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ABSTRACT

Assembly of chromatin is an essential process that concerns most DNA transactions in
eukaryotic cells. The basic repeating unit of chromatin are nucleosomes, macromolecular
complexes that consist of a histone octamer that organizes 147 bp of DNA in two
superhelical turns. Although the structures of nucleosomes are known in detail,

their assembly is poorly understood.

In vivo, nucleosome assembly is orchestrated by ATP-dependent remodelling enzymes,
histone-modifying enzymes and a number of at least partially redundant histone
chaperones. Histone chaperones are a structurally diverse class of proteins that direct the
productive assembly and disassembly of nucleosomes by facilitating histone deposition and
exchange. The currently accepted model is that nucleosome assembly is a sequential
process that begins with the interaction of H3/H4 with DNA to form a (H3/H4), tetramer-

DNA complex. The addition of two H2A/H2B dimers completