out by different domains on the Chd1*2. In vitro reaction
containing purified Chdl, NAP-1 chaperone, core histones and relaxed DNA was enough to
catalyse the ATP-dependent transfer of histones to the DNA by a mechanism that yields
regularly spaced nucleosomes*®. Interestingly Chd1 could only assemble chromatin without
linker histone H1, but not H1-containing one, which indicates CHD1 role into assembly of
less compact, active chromatin'*®. Drosophila Chdl together with RI-specific chaperone
HIRA is shown to participate in assembly of parental chromatin during early Drosophila
development’8, Yeast Chd1 is shown to be part of two complexes — SAGA (Spt-Ada-Gcn5
acetyltransferase) and SLIK (SAGA-like), two highly homologous and conserved multi-
subunit histone acetyltransferase complexes. SAGA acetylates nucleosomes surrounding the
promoter, facilitating recruitment of additional transcriptional factors that lead to gene

activation'’®. SAGA activity was demonstrated to depend on Chd1'€°.,
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Drosophila Chd3-Chd5 family proteins (Mi2) are DNA-dependent, nucleosome-
stimulated ATPase cores of NuRD complexes!882 which possesses both nucleosome
remodelling and histone deacetylase activities'®. They can bind and mobilize nucleosomes
along a linear DNA fragment. NURD complexes efficiently disrupts histone-DNA contacts

and remodels mono- and polynucleosomes in an ATP-dependent manner'82184,

3.3.3.4 INOB0/SWR1 family

INO80 and SWR1 complexes are evolutionarily conserved from yeast to human and
share several subunits!®. They have been implicated in a number of process, including
chromatin assembly, transcription regulation, double strand breaks repair and cell-cycle
checkpoint activation*®>18,

INO8O0 has a numerous functions in chromatin processing that are determined by its
diverse catalytic activities. INO80 shows both DNA-dependent ATPase activity and 3’ to 5’
specific helicase activity*?*. It is able to binds free DNA with an apparent binding constant
comparable to that of SWI/SNF*®, which is important for its chromatin functions. INO80
complex can mobilize and remodel mononucleosomes in an ATP-dependent manner'®’.
INO80 complex utilizes its remodelling function to play an important role in transcription
regulation®®. It was demonstrated that chromatin remodelled by INO80 complex shows a 10-
fold increase of transcriptional activation'?*. INO80 complex also has a function in
replication, by remodelling, removing and reassembling nucleosomes in the path and behind
the replication fork!®, Finally, INO80 complex remodelling is involved in DNA-repair
processes, by facilitating nucleosome exchange from damaged regions®. INO80 mutants are
hypersensitive to DNA damaging agents and to double-strand breaks (DSBs) induced by the
HO endonuclease®. It was shown that INO80 and other components of INO80 complex are
recruited to an HO-induced DSB, where they directly remodel chromatin in order to facilitate
processing of the lesion?8®,

The mechanism for some of INO80 complex functions is linked to its regulation of
H2A.Z histone distribution'®®, H2A.Z was shown to be mislocalized across the yeast genome
in the absence of INO80, with its overall pattern becoming disrupted. A model was proposed
in which Ino80 catalyse the ATP-dependent removal of unacetylated H2A.Z from chromatin

that surrounds stalled replication forks or double strand breaks, thus contributing to genome
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stability'®. INO80-induced H2A.Z/H2B replacement by canonical H2A/H2B is opposite to
the activity of other member of the INO80 family of ATPases - SWR1, which replaces
H2A/H2B with H2A.Z/H2B dimers. SWR1 and INO80 perform similar dimer exchange
reactions but with opposing specificities, precisely regulating H2A and H2A.Z distribution

e
\ H2A.Z-containing
nucleosome

according to cellular requirements (Fig. 7).

H2A-containing /'
nucleosome ; 'N

9

Figure 7. H2A and H2A.Z exchange by INO80 and SWR1

SWR1 replaces H2A/H2B with H2A.Z/H2B, while INO80 replaces H2A.Z/H2B dimers with H2A/H2B
ones.
(Modified from S. Watanabe et al., 2010%%°)

SWR1 complex have molecular weight of approximately 1 MDa and consists of 14
subunits. SWR1 complex is conserved in eukaryotes, with SRCAP and p400 being its
mammals homologues. All SWR1 homologues are able to exchange variant histone
H2A.Z/H2B dimer for a canonical H2A/H2B dimer at nucleosomes flanking histone-depleted
regions, such as promoters!®1%, Swc2 unit of SWR1 complex directly binds to and is
essential for exchange reaction of H2AZ/H2B dimers for canonical ones, thus being the
histone chaperone of this complex!?, Histone acetylation PTM plays an important role in
SWR1-mediated histone exchange. NuA4 complex was shown to acetylate Htz1 in vivo after
it was deposited by the SWR1 complex®®l. This Htzl acetylation is required for its
transcriptional activation, opposition of gene-silencing, and chromosome stability
functions!®. Mutants of NuA4 and SWR1 complexes share several phenotypes, implicating
their functional synergy, possibly mediated by shared subunits!®>19?,

SWR1 complex structure containing all subunits was visualized by 3D electron
microscopy*. It revealed presence of functional modules within SWR1 complex: substrate-
handling N- and C-Modules, ATPase module and Rvb1/Rvb2 ring'®? (Fig. 8). Each module is
distinct, but highly linked with others. Chemical crosslinking and mass spectrometric analysis

confirmed that subunits show numerous interactions between each other, thus being highly
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interconnected. Rvb1/Rvb2 ring acts an assembly platform for substrate-interacting N- and C-
Modules modules, while Swrl ATPase bridges N-Module with the Rvb1/Rvb2. Comparison
of nucleosome-free and nucleosome-bound SWR1 complex structures revealed
conformational changes occurring upon binding®. At first, nucleosome binds over a central
depression formed between the Swrl ATPase and the Rvb1/Rvb2 ring. Then SWR1 complex
engages the nucleosome core particle via its catalytic ATPase subunit, which makes it assume
extended conformation. Interestingly, SWR1 complex and nucleosome has a limited
interaction that may reflect unique mechanistic aspects of the dimer-exchange reaction,

different from other remodelers®,

—
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Figure 8. SWR1 complex organisation

(a) Schematic representation of the SWR1 complex subunits.

(b) Cryo-NS structure of SWR1 complex at 28 A resolution. All subunits are arranged into following
regions: Swrl ATPase (blue), Rvb1/Rvb2 hexamer ring (purple), histone—binding N-Module (orange) and
H2.Z/H2B-binding C-Module (yellow).

(Modified from Vu Q. Nguyen et al., 2013%%?),
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3.4 Chromatin assembly

Chromatin functions both as a scaffold and a regulator of all DNA metabolism
processes, such as replication, repair and transcription. During these processes, chromatin
structure is subjected to a temporary disruption followed by a timely reformation, which
requires chromatin assembly'%31%4, There are two types of chromatin assembly - replication
coupled (RC) and replication independent (RI).

RC assembly is required for de novo formation of chromatin. For this purpose
canonical histones — H2A, H2B, H3 and H4 are transcribed during S phase®® and used for
packaging the newly replicated genome’. RC chromatin assembly is an initial step that
creates basis for all DNA-associated processes.

RI chromatin assembly is in charge of histone replacement that occurs on existing
nucleosomes — which is requirement of such processes as transcription, DNA damage repair,
DNA recombination and histone exchange on telomeres and pericentromeric heterochromatin.
RI assembly occurs through whole cell cycle” and utilizes variant histones instead of
canonical. Rl chromatin assembly is a constant process of chromatin maintenance and
regulation.

RC and RI assemblies are divided by different histones pools, separated cell cycle
times and different histone chaperones, meaning that normally those processes are not
overlapping. As an example of such divergence, canonical histone H3.1 is incorporated
during RC assembly by the means of CAF-1 chaperone, while variant histone H3.3 is
incorporated during RI assembly with HIRA chaperone® %1% However in cases of
abnormal depletion of either canonical or variant histones or their chaperones, compensatory
mechanisms are activated, revealing that RC and RI machineries can be partially replaceable.
Cells that are depleted of CAF-1 p60 subunit have disruptions in replication-coupled H3.1
incorporation®®. As an attempt to fill resulted nucleosome gaps, H3.3 starts to get
incorporated by HIRA into the sites of replication, meaning that RI-specific machinery and
histones start acting as a RC assembly replacement®®®. A complementary mechanism of RC
machinery acting as a R1 assembly replacement was characterized in Drosophila. Depletion of
variant H3.3 histone was shown to lead to incorporation of canonical H3 histone,
accompanied by upregulation of endogenous H3 genes'®’.

Described nucleosome gap filling processes are few of the many ways how chromatin
maintain its integrity by the means of timely chromatin assembly. After DNA damage,

reestablishment of the initial chromatin structure is carried out by repair-coupled chromatin
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assembly®1% 1t was demonstrated, that CAF-1 promotes nucleosome assembly during the
processing of single-strand breaks?®. Interaction of CAF-1 and PCNA may be involved in
coordination of interplay between DNA damage repair signals and chromatin restoration®®.
Other histone chaperones, FACT and HIRA are shown to be recruited to the UVC-damaged
chromatin to facilitate histone exchange there?°2292, These assembly processes are necessary
to restore the functions of chromatin, as exemplified by transcription reactivation after events
of damage?®?,

Finally, chromatin assembly is setting conditions for maintenance of chromatin states
between mitotic cell divisions®®. During RC assembly, chromatin is generated from a pool of
both newly synthesized histones and recycled parental ones. The level of all PTMs is fully
restored within one cell cycle. This recycling allows for keeping PTM information between
cell generations, propagating stable and specified epigenetic states. To summarise, chromatin
assembly is a vital process, that sets chromatin landscape, maintains processes that occurs on
it and guards its integrity.

3.5 Chromatin assembly machinery

There are two major factor groups that are involved in chromatin assembly; ATP-
dependent assembly factors and histone chaperones®. There is an in vitro evidence of
chromatin assembly that can happen either with chaperones only (NAP-1)° or ATP-dependent
assembly factors only (RSF)}°. However, available research shows that for efficient
formation of evenly spaced arrays of chromatin observed in vivo, both histone chaperones and

ATP-utilizing chromatin assembly factors are required®*’8,

3.5.1 Histone chaperones

Histone chaperones are a diverse group of proteins that physically binds histones.
Their structure is varied, with acidic stretches, rich in glutamic and aspartic acids being
common motif. These stretches are often found near the chaperones C-terminus. Histone
chaperones play critical role in all steps of histone cycle. They protect histones from non-
specific interactions and modifications and facilitate histone recruitment to chromatin and are
involved in nucleosome incorporation, eviction and exchange'®. In vitro studies revealed that

at physiological ionic strength, histone chaperones are necessary to shield positive charge of
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histones to prevent the formation of disordered insoluble aggregates between histones and
DNAZ4, Histones of H2A-group are often interacting with chaperones through their C-
terminal alphaC helix domain, that was demonstrated on H2A.Z chaperones YL1’, Anp32E*
and Chz1'8, Many of histone chaperones, like Nap-1, Chz1 and ANP32E are not essential for
viability and many seem to have overlapping functions. This suggests that there is a high
degree of functional redundancy of histone chaperones, even if each of them have some
degree of functional specialization?®2%, Histone chaperones usually have a preference to
either H3—H4 or H2A-H2B histones®.

3.5.1.1 H3-group/H4 histone chaperones

One of the first identified and characterized histone chaperones was CAF-1. CAF-1 is
an evolutionarily conserved H3-H4 chaperone complex of three subunits - p150, p60 and
RbAp48. It is an essential factor for cell viability of multi-cellular organisms?®’. CAF-1 was
shown to deposit H3-H4 for de novo chromatin formation?®® and chromatin restoration after
DNA damage®®. CAF-1 acts as a part of chromatin assembly complex (CAC). CAC contains
CAF-1 and histones H3 and H4 that possess unique acetylation pattern, that is an important
marker for assembly®®. CAF-1 is recruited to the sites of replication foci?® by an interaction
with the DNA polymerase through PCNAZ° At replication foci CAF-1 deposit newly
synthesised H3-H4 behind replication forks?®®. Together with functions in replicative
assembly, CAF-1 is also shown to participate in the maintenance of heterochromatin?:212,

Asf1 is H3-H4 chaperone involved in both RC and RI chromatin asembly?3214, Asf1l
forms heterotrimeric complexes with newly synthesized H3-H4 dimers in cytoplasm and
transfer them to the sites of nucleosome assembly in the nucleus®®®. At the replicative fork,
Asfl is shown to form stable complex with putative replicative MCM helicase and H3-H4
histones. Asfl seems to have a double function during replication, as it binds both de novo
synthetized histones and parental histones?'*. It’s thought that Asfl coordinates histone
supply and replication fork progression?!®. Asfl is also involved in assembly after DNA
damage, by means of interaction with DNA damage checkpoint kinase Rad53%Y. Asf1 is
often found in a complex with other histone chaperones, acting as a histone donor or acceptor.

HIRA is a H3.3 variant histone chaperone. It incorporates H3.3 to sites of active
transcription in a Rl way*. In HIRA knockout, ES cells genome-wide enrichment of H3.3 at

promoters and in the body of active genes is disrupted, suggesting a critical requirement for
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HIRA in H3.3 deposition at these specific regions?!®. HIRA is shown to be associated with
and carry out at least some of its functions by cooperating with other factors - UBNI,
CABIN1 and ASfla. Complexes containing these factors are involved in formation of
senescence-associated heterochromatin, gene transcription and cell cycle progression?%220,
HIRA and XNP (X-linked nuclear protein) can recognise chromatin defects and be recruited
to the nucleosome-depleted regions, facilitating assembly there??!, HIRA is essential for
assembly of paternal chromatin during early Drosophila development’, It utilizes CHD1 to
incorporate of H3.3 in the male pronucleus in an ATP-dependant manner'’®. The interaction
of HIRA with its functional partners may be facilitated by its conserved WD-repeats domains.
Those domains are present in a set of functionally diverse proteins that are part of
macromolecular complexes and shown to provide interface for protein interaction???,

DAXX is another histone chaperone specific for H3.3. It was discovered in H3.3
associated fraction purified from HeLa cells®. It physically interacts with H3.3 both in vitro
and in vivo with higher affinity than with canonical H3.1%%. DAXX was demonstrated to
facilitate the deposition of H3.3 in vitro®. It forms a complex with chromatin remodelling
factor ATRX in order to utilize its ATPase activity for its chromatin assembly function??. In
vivo, DAXX and ATRX were shown to deposit H3.3 in pericentric heterochromatin and assist
its transcription®. ATRX is implicated in H3.3 accumulation at other specific chromosome
landmarks, such as telomeres?'®, DAXX is also shown to mediate recruitment of H3.3-H4
dimers to nuclear bodies, thus maintaining pool of H3.3 for further deposition into

chromatin?®,

3.5.1.2 H2A-group/H2B histone chaperones

Nap-1 is a highly conserved H2A-group/H2B histone chaperone with several roles in
both RC and RI assemblies. Nap-1 histone group is evolutionary conserved and includes
Drosophila Nap-1, human Nap-1-like and yeast Vps75. While in vitro it has an affinity for
both H2A/H2B and H3/H42%, in vivo it associates with H2A-H2B only??%. Nap-1 is required
for H2A-H2B deposition and exchange across the genome??"?2, Nap-1 and ATP-dependant
factor dCAF-1 complex is demonstrated to efficiently assemble of chromatin with repeat
length of the chromatin similar to that of native chromatin??. Nap-1 can also form regular
nucleosomal arrays on its own without the need of ATP-dependant factor in vitro??°. Together

with its deposition function, Nap-1 was shown to facilitate assembly by removing restrictive
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histone-DNA interactions?®®, which may explain its ability to assemble chromatin without
help of chromatin remodelling complexes®. There is growing data implicating Nap-1
maintenance of various histone pools. NAP-1 is shown to act as a linker histone chaperone in
Xenopus eggs and to modulate the pool of linker histones?3!, It was also demonstrated to
maintain a soluble pool of H2A.Z in the cytoplasm that may be important for the dynamic
exchange of H2A-group/H2B histones within nucleosomes?®. Finally, NAP-1 associates with
Kap114p, a main nuclear importin of histones H2A and H2B?%, that also corroborates its role
in the histone pool maintenance.

FACT is a H2A-group/H2B histone chaperone complex, consisting of two core
subunits, SPT16 and SSRP1. FACT physically interacts with nucleosomes, with Sptl6
subunit is in charge of H2A/H2B interaction, and SSRP1 of H3-H4 one?®, FACT is shown to
be involved in Pol Il-driven transcript elongation in vivo?*. In vitro it was revealed that
FACT can both displace H2A-H2B dimers during transcription and then place them back
after transcription has occurred?®, This implicates that FACT possess both assembly and
disassembly activity to effectively regulate H2A-H2B enrichment at the sites of
transcription®®. FACT is also shown to be a chaperone for histone variants H2A.Z?* and
H2A.X?®, depositing and evicting them within nucleosomes.

ANP32E is histone variant H2A.Z chaperone, capable of facilitating H2A.Z
removal*. ANP32E is a member of the p400/TIP60 chromatin remodelling complex.
ANP32E has specificity to H2A.Z/H2B dimers that it achieves through interaction of its ZID
domain with oC-helix of H2A.Z. ChIP-seq profile in ANP32E —/— cells revealed that its
depletion leads to accumulation of H2A.Z at enhancers and insulators, which are otherwise
normally cleared of it!. In vitro assays of ANP32E incubation with the H2A.Z immobilized
nucleosomes resulted in the dissociation of H2A.Z from the nucleosome?!, further confirming
its histone eviction function. ANP32E disassembly function is utilized during DNA repair, by
removing H2A.Z from DNA double-strand breaks and promoting nucleosome reorganization
there?®’.

Yeast Chzl is a conserved H2A.Z chaperone that transport Htz1 to SWR1 for H2A
replacement in chromatin®. Both Chz1 and Nap-1 can reciprocally substitute for the binding
to Htz1-H2B and its delivery to SWR1 complex, implicating overlapping functions between
them®2%, Chz1 interacts with Htz1 using its CHZ motif — a highly conserved region, that is

also located in the C-terminus of human Chz1 homologue HIRIP3® (Fig. 9).
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EEEDDLAEIDTSNIITS-GRRT Yeast S.c. (Chzl)

ERTKELEGIDTSNIVSS-SRR- Arabidopsis

EEAQELAELDMSNIITTQGRP Zebrafish

EEAAEVAALDVANIISSTGRP Mouse

EEAAEVASLDVANIISGSGRP Human (HIRIP3)
CHZ Motif

Figure 9. CHZ motif is evolutionary conserved from yeast to human

Multiple sequence alignments of CHZ motifs in eukaryotes. Blue, acidic residues; Purple, basic residues;
Red, nonpolar residues; Green, polar residues.
(Modified from E. Luk et al, 2007°)

Crystal structure of CHZ and H2A-H2B fusion confirms Chzl specific interaction
with H2A.Z/H2B dimers with CHZ motif being critical for its stabilization'?2. CHZ motif was
shown to possess bipolar charge distribution with three basic residues and five acidic residues
located separately. Interestingly, it utilizes this bipolarity to interact with both positively and
negatively charged histone residues'?. This finding implicates that there are more complex
requirements of histone chaperones and they are not merely negatively charged molecules that
shield positive histone charge'?. After delivery by NAP-1 or Chz1, another H2A.Z chaperone
- Swc2 - binds Htz1-H2B dimers and facilitate their exchange within SWR1 complex102192,
Swec? is conserved in metazoans as an YL1, which is part of a SRCAP chromatin remodelling

complex%,

3.5.2 Chromatin machinery interplay

Chromatin assembly and disassembly are highly regulated processes made possible by
cooperation and interplay between components of chromatin machinery and other cellular
factors?’.

The factors involved into de novo chromatin formation was extensively studied and
described?42382%9 (Fig. 10). De novo chromatin formation occurs immediately after DNA
replication, with histones from the parental chromosome being randomly distributed to the
two daughter DNA strands. Parental histones are shown to be transferred by chaperone
Asf124, The rest of nucleosomes is assembled from the newly synthesized histones. They are
deposited onto DNA in step-wise manner8®2%” from two non-nucleosomal histone pools: one
containing nascent H3 and H4, and another containing H2A and H2B in association with
NAP-1 chaperone?*,
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As a first step, newly synthesized acetylated H3—-H4 dimers are transferred from
histone Asfl to histone CAF-1 or Rtt106 by their direct interaction®!. CAF-1 or Rtt106 are
assembling (H3-H4), tetramers from dimers before further deposition®*?. Afterwards, they
load (H3-H4), onto naked DNA by interacting with proliferating cell nuclear antigen
(PCNA)?% PCNA acts as a DNA polymerase clamp and thus targets CAF-1 to replication
forks. In vitro experiments revealed maximum efficiency of assembly when both factors are
present?'®, At this point, (H3—H4), and DNA forms a stable intermediate®.

Second step involves Nap-1-facilitated addition of two H2A-H2B dimers to the H3-H4
tetrasomes positioned on the DNAZ2*, Those initial histone-DNA structures formed by histone
chaperones are called nascent nucleosomes or pre-nucleosomes. They contain all four core
histones and look similar to mature chromatin under microscope®®®. However, they are
randomly positioned, are unable to supercoil DNA like mature chromatin and has weakened
contacts with DNAZ®,

The final step is the maturation of nascent chromatin that consist of a few processes.
ATP-dependant factors start to convert pre-nucleosomes to the nucleosome arrays. Their
remodelling activities arrange nucleosome arrays to make them evenly spaced on the
DNA!"2% ACF is shown to carry out those functions during de novo formation 2%, After
formation of regular nucleosome arrays, histone deacetylases remove acetyl groups from
them, which leads to DNA-nucleosome wrapping seen in the mature chromatin?®. Histone
deacetylation is shown to be required for the maturation of newly replicated chromatin®3,
Linker histones are incorporated into the nucleosomes after initial formation of mature
chromatin?®, possibly by NAP-1231, Mature chromatin is characterised by regularly spaced
nucleosomes, resistance to DNasel digestion, deacetylation of H4 and the binding of histone

HI in larger eukaryotes®?.
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Figure 10. Replication-coupled chromatin assembly machinery interplay.

Newly synthesized histone H3—H4 dimers are imported into the nucleus by Asfl. They are transferred to
CAF-1 and Rtt106 for (H3—H4), formation and deposition onto newly synthesized DNA, which in part
depend on interaction between CAF-1 and PCNA. Rtt106 tethering mark is not yet known. Parental
histones are transferred by Asfl. H2A-H2B chaperon involved into RC chromatin assembly is Nap-1.
Additional explanations in text.

(Modified from R. J Burgess and Z. Zhang, 201324?)

Mechanisms of variant histones incorporation during Rl-assembly are also dependent on
cooperation between different cellular factors and marks™ (Fig. 11). During transcription,
Asfl transfers H3-H4 dimers to HIRA factor, a three subunits complex consisting of HIRA
histone chaperone, UBN1, and Cabinl. HIRA, together with chromatin remodelling factor
CHD1, carries out histone exchange reaction at the transcription sites32178, HIRA is recruited
to those sites by the means of interaction with double-stranded DNA and RNA polymerase
complex. This molecular tethering allows cooperation between H3.3 exchange and gene
transcription®2, Deposition and exchange of H2A-group/H2B during transcription is carried

out by Nap-1, FACT and Chz1 histone chaperones.
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Figure 11. Replication-independent chromatin assembly machinery interplay during transcription.

H3.3-H4 of the Asfla-H3.3-H4 complex is transferred to HIRA factor for deposition of H3.3-H4 at the
sites of RNA polymerase Il binding. Histone chaperones like FACT and NAP-1 facilitate H2A-group/H2B
dimers exchange. Additional explanations in text.

(Modified from R. J Burgess and Z. Zhang, 201324?)

Chromatin disassembly also requires interplay and cooperation between factors of
chromatin machinery. The chromatin-remodelling factor RSC is cooperating with either Nap-
1 or Asf1 chaperones to carry out its chromatin disassembly function®®’. Together with those
histone chaperone, it disassembles nucleosome in a stepwise manner. At first, RSC and Nap-1
remove H2A/H2B dimers that leads to tetramer formation®®’. Afterwards by binding with
H3/H4 tetramers, it completely disassembles the remainder of nucleosome with the release of
naked DNA. FACT chaperone can also be involved in this process, by weakening interactions
between H2A-H2B dimers and H3-H4 tetramers?,

The understanding of interplay between elements of chromatin machinery depends on
the studies of individual factors, their interactions, functions and mechanisms of action.
Human chromatin machinery is of special interest considering numerous links of chromatin
factors to both common and rare diseases*’22%, To contribute to this research, we studied
two human chromatin factors - HIRIP3, a histone chaperone candidate and SRCAP, a
chromatin remodelling complex. In following chapters available data relevant to those factors

will be reviewed, followed by the results achieved in this project.
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4 MATERIALS AND METHODS

This work took advantage of three expression systems of proteins, each utilizing either
E.coli, insect or HeLa cells. E.coli pET expression system was used for multiple interaction
studies. Insect cells were used for their ability to express high molecular weight proteins.
Finally, HeLa cells were used for purification of protein complex in context of human cellular

environment.

4.1 Protein expression in E.coli

DNA sequences of proteins studied in this work were PCR amplified and sub-cloned
into vector constructs of pET system, under the control of T7 promoter?*® (Table 1). PCR-
directed mutagenesis was used to generate all mutation sequences. Constructs were
introduced into competent BL21-CodonPlus-RIL bacteria (Stratagene) using standard heat-
shock transformation procedure?*. Transformed cells were grown in Luria Bertani Broth at
37 °C, with appropriate antibiotics (Table 1), till an absorbance of 0.5 at 600 nm. Expression
was induced by adding a final concentration of 1 mM isopropyl-B-d-thiogalactopyranoside
(Euromedex), which activates expression of genes under control of T7 promoter. After
induction, cells were further grown for 2 hours at 25 °C. Cell pellets were collected by low

speed centrifugation and stored at -80°C.

Sequence Vector backbone Cloning strategy Bacterial Epitope tag
resistance

wt H2A, wt | E.  Coli, bicistronic | H2A inserted in MCS via | kanamycin | FLAG (H2A),

H2B pET28b, T7 promoter Xhol+Notl ; H2B inserted HIS (H2B)

in MCS via Ndel-BamHI

wt H2A.Z, | E. Coli, bicistronic | H2A.Z inserted in MCS via | kanamycin | FLAG  (H2A.Z2),
wt H2B pET28b, T7 promoter Xhol+Notl ; H2B inserted HIS (H2B)
in MCS via Ndel-BamH]

S1A H2A, | E. Coli, bicistronic | SIA H2A inserted in MCS | kanamycin FLAG (S1A H2A),

wt H2B PET28b, T7 promoter via  Xhol+Notl; H2B HIS (H2B)
inserted in MCS via Ndel-
BamHI
S122A E. Coli, bicistronic | S122A H2A inserted in | kanamycin | FLAG (S122A
H2A, wt | pET28b, T7 promoter MCS via Xhol+Notl ; H2B H2A),
H2B inserted in MCS via Ndel- HIS (H2B)
BamHI
HIRIP3 E. Coli, pGEX-5X.1, | inserted in MCS via | ampicillin GST
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1-556 T7 promoter Xhol+Notl

HIRIP3 E. Coli, pGEX-5X.1, |inserted in MCS via | ampicillin GST

1-370 T7 promoter Xhol+Notl

HIRIP3 E. Coli, pGEX-5X.1, |inserted in MCS via | ampicillin GST

371-556 T7 promoter Xhol+Notl

HIRIP3 E. Coli, pGEX-5X.1, |inserted in MCS via | ampicillin GST

371-556 T7 promoter Xhol+Notl

HIRIP3 E. Coli, pET28b, T7 |inserted in MCS via | kanamycin | FLAG

397-556 promoter Xhol+Notl

HIRIP3 E. Coli, pGEX-5X., |inserted in MCS via | ampicillin GST

403-527 T7 promoter Xhol+Notl

HIRIP3 E. Coli, pGEX-5X., |inserted in MCS via | ampicillin GST

403-514 T7 promoter Xhol+Notl

HIRIP3 E. Coli, pGEX-5X.1, |inserted in MCS via | ampicillin GST

425-527 T7 promoter Xhol+Notl

HIRIP3 E. Coli, pGEX-5X.1, | inserted in MCS via | ampicillin GST

1-553 T7 promoter Xhol+Notl

wt H2A E. Coli, pGEX-5X.1, | inserted in MCS via | ampicillin GST
T7 promoter Xhol+Notl

H2A 1-123 | E. Coli, pGEX-5X.1, | inserted in MCS via | ampicillin GST
T7 promoter Xhol+Notl

H2A 1-111 | E. Coli, pGEX-5X.1, | inserted in MCS via | ampicillin GST
T7 promoter Xhol+Notl

H2A 1-98 E. Coli, pGEX-5X.1, | inserted in MCS via | ampicillin GST
T7 promoter Xhol+Notl

H2A 1-92 E. Coli, pGEX-5X.1, | inserted in MCS via | ampicillin GST
T7 promoter Xhol+Notl

wt TIP4A9A | E. Coli, bicistronic | inserted in MCS via | ampicillin HIS
pET15b, T7 promoter Xhol+Notl

wt TIP49B | E. Coli, bicistronic | inserted in MCS via | ampicillin HIS
pET15b, T7 promoter Xhol+Notl

wt TIP49A, | E.  Coli, bicistronic | TIP49A inserted in MCS | kanamycin FLAG (TIP49B),

wt TIP49B | pET28b, T7 promoter via Xhol+Notl ; TIP49B HIS (TIP49A)

inserted in MCS via Ndel-
BamHI

wt YL1 E. Coli, bicistronic | inserted in MCS via | kanamycin | FLAG
PET28b, T7 promoter Sall+Notl

wt YL1 E. Coli, pGEX-5X., |inserted in MCS via | ampicillin GST
T7 promoter Sall+Notl

YL11-110 |E. Coli, pGEX-5X.1, | inserted in MCS via | ampicillin GST
T7 promoter Sall+Notl

YL1 111- | E. Coli, pGEX-5X.1, | inserted in MCS via | ampicillin GST

230 T7 promoter Sall+Notl

YL1 231- | E. Coli, pGEX-5X.1, | inserted in MCS via | ampicillin GST

364 T7 promoter Sall+Notl

Table 1. pET system constructs used for expression in E. coli.

All tags are N-terminal to protein. All genes are of human origin. wt — full length wild type protein; MCS -

multiple cloning site.




4.2 Protein expression in SF9 insect cells

In order to generate proteins in insect cells, we used Invitrogen Bac-to-Bac
Baculovirus expression System (Fig. 12). First, we have sub-cloned each gene of interest in
the pFastBac donor plasmid, inserted in MCS. Following constructs were used in this studies:

FLAG-SRCAP 1-2270
HIS-H2A.Z/ T7-H2B, bicistronic
HIS-TIP49A
HA-TIP49B
TIP49A/TIP49B (no tags), bicistronic
HIS-YL1
HA-YL1
After amplification, generated pFastBac plasmid was used for transformation of

DH10Bac E.coli competent cells. Using antibiotic selection coupled with blue-white
selection, we identified colonies in which transposition had occurred, thus containing
recombinant bacmid. Recombinant bacmid was subsequently amplified and used for SF9 cells
transfection using Cellfectin Il reagent (Thermo Fisher Scientific). Collected recombinant
baculovirus particles (RBPs) were used either for virus stock amplification or infection of Sf9
insect cells. After virus amplification, RBP were collected and filtered through 0.22 um filter,
then stored in a 4°C dark room.

SF9 cells (Spodoptera frugiperda) were grown either in T-flasks (adherent cultures) or
in spinner flasks (suspension cultures). They were cultured at 27°C in medium consisting of
10 % fetal heat-inactivated bovine serum, 5 mL/L penicillin-streptomycin and 1X Grace’s
insect cell culture supplemented medium (Gibco). When cells reach a density of 2 x 10° to 4
x 108 cells/ mL, they were passaged to a seeding density of 3 x 10° to 5 x 10°cells/ mL. For
protein expression, cells were infected at 2 x 108, Cells concentrations were evaluated using
Malassez hemocytometer. To produce protein, Sf9 insect cells were infected with the
recombinant baculoviruses, harvested after 48 to 72 hours, washed once with PBS and stored
in pellet form at -80°C. Optimal virus concentrations and infection time were determined by

test infections.

46



pFastBac™ donor plasmid

/ Clone Gene of Interest

Gene of
e y, Tn7L
Tn7R IX
Transformation “ - aaﬂ“n Trans pnswtlon
Antlblotlc Selection
I 7’ Gene
. Pen

!
/
I
lacZ ‘”’mlm attTn7

" Interest
Recombinant
Donor Plasmid Competent DH10Bac™ E.coli Cells E. coli (LacZ")
Containing Recombinant Bacmid

Mini-prep of High
Molecular Weight DNA

Recombinant
Baculovirus

Infection of Particles C.' \
Insect Cells ~
000 00000600 < - \J Iél @7' V
=/

2
s
\)"0 \& &) \f / /
¢ \L\ T ;” I 7 ( Transfection of [~
i I" Insect Cells with )
i . (cooc occoo0 0 |
Recombinant Gene Expression Cellfectin® Il Reagent Recombinant
or Viral Amplification Bacmid DNA

Figure 12. Work-flow of baculovirus expression system.

(Modified from Invitrogen Bac-to-Bac Baculovirus Expression System User guide, publication number
MANO0000414)

4.3 Protein expression in HeLa cells

The coding sequence of HIRIP3 was PCR-amplified and sub-cloned into the
Xhol-Notl sites of the pREV-HTF retroviral vector in frame with an N-terminal FLAG and
HA tags. Retroviruses were produced in Phoenix retrovirus packaging cells and used to infect
target Hela cells, as described previously?*’. Briefly, Phoenix cells were transfected using
pPREV-HTF and viral particles were used to transduce HelLa cells. Stably transduced HelLa
cell populations were established by triple immunomagnetic selection using Dynabeads cd25
(Invitrogen). Cell line distribution of positive cells was checked by immunofluorescence of
cells using standard procedures®*®, Rat anti-HA antibody (Roche) was used at 1/200 dilution;
the secondary antibody goat anti-Rat 1gG coupled to Alexa Fluor 488 (Molecular Probes) was
used at 1/400 dilution. Selected cell line expressing HIRIP3 protein fused to N-terminal
FLAG- and HA-epitope tags (eHIRIP3) was grown in suspension culture to achieve four
litres. Cells were maintained in incubator equipped with HEPA (High-efficiency particulate
arrestance) filter, at 37°C and 5% CO2. Cells were grown in Dulbecco's Modified Eagle
Medium (Thermo Fisher Scientific), supplemented with 10% FBS and 0.1 mg/mi
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penicillin/streptomycin solution. Cell pellets were collected by low speed centrifugation and
stored at -80°C.

4.4 Protein methods

4.4.1 Protein purification

In order to evaluate interaction between proteins, we used TAP (Tandem affinity
purification) - TAG approach®. After generation of cellular extracts from either E.Coli, insect
or HeLa cells, we subjected them to batch purification by the epitope tags (Table 2).

To generate soluble extracts from E.Coli and insect cells, pellets were re-suspended in
buffer TGEN (20 mM Tris-HCI pH 7.65; 300 mM NaCl, 3mM MgCI2, O.1mM EDTA, 10%
glycerol, 0.01% NP40, 1mM PMSF, 1x Roche cOmplete Protease Inhibitor Cocktail) and
lysed by Wheaton glass dounce homogenizer (insect) or freeze—defreeze cycles (E. coli),
followed by sonication in both cases. The soluble fraction was recovered by high-speed
centrifugation. HeLa cells palettes we used to produce soluble cellular extract, soluble nuclear
extract and insoluble extract as described previously?4°.

For batch purification assay, extracts were mixed with appropriate agarose resin and
incubated at 4°C (Table 2). After the binding, extract-resin solution was centrifuged,
supernatant was removed and the resin washed extensively with TGEN buffer. Afterword, the
resin-bound proteins were eluted from the resin by adding appropriate eluent agent (Table 2)
and incubating at 4 °C. Eluates were collected, and where applicable, were subjected to
dialysis against TGEN buffer and second step of purification with other agarose resin. For
protein pull-down assays, equal stoichiometric volumes of dialysed purified proteins were
mixed, incubated for two hours at 4 °C and subjected to batch purification, as described

above. After final step of purification eluates were flash frozen for storage at -80°C.

Tag Name Binding Eluent agent Elution Company
time time

FLAG | Anti-Flag M2 Affinity Gel 5hours | 5 mg/ml Flag 12 hours Sigma
purified immunoglobulin peptides
beads

GST Glutathione Sepharose 4B 1 hour 20mM gluthathione | 1 hour GE Healthcare

Life Sciences
HA Pierce Anti-HA Agarose 5hours | 5mg/ml HA 12 hours Thermo Fisher
peptides Scientific

HIS cOmplete His-Tag Purification | 1 hours | 300mM imidazol 1 hour Roche

Resin
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Table 2. Resin used in purification assays

In order to evaluate specificity of resin beads binding, we have made cross-reaction tests with
GST and FLAG tags fused proteins. Constructs of GST-tagged HIRIP3 and FLAG-H2A/HIS-
H2B were expressed separately and were subjected to GST and FLAG purification assays
(Fig. 13). We have confirmed that GST beads doesn’t cross-react with FLAG tagged proteins
and FLAG beads doesn’t cross-react with GST tagged proteins in our experimental

conditions.

MW GST-HIRIP3 FLAG-H2A/HIS-H2B
(kDa)

GST p. FLAG p. FLAG p. GST p.

130 [V — < GST-HIRIP3 FL

100 - - =
70

55 W —

35
25

| — < HIS-H2B
| ——— A Flag-H2A

15

12

Figure 13. Resin binding specificity control

HIRIP3 FL - full length (1-556) of HIRIP3; MW - molecular weight. GST p. — purification by GST tag;

FLAG p. — purification by FLAG tag.
GST-HIRIP3 and FLAG-H2A/HIS-H2B constructs were expressed in E.Coli. Generated soluble cellular
extracts were subjected to either GST or FLAG tags purification.
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4.4.2 SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

Protein eluates were mixed with SDS-PAGE sample buffer, heated for 5 min at 95°C
and loaded onto the 12% Tris-Glycine or 4-12% Bis-Tris polyacrylamide gel. Proteins were
separated at 180 V until the dye front had reached the bottom of the gel. The molecular
weight of proteins was estimated by running unstained (Mark12 Unstained Standard,
ThermoFisher Scientific) and pre-stained (PageRuler Plus, ThermoFisher Scientific) marker
proteins. Following electrophoresis, proteins were stained with either Coomassie Brilliant
Blue, silver or subjected to Western blotting.

4.4.3 Staining of protein gels

For Coomassie staining, polyacrylamide gels were fixed for at least 30 min in fixation
solution (30% ethanol / 10% acetic acid). Afterword they were incubated in Coomassie
staining solution (0.025% Coomassie Blue R-250 in 10% acetic acid) for 20 min on a slowly
rocking platform. To enhance visualization of proteins, gels were destained by boiling in tap
water and further incubation on the rocking platform.

The staining of protein gels with silver nitrate solution was carried out using
SilverQuest Kit (Thermo Fisher Scientific).

4.4.4 Western blotting

Western blotting was carried out using standard procedures?°. Proteins were separated
by SDS-PAGE and transferred to nitrocellulose or PVDF membranes using the Bio-Rad
blotting system. The gel was placed onto a membrane and sandwiched between gel-sized
Whatman papers soaked in transfer buffer (25 mM Tris, 192 mM glycine, 20% methanol).
The proteins were then transferred onto the membrane for 1 h (120 V constant) at 4°C. The
transfer reaction was cooled by the addition of an ice block into the transfer chamber. After
transfer, nitrocellulose filters were incubated for 1 h in blocking solution (1x PBS, 5% dried
milk and 0.1% Tween-20) in order to reduce the non-specific background. After blocking,
membrane were washed three times in PBS-Tween (10 min each) and incubated overnight at
4°C with primary antibodies (Table 3). After 3 washes (10 min each, in PBS-Tween),

secondary antibodies were added to membranes for 1 hour incubation. After last 3 washes in

50



PBS-Tween, antigen-antibody complexes were detected wusing Enhanced Chemi-

Luminescence substrate.

Name Clone Company/source
anti-HA 3F10, monoclonal 000000011867423001, ROAHAHA Roche
anti-H3 CT, pan A3S, monoclonal 05-928, Upstate Biotechnologies
anti-H2B polyclonal 07-371, Upstate Biotechnologies
anti-H2A.Z polyclonal kind gift by Stefan Dimitrov
anti-H2A polyclonal kind gift by Stefan Dimitrov
anti-CK2 alpha polyclonal A300-197A-M, Bethyl Laboratories
anti-FLAG M2, Monoclonal Sigma Aldrich, A8592
anti-YL1 EXM10001, Monoclonal Epigex
anti-TIP49A Monoclonal Abcam
anti-TIP49B 42, Monoclonal BD Transduction Laboratories- BD Biosciences

Table 3. Antibodies used in this work

4.4.5 Mass spectrometry

Preparation of proteins for mass spectrometry was carried out using using an ion-trap

mass spectrometer (ThermoFinnigan LTQ-Orbitrap Velos), as described previously**.

4.5 Structural modelling

Chzl and H2A.Z/H2B fusion structures were used from 2JSS*2, the structure of
budding yeast chaperone Chz1l complexed with histones fusion H2A.Z-H2B. H2A/H2B dimer
structure were used from 11D3%!, the yeast nucleosome particle. Figures have been made
using PyMOL program (The PyMOL Molecular Graphics System, Version 1.3 Schrddinger,
LLC.), http://www.pymol.org/

The structures were superimposed using align action for H2B region identical for both

structures.

4.6 Phosphorylation assay

Recombinant histone complexes were generated by expressing bicistonic pET28b

vector in E.coli, followed by double step affinity purification of cell’s soluble fraction carried
out as described®?. Phosphorylation assay of H2A/H2B, S1A H2A/H2B and S122A
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H2A/H2B was carried out as described previously?? with minor modifications. 0.75 mg of
each of the protein complexes were incubated for 30 minutes at 30°C in a buffer containing
70mM Tris-HCI, 10mM MgCI2, 5mM DTT, 0.5m Ci P32 ATP and 100 ng of each of
recombinant CK2al/p and CK202/B. Recombinant CK2al/p (CSNK2A1/B) 05-184 and
CK2a2/B (CSNK2A2/B) 05-185 were purchased from Carna Biosciences. Reactions were
stopped by Laemmli sample buffer, boiled for 10 minutes, migrated through a 14% SDS-

polyacrylamide gel, dried on paper and revealed by exposure to radiography film.

5 RESULTS AND DISCUSSION

5.1 PROJECT I. Identification and characterization of HIRIP3 as a novel histone H2A

chaperone

HIRIP3 (HIRA-interacting protein 3) is a 556 amino acid mammalian protein. Its gene
is located on the short arm of chromosome 16 and consists of seven exons. HIRIP3 protein is
highly charged, with 20.1% and 21.1% acidic and basic residues respectively. HIRIP3
MRNAs of fetal and adult origins consist of two low-level transcripts of approximately 2.0
and 2.9 kb3, Both transcripts are similarly expressed in fetal kidney, with a predominance of
the larger transcript in adult skeletal muscle and smaller one in adult heart. HIRIP3 is a
mainly nuclear protein and was shown to be extensively scattered throughout the nucleus,
with nucleoli devoid in interphase cells?®3. During mitosis, HIRIP3 is excluded from
condensed chromatin, but is concentrated in mitotic spindles at metaphase and in midbody
junctions at the end of telophase?®®.

HIRIP3 domain structure features glutamic acid-rich and polyserine regions in its N-
terminal and central position respectively and CHZ motif located in C-terminus. CHZ motif is
a conserved from yeast to human and is shown mediate histone chaperone Chz1l interaction
with H2A.Z%. CHZ motif of HIRIP3 may also be involved into the histones processing. While
roles of other regions within HIRIP3 are unknown, based on available data, serine region may
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act as the phosphorylation sites of HIRIP3%>® and glutamic acid-rich region may mediate its
DNA-related functions®4,

HIRIP3 was shown to be a HIRA interacting partner in the yeast protein interaction
trap studies'®. HIRA is a H3.3 variant histone chaperone which incorporates H3.3 in
replication independent during active transcription'* and chromatin structure recovery after
DNA damage®. The HIRA-HIRIP3 interaction was confirmed by in vitro pull-down
experiments®®. HIRA interacting partners - UBN1, CABIN1 and ASfla are shown to be
involved into the chromatin processing, by the means of enhancing and modulating HIRA
activity?!%220, While the HIRA-HIRIP3 complex function is unknown, it is possible that it is
associated with chromatin metabolism, similar to other HIRA containing complexes.

HIRIP3 is shown to both interact with and be phosphorylated by CK2 kinase?®3. Two-
hybrid interaction studies revealed both CK2 alpha and beta subunits as interacting partner of
HIRIP3%3, HIRIP3 protein is heavily phosphorylated in vivo and were shown to be affected
by phosphatase treatment, which results in its faster migration on SDS-PAGE gel®3. The
minimal consensus site for phosphorylation by CK2 occurs several times in HIRIP3.
Consequently HIRIP3 was shown to be phosphorylated by CK2 both in vitro and in vivo®,
establishing itself as a CK2 kinase substrate. CK2 is an evolutionary conserved ubiquitous
serine/threonine kinase that forms a tetrameric complex consisting of two catalytic and two
regulatory subunits®®. CK2 participates in a complex series of cellular events, including gene
regulation, cell cycle progression and maintenance of cell viability that it may achieve by
facilitating protection of cellular proteins from caspase action. CK2 phosphorylation is known
to regulate histone chaperones localization and functions as shown for the histone chaperones
Nap-1'° and FACT?®. A number of other downstream targets of CK2 also have a role in
chromatin metabolism*®.

Taking those data together, HIRIP3 is highly implicated to participate into chromatin
dynamics. First, it is directly interacting with H3.3 specific chaperone HIRA, which
interacting partners are often involved in chromatin associated processes. Second, HIRIP3 is
interacting with and getting phosphorylated by CK2 kinase, which downstream targets have
roles into the chromatin processing. Finally, HIRIP3 is homologous to Chzl yeast protein,
which is a histone chaperone specific to H2A.Z.

Despite available data about HIRIP3, its function is not yet discovered. In this project,
we aimed to identify HIRIP3 role in the context of chromatin dynamics and to study
whenever it has characteristics of a histone chaperone. We have found that HIRIP3 is stably

associated with H2A histone in vivo. Using in vitro interaction studies we have identified
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minimal domain sufficient for HIRIP3 interaction with H2A/H2B dimers. Finally, we have
shown that interaction with HIRIP3 is dependent on the alphaC helix of H2A. Taken together,

our data establish HIRIP3 as a novel histone chaperone specific to canonical H2A histone.

5.1.1 Results

5.1.1.1 H2A/H2B dimers are co-purified with HIRIP3 in vivo

In order to evaluate HIRIP3 as a histone chaperone, we started with the purification of
HIRIP3 complex in vivo. We aimed to test whether HIRIP3 is directly associated with
histones, since physical interaction with histones is an important indicator of histone
chaperone activity'®. Towards this goal, we established a stable HeLa cell line expressing N-
terminally FLAG-HA epitope-tagged human HIRIP3 (e-HIRIP3). Cell line was verified to be
positive by Western blotting and immunofluorescence with anti-HA antibodies. We generated
cellular and nuclear extracts from said cell line and subjected them to tandem FLAG and HA
immunopurification, which allowed us to identify proteins that are forming complex with
eHIRIP3 (Fig. 14a). In the soluble nuclear extract (SNE) and insoluble nuclear extract (INE),
we detected 3 bands between 10-17 kDa, which is the usual observed molecular weight of
histones. Mass spectrometry and western blotting analysis of the purified eHIRIP3 complex
identified that the complex indeed contained histones, and among them H2A and H2B (Fig.
14b, table 4). H2A.Z was revealed to be excluded from eHIRIP3 complex (Fig. 14b). Our
data show that, unlike Chz1 which interacts with H2A.Z, HIRIP3 forms complex with H2A in
vivo. eHIRIP3 complex was also shown to contain H3 histones, implicating that HIRIP3 may
interact with H2A/H2B dimers within entire H2A-containing nucleosome (Fig. 14b). These
findings reveal that HIRIP3 is stably associated with histones in vivo and may have function

related to their metabolism.
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Figure 14. H2A/H2B dimers are co-purified with HIRIP3 in vivo

(A) Silver staining of e-HIRIP3 complex purified from HelLa cells stably expressing e-HIRIP3, separated
by fractionation (CE - cellular extract, SNE - soluble nuclear extract, INE - insoluble nuclear extract).
(B) Western blotting analysis of the SNE and INE fractions of e-HIRIP3 complex. Fractions were probed
with anti-H2A, anti-H2A.Z, anti-H2B, anti-H3 and anti-CK2 antibodies. The last slot in each experiment is
an independently purified protein used as an antibody control. The control used for CK2 alpha subunit is
GST-CK?2 alpha, which is 26 kDa larger than endogenous CK2 alpha because of GST fusion protein.
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Peptides

PRKDC

88

HIRIP3

41
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CSNK2A1

KIF11
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NPM

UBP7

CK2 alpha

RFC4

HSP7C

HS90A

TBA2

UBE1

H2B type 1-B
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HNRPK

PP2CG

PARP1

EF2
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DHX15
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MSH2
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Table 4. Mass spectrometry data of the SNE fraction of e-HIRIP3 complex.
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5.1.1.2 HIRIPS interacts with H2A/H2B and H2A.Z/H2B dimers in vitro

To characterize HIRIP3 interaction with histones, we moved to the in vitro expression
systems. Using pET expression system in E. coli, we co-expressed GST-HIRIP3 with either
H2A/H2B or H2.Z/H2B histone dimers. Generated E.coli suspension cultures were subjected
to soluble fraction isolation with consecutive double affinity purification experiments by GST
and FLAG tags. SDS-PAGE analysis of eluates revealed that HIRIP3 binds to both H2A/H2B
and H2A.Z/H2B dimers with the similar affinity (Fig. 15). This result rises the possibility that
HIRIP3 can interact with both H2A and H2A.Z, similar to histone chaperones Nap-12°® and
FACTZ®. However, in in vivo complexes, H2A.Z was not detected within the eHIRIP3
complex, meaning that HIRIP3 either doesn’t interact with it in vivo or interaction is too
transient to be detected. Taken together, our data show that HIRIP3 stably interacts with
H2A/H2B dimers in vivo, even though HIRIP3 has affinity to and can bind both H2A/H2B
and H2A.Z/H2B dimers in vitro.

QO
L ¥
q?s (O\ qy:D (o\
MW A SR
(kDa) A PO L
& N & P
B R . .
130 SN '
160 <« GST-HIRIP3 FL
70
55 -
35 -
25
<« HIS-H2B
15 o ¥~ Flag-H2A or H2A.Z

Figure 15. HIRIP3 interacts with H2A/H2B and H2A.Z/H2B in vitro

Construct coding GST-tagged full-length HIRIP3 was co-expressed with either FLAG-H2A/HIS-H2B or
FLAG-H2A.Z/HIS-H2B dimers constructs. Soluble cellular extracts were isolated and subjected to double
GST and FLAG immunopurification assay.

HIRIP3 FL - full length (1-556) HIRIP3; MW - molecular weight. H2A(Z)/H2B control - purified FLAG-
H2A(Z)/HIS-H2B used as marker of observed molecular weight of histone dimers.
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5.1.1.3 HIRIP3 CHZ motif is critical for H2A/H2B interaction

Next step was to further characterize HIRIP3 and H2A/H2B interaction by mapping
the HIRIP3 domain involved in histone recognition and binding. To achieve this aim, we used
a structure-based mutational analysis of HIRIP3. To start with histone binding domain
identification, first we generated two mutants, each consisting roughly of a half of the protein.
First one is comprised of 1-370 residues and the second of 371-556 residues of HIRIP3 (Fig.
16). 1-370 mutant contained N-terminal regions specific to HIRIP3, while 371-556 mutant
contained CHZ motif (484-507) and its surrounding regions. We have co-expressed each of
those mutants with H2A/H2B dimers and generated soluble extracts. GST purification assay
revealed that 371-556 mutant interacts with dimers with similar affinity as full-length protein,
while 1-370 showed no interaction (Fig. 17a). In order to determine the HIRIP3 minimal
domain required for interaction with H2A, we further truncated 371-556 region from both N
and C-terminal sides (Fig. 17b, c). N-terminally truncated 403-527 mutant was interacting
with H2A/H2B dimers with full affinity, while interaction of 425-527 one was severely
decreased (Fig. 17b). C-terminally truncated mutant 403-527 showed full affinity, while 403-
514 one showed decreased affinity and also was subjected to degradation, indicating that
protein became destabilized (Fig. 17c). These experiments let us to identify 403-527 HIRIP3

region as a minimal domain, sufficient for the full affinity interaction with H2A/H2B dimers.
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Figure 16. HIRIP3 full-length and mutants’ domain composition

HIRIP3 FL

HIRIP3 1-370

HIRIP3 371-556

HIRIP3 397-558

HIRIP3 403-527

HIRIP3 403-514

HIRIP3 425-527

HIRIP3 no CHZ

Schematic representation of full-length HIRIP3 and HIRIP3 mutants, used in this work: HIRIP3 1-370,
HIRIP3 371-556, HIRIP3 397-556, HIRIP3 403-527, HIRIP3 403-514, HIRIP3 425-527 and HIRIP3

without CHZ domain (1-484 fused to 507-556).
Glutamic acid-rich region (blue), polyserine region (green), CHZ motif (orange).

59



:33 PV <« GST-HIRIP3 FL
; — <— GST-HIRIP3(1-370)

<— GST-HIRIP3(371-556)

<«—HIS-H2B
¥~ Flag-H2A

- input
e — anti-H2A

15 kDa —
° ® &
S g
b & &9 @ & & 3
x o N
,‘?3' 'c_.,‘l:\\ ‘,‘c,'l:‘\ C X Q,b,‘:'i\ bp,hf-\\h Qoo(“
<™ e v & QO
MW & @t & @?’b\ o
(kDa) & & @ SN G S
130
— — <~ GST-HIRIP3 FL
<— GST-HIRIP3 FL
100 by ' _—
" -t | -
55 W= -
" - <— GST-HIRIP3(403-527
— <« GST-HIRIP3(403-527) -— * < GST-HIRIP3= 403-51 4;
G < GST-HIRIP3(425-527)
35 - -
25
< HIS-H2B
¥~ Flag-H2A
< HIs-H2B
¥~ Flag-H2A
15 - -

Figure 17. HIRIP3 utilizes CHZ-containing 403-527 region to interact with H2A/H2B dimers

All figures: HIRIP3 FL - full length (1-556) of HIRIP3; MW - molecular weight. H2A/H2B control -
purified FLAG-H2A/HIS-H2B used as marker of observed molecular weight of histone dimers.

(a) GST purification assay of GST-HIRIP3 FL, GST-HIRIP3 (1-370) and GST-HIRIP3 (371-556) co-
expressed with FLAG-H2A/HIS-H2B dimers. 371-556 region of HIRIP3 is revealed to interact with
histones. This region contains CHZ motif (484-507). Top, Coomassie staining; Bottom, anti-H2A western
blotting of soluble cellular extracts (inputs). All samples show similar H2A expression level.

(b) N-terminal truncations of GST-HIRIP3 (403-527 and 425-527) were used in GST purification assay
with FLAG-H2A/HIS-H2 dimers. 403-527 shows the same affinity to dimers as HIRIP3 FL, while 425-527
revealed decreased affinity.

(c) Same as (b), but with truncations from C-terminal end (403-527 and 403-514). 403-527 shows same
affinity to dimers as HIRIP3 FL, while 403-514 revealed decreased affinity and were also degraded

(degraded product marked by asterisk).
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Our next step was to test whether CHZ motif was essential for HIRIP3 interaction
with H2A/H2B or whether this interaction could be attributed to non-CHZ motif regions only.
Towards this goal, we constructed deletion mutant of HIRIP3, which lacked CHZ domain
(Fig. 16). Interaction with this mutant was abolished (Fig. 18), indicating that CHZ motif of
HIRIP3 is indispensable for interaction with H2A/H2B. In conclusion, our data revealed that
HIRIP3 interacted with H2A/H2B dimers through extended 403-527 region, with 484-507

CHZ motif being critical for this interaction.
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Figure 18. CHZ motif of HIRIP3 is necessary for interaction with H2A/H2B dimers

HIRIP3 FL - full length (1-556) of HIRIP3; MW - molecular weight. H2A/H2B control - purified FLAG-
H2A/HIS-H2B used as marker of observed molecular weight of histone dimers.

Either GST-HIRIP3 FL or GST-HIRIP3 with no CHZ motif were co-expressed with FLAG-H2A/HIS-H2B
and were subjected to GST purification assay. HIRIP3 lacking CHZ motif had its interaction with
H2A/H2B abolished. Top, Coomassie staining; bottom, anti-H2A western blotting of GST eluates.
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5.1.1.4 H2A interacts with HIRIP3 through its alphaC domain

After identifying HIRIP3 minimal interaction region, we aimed to identify the H2A

domain involved in this interaction. Toward this goal, we generated truncations of H2A

starting from C-terminus: 1-123, 1-111, 1-98 and 1-92 (Fig. 19a). Truncations were selected

based on available data in the literature showing the importance of H2A alphaC helix for

interaction with several histone chaperones’*''8, We co-expressed the GST-H2A truncation

mutants with 397-556 region of FLAG-HIRIP3, which contains minimal domain, and carried

out FLAG purification assays to test their interaction. Residues 98-111 of H2A were revealed

to be critical for interaction with HIRIP3 (Fig. 19b). This region contains the alphaC helix,

that was shown to be in charge of interaction with several H2A-group chaperones, such as
Chz1'®, YL17 and Anp32E™. This result indicates that HIRIP3 interacts with H2A via the
help of its alphaC helix, which is characteristic of H2A-group histone chaperones.

a AlphaC helix
1 90 130
H2A FL(1-130) M..-DEELNKLLGKVTIAQGGVLPNIQAVLLPKKTESHHKAKGK
H2A(1-123) M...-DEELNKLLGKVTIAQGGVLPNIQAVLLPKKTESH
H2A(1-111) M...-DEELNKLLGKVTIAQGGVLPNI
H2A(1-98) M...-DEELNKLLG
H2A(1-92) M...-DEE
b > +]
\Q \Q Q le
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Figure 19. HIRIP3 interacts with H2A through its alphaC helix

(A) Schematic representation of full-length H2A and H2A truncations, used in this work: H2A 1-130 (FL,
full-length), H2A 1-123, H2A 1-111, H2A 1-98 and H2A 1-92.
AlphaC helix region is indicated in blue.
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(B) FLAG npurification assay of H2A-GST truncations with 397-556 FLAG-HIRIP3. Interaction is
gradually decreased from full-length to 1-111 truncation and is lost for 1-98 mutant. MW- molecular
weight

5.1.1.5 Structural considerations of HIRIP3 and H2A/H2B interaction

In order to visualize HIRIP3 and H2A/H2B interaction, we took advantage of available
structural data. We superimposed Chzl and H2A.Z-H2B fusion structure (2JSS)* with
H2A/H2B dimer from yeast nucleosome particle structure (1ID3)?*! (Fig. 20). We aimed to
determine whether CHZ motif can be modelled to interact with H2A/H2B dimers. We found
that CHZ motif + H2A/H2B alignment is very close to that of CHZ motif + H2A.Z-H2B.
CHZ motif lies on top of H2B alphaC and bends around it to have its ends reaching H2A
alpha2. Interestingly, alphaC helix of H2A doesn’t participate in the interaction with CHZ
motif, implicating that HIRIP3 utilizes other residues from 403-527 minimal domain for this

interaction.

CHZ motif
H2A.Z-H2B fusion
H2A/H2B

Figure 20. Simulated interaction between CHZ motif and H2A/H2B dimers

Green - CHZ motif from 2JSS, Blue - H2A.Z region of H2A.Z-H2B fusion from 2JSS, Red - H2B region
of H2A.Z-H2B fusion from 2JSS, Grey - H2A/H2B dimer from 11D3. Boxed - alphaC helix of H2A.Z and
H2A,; alpha2 helix of H2A.Z and H2A; alphaC helix of H2B.
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5.1.1.6 CK2 phosphorylates H2A within eHIRIP3 complex

Mass spectrometry analysis of the HIRIP3 complex also revealed the presence of the
CK2 kinase within the complex (Table 4). Western blotting against alpha subunit of CK2
confirmed CK2 being part of the HIRIP3 complex (Fig. 14b). The presence of CK2 in the
HIRIP3 complex could either play a role in HIRIP3 phosphorylation or have other unknown
functions in the context of HIRIP3 complex. To test the latter possibility, we used a
phosphorylation assay to evaluate whether CK2 can phosphorylate the H2A/H2B dimers.
Toward this goal, we generated two H2A non-phosphorylable mutants (S1A and S122A).
Phosphorylation assay revealed that CK2 can phosphorylate full length H2A histone and
S122A mutant but not the S1A mutant (Fig. 21). The S1IA mutation completely abolished
phosphorylation of H2A, indicating that Serine 1 site is critical for H2A phosphorylation.
This S1 site is not present in H2A.Z histone. The presence of HIRIP3, CK2 and H2A/H2B in
one stable complex implicates a functional connection between those factors that may be

regulated through phosphorylation.

A

S1A S122A
H2A/H2B  H2A/H2B  H2A/H2B
| — — —-H2A
B

S1A S122A

H2A/H2B H2A/H2B H2A/H2B

-H2B
—H2A

Figure 21. S1 H2A s critical for H2A phosphorylation by CK2

(A) H2A/H2B, S1A H2A/H2B and S122A H2A/H2B recombinant proteins were generated using pET
expression system in E. coli. 1 mg of each dimer were subjected to electrophoresis on 12% SDS-
polyacrylamide gel and visualized by Coomassie Blue staining.

(B) 0.75 mg of each H2A/H2B, S1A H2A/H2B and S122A H2A/H2B recombinant protein was incubated
at 30°C for 30 min in the presence of CK2 kinase and [y -*2P] ATP. Reactions were subjected to
electrophoresis on 14% SDS-polyacrylamide gel and revealed by exposure to radiography film.
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5.1.2 Discussion

5.1.2.1 HIRIP3 interaction with H2A/H2B dimers in vivo and in vitro

The first step of this work was identification of HIRIP3 interaction with histones both
in vivo and in vitro. At first, we have purified eHIRIP3 complex from HeLa cells in vivo. This
complex contained H2A and H2B histones, but no H2A.Z ones. Since H2A and H2B have a
high affinity for each other and carry out their functions as dimers®?, we suggest that HIRIP3
associates with them as a H2A/H2B dimer complex. HIRIP3 and H2A/H2B association in
vivo supports the notion of their functional connection, since complex formation is often a
hallmark of functional cooperation. For example, other H2A-group/H2B histone chaperones,
such as YL17 and ANP32e! were shown to co-purify with the histones in vivo. Along with
H2A and H2B, H3 histone was also identified within eHIRIP3 complex. The presence of H3
may indicate HIRIP3 association with (H3—H4), tetramers or entire nucleosome particle.

Secondly, using in vitro purification assays, we further confirmed HIRIP3 interaction
with H2A/H2B dimers. HIRIP3 were found to not discern between H2A/H2B and
H2A.Z/H2B dimers in vitro and to bind them with similar affinity. The fact that HIRIP3 was
found to associate in vivo with H2A/H2B and not with H2A.Z/H2B dimers, like Chz1, raised
the question of evolutionary divergence of CHZ motif-containing proteins. It may be
attributed to an evolutionary changes in the chromatin machinery and to the different cellular
requirements between yeast and mammals. The regions of HIRIP3 that are not present in
Chz1l may be involved in mediating this specificity. They may serve as a scaffold for
interaction with other proteins, such as HIRA, which was shown to interact with HIRIP32,
Those additional regions may, as well, contain motifs that could be targeted by post-
translational modifications, and hence could contribute to unique HIRIP3 interactions and
functions. CK2 phosphorylation may be involved in HIRIP3 histone specificity, since it is
known to regulate histone chaperone localization and functions as shown for the H2A histone
chaperones Nap1'® and FACT?®. It is important to note that Chzl, while characterized as
H2A.Z chaperone in vivo, is also able to interact with H2A in vitro®. This fact supports the
notion that in vitro Chzl and HIRIP3 are both unable to discriminate among H2A-group
histones. Those interactions are modulated by other cellular factors, leading to the histone
specificity we observe in vivo. Taken together, our data established HIRIP3 as a novel

interaction partner of H2A/H2B canonical histone dimer in vivo and in vitro.
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5.1.2.2 Structural basis of HIRIP3 interaction with H2A/H2B dimer

This work have demonstrated that mammalian HIRIP3 interacts with H2A in a similar
fashion as yeast Chzl interacts with H2A.Z, with the help of its conserved CHZ motif.
Structural simulation corroborates similarities of those two interactions, with CHZ motif
closely aligning with both H2A.Z/H2B and H2A/H2B dimers. In comparison with Chz1 and
H2A.Z interaction, that is mediated by 55 residue region of Chz1®, we showed that HIRIP3
interacts with H2A using more extensive 124-residues region. This 403-527 region contains
additional residues both to N-and C-terminal sides of CHZ motif. Those regions may
contribute to larger interaction interface between HIRIP3 and H2A and additional non-CHZ-
motif mediated connections. Despite involvement of other regions, we show that CHZ motif
is indispensable for HIRIP3 interaction with H2A/H2B. We propose that identified CHZ-
motif containing domain of HIRIP3 utilize it entire surface to interact with H2A/H2B dimers.

Structural simulation of CHZ motif and H2A/H2B interaction revealed that both H2A
and H2B histones are likely to be directly involved into interaction with HIRIP3. AlphaC
region of H2B was found to provide extensive binding surface for CHZ motif, while alpha2
of H2A was shown to have multiple contacts with it. H2A-group of histones is highly
divergent and often determine specificity to the chaperones®®, as exemplified on the YL1
chaperone’. While H2B histones doesn’t contribute to specific recognition by chaperones in
the same way as H2A-group chaperones do, they may act as scaffold for chaperone-histone
binding or have other functions. It was shown that highly basic domain of the H2B N-
terminal tail plays an important role during nucleosome assembly by FACT histone
chaperone, that it may achieve by stabilization of the nascent nucleosome?®®. CHZ motif also
possesses a specific charge distribution that facilitates its interaction with both H2A.Z and
H2B histones residues'?>. As a Chzl homologue, HIRIP3 may have similar interaction
dynamic with H2A and H2B, utilizing charged CHZ motif and other 403-527 regions to
extensively interact with both histones.

Finally, we have shown that HIRIP3 interacts with H2A C-terminal alphaC helix
region, which is a hallmark of a several other chaperones, including Chz18. According to the
structural simulation, CHZ motif doesn’t directly bind to either H2A.Z or H2A alphaC helix,
corroborating the importance of other regions aside from CHZ motif for the interaction.
Taken together, our data establish 403 — 527 region of HIRIP3 as minimal domain necessary
for interaction with alphaC of H2A and other regions of H2A/H2B dimer.
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5.1.2.3 CK2 kinase function within HIRIP3 complex

This work indicates a possible functional connection between HIRIP3, histones and
CK2 kinase. eHIRIP3 complex was revealed to contain both CK2 alpha subunit and
H2A/H2B dimers. While their presence within complex could be explained only by
interactions with HIRIP3, we have demonstrated that there is also a functional connection
between CK2 and H2A. We have shown that CK2 kinase phosphorylates H2A in S1 position.
This position is not conserved in H2A.Z, which may be the reason of observed
phosphorylation specificity to H2A. The presence of CK2 kinase and its phosphorylation of
both HIRIP3 and H2A rises the possibility of close interplay within HIRIP3 complex that is
mediated by phosphorylation. Post-translational modifications are shown to act as molecular
switches for histones functions. For example, phosphorylation of H2A.X is an essential step
for its functionality during DNA repair® and acetylation/deacetylation processing of H3-H4
tetramers is indispensable for its incorporation during de novo chromatin assembly?*3. Based
on the data of HIRIP3 interaction with H2A/H2B dimers (present work) and the fact that CK2
was shown to associate with H2A7, we suggest that HIRIP3, H2A/H2B and CK2 may act as

a cross-interacting cooperating complex.

5.1.2.4 HIRIP3 as a novel H2A/H2B histone chaperon

On the basis of our data, we propose HIRIP3 as a histone chaperone specific for H2A.
First, it associates with H2A/H2B dimers both in vitro and in vivo. Second, HIRIP3 interacts
with histones using CHZ motif, a region conserved with other histone chaperone Chzl.
Finally, HIRIP3 interaction with H2A is dependent on alphaC helix, which is hallmark of
histone chaperones interaction with H2A-group histones. Taken together, our study
establishes mammalian HIRIP3 protein as a novel histone chaperon specific to H2A, that
utilizes its CHZ motif-containing 403-527 region to interact with the H2A C-terminal alphaC

helix.
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5.2 PROJECT II. Reconstitution of SRCAP complex functional complex

SRCAP (SNF2-related-CBP activator protein) is a 350-kDa mammalian protein
homologous to the Swi2/Snf2 family of ATPases. SRCAP was originally identified in a yeast
two-hybrid screen for proteins that interact with the histone acetyltransferase CBP (CREB-
binding protein). Subsequently, SRCAP was found to function as a co-activator for nuclear
receptors and to synergize with CBP in this process?*®. SRCAP domain structure mirrors its
diverse cellular functions. SRCAP contains SNF2-like split ATPase domains, an N-terminal
HSA (Helicase-SANT-associated) domain, central CBP-binding domain and three C-terminal
AT-hook DNA-binding motifs (Table 5).

Domain Residues Function within the SRCAP complex
HSA 127 - 196 Binding site for nuclear actin and actin-related
proteins>®
ATPase domains 626 - 907(N-term) Catalysis of chromatin remodelling'%
2043 - 2156(C-term)
CBP-binding 1380-1670 Interaction with CBP and modulation of its ability to
activate transcription®8
DNA hooks 2813-2824 DNA-binding and facilitation of changes in the
2936-2948 structure of the DNA?8
3004-3016

Table 5. SRCAP domain's functions

SRCAP is closely related to Drosophila Domino and yeast SWR1 ATPases. Domino
is shown to have gene expression regulatory effects'®, while SWR1 complex is directly
involved into exchange of variant H2A.Z histones, thus regulating chromatin landscapel®?.
SRCAP also shares sequence similarity with the p400 helicase subunit of the TRRAP/TIP60,
a histone acetyltransferase that has roles in transcriptional activation, double strand DNA
break repair, and apoptosis. Alike its homologues, SRCAP forms a multi-subunit complex
with chromatin modifying and gene regulatory functions. SRCAP acts as a catalytic core of
the entire complex and was shown to directly catalyse H2A.Z/H2B histone exchange
reaction??,

SRCAP complex consists of 10 proteins, including ATPases TIP49A and TIP49B,
actin-related proteins ARP6 and BAF53a, histone chaperone YL1, histones and Gas41l,
ZnFhitl, DMAP12%%2, Along with SRCAP, another subunit of SRCAP complex, YL1, was
shown to be directly involved into H2A.Z/H2B histone metabolism’. YL1 is a 364 amino acid

protein evolutionarily conserved from human to yeast, and is homologous to S. cerevisiae
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Swc2/Vps72. YL1 is a shared subunit of the TRRAP/TIP60 HAT and SRCAP complexes and
has multiple roles in chromatin modification and remodelling in cells?®2, YL1 acts as a histone
chaperone of SRCAP complex, physically binding alphaC of H2A.Z using its ZID region’.
YL1 is a functional core of SRCAP complex responsible for histones binding and deposition.
In vitro assay revealed that YL1 is sufficient for deposition of H2A.Z/H2B dimers for
nucleosome formation. The crystal structure of the human YL1-H2A.Z/H2B complex
confirmed their specific interaction, with both H2A.Z alphaC helix extension and entire
DNA-binding surface of H2A.Z-H2B playing roles into its mediation’.

TIP49A and TIP49B subunits of SRCAP complex were also extensively studied in
context of chromatin metabolism. They are conserved AAA+ (ATPases associated with
various cellular activities) class ATPases that are universally present in chromatin-
remodelling multi-protein complexes!®262, TIP49A and TIP49B have functions as both
monomers and oligomers. In chromatin remodelling complexes they are always identified as
either homohexamers or heterohexamers?®*. Upon nucleotide binding, TIP49A and T1P49B
are shown to undergo conformational changes that facilitate their activity?®®. They operate by
promoting conformational changes or remodelling, and are mainly involved in the
disassembly of protein aggregates®®®. AAA+ group proteins were shown to be essential for the
chromatin remodelling activity of INO80 complex®®. While exact role of TIP49A and
TIP49B within SRCAP complex is not known, they may play similar role in enhancing entire
complex remodelling activity.

ARPs (actin related proteins) were found as subunits in many chromatin modifying
complexes. In SRCAP complex two factors of this group — ARP6 and BAF53a — are present.
ARPs function as the conformational switches that control either the activity or the assembly
of complexes®’. ARPs are demonstrated to couple ATP hydrolysis to protein conformational
changes?®®’. Despite the presence of a number of actin factors within chromatin remodelling
complexes, their functions are not redundant, and both ARP62%82% and BAF53al®" were
shown to be essential for transcription of flowering genes and regulation of hemopoiesis.
ARP proteins present within SRCAP complex may also be involved into complex formation
mediation.

Another subunit of SRCAP complex, GAS41 of YEATS family of proteins, is mainly
acting as transcriptional co-activator. All of the YEATS family proteins are components of
multi-subunit complexes involved in chromatin modification and transcription?”®. GAS41 is
essential for RNA transcription, since its depletion leads to significant decrease in RNA

synthesis and subsequently cell death?’*. GAS41 functions are likely mediated by its
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interaction with transcriptional factors (TF) and modulation of their activity. Gas4l was
shown to directly interact with TFIIF, utilizing its YEATS domain for this interaction?’.
GAS41 is also an interaction partner of TF AP-2beta that regulates transcription of a number
of genes involved in mammalian development, differentiation and carcinogenesis®’®. GAS41
both stimulates the transcriptional activity of AP-2beta over the reporters and enhances its
DNA-binding activity?”®. GAS41 possible role, within SRCAP complex, may be tethering
entire complex to the transcription loci, mediated by its intrinsic ability to be a transcriptional
co-activator. It may share this function with DMAP1, which is also shown to modulate
transcription factors functions?’.

It is not known how subunits of SRCAP complex cooperate with each other to
carry out the entire complex functions. To answer this question it is important to elucidate
interaction network among them. This can reveal the presence of sub-complexes, an
interconnected group of proteins that are mediating specific tasks within the complex.
Characterization of functional modules is an essential step for understanding how SCRAP
complex carry out its functions mechanistically. It could also provide insight for its
cooperation with other complexes, biological context dependence and regulation. In this
project, we aimed to identify and reconstitute minimal functional sub-complex of SCRAP.
Using YL1 histone chaperone as a functional core, we found TIP49A and TIP49B as its
interaction partners among SRCAP complex subunits. Further interaction studies revealed
connections between SRCAP, TIP49A/B, YL1 and H2A.Z/H2B factors, which were
subsequently reconstituted as a stable complex in vitro. This complex contained all factors
sufficient for chromatin remodelling activity of SRCAP complex, thus being its functional
module. Our project have set up a basis for further studies of functional sub-complex of

SRCAP complex, e.g. using cryo-electron microscopy.
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5.2.1 Results

5.2.1.1 YL1 interacts with TIP49A and TIP49B ATPases

The first step of SRCAP complex interaction network study was screening for
subunits that binds YL1 protein. Previously, we have characterized YL1 as a histone
chaperone of SRCAP complex’. Considering histone chaperones central role in chromatin
remodelling, YL1 was chosen as possible core of a SRCAP complex functional sub-complex.
We have screened for proteins directly interacting with YL1 among the SRCAP complex
subunits. For this purpose pET constructs containing tagged YL1 and other subunits of
SRCAP complex were co-expressed using E. coli expression system. The generated cellular
extracts were subjected to affinity purification using HIS tag. HIS eluate from each extract
was analysed by SDS-PAGE and western blotting. YL1 was found to interact with TIP49A
and Tip49B (Fig. 22). These proteins are AAA+ class ATPases that are universally present in
chromatin-remodelling multi-protein complexes as hexamers. The presence of YL1 in HIS
eluate was checked by western blotting with antibodies against YL1 (Fig. 22, bottom).
TIP49A appears to have a higher affinity for YL1 than for TIP49B. These data demonstrate
that YL1 interacts with both TIP49A and TIP49B, albeit with different affinity.
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Figure 22. YL1 interacts with TIP49A and TIP49B

The YL1-FLAG construct was co-expressed with either HIS-TIP49A or HIS-TIP49B constructs. Cellular
soluble extracts were subjected to affinity purification. Generated HIS eluates were used for SDS-PAGE
followed by Coomassie staining (top) or western blotting with anti-YL1 antibodies (bottom). YL1-FLAG
and HIS-TIP49B complex appears as one band on Coomasie stained gel, since they run at approximately
the same molecular weight.

Non ind. - non IPTG induced cell culture; Ind. - IPTG induced cell culture; P. - HIS purification from
soluble cell extract; MW - molecular weight

To further visualize the interaction between TIP49A and YL1, we have generated
construct of YL1 tagged with 26 kDa GST tag. We have co-expressed GST-YL1 and FLAG-
TIP49A constructs and did two step FLAG then GST purification from generated cellular
extract. These two proteins have maintained interaction even after double purification (Fig.
23A). Our next step was to find out which domain of YL1 is in charge of its interaction with
TIP49A. We have co-expressed three mutants of GST-YL1 - 1-110, 111-230 and 231- 364
with FLAG-TIP49A and subjected cellular extract to two steps GST-FLAG purification. Only
the 111-230 central region of YL1 region maintained interaction with TIP49A after double
purification (Fig. 23B). Previously we have shown that YL1 1-69 N-terminal region mediate
its interaction with H2A.Z/H2B histone dimers’. Taken together these data demonstrate that
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YL1 uses different regions for interaction with histones and TIP49A and is putatively capable

of interaction with both within complex.
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Figure 23. YL1 interacts with TIP49A using its 111-230 region

(A) Co-expression and of GST-YLL1 and FLAG-TIP49A, followed by double purification by FLAG and
GST tags.

Non ind. - non IPTG induced cell culture; Ind. - IPTG induced cell culture; p. - FLAG and GST double
purification assay, MW - molecular weight

(B) Co-expression of GST-YL1111-230 and FLAG-TIP49A, followed by FLAG and GST double
purification assay.

5.2.1.2 TIP49A/B, YL1 and H2A.Z/H2B form a complex in vitro

Identified interaction of YL1 and TIP49A/B exposes a link between two
complexes existing within SRCAP complex. First is TIP49A and TIP49B, two ATPases
usually forming a hexamer ring with each other; and another is YL1 and H2A.Z/H2B, histone
chaperone and histone dimer substrate of SRCAP complex’. These two sub-complexes might
be connected with each other by means of YL1 and TIP49A/B interaction. To test this idea,
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we aimed to reconstitute complex that contained both of those sub-complexes, i.e., YL1,
TIP49A/B and H2A.Z/H2B histone dimers.

First, we separately co-expressed and purified TIP49A/Tip49B and
YL1/H2A.Z/H2B complexes. Afterwards, we subjected them to dialysis in order to remove
reagents that may interfere with further application. We mixed stoichiometric equal amount of
both generated complexes and subjected this mix to FLAG pull-down. After this treatment,
we were able to reconstitute a complex, which consisted of all five subunits:
TIP49A/TIP49B/YL1/H2A.Z/H2B (Fig. 24). This result indicates that these subunits are
capable of formation of stable highly inter-connected complex. Considering functional
importance of histone chaperones and ATPases of TIP family, the identified five subunits
may act as the functional sub-complex of SRCAP complex, with TIP49A/B and YL1 acting

as its core.
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Figure 24. Reconstitution of TIP49A/TIP49B/YL1/H2A.Z/H2B complex

(A) Graphical representation of constructs used for purification in B (slot 3). Arrow indicates tag used for
purification.

(B) Two separate purification were carried out using GST-YL1 and H2A.Z/H2B (without tags) constructs
(slot 2) and HIS-TIP49A and FLAG-TIP49B construct (slot 3). After mixing stoichiometric equal amount
of each, protein mix were subjected to FLAG purification (slot 4).

P. - FLAG purification, MW - molecular weight
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5.2.1.3 SRCAP, TIPA49/TIP49B, YL1 and H2A.Z/H2B is a functional sub-complex within
SRCAP complex

In order to finalise reconstitution of functional sub-complex within SRCAP
complex, we aimed to add SRCAP ATPase to the already identified five subunits. SRCAP is
a catalytic core of SRCAP complex, necessary for H2A.Z exchange function of the entire
complex. Since histone chaperones and Swi2/Snf2 family ATPases are two essential subunits
for the chromatin remodelling, the complex containing both of them and subunits they
directly bound to, could be functionally sufficient for the histone exchange.

In order to express 350 kDa SRCAP protein, we moved to the baculovirus system
of expression, since E. coli system doesn’t support expression of proteins of such high
molecular weight. Expression in baculovirus also has the benefit of setting post-translational
modifications that may be unavailable in E.coli system. We have started with generating and
expressing recombinant bacmids containing full-length FLAG-SRCAP sequence (1-3230).
The expression were checked by western blot with antibodies specific to FLAG tag. The full-
length SRCAP product was detected mostly in the insoluble fraction and was severely
degraded, deeming it unsuitable for interaction studies. In order to stabilize SRCAP protein
we have made SRCAP truncation mutant 1-2270, that contains HSA and ATPase domains
located at N-terminal and central regions, and lacks three DNA hooks in C-terminal region
(Fig. 25). This construct was detected mostly in soluble fraction and wasn’t subjected to
degradation. The DNA hook domains were shown to mediate connections with nucleosomal
DNA, and may act as an enhancer of the SRCAP complex binding to the nucleosome. Since
they are not known to mediate interaction with proteins, they putatively may be dispensable
for non-nucleosomal interactions of SRCAP. The following interaction studies were carried
out using SRCAP truncation mutant 1-2270.

Helicase, Helicase,
SRCAP full-length [ HSA P C-terminal DNA hooks]
1 2270 3230
Helicase, Helicase,
SRCAP 1-2270 [ HSA N-terminal C-terminal ]
1 2270

Figure 25. SRCAP constructs used in this study

SRCAP 1-3230, full-length; SRCAP 1-2270, mutant without C-terminal region containing DNA hooks.
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Together with FLAG-SRCAP, we have generated bacmids for baculovirus system
expression of HIS-TIP49A, HA-TIP49B HA-YL1 and H2A.Z-HIS/T7-H2B proteins, in order
to co-express and reconstitute all subunits in one system. We were co-infecting SF9 insect
cells with those bacmids, collecting cells with recombinant proteins and carrying out affinity
purification by FLAG tag. We were gradually checking complex formation after each step
(Fig 26, A-C). Based on available data of yeast Rvb and SWRL1 interaction, which are yeast
homologues of TIPs and SRCAP, we have co-infected SF9 cell with FLAG-SRCAP 1-2270,
TIP49A-HIS and TIP49B-HA constructs. After purification by FLAG tag, eluates were
subjected to SDS-PAGE for visualization. 1-2270 SRCAP and TIP49A/B run close to the
expected molecular weight sizes, approximately 252 and 51 kDa, respectively (Fig 26. A,
top). In order to confirm the presence of TIP49A/B, we subjected eluates to western blot
using antibodies specific to HIS (for detection of TIP49A) and HA (for detection of TIP49B).
Both were shown to be present in the FLAG eluate (Fig 26. A, bottom), confirming that
SRCAP is forming a complex with TIP49A/B. The next step was the addition of YL1, by
means of co-infection of 4 baculovirus constructs, encoding SRCAP, TIP49A, TIP49B and
YL1. The presence of YL1 was checked by WB using antibodies specific to it (Fig 26. B).
Finally, we have made a co-infection of all subunits involved identified in interaction studies
i.e. SRCAP, TIPA49/TIP49B, YL1 and H2A.Z/H2B (Fig 26. D). So far, we have used
monocistronic constructs to produce each protein. Increasing number of constructs could have
led to difficulties in adjusting amount of each virus used to infect the insect cells. In order to
lessen amount of separate constructs, we have generated and used two bicistronic constructs -
H2A.Z-HIS/H2B-T7 and TIP49A/TIP49B (no tags). Using them together with SRCAP and
YL1 constructs, we were able to form and purify complex consisting of all six subunits, with
presence of factors confirmed by western blot, using antibodies specific to each protein (Fig.
26, C, left and bottom). We were able to get rid of most contaminating cellular proteins by
doing two-step purification by HA and FLAG tags (Fig. 26, C, right). Taken together, our
data demonstrate formation of stable sub-complex that contains all subunits sufficient for
SRCAP function as chromatin remodelling factor. The reconstituted sub-complex is suitable

for further studies, e.g. using cryo-electron microscopy.
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Figure 26. Purification of SRCAP core complex from SF9 cells
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(A-C) — FLAG p. - FLAG tag purification from infected SF9 cells extracts. FLAG eluate was used for
SDS-PAGE followed by Coomassie staining (top) and western blotting (bottom).
(A)- Co-infection with FLAG-SRCAP 1-2270, HIS ~TIP49A and HA—TIP49B constructs
(B) - Co-infection with FLAG-SRCAP 1-2270, HIS -TIP49A and HA-TIP49B and HA-YL1 constructs

(C) - Co-infection with FLAG-SRCAP 1-2270, TIPA49-TIPB49 bicistronic, HA-YL1, and HIS-H2A.Z /
T7-H2B bicistronic constructs. Asterisk indicate degradation product. Flag purification (left) and

consecutive HA and FLAG purifications (right) were carried out.
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(D) - Graphical representation of constructs used for co-infection from C. Arrow indicates tag used for one
step purification

5.2.2 Discussion

This study was dedicated to reconstitution of a functional sub-complex within SRCAP
complex using E. coli and baculovirus expression systems. Step by step, we were identifying
subunits within complex that were interacting with each other. This approach allowed us to
reconstitute highly interconnected sub-complex that contained all subunits of SRCAP

complex, which were shown to be directly involved into chromatin remodelling.

5.2.2.1 YL1 interaction with TIP49A and TI1P49B

Our first step was the identification of interaction between chaperone YL1 and
TIP49A and TIP49B ATPases. YL1 is a histone chaperone of SRCAP complex, thus its
interaction partners are likely to be also involved into histone processing. Even though, YL1
has affinity for both TIP49A and TIP49B, it may not necessarily bind both of them in SRCAP
complex. Previous studies of TIP49A/B interaction with nucleosome demonstrated that
TIP49A competes with TIP49B for nucleosome binding?’®. The same interaction dynamic
might be true in case of TIP49A/B interaction with YL1, where only one protein of TIP group
binds to YL1 in vivo. The lesser affinity of YL1 for TIP49B, than for TIP49A identified in
this work may be indicative of it. Our further interaction studies demonstrated the formation
of a complex that contained both YL1+H2A.Z/H2B and TIP49A/TIP49B sub-complexes in
vitro. Interaction between these two sub-complexes may be necessary for enhancing and

modulation of histone processing within entire SRCAP complex.

5.2.2.2 TIP49A/B ATPases functions within SRCAP complex

The interaction of TIP49A/B ATPases with YL1 raised the question of TIP’s
function within the sub-complex. It was shown that TIP49A and TIP49B are capable of
catalysing H2A.Z exchange reaction on their own?’. This reaction requires both proteins and
could use H2A.Z, but not H2A or H2A.X as a substrate, indicating its H2A.Z-specific action.
TIP49A knockdown was demonstrated to cause impairment of H2A.Z exchange at specific
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chromatin regions, which further corroborates its critical targeted action on H2A.Z
exchange?”. H2A K5 acetylation, mediated by Tip60 histone acetyltransferase complex
(HAT), was shown to be a requirement for H2A.Z exchange process mediated by
TIP49A/B?™>27® This acetylation-facilitated exchange of H2A.Z by TIP49A/B indicates
interplay between TIPs proteins and HATS to carry out its function. Proposed mechanism
involves two steps, with initial TIP60 acetylation of nucleosomal H2A localized in target
promoters followed by TIP49A/B-induced deposition of H2A.Z into promoter regions?’>27,
Considering that YL1 and TIP49A/B are shared subunits of both TRRAP/TIP60 histone
acetyltransferase and SRCAP complexes®®?, their function in H2A.Z exchange reaction may

in part depend on interplay between those complexes, facilitated by acetylation.

5.2.2.3 SRCAP ATPase functions within SRCAP complex

Experiments using baculovirus expression system allowed us to identify
interaction between TIP49A/B and SRCAP ATPase. It is in agreement with other data
showing interaction of Rvbl with SWR1, a TIP49A and SRCAP yeast homologues,
respectively'®.

SRCAP has double function within the SRCAP complex. First is to catalyse the
chromatin remodelling process®. SRCAP ATPase activity is shown to be a key process
necessary for H2A.Z/H2B histones exchange®®!. SRCAP complex purified from HeLa cells
was shown to facilitate exchange of H2A.Z/H2B dimers into nucleosomes in vitro®.
Complementary study showed that SRCAP is critical for the deposition of H2A.Z in vivo?®L,
ChIP assays revealed presence of SRCAP on both inactive and active genes promoters, which
occurs adjacent to the sites of H2A.Z deposition. Depletion of SRCAP levels leads to
decreased deposition of H2A.Z and to a decrease in mMRNA levels of a subset of actively
transcribed genes. Taken together, these results suggest a critical role for SRCAP in
transcription, achieved by its chromatin remodelling activity. Second role of SRCAP is to act
as a scaffold for complex functional modules, similar to SWR1 complex®. Domains present is
SRCAP, such as HSA and CBP-binding, were shown to mediate interaction with other
proteins. TIP49A/B may use extensive SRCAP region as a platform for their hexamer ring
assembly. Together, our results support SRCAP as a main catalytic subunit of the entire

complex, involved into both its formation and chromatin processing functions.
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5.2.2.4 Interaction network within SRCAP sub-complex

As a final step, we have reconstituted sub-complex of all six subunits studied in
this work - SRCAP, YL1, TIP49A, TIP49B and H2A.Z/H2B, using a baculovirus expression
system. In this sub-complex, The SRCAP subunit is likely acting as a bridge for other
subunits, in same manner as SWR1 acts for SWR1 complex!®?, TIP49 A/B are shown to have

chaperone-like activity for building chromatin remodelling complexes?’’

and may contribute
to connection of other subunits to SRCAP. The interaction studies carried out in this work
demonstrate that SRCAP complex subunits are highly interconnected with each other. So far,
interactions between YL1 and TIP49A/TIP49B (this study), YL1 and H2A.Z/H2B', TIP49A
and TIP49B?%, SRCAP and TIP49A/TIP49B (this study), TIP49A/B and nucleosome?” have
been discovered. The exact manner and sequence of these interaction may correspond to
cellular requirements of chromatin remodelling complexes. The possible scheme of
interactions within identified minimal complex may be SRCAP acting as a platform for
TIP49A/B binding, while YL1 complexed with H2A.Z/H2B is being bridged to the SRCAP

by means of its TIP49A interaction.

5.2.2.5 Identified sub-complex is a functional module of SRCAP complex

The reconstituted six subunits sub-complex contains histone chaperone YL1,
Swi2/Snf2 family ATPase SRCAP and AAA+ family ATPases TIP49A/B. These factors were
shown to be essential for processes of chromatin remodelling and assembly, with SRCAP?%
and TIPs?™ catalysing H2A.Z exchange reaction, while YL1 directly binding and depositing
histones for the exchange’. TIP49A/B and SRCAP activities have different chromatin
contexts, e.g. unlike TIPs, SRCAP is not dependent on histone acetylation. Co-existence of
differently regulated ATPases within one complex, implicates presence of two H2A.Z
incorporation pathways, each utilizing either SCRAP or TIPs ATPases. The necessity of those
multiple pathways may correspond to different contexts of H2A.Z incorporation, which is
shown to occur in active®®®, repressive chromatin'® and at euchromatin/heterochromatin
boundary®. SRCAP and TIP49A/B both possess intrinsic ability to exchange H2A.Z, which
may be further modulated regarding cellular requirements in vivo. Taking together available
functional data of these factors, we propose the six identified subunits as a minimal functional

sub-complex of the SRCAP complex.
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6 OUTLOOK

The principal result of this work was the characterization of HIRIP3 as a histone
chaperone. We have shown HIRIP3 to be specific to canonical histone H2A. Other H2A
histone chaperones, such as NAP1 and FACT have established functions in chromatin
assembly and DNA repair facilitating. Future studies of HIRIP3 would need to evaluate its
precise function as a histone chaperone and place it into context of chromatin dynamics.
ChlP-sequencing could reveal the sites of HIRIP3 genome localization. Based on HIRIP3
distribution and overlapping with other genomic features, such as promoters, it would be
possible to decipher its functions. Genomic landscape comparison of wild types cells and
knockdown of HIRIP3 could demonstrate either accumulation or depletion of H2A
distribution, further evaluating HIRIP3 role in chromatin metabolism.

This work have established structural specificity of HIRIP3 interaction with H2A
histone. These data would be enhanced by structural assessing of this interaction using X-ray
crystallography. We have shown that HIRIP3 interacts with H2A with an extensive 124-
residues region. While we could already simulate how CHZ motif of this region would
interact with H2A/H2B dimer, the exact non-CHZ region interactions are still not visualized.
Considering that alphaC of H2A doesn’t directly interact with CHZ motif, the identification
of non-CHZ regions involved in this interaction, would greatly enhance our understanding of
HIRIP3/H2A complex formation.

The second result of this work was the identification and reconstitution of
functional module within SCRAP complex. The total molecular weight of this sub-complex is
400-600 kDa, depending whether TIP49A/B are in dimer or hexamer form. This module is
suitable for structure solving using cryo-electron microscopy approach. In order to generate
the amount of sub-complex suitable for those studies, we have established a protocol for
purification that takes advantage of baculovirus expression system.

The structure of minimal SRCAP sub-complex would reveal exact interaction of its
subunits and their spatial organisation relative to each other. This would give new insights
into the complex formation and its intrinsic characteristics, such as flexibility/rigidity.
Comparison of sub-complex structure with and without histones could reveal conformational
changes that occurs in SRCAP complex during histone dimer binding. Comparing functional
module structure coupled with dimers vs entire nucleosome could demonstrate the mechanism

of SRCAP nucleosome engaging, possibly in a step-wise manner. The discovery of SRCAP
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sub-complex conformational changes would enhance our understanding of entire complex

functions as a chromatin remodelling factor.
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Molecular basis and specificity of H2A.Z-H2B recognition
and deposition by the histone chaperone YL1

Chrysa M Latrick!*, Martin Marek?°, Khalid Ouararhnil>>, Christophe Papinl, Isabelle Stoll!, Maria Ignatyeval,
Arnaud Obril, Eric Ennifar?, Stefan Dimitrov?, Christophe Romier? & Ali Hamiche!

H2A.Z, a widely conserved histone variant, is evicted from chromatin by the histone chaperone ANP32E. However, to date,

no deposition chaperone for H2A.Z is known in metazoans. Here, we identify YL1 as a specific H2A.Z-deposition chaperone.
The 2.7-A-resolution crystal structure of the human Y L1-H2A.Z-H2B complex shows that YL1 binding, similarly to ANP32E
binding, triggers an extension of the H2A.Z «C helix. The interaction with YL1 is, however, more extensive and includes both the
extended acidic patch and the entire DNA-binding surface of H2A.Z-H2B. Substitution of only four amino acid residues of H2A
is sufficient for the formation of an H2A.Z-like interface specifically recognized by YL1. Collectively, our data reveal the
molecular basis of H2A.Z-specific recognition by YL1 and shed light on the mechanism of H2A.Z transfer to the nucleosome

by the ATP-dependent chromatin-remodeling complexes SRCAP and P400-TIP60.

The evolutionarily conserved histone variant H2A.Z controls major
nuclear events, including transcription and DNA repair, and is essen-
tial in flies and micel-% The H2A.Z nucleosomal crystal structure
has revealed an expansion of the conserved acidic patch, owing to
residues in the otC helix, a region required for Drosephila viability
and interactions with ANP32E and Swrl (refs. 4,6-8).

In veast, the ATP-dependent chromatin-remodeling complex
SWRI exchanges canonical H2A with H2A.Z by using proteins Chzl,
SWRI1 and SWC2; SWC2 also recruits Swrl to the nucleosome-free
region®~1¢. Chzl delivers H2A.Z to the SWR1 complex, where both
SWRI1 and SWC2 bind and participate in the exchange reaction!” 1%,
However, how SWC2 functions remains unclear.

In humans, the P400-TTP&60 complex and the Snf2-related CBP-
activator protein (SRCAP) complex share compositional and func-
tional similarities with SWRI (ref. 19). ANP32E, a vertebrate-specific
component of the P400- TIP60 complex facilitates H2 A7 eviction by
recognizing a single glycine in the H2A.Z 0tC helix, thereby specifi-
cally discriminating H2A.7Z from other H2A family members”. The
SRCAP and P400-TIP60 complexes share core platform proteins:
YL1, DMAP1, TIP49a, TIP49b, BAF53a and GAS41 (ref 19).

Here, we set out to identify the human H2A.Z-deposition chaper-
one and investigated the mammalian SWC2 homolog, YL1, whose
function was previousy unknown. We found that YL1 specifically
chaperones H2A.Z and deposits it into nucleosomes. The crystal
structure of the acidic N-terminal domain (YL1 ZID) bound to the
human H2A.Z-H2B dimer reveals extensive interactions between YL1
and H2A.7Z, thus leading to a two-fold extension of the oC helix. We
validated the importance of these interactions through both s vive

and in vifro experiments and showed that four residues define the
specificity of H2A.Z with YL1. Finally, we showed that YL1 binding
to H2A.7Z is essential for the ATP-dependent exchange and identi-
fied YL1 as the major candidate involved in the final step of H2A.Z
nucleosomal deposition.

RESULTS

YL1 N-terminal acidic domain directly binds H2A.Z-H2B

We have previously identified an acidic protein in the H2A.Z soluble
complex (Supplementary Fig. 1a-d and ref. 7), YL1, the homolog
of yeast SWC2 (ref 17). To investigate this interaction further, we
established a stable HeLa cell line expressing N-terminally FLAG-
hemagglutinin (HA) epitope-tagged human YL1 (e-YL1) and then
purified e-YL1 (Fig. 1a). Mass spectrometry analysis identified H2A.Z
and H2B, and subunits of both the SRCAP and P400-TIP60 complexes
associated with the e-YL1 complex (Supplementary Fig. 1e), results
in agreement with previously published work!’. Immunoblotting
analysis confirmed the presence of H2A.Z in this complex but did
not detect ANP32E or H2A (Fig. 1b).

YL1 exhibits three well-defined domains: an aspartate- and
glutamate-rich N-terminal domain, a central DNA-binding domain, and
aC-terminal proline-rich domain (Fig. 1cand Supplementary Fig. 2a).
GST pulldowns with baculovirus-purified full-length glutathione
S-transferase (GST)-tagged YLI as bait showed that YL1 binds
H2A.Z-H2B dimers but not H2ZA-H2B dimers (Fig. 1d). Only the
N-terminal acidic domain (amino acids 1-110) of YL1 was required
for binding (Fig. le). We further identified amino acids 1-69 as being
sufticient for binding and termed this region the H2A.Z-interacting
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Figure 1 Human YL1 is an H2A.Z-specific binding protein. (a) Silver staining of e-YL1 and control (mock) complexes isolated from Hela cells stably
expressing e-YL1 or from naive Hela cells, respectively. (b) Western blotting analysis of the e-YL1 complex and mock purifications shown in a. Each
purification was probed for the presence of the tagged protein (anti-HA) as well as for YL1, ANP32E, H2A and H2A.Z. (¢) Schematic representation of
conserved regions of YL1: the aspartate- and glutamate-rich region (green), DNA-binding domain (DBD, yellow) and the proline-rich region (crange) are
indicated. FL, full length. (d) GST pulldown assay with GST-tagged full-length YL1 and H2A-HZB and HZ2A.Z-HZ2B dimers. I, input; U, unbound;

B, bound. (e) Top, GST pulldown assay as in d, with various YL1 constructs. Asterisk, degradation products. Bottom, western blot against H2A.Z in input.
(f) GST pulldown assay for YL1 constructs 1-110 and 1-69 with H2A.Z-H2B. (g) ITC profiles of the titration of the human YL1 ZID (YL1 residues 1-69)
with human H2A-HZB. Left, raw titration data of YL1 (1-69) injected into H2A-H2B. DP, power differential. Right, integrated heat measurements

for the titration of YL1 with H2A-HZ2B. (h) ITC profiles of the titration of the human YL1 ZID (YL1 residues 1-69) with human HZ2A.Z-HZB. Left, raw
titration data of YL1 (1-69) injected into H2A.Z-H2B. Right, integrated heat measurements for the titration of YL1 with H2A.Z-H2B. (i) Sequence
alignment of the M6 cassettes of H2A.Z, H2A, the mutant H2A.Zyk ¢ and the mutant H2A.Z+G. (j) GST pulldown assay with GST-tagged full-length
YL1 and the H2A.Z-H2B and H2A.Zyki i c—H2B dimers. |, input; U, unbound; B, bound. (k) Purified coexpressed GST-YL1 ZID-H2A.Z-H2B complexes
containing WT H2A.Z or mutant H2A.Z+G. In H2A.Z+G, an additional glycine was inserted at the end of the canonical H2A.Z «C helix, as found in

HZ2A (G98). In gels throughout figure, molecular weight (MW) is indicated in kDa; M, marker. Asterisk, degradation products.

domain (YL1 ZID) (Fig. 1f). Using isothermal titration calorimetry
(ITC), we observed no binding to H2ZA-H2B dimers (Fig. 1g), and
we measured a Ky of 4.4 nM between the YL1 ZID and H2A.Z-H2B
dimers (Fig. 1h and Supplementary Table 1).

Next, to determine the region of H2A.Z recognized by YL1, we used
a candidate approach and focused on the H2A.Z «C helix (Fig. 1i),
which is part of the M6 cassette (amino acids 89-110; human number-
ing) required for H2A.Z function®”17:2? and contains the determi-
nants for H2A.Z-specific interaction with ANP32E7. We performed a
series of in vitro GST-pulldown experiments with YL1 and our H2A.
ZnkLg-swapped mutant, in which the H2A.Z oC helix was substi-
tuted with the sequence of conventional H2A (Fig. 1i). In contrast to
ANP32E, YL1 retained most of its ability to interact with the H2A.
Znkirg-H2B dimer (Fig. 1j) and was also able to bind mutant H2A.
7~H2B dimer’ in which a single glycine was inserted in H2A.Z at the
position of H2A G98 (Fig. 1k).

Structural basis of H2A.Z recognition by YL1

To shed light on the molecular basis of H2A.Z recognition by YL1, we
solved the crystal structure of the YL1 ZID-H2A.Z-12B complex.
We cocrystallized the human YL1 ZID domain with an H2A.Z-H2B
dimer in which the unstructured N-terminal tails of both histones had

been removed. We collected a full data set at 2.7-A resolution (Table 1)
and solved the structure of the complex by molecular replacement,
using the H2A.Z-H2B dimer taken from the structure of the H2A.
Z nucleosome as a model. The initial electron density was sufficient
for us to build the major parts of the YL1 protein and to modify the
H2A.7Z and H2B structures when necessary. We refined this initial
model to 2.7-A resolution through several cycles of model building
and refinement (Table 1).

The ternary complex structure reveals that the YL1 ZID inter-
acts extensively with the H2A.Z-H2B histone dimer, covering a
substantial region of the dimer (Fig. 2a). The YL1 ZID contains
two o-helices (N1 and @N2) in its N-terminal region. The rest
of the YL1 ZID does not adopt any specific secondary structure
but makes substantial interactions with the histone dimer (Fig. 2a
and Supplementary Fig. 2b).

YL1 binding to H2A.Z-H2B shares similarities but also has unique
features compared with those of ANP32E. First, like ANP32E, YL1
binds to the same 03-0.C region of H2A.Z, causing the same exten-
sion of the H2A.Z aC helix (Fig. 2a—c and Supplementary Fig. 2b).
Although the C terminus of H2A.Z (docking domain) was also
included in the construct used for crystallization, this region is
not defined in the electron density and, owing to the extension of
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Table 1 Data collection and refinement statistics

Human YL1 ZID-H2A 7-H2B

Data collection?
Space group F2q
Cell dimensions
g b, c(A)
o, B ()
Resolution (A)

36.12, 150.68, 36.61
90.00, 21.47, 80.00
50-2.70(2.75-2.70)b

Finerge 0147 (0.700)
Ifal 14.35(1.97)
Completeness (%) 99 8 (87.6)
Redundancy 6.0(5.4)
Refinement
Resolution (&) 44.25-2.70
No. reflections 26,955
Furork * Fliree 0,177 70,243
MNo. atoms
Protein 7,168
Water 7
B factors
Protein 56.13
Water 36.73
r.m.s. deviations
Bond lengths (A) 001
Bond angles (%) 1.18

Ao crystals were used for data collection, Both data sets were processed independently, and
the data were merged at the scaling step. Balues in parentheses are for highestresolution shell,

the H2A.Z oC helix, cannot adopt the nucleosomal conformation
required for essential interactions with the H3-H4 pair. We termed
this region of YL1 interacting with the H2A.Z ot3-0lC region the ZID
middle region 1 (ZIDM1).

Interestingly, the interface between the YL1 ZIDM1 and H2A.Z
is more extensive than the ANP32E ZIDM1-H2A.Z interface, encom-
passing the YL1 otN2 helix and its immediate neighboring residues
(Fig. 3a,b and Supplementary Fig. 3a-¢). First, YL1 ZIDM]1 con-
tributes four hydrophobic residues—F29, Y30, Y34 and F37—to this
interface (Fig. 3a). These residues form a hydrophobic core with
H2A.7Z 186, 190, 1100 and 1104, and H2B I61 and Fa5, which have
been shown to be invelved in interaction with ANP32E ZIDMIL.
Specifically, the side chains of YL1 F29, Y34 and F37 occupy nearly
identical positions as those of ANP32E ZIDM1 M222,L218 and L221,
respectively (Supplementary Fig. 3b).

The major exception concerns YL1 Y30, which is inserted more
deeply at the interface at a position not occupied by any ANP32E resi-
due. In addition, the YL1 Y30 side chain hydroxyl interacts directly
with the carboxyl of H2A.Z D97 (N94 in H2A), which is part of
the extended acidic patch of this variant® (Fig. 3b). The H2A.Z D97
carboxyl further interacts with the H2A.Z K101 side chain, which in
turn binds to YL1 ZIDM1 D27. Such a network of hydrogen bonds is
YL1 specific. In contrast, the hydrogen bond between H2A.Z T103
and H2B R72 observed in the ANP32E-H2A.Z-H2B structure is also
conserved inthe YL1-H2A.Z-H2B structure (Fig. 3a). H2A.Z resi-
dues K101, T103 and [104 are able to form the interactions described
only because of the extension of the H2A.Z otC helix.

The parallel between YL1 and ANP32E extends further because
YL1 also binds at the second anchoring point of ANP32E to the H2A.
Z-H2B dimer (Fig. 3¢). We termed this second anchoring point of the
YL1 ZID the ZID middle region 2 (ZIDM2). Specifically, the interac-
tions between YL1 ZIDM2 and H2A.Z-H2B invelve interaction of

ARTICLES

the YL1 D43 carboxyl with the hydroxyls of §55 and 856 from H2B.
Furthermore, the YL.1 D45 carboxyl interacts with the side chain
of H2A.7Z RR0 and the main chain of H2B 154. Finally, the side
chain of Y46 from YL1 forms hydrophobic interactions with the side
chains Y42 and M59 of H2B (Fig. 3c). These interactions are similar
to those observed with ANP32E ZIDM2 and cannot account for H2A.
Z-specific recognition”.

We observed other interactions between YL1 ZIDM2 and H2A.
Z-H2B. First, the T38 side chain of YL1 forms a hydrogen bond with
the K57 side chain of H2B. Second, the YL1 E39 carboxyl forms a
hydrogen bond with the H2A.Z T82 side chain (Fig. 3¢). Interestingly,
if the YL1 T38-H2B K57 interaction cannot account for specificity,
the YL.1 E39-H2A.Z T82 interaction is specific for H2A.Z, and T82 of
this variant is an isoleucine in H2A (Fig. 2¢). Of note, similar interac-
tions have been observed with ANP32 ZIDM2: the hydroxyl of Y220
of ANP 32E interacts with the K57 side chain of H2B, and the carboxyl
of ANP32E residue D228 contacts the H2A.Z T82 side chain’.

However, the YL1 ZID interacts much more extensively with
the H2A.Z-H2B dimer than does ANP32E. Afterthe YL1 ZIDM?2, the
C-terminal region of the YL1 ZID (YL1 ZIDC) follows the path of
the DNA-binding groove of the H2A.Z-H2B dimer, entirely covering
the DNA-binding surface of the histone pair (Fig. 3d and
Supplementary Fig. 3¢,d). The binding at this interface involves both
hydrogen bonds and the formation of hydrophobic interactions. This
interface involves residues 52 to 65 of the YL1 ZIDC and mostly resi-
dues from H2A.Z, although we also observed some interactions with
H2B (Fig. 3d). Importantly, none of these interactions appeared to
have arole in the specific recognition of H2A.Z. In contrast, YL1 ZIDC
binding to the H2A.Z-H2B dimer prevents this dimer from bind-
ing DNA, both by steric hindrance and by changing the electrostatic
potential of the DNA-binding surface (Supplementary Fig, 3d).

One surprising result of our structural analysis concerned the YL1
ZID N-terminal domain (YL1 ZIDN). This region, which encom-
passes residues 1-24 of YL1, is the most conserved region of the YL1
ZID (Supplementary Fig. 1f). In our structure, it is formed by a small
extended peptide (residues 9-15) followed by the otN1 helix (residues
16-24). However, in the crystal, the YL1 ZIDN does not interact with
the H2A.Z-H2B dimer bound to the rest of the YL1 ZID but instead
contacts a symmetry-related YL1 ZID-H2A.Z-H2B complex. This
contact includes a dimerization of both YL1 ZIDN oiN1 helices and a
specific interaction betweenthe YL1 ZIDN and the symmetry-related
H2A.Z-H2B dimer (Supplementary Fig. 4a).

Inspection of this latter interaction between the YL1 ZIDN and the
H2A.7Z-H2B dimer showed that the ZIDN interacts almost exclusively
with H2A.Z. Notably most conserved YL1 ZIDN residues are found
at this interface with the H2A.Z-H2B dimer (Fig. 3e). Specifically,
we observed three major features at this interface. First, the fully
conserved R10 of YL1 interacts with the acidic patch of H2A.Z in
a manner highly reminiscent of the arginine anchor mechanism
observed for the LANA peptide, the RCC1, CENP-C and Sir3 pro-
teins, and the PCR1 complex bound to the nucleosome?! 2 (Fig. 3e
and Supplementary Fig. 4b).

Second, at the heart of the ZIDN-H2A.Z interface, H2A.Z G92
provides specificity for this variant, because an asparagine at this posi-
tion, as observed in H2A and the other H2 A variants, affects binding
(Fig. 3e and Supplementary Fig. 4b). Finally, we also observed a
conformational change of the C terminus of the H2A.Z o2 helix and
of the following L2 loop. Specifically, the H2A.Z «2 helix unfolds by
one turn at its C terminus and, together with the L2 loop, adopts a
specific conformation that contributes to the interaction of H2A.Z
with YL1 N1, notably bringing H2A.Z K74 into a position where its
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Figure 2 Human YL1 ZID extensively interacts
with human H2A.Z-H2B and extends the
H2A.Z oC helix. (a) Ribbon representations of
the crystal structure of human YL1 ZID (violet)
bound to the H2A.Z-H2B histone pair (orange
and gray, respectively). The views are related

by a 90° rotation from each other along the
vertical axis. After YL1 ZID binding, the aC
helix of H2A.Z doubles in length (extension
colored in yellow; the H2A.Z C-terminal docking
domain not seen in the density is shown as a
dashed yellow line). (b) Conformational change
of the H2A.Z «C helix after YL1 ZID binding.
The extension of the H2A.Z aC helix prevents
the C-terminal part of H2A.Z (docking domain;
not seen in electron density) from adopting a
conformation compatible with H3-H4 binding in
the nucleosome. (c¢) Alignment of the sequences
of the 3—aC region of H2A.Z (top) and of

H2A (bottom) from human (Hs) and yeast (Sc),
displayed with features identical to those of the
YL1 sequences in b. Residues involved in the
specific recognition of H2A.Z over H2A by YL1
are highlighted in yellow.

side chain can interact with the carboxyl of
E22 (Fig. 3e.f and Supplementary Fig. 4c).
In light of this observed dimerization .
within the crystal, we analyzed the propen-
sity of the YL1 ZID-H2A.Z-H2B complex to
homodimerize. However, analytical ultracen-
trifugation of this complex unambiguously
showed that it is a trimer with 1:1:1 stoichi-
ometry (Supplementary Fig. 5a). We concluded that the observed
dimerization is most probably due to crystal packing. Yet, considering
the conserved interface between the YL1 ZIDN and H2A.Z and its
specific features, we next asked whether this interface might be con-
served within the same YL1 ZID-H2A.Z-H2B complex in solution.
Using our structural data, we constructed a model of this trimer in
which the YL1 ZIDN interacts with the same H2A.Z-H2B dimer as
does the rest of the YL1 ZID, through amino acid interactions iden-
tical to those observed in the crystal structure. The analysis showed
that such a trimer could be formed without causing steric clashes and
would require only a rotameric change in H2A.Z R91 and reposition-
ing of YL1 ZID residues E24, E25 and E26 (Supplementary Fig. 5b,c).
These glutamate residues are less well defined in our electron density,
thus suggesting that they form a hinge region. In support of this pos-
sibility, in Saccharomyces cerevisiae, additional residues are inserted
between the equivalent residues of human E24 and E26, separating
the ZIDN from the rest of the ZID (Supplementary Fig. 1f).

Biochemical characterization of the YL1-H2A.Z-H2B interaction
To further characterize the importance of the interactions between
YL1 and the H2A.Z-H2B dimer, we studied the different interfaces
through YL1 mutations and characterized the interactions between
mutant YLI and H2A.Z-H2B by coexpression and ITC measure-
ments. We created several mutants of YL1 targeting the different
interfaces: m1 (F29A Y30A Y34A F37A) for YL1 ZIDM1; m2 (D43A
E45A Y64A) for YL1 ZIDM2; m1m2 (combination of mutants m1 and
m?2) for YL1 ZIDM; ACI1 (residues 1-59) and AC2 (residues 1-49) for
YL1 ZIDC; and AN (residues 27-69) for YL1 ZIDN (Fig. 4a).
Coexpression of these mutants with the H2A.Z-H2B pair showed
that in the case of the m1 and m2 mutants the interaction was substan-
tially weakened, whereas the double mutant m1m2 almost completely

conformational
change upon
YL1 ZID binding

90°

o3 oC
— G )——
80 90 100 110 120
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ScH2A.Z |Blit DI sl RA S| HIINK AL L
100 1o 120
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M6 cassette
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lost interaction with YL1 ZID (Fig. 4b). In contrast, AC1 and AC2
mutants were not impaired in their interaction with H2A.Z after coex-
pression and affinity purification (Fig. 4c). However, the subsequent
purification step of these complexes by size-exclusion chromatogra-
phy revealed a dissociation of the YL1 AC1 and AC2 mutants from
H2A.Z-H2B, thus demonstrating the instability of these complexes.
Finally, we also observed a weakened interaction in the case of YL1
mutant AN, thus demonstrating the participation of the YL1 ZIDN
in overall H2A.Z-H2B recognition (Fig. 4b).

We then analyzed the binding of YL1 ZID mutants m1, m2, mlm2,
AN and AC2 to the H2A.Z-H2B pair by ITC. We found that, consist-
ently with the results of the coexpression experiments, mutants m1, m2,
mlm2, AN and AC2 formed weaker interactions with the dimer, and
the strength of the interaction varied by mutant (K4 values of 266, 317,
1,610, 192 and 730 nM, respectively, compared with 4.4 nM for wild-
type H2A.Z; Supplementary Table 1 and Supplementary Fig. 6).

We further complemented our analysis by expressing the YL1 mutants
ml, m2, mlm2 and AN in in HeLa cells and purifying the resulting com-
plexes (e-YL1 m1,e-YL1 m2,e-YL1 mlm2 and e-YL1 AN complexes).
In contrast to wild-type YL1 (WT), all mutants (m1, m2, mlm2 and
AN) were strongly impaired in their capacity to bind to the H2A.Z-H2B
dimer (Fig. 4d). We conclude that the YL1 ZID domain is the minimal
YLI module essential for specific H2A.Z-H2B dimer recognition in
vivo and that YL1 ZIDN also participates in this recognition.

We next extended this study to the yeast SWC2 ZID (residues 1-101)
by investigating its interaction with yeast H2A.Z (HTZ1)-H2B
(HTB1). We created three mutants of yeast SWC2 ZID, on the basis
of our human YL1 mutants and our sequence alignment: m1 (I63A
L65A L66A F67A), m2 (D73A D75A F76A) and AN (residues 46-101)
(Supplementary Fig. 5d). Coexpression of the SWC2 ZID, HTZ1 and
HTBI proteins led to complex formation (Supplementary Fig. 5e).
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ZIDM1 c ZIDM2 d ZIDC

Figure 3 Structural details of recognition of the H2A.Z-H2B e ZIDN f L2 loop
pair by YL1. (a—f) Ribbon representation of the various
interfaces of interaction between YL1 and the H2A.Z-H2B
pair. Ribbon colors are as in Figure 2. Major residues involved
in these interactions are shown as sticks and are labeled.
Hydrogen bonds are shown as black dashed lines.

(a) Interactions made by YL1 ZIDM1. These interactions

are similar to those observed in the ANP32E-H2A.Z-HZ2B
complex and include hydrophobic interactions as well as a
stabilization of the extended conformation of the H2A.Z

«C helix through a hydrogen bond formed between the conformational
side chains of H2A.Z T103 and H2B R72. (b) YL1-specific > ‘J change upon.
hydrogen-bonding interactions made by the ZIDM1 with H2A.Z. YL1-ZID binding
(c) Interactions made by YL1 ZIDMZ2. These interactions are similar to those cbserved in the ANP32E-H2A.Z-H2B complex. (d) Interactions made by
YL1 ZIDC. A nearly equivalent number of hydrophobic and hydrogen-bonding interactions are made at this interface, which cannot discriminate between
H2A and H2A.Z. (e) Interactions made by YL1 ZIDN. These include an arginine anchor, as cbserved for the binding of the nucleosome to several
transcription and epigenetic effectors. (f) Superposition of the H2A.Z o2 helix-L2 loop region from the YL1 ZID-H2A.Z-H2B complex (crange), the
ANP32E ZID-H2A.Z-H2B complex (red) and the nucleosome (light red), and of the H2B «l helix-L1 loop region of the same complexes (various grays).
A conformational change of the H2A.Z L2 loop is apparent in the YL1 ZID-H2A.Z-H2B complex, which requires unfolding of one turn of the H2A.Z o2
helix at its C terminus.

The m1 and m2 mutants, similarly to the human YL1 mutants, strongly To investigate these differences, we performed cross-species coex-
affected the interaction with HTZ1-HTB1. However, in contrast to  pression experiments between the human YL1 and yeast SWC2 and
human YL1, mutant AN had no strong negative effect on bindingto  H2A.Z (HTZ1)-H2B (HTB1) components. Qur results showed that
yeast histones (Supplementary Fig. 5e), thus suggesting that thereare  human YL1 and yeast SWC2 displayed similar specificities toward

some dissimilarities between the human and yeast systems. human H2A.Z-H2B and yeast HTZ1-HTBI, including the specific
Figure 4 Binding between YL1 and H2A.Z a _&_&

involves extensive interactions in YL1. 0 20 s 0 50 50

(a) Sequence of human YL1 ZID from alignment WS LAGGHAFHK EscBo] I DEGDEF 60

in Supplementary Figure 1f. Asterisks below the i & W Ay !

|

1 I
I m1 m2

I

I ]

alignment indicate residues mutated in either : : : 1
mutant m1 (dark blue) or mutant m2 (light l 25 : AN ; feg
blue). Mutant YL1 AN was generated by deletion 1 ! AC2 lag :
of the N-terminal region of YL1 (amino acids il . 150
1-25). Mutant YL1 m1 (FZ9A Y30A Y34A
F37A) targeted the H2A.Z aC-binding region b GST_YL1ZID C GSTYL1ZID __e-YLicomplex
of YL1, mutant YL1 m2 (D43A EASA YA6A) W @ . MW o M WT mim2 mim2 AN
targeted the first DNA-binding region of YLL, wom ¥ P& @ &S (Da) N T Prise
and mutant YL1 m1m2 (F29A Y30A Y34A 55 . 200- — l
F37A D43A E45A Y46A) included both m1 35- | asTvL1ZD 1e- S
andlm2 m'utat\ons. In mutant YL1 AC1 ‘ 35— ‘m.—eswu 20 g5 - - —H -___j :; ‘: :_.
(amino acids 1-59), half of the YL1 region 25— ~q”-- il ol 55- — B H B E "
covering the H2A.Z-H2B DNA-binding region was el [ Ac.HoB - | _ K i‘a
removed, whereas in mutant YL1 AC2 (amino : - FLAG-H28 1588 36

: . : — — —— H2A Z 31 = —
acids 1-49), this region was completely removed. 15-'- —H2AZ o1 —
(b) Top, GST pulldown of GST-YL1 ZID and Input ekl Anti H2A.Z 14_::'_‘_‘ _H2B
H2A.Z-H2B complexes with WT H2A.Z and - HeAZ
the indicated YL1 mutants. Bottom, western blot input A 27 2 ”‘—'—-— Anti-YL1
against H2A.Z in input. Asterisks, degradation = antiven z

products. (¢) As in b, with the AC1 and AC2 YL1
mutants and WT H2A.Z-HZ2B. (d) Top, silver staining of FLAG-HA-purified e-YL1 WT and mutant (m1, m2, m1mz2 and AN) complexes from Hela cells.
Bottom, western blot against YL1 and H2A.Z. MW, molecular weight; M, marker.
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of H2A.Z is shown at top, with the extension of the «C helix in yellow. (e} GST pulldowns of GST-YL1(1-69) with H2A.Z-HZ2B mutants. The mutated amino
acids were changed from H2A.Z sequence to H2A sequence. MW, molecular weight.

requirement of their N-terminal region (ZIDN) for proper binding to
human histones but not to yeast histones (Supplementary Fig. 5f,g).
We concluded that, despite their homology, human and yeast histones
may have evolved to accommodate different functions.

Molecular basis of H2A.Z-specific recognition by YL1

To understand in depth the molecular basis of H2A.Z recognition
by YL1, we further deleted or swapped specific H2A.Z and H2A
amino acid residues and searched for a set of mutations that would
either enable YL1 to bind to the H2A mutants or would disrupt the
YL1 interaction with H2A.Z. We initially concentrated on generat-
ing mutations in H2A. Because our structural analysis had identified
three residues of H2A.7Z (H2A.Z T82 (H2A 179), G92 (H2A N89)
and D97 (H2A N94)) that are important for YL1 binding to the H2A.
Z-H2B dimer, in addition to the missing glycine in the H2A.Z aC
helix, we substituted (or deleted) single or multiple amino acid resi-
dues of H2A with the respective H2A.Z amino acids (AG98, 179T,
N89G and N94D). We studied YL1 binding to the H2ZA-H2B pairs
bearing various combinations of mutations in H2 A, first through pro-
tein coexpression experiments and then through ITC.

We first analyzed single mutations in H2A. Bearing in mind that
residue G98 is present only in the H2A o.C helix, we deleted it and
analyzed the binding of YL1 to the mutant H2A AG98-H2B dimer
(Fig. 5a,b). In this case, we observed no binding (Fig. 5b). We also
observed the same result with the H2A N89G mutant (Fig. 5¢). In
strong contrast, the single point mutant H2A 179T showed interaction
with YL1 (Fig. 5¢), thus indicating that this mutant is important for
creating an appropriate interface for binding.

Furthermore, we observed that double mutants H2A AG98 1797T,
H2A AG98 N89G, and H2A 179T N89G, but not H2A AG98 N94D,
showed binding, thus demonstrating the additive effect of the muta-
tions and the importance of the AG98 and N89G mutations in overall
binding. Notably, the binding of H2A 179T N89G was as strong as that
of H2A.Z (Fig. 5b.c). In contrast, the triple mutants H2A AG98 179T
N89G and H2A AG98 [179T N94D and the quadruple mutant H2A
AG98 179T N89G N94D exhibited results similar to those observed
with the double mutants in terms of increased binding (Fig. 5b,c).

We next complemented these analyzes with ITC measure-
ments. As expected from our coexpression experiments, the single
179T mutation led to binding to YLI in the high-nanomolar range
(Supplementary Fig. 6 and Supplementary Table 1). Interestingly,
all other single mutants (AG98, N89G and N94D) induced binding,
albeit in the micromolar range. More strikingly, the multiple mutants
resulted in increased YL1 binding, and the K4 values for the mutant
H2A-H2B pairs decreased steadily with increasing numbers of amino
acid residues substituted in H2A, culminating with the quadruple
mutant H2A AG98 [79T N89G N94D, which showed a K of 5.6 nM,
a value almost identical to the Ky of 4.4 nM observed for the H2A.
7Z-H2B pair (Supplementary Fig. 6 and Supplementary Table 1).
‘We therefore concluded that all four studied residues contribute to
the overall specific binding of YL1 to H2A.Z-H2B.

Finally, we made several single and multiple point mutants of HZA.
7, in which we substituted amine acid residues important for YL1
binding with the respective H2A residues. All mutants except H2A.
7 D97N showed weaker binding (Fig. 5d.e). Importantly, the binding
of YL1 was completely abrogated with the triple mutant HZA.Z G101
T821 G92N, a result in agreement with our crystal structure and the
H2A-substitution experiments.

YL1 is an H2A.Z histone-deposition chaperone

Finally, we asked whether human YLI acts in H2A.Z-H2B depo-
sition or eviction. First, we analyzed in detail the ability of YL1 to
selectively deposit H2A.Z-H2B dimers on an (H3-H4), tetrameric
particle (tetrasome) and to generate nucleosomes”>*. For a control, we
also assayed the ability of YLI to favor the deposition of H2A-H2B.
First, we assembled (H3-H4), tetrasomes incubated with increas-
ing amounts of YL1-H2A.Z-H2B or YL1-H2A-H2B complexes for
30 min and then analyzed the deposition of histones onto DNA by
electrophoretic mobility shift assay (EMSA) (Fig. 6a). Under these
conditions, we observed no deposition of H2ZA-H2B to form nucleo-
somes (lanes 7-9). However, we observed a substantial amount of
deposition of H2A.Z-H2B dimers by EMSA (lanes 4-6). We then
tested the capacity of YL1 to evict H2A.Z from the nucleosome
by adding YLI alone to the H2A.Z nucleosomes in solution. For a
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Figure 6 YL1 deposits H2A.Z-HZ2B dimers, and the YL1 complex exchanges H2A.Z-HZB. (a) Nucleosome deposition assay. Lane 1, DNA topoisomer—1
(topo —1); lane 2, tetrasomes (tet.) with two H3-H4 dimers bound; lane 3, preformed nucleosomes (nuc.); lanes 4-6, addition of increasing amounts of YL1
with HZ2A.7-HZB dimer to tetrasomes; lanes 7-9, addition of increasing amounts of YL1 with H2A-HZ2B dimers to tetrasomes. (b) Histone eviction assay.
Lane 1, DNA topoisomer —1; lane 2, reconstituted tetrasomes; lane 3, reconstituted nucleosomes; lanes 4-6, addition of increasing amounts of YL1 to H2A.
Z nucleosomes; lanes 7-9, addition of increasing amounts of ANP32E to H2A.Z nucleosomes. (¢) Ethidium bromide stain of reconstituted nucleosomes
used in d-f. (d) Exchange assay. Samples are wild-type YL1 complex purified from Hela cells and incubated with reconstituted H2A nucleosomes for
increasing periods of time in the absence or presence of ATP. Western blots for the presence of H2A or H2A.Z in the nucleosomes. (e) Exchange assay as in
d, but with YL1-mutant m1mZ2 complex purified from Hela cells. (f) Exchange assay as in d, but with YL1 AN complex purified from Hela cells.

control, we also assayed ANP32E for its ability to evict H2A.Z-H2B
dimers from the nucleosome under the same conditions (Fig. 6b,
lanes 7-9). Even at very high concentrations, YL1 was unable to evict
H2A.Z from the nucleosome (Fig. 6b, lanes 4-6), thus showing that
YL1 is a histone chaperone specific for H2A.Z deposition.

We next asked whether YL1 might facilitate H2A.Z exchange in
an ATP-dependent manner when incorporated into the SRCAP and
P400-TIP60 complexes. We carried out in vifro experiments, using
e-YL1 complexes (WT, mIm2 and AN mutants) purified from HeLa
cells (as described in Fig. 4d). We assembled conventional H2A
nucleosomes onto 256-bp 58 DNA (Fig. 6¢), immobilized them on
magnetic beads and incubated them for different times with equiva-
lent amounts of e-YL1 complex, or mutant e-YL1 m1m2 or e-YL1
AN complexes, in the presence or absence of ATP. The incubation
of immobilized H2A nucleosomes resulted in rapid, highly efficient
removal of H2A and deposition of H2A.Z after addition of ATP to the
reaction (Fig. 6d). In contrast, the e-YL1-mutant complexes cither
were unable to exchange H2A for H2A.Z, in the case of the e-YL1
mlm?2 complex (Fig. 6e), or were able to only very weakly exchange
H2A for H2A.Z, in the case of the e-YL1 AN complex (Fig. 6f).

DISCUSSION
Here, we showed that YL1 acts as a deposition-and-exchange his-
tone chaperone specific for H2A.Z. The crystal structure of human
YL1 (YL1 ZID) in complex with an H2A.Z-H2B dimer reveals an
extension of the oC helix of H2A.Z after binding to YL1, a structural
feature similar to those in ANP32E and SWR1. However, in contrast
to ANP32E, YLI1 does not rely solely on the aC helix for binding and
instead forms extensive interactions with the DNA-binding groove.
Through extensive mutational analysis, we identified the key resi-
dues involved in binding and specificity on H2A.Z. Mutation of only
four amino acids on H2A—AG98, [79T, N89G and N94D—resulted in
tight binding. The corresponding subset of these mutations on H2A.
Z, G101, T82I and G92N indeed disrupted binding. Interestingly,
whereas deletion of G98 on H2A was necessary for a complete

restoration of binding, the insertion of a glycine into H2A.Z did not
destroy binding, in stark contrast with results for ANP32E. These
results indicate that the other amino acids have critical roles in both
the stability and specificity of binding.

Whereas human YL1 and yeast SWC2 show a strong sequence
conservation, and both are likely to be involved in the same types of
deposition or exchange events, we presented evidence that specia-
tion has occurred, because the SWC2 ZIDN was dispensable for yeast
HTZ1-H2B binding but not for human H2A.Z-H2B binding. It is
possible that this speciation might have affected the function of the
YL1 and SWC2 proteins.

Finally, we observed that YL1 copurified with both the SRCAP-YL1
and P400-TIP60 complexes, but ANP32E was excluded from the
YL1 complex. The implications of this specialization of the human
system remain to be explored.

In conclusion, our study establishes the molecular basis and
specificity of H2A.Z recognition by the histone-deposition chaperone
YL1 and provides a framework for the investigation of the H2A.Z
deposition-and-exchange pathway. Our findings also offer insights
into the roles of YL1 in mediating histone transactions that regulate
gene expression and genome integrity.

METHODS
Methods and any associated references are available in the online
version of the paper.

Accession codes. Coordinates and structure factors have been depos-
ited in the Protein Data Bank under accession codes PDB 5FUG.

Note: Any Supplernentary Information and Source Data files are available in the online
version of the paper.
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ONLINE METHODS

Tandem affinity purification. The full-length human ¢cDNA clone of YL1
(IMAGE 2958630) was purchased from Source Bioscience. The different
full-length cDNAs were then cloned into the Xhol-NotlI sites of the pREV-H'TF
retroviral vector?” with standard techniques. e-H2A, e-H2A.Z and e- YL1 nuclear
complexes and their respective mutants were purified by double immunoaffinity
from human Hel a cells, as previously described”. Cell lines were obtained from
the IGBMC cell culture facility and tested for mycoplasma contamination.

Mass spectrometry. [dentification of proteins was carried out with an ion-trap
mass spectrometer {ThermoFinnigan LTQ-Orbitrap Velos) or by the Taplin
Biological Mass Spectrometry Facility (Harvard Medical School).

Antibodies. Antibodies used were asfollows: monoclonal anti- FLAG M2 (Sigma);
polyclonal anti- ANP32E (SAB2100124, Sigma); anti-HA 3F10 (Roche); mono-
clonal anti-YL1 (EXM10001, Epigex); and monoclonal anti-H2A.Z {(EXM10007,
Epigex). Validation for all commercial antibodies for western blotting is available
on the manufacturers’ websites . Rabbit polyclonal anti-H2A.Z and anti-H2A
were generated by S.D. Original images of blots used in this study can be found
in Supplementary Data Set 1.

Histones. Human histones were PCR amplified and cloned into a homemade
bicistronic pET28b vector. H2B was cloned at the Ndel- BamHI sites of pET28b
in frame with an N-terminal histidine tag, whereas FLAG-tagged H2A was cloned
at the EcoRI-Notl sites. Human H2 A.Z and its mutants were cloned at the EcoRI-
Notl sites in frame with an N-terminal FLAG tag. The coding sequences of H2A.
Z and H2 A were mutated with Megaprime PCR to produce mutants. Histones
were coexpressed with the different GST-YL1 or His-SWC2 constructs in BL21-
CodonPlus-RIL (Stratagene) and purified as previously described?®, Nontagged
human recombinant wild-type or mutant core histones (H2 A, H2A.Z, H2B, H3
and H4) were individually expressed in BL21-CodonPlus-RIL (Stratagene), puri-
fied and reconstituted as octamers or tetramers as previously described??:3?,

Preparation of recombinant YL1 and SWC2. The full-length and deletion
mutants of YL1 were PCR amplified from pCMV-YL1 {Source Bioscience) and
cloned into the pGEX-4X.1 vector (GE Healthcare) for bacterial expression and
the pFastBac-GST vector (Invitrogen) for baculovirus expression. Yeast SWC2
was PCR amplified from yeast genomic DNA and inserted with Ndel and BamHI
restriction sites in the pnEA-tH!, which adds an N-terminal histidine tag fol-
lowed by a thrombin-cleavage site. GST- and histidine-fusion proteins were puri-
fied by standard methods.

Purification of GST- and histidine-fusion complexes expressed in bacteria.
GST- or histidine-fused YL1 and its mutants were coexpressed with H2A or H2 A,
Z (WT or mutant) and H2B in Escherichia coli strain BL21-CodonPlus-RIL-
pLysS {Stratagene) at 22 °C with multiexpression bicistronic vectors, as previously
described”?®, The soluble proteins were purified on glutathione Sepharose 4B
beads (Amersham) or Ni-N'TA agarose beads (Qiagen) with standard methods.
Briefly GST- or histidine-fusion proteins were incubated on either glutathione
Sepharose or Ni-NTA agarose beads for 4 h at 4 °C in TGN buffer (20 mM Tris,
pH 7.65, 3 mM MgCl,, 0.1 mM EDTA, 10% glycerol, and 0.01% NP-40) con-
taining 500 mM NaCl. Beads were then washed extensively in TGN containing
500 mM NaCl. Bound proteins were eluted either with 10 mM glutathione or
with 250 mM imidazole. Samples were fractionated on SDS-PAGE and stained
by colloidal blue.

In-gel histone deposition and eviction assay. Assays of histone H2A.Z
deposition/eviction in the presence of the histone chaperone YL1 were performed
with a negatively supercoiled DNA topoisomer —1 prepared from the 360-bp
human -satellite DNA2Z, This fragment was purified from an EcoRI digestion
of the plasmid pBSK360, *2P end-labeled, and circularized in the presence of
ethidium bromide®®, For the deposition assay, increasing amounts of recom-
binant YL1, mixed with stoichiometric amounts of H2A.7Z-H2B or H2 A-H2B
dimers, were incubated with (H3-H4), tetrasome particles reconstituted on
negatively supercoiled human cc-satellite DN A corresponding to topoisomer —1.
Tetrasomes (1 LWM) were incubated with increasing amounts (1 UM and 2 uM) of
either YL1-H2A.Z-H2B or YL1-H2A-H2B for 30 min at 37 °C. For the eviction

assays, recombinant H2ZA.Z octamers were reconstituted on negatively super-
coiled human o satellite DN A corresponding to topoisomer —1 with the salt jump
method?® and a histone to DNA ratio t, = 0.5. Nucleosome substrates {1 uM)
were then incubated with two different amounts of GST-YLL (5 UM or 10 uM)
for 30 min at 37 °C in 20 mM Tris-HCL pH 7.5, 50 mM NaCl, 3 mM MgCl, and
0.01% BSA. The reaction products were analyzed on 4.5% native polyacrylamide
gelin 1x TG {0.025 M Tris-HCl and 0.192 M glycine), run at room temperature
for 2 h 45 min at 120 V. Control tetrasomes were assembled on circular DNA
according to the salt jump method as previously described?é.

Histone eviction and exchange assay on bead-bound nucleosomes. The 256-bp
fragment containing a sea urchin 58 RNA gene was gel-purified from an EcoRI
digest of plasmid pLV405-10 (ref. 32) and PCR amplified to generate a bioti-
nylated DNA fragment. The 3'-biotinylated 256-bp 58 DNA fragment was used
to generate either H2A or H2A.Z mononucleosomes by the salt jump dialysis
method?®. Far eviction assays, 50 ng of H2A .7 or H2A mononucleosomes was
immobilized onto Dynabeads M-280 {Dynal) and then incubated with increas-
ing amounts of either W'T or mutant (m1, m2 or AN} YL1 complexes (2.5 LM,
5uM and 10 pM) for 30 min at 37 °C. The bound protein- DNA complexes were
purified with a magnetic particle concentrator (Dynal) by three washes with
20 mM Tris-HCL, pH 7.65, 150 mM NaCl, 3 mM MgCly, and 10% glycerol. The
nucleosomes bound to the beads were directly eluted in SDS electrophoresis load-
ing buffer and run on a 129% SDS PAGE gel, transferred to a PVDF membrane
and blotted with either anti-H2A or anti-H2A . Z antibodies. For exchange assays,
50 ng of H2A mononucleosomes was immobilized onto Dynabeads M-280
{Dynal) and then incubated or not with increasing amounts of e-YL1 complex
(2 ul, 4 ul and 8 pl) for 30 min at 37 °C. The bound protein-DNA complexes
were purified with a magnetic particle concentrator (Dynal) by three washes
with 20 mM Tris-HCL, pH 7.65, 150 mM NaCl, 3 mM MgCly, and 10% glyceral.
The nucleosomes bound to the beads were directly eluted in SDS electrophoresis
loading buffer and run on a 12% SDS PAGE gel, transferred to a PVDF membrane
and blotted with either anti-H2 A or anti-H2A . Z antibodies.

Preparation of recombinant YL1-H2A.Z-H2B complexes. The various con-
structs used were amplified by standard PCR procedures and inserted via Ndel
and BamHI restriction sites in pET-MCN multiexpression vectors®! pnEA-tH
(YL1 constructs), which encodes an N-terminal histidine tag followed by a
thrombin- cleavage site, and pnCS (H2A.Z and H2B constructs), which encodes
either no tag or an N-terminal FLAG tag. For the H2A-H2B or H2A.7-H2B pairs,
further concatenation of the pnCS vectors was carried out to obtain a single vector
coexpressing both partners, as previously described®!. All complex subunits were
coexpressed by cotranstorming E. coli BL21{DE3) cells {(Novagen) with pnEA-
tH and pnCS vectors, as well as the pRare2 vector (Novagen). Cells were grown
in 2x LB at 37 °C to an absorbance of 0.3 at 600 nm, and the temperature was
then switched to 25 °C. Growth was then allowed to proceed until cells
reached an absorbance of 0.8-1.0 at 600 nm. Expression was induced by addi-
tion of a final concentration of 1 mM isopropyl-B-D-thiogalactopyranoside
{Euromedex), and cells were further grown overnight at 25 °C. Cells were col-
lected by low-speed centrifugation, resuspended in buffer A {10 mM Tris-HCL,
pH 8.0, and 200 mM NaCl) and lysed by sonication. The soluble fraction recov-
ered by high-speed centrifugation was mixed with Talon resin (Clontech). After
1 h incubation, the supernatant was removed, and the resin was washed exten-
sively with buffer A. The complex was then eluted from the resin by cleavage
of the histidine tag with bovine thrombin (MP Biomedicals) overnight at 4 °C.
For analytical purification, a second step of affinity purification was carried out
against the FLAG-tagged H2B subunit with anti-FLAG M2 Affinity Gel purified
immunoglobulin beads (Sigma). For the large-scale cultures, the supernatant was
recovered and applied onto a gel-filtration column (HiLoad 16/60 Superdex 75,
Amersham Pharmacia) equilibrated with buffer A and 2 mM D'T'T (Euromedex).
The purified proteins were concentrated with Microsep 10K Omega centrifu-
gal filters (Pall Filtron) to a final concentration of 12 mg/ml, as assayed with a
Bio-Rad protein assay (Bio-Rad).

Crystallization and data collection. For crystallization attempts, various con-
structs of YL1 were used: 1-110 (full N-terminal domain), 1-92 (highly con-
served N-terminal region) and 1-69 (ZID domain). Only the ZID-domain
construct yielded crystals, thus suggesting that the longer constructs impaired
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Supplementary Figure 1

YL specifically associates with the HZA Z complex.

a) Silver staining of proteing associated with double immuno-affinity (FLAG-HA) purified e-H2A.com
and e-H2A.Z.com complexes.

b) Western blotting analysis of the e-HZ2A.com and e-H2A.Z com complexes shown in (a). Each
complex was probed for the presence of the tagged protein (anti-HA) as well as for YL1, ANP32ZE,
HZA and HZA.Z.

¢) Mass spectrometry identification of additional proteins associated with e-H2A.com shown in (&a).
For each identified protein the number of unique peptides is given.

d) Mass spectrometry identification of additional proteins associated with e-H2A.Z.com shown in (&).
For each identified protein the number of unique peptides is given.

e) Mass spectrometry identification of additional proteins associated with e-YL1.com shown in Figure
1a. For each identified protein the number of unique peptides is given.

f) Alignment of the YL1-ZID sequences from vertebrates, insects, plants and fungi. Conservation of
the residues is represented by shades of blue. Numbering above and undemneath the sequences
corresponds fo YL1 sequences from human and & cerevisiae (yeast SWC2), respectively.
Secondary structure elements of human YL1, as seen in the structure, are displayed above the
alignment (helices, cylinders, coils, lines). The various regions of the YL1-ZID described in the fext
are indicated (ZIDN, ZIDM1, ZIDM2Z, ZIDC) Stars above and underneath the alignment mark
residues of human YL1 and yeast SWC2Z that were mutaied in our study. m1 mutant (dark blue), m2
mutant (light blue), and m1m2 mutant (combination of m1 and m2 mutants).
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Alignment of full-length Y11 and stereo view of the elongated aC helix.

a) Sequences of YL1 proteins from different organisms have been aligned. For clarity, fungi
sequences have not been inciuded since they are twice as long as their other homologs. See
alignment of the YL1-Z1D region in Supplemental Figure 1f for incorporation of the fungi sequences.
Conservation is shown with different hues of blue (strong, dark blue; weak, light blue). Red boxes
highlight the three main regions conserved throughout evolution (fungi display similar conservation
patterns as those shown on this figure). Numbering above the sequences corresponds o the human
protein.

b) Stereo view of the Fo-—Fc simulated-annealing omit map contoured at 2.5 & of H2A Z elongated «.C
heiix in the YL1-ZID-HZA Z-HZB compiex. Residues spanning the end of the canonicai plus the
extended part of the «C helix were removed pricr to simulated-annealing.
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Supplementary Figure 3

Human YL1, human ANP3E2E and yeast SWR1 all extend the oC helix, but only YL entirely covers the H2A Z-HZB DNA-binding
surface.

a) Superposition of (left) human YL1-ZID-H2A Z-HZ2B (colored violet, orange and light gray,
respectively} and human ANP32E-ZID-H2AZ-HZB (colored blue, red and gray, respectively)
complexes and of (right) human ANP3ZE-ZID-HZA Z-HZB (colored biue, red and gray, respectively)
and yeast SWR1-Z-H2A.Z-H2B (colored green, light red and dark gray, respectively) complexes.
The common regions of interaction between YL1, ANP32E and SWR1 with the HZA Z-H2B pair are
boxed and labeled (ZIDM1 and ZIDM2). All H2A Z histone chaperones extend HZA.Z o helix, but
only YL1 interacts exiensively with the variant histone pair. In addition, YL1 binds to H2A.Z ¢3~aC
region with a different conformation that ANP32E and SWR1, these latter chaperones showing high
structural similarity.

b) Superposition of YL1 N2 (viclet) and ANP3ZE (blue) «N helices. The side chains of the
hydrophobic residues of these helices that form hydrophobic interactions with the same set of
hydrophobic residues from H2A.Z and H2B are shown as sticks. These hydrophobic residues from
the histone chaperones occupy the same positions explaining that despite their difference in
composition and the antiparaliei orientation of the YL1 aN2 and ANP3ZE «N heiices, they have the
same effect in favoring H2ZA.Z «C helix extension. The only exceplion concerns YL1 Y30 that
occupies a unique position and forms an YL1-specific hydrogen bonding network with residues from
YL1 and H2A.Z.

c) Ribbon representation of (left) the superposed human YL1-ZID-H2A.Z-H2ZB (colored violet,
orange and light gray, respectively) compiex and HZA Z-H2B histone pair (not shown) bound to a
nuclieosomal DNA region (green) and (right) the superposed human ANP32E-ZID-H2A Z-HZB
{colored blue, red and gray, respectively) complex and H2A.Z-H2B histone pair {not shown) bound to
a nucleosomal DNA region (green). The C-erminal region of the YL1-ZID completely covers the
H2A . Z-H2B DNA-binding surface.

d) Surface electrostatic potential of the DNA-binding region of the HZ2A.Z-HZ2B histone dimer (-5 kgT,
5 kgT, kg, Boltzmann constant; blue: positive, red: negative). Left: The H2A Z-HZ2E dimer displays a
highly positive electrostatic potential in its DNA binding groove. The YL1-ZID binding to the H2A Z~
HZB dimer is displayed as ribbon. Right panel. Same as left, but with YL1-ZID included in the surface
electrostatic potential calculation. Upon binding, the YL1-Z1D not only covers the DNA-binding region
of the HZA .Z-HZB dimer, but completely changes the eiectrostatic potential displayed on this face of
the complex, rendering it more negative and thus, repulsive for DNA interactions.
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Supplementary Figure 4

YT ZIDN has the abilky to interact with H24 Z-H2B through an arginine anchor feature.

a) Dimer of the YL1-ZID-H2A.Z~-H2B complex observed in the crystal, where dimerization occurs
through stacking of YL1 «N1 helices. At this dimeric interface, the N-ferminal region of the YL1-ZI1D
(ZIGN)Y from one complex interacts with the HZA Z-HZ2B pair from a symmetry-related YL1-Z10-
H2A Z-H28 complex. This interaction between the ZIDN and the H2A.Z-H2B pair includes an
arginine anchor, where an YL1 arginine binds to the acidic patch pocket of HZA Z. This interaction is
reminiscent of inferactions made by several transcription and epigenetic effectors when bound to the
nucleosome. In addition, ZIDN conserved residues are involved in this interaction that is only possible
due to the presence of HZA Z-specific G832 (an asparagine in HZA), enabiing YL1-ZIDN to iay onio
H2A Z.

b) Examples of arginine anchor features. Upper left: RingiB (from PCR1 complex) binding to the HZA
nucleosome (PDB code 4R3P). Bottom: RCC1 binding to the H2A nucleosome (FDE code 3MVD).
Upper right: YL1-ZIDN binding to H2A.Z {this study). The position of H2A NB89 and equivalent H2A.Z
GYZ are displayed, showing that the presence of a bulkier side chain at this position affects the way
of binding of the effectors to H2A/H2A Z.

¢) Stereo view of the Fo-Fc¢ simulated-annealing omit map contoured at 2.5 o of H2A Z «2 helix C-
terminus and LZ loop in the YL1-ZID-HZA Z-H2ZB complex. Residues spanning this region were
removed prior to simuiated-annealing.
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Supplementary Figure 5

YL1 ZID-HZ2A.Z-HZB is monomeric in solution, and the YL1 and SWCZ N-terminai regions {(ZIDN;
are required for proper binding to human H2A .Z but not fo yeast HTZ1.

a) Size exclusion chromatography purification profile on a Superdex 200 16/60 (left) and analylical
ultracentrifugation (AUC) data of the YL1-ZID-H2A.Z~-H2ZB complex. This analysis shows that the
YL1-ZID-H2A Z-H2ZB complex is monomeric in solution.

b) Ribbon representation of the YL1-ZID-HZA Z-HZB complex as observed in the structure (left;
ZIDN colored viclet in a position interacting with a symmetry-related H2A.Z-H2B dimer) and of the
model of the YL1-ZID-HZA Z-HZB complex (right, ZIDN colored green interacting with the same
HZA Z-H2B dimer than the rest of the YL1-ZID domain). The model was created by modeling the
ZIDN onto the H2ZA Z-H2B dimer recognized by the rest of the YL1-ZID and using the mode of
binding observed when it binds to a symmetry-related H2A.Z-HZB dimer. The model was then refined
to obtain correct stereochemistry. This procedure showed thal only the position of YL1--ZID residues
E24, E25 and EZ6 (colored blue), which are part of the hinge region between YL1-ZID aN1 and oN2
helices, need o be moved to adapt to the new ZIDN conformation.

c) Sequence of yeast SWC2Z2-ZID from alignment in figure 2b. Stars below the alignment indicate the
residues mutated in either mutant m1i (dark blue) or mutant m2 (light biue). Mutant SWC2-AN was
made by deletion of the N-ferminal region of SWC2 (deletion of amino acids 1--45), including the N1
helix. Mutant SWC2-m1 (163A LE5A LEGA FB7A) targeted the H2A Z «C binding region of YL1 and
mutant SWCZ-mz (D73A D75A F76A) targeted the first DNA-binding region of SWCZ2.

d) His-pulldowns with yeast His-SWC2-ZID and HTZ1/HTB1 complexes using WT HTZ1 and the
indicated SWCZ mutanis. The interaction between SWCZ and HTZ1-HTB1 is strongly affected by the
m1 and mZ mutations but not by deletion of the N-terminal region (AN).

e) GST-pulldowns with human GST-YL1-ZID (1-69) or GET-YL1-ZID-AN (25-89) and human
H2A Z-H2B or veast HTZ1-HTB1 dimers. The interaction between human YL1 and histones is
dependent of its N-4terminal region (ZIDN) for proper binding to human H2ZA.Z-H2B but not {o yeast
HTZ1--HTB1."™, degradation products.

fi His-pulldowns with veast His—-SWC2Z=ZID (1-101) or His—=SWCZ-ZID-AN (46-101) and human
H2A Z-H2B or yeast HTZ1-HTB1 dimers. The interaction between yeast SWC2Z and histones is
dependent of its N-terminal region (ZIDN) for proper binding to human H2A Z-H2B but not to yeast
HTZ1-HTB1.
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Supplementary Figure 6

ITC data.

ITC profiles of the titration of the human YL1-ZID (YL1 residues 1-69) by human H2A.Z-H2B and
H2A-H2B pairs. The name of the proteins and mutants used are indicated underneath the data. For
all experiments: top panel: raw titration data of YL1 (1-69) injected into H2A(.Z)-H2B. Bottom panel:
integrated heat measurements for the titration of YL1 with H2A(.Z)-H2B.
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Supplementary Table 1. Binding and thermodynamic parameters obtained
from ITC experiments.

yil Histone pair Kd AG AH ~TAS N
construct {nivi} {kcal.mol™} ({kcaimol™ {kcal.mol
Y Y
YI1*® H2A.7-HZB 44 +0.2 -11.4 -32.310.1 20.9 1.07
Y11 HZA-H2ZEB no binding
¥l1-mil H2A.7-HZB 26619 -8.0 266101 17.7 1.05
¥li-m2 H2AZ—HZEB 317+ 11 8.8 -288+0.1 19.9 1.01
¥Y0ll-mim2 H2A.Z-H2B 1610+ 40 —7.9 ~16.2+0.1 8.3 1.11
¥Y0L1-AN H2AZ-HZB 192+ 11 -8.2 -284+0.3 14.3 1.02
YL1-AC HZA.Z-HZB 730+ 41 —3.4 ~18.0+ 3.3 10.6 1.05
¥0L1 H2A[AGOR}-H2B 4160+ 407 —7.4 -14.8+0.7 7.4 0.89
Y1 H2A{I79T—H2B 510+ 28 -8.6 -268+0.3 18.3 0.93
Y11 H2ZA[NBIG)-H2ZB 2540+ 114 —~7.6 ~18.1+£0.3 10.4 0.98
¥L1 H2ZA[NS4AD}-H2ZB 3520+ 540 —7.4 -10.7+ 1.0 3.3 0.96
¥l HIALAGSE 179T)~ 156+ 8 —~3.3 -24.2+0.1 14.9 0.08
HZB
YLl HZANT7ST N8aG)— 160 19 —~3.3 ~32.4+ 0.3 23.1 (.09
H2B
¥l HZA[AGSB 79T 47+ 2 -10.0 -28.7+0.1 19,7 1.02
MROG}-H2E
Y11 H2A[AGSS 79T 5516 -9.9 -269+0.2 17.0 0.83
N4LD)-HZEB
Y1 H2A{AGSSR 79T SE6+04 -11.3 -27.2+0.1 18.0 0.o4

N8OG N94D)-H2B

*YL1 corresponds to human YLI-Z1D {1-69). Histone pairs are human pairs deleted from their unstroctured N-
termini.
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o Identification et caractérisation de

HIRIP3 comme nouveau chaperon
d'histone H2A

Résumé

Le génome des cellules eucaryotes est empaqueté dans la chromatine, dont 1’établissement et la maintenance
nécessitent des processus d’assemblage et de remodelage. Ce travail de thése a été consacré a la caractérisation
de deux facteurs de la machinerie d’assemblage de la chromatine

Le premier facteur étudi¢ dans ce travail était HIRIP3, un homologue mammifére de la levure H2A.Z chaperon
Chzl. Nous voulions vérifier si HIRIP3 est une chaperon d'histone par elle-méme. Pour commencer, nous
avons décrit l'interaction de HIRIP3 avec les histones in vivo. Ensuite, nous avons étudié¢ la spécificité
structurale de cette interaction in vitro. Nous avons caractéris¢é HIRIP3 comme une nouvelle chaperon
d'histone H2A qui utilise le motif CHZ pour sa fonction.

La deuxiéme partie de ce travail a ét¢ axée sur le complexe de remodelage de la chromatine SRCAP. Nous
avons cherché a décoder son réseau d'interaction et a décrire ses sous-complexes. Nous avons reconstitué le
complexe de base YL1, SRCAP, TIP49A, TIP49B et H2A.Z / H2B en utilisant le systéme d'expression chez
baculovirus. Notre protocole nous a permis de purifier un complexe de base adapté aux futures études
structurelles par microscopie cryo-électronique.

Mots clés :
Epigénétique, chromatine, chaperon d'histone

Résume en anglais

The genome of eukaryotic cells is packaged into chromatin, which establishment and maintenance require
mechanisms of assembly and remodelling. This thesis work was dedicated to the characterization of two
factors of chromatin assembly machinery.

The first factor studied in this work was HIRIP3, a mammalian homologue of yeast H2A.Z chaperone Chzl.
We aimed to test whether HIRIP3 is a histone chaperone by itself. At first, we established HIRIP3 interaction
with histones in vivo. After then, we studied the structural specificity of this interaction in vitro. We have
characterized HIRIP3 as a novel H2A histone chaperone that utilizes the CHZ motif for its function.

The second part of this work was focused on SRCAP chromatin remodelling complex. We aimed to decipher
its interaction network and to describe its sub-complexes. We have reconstituted YL1, SRCAP, TIP49A,
TIP49B and H2A.Z/H2B core complex using baculovirus expression system. Our protocol allowed us to purify
core complex suitable for future structural studies by cryo-electron microscopy.

Keywords :
Epigenetics, chromatin, histone chaperone
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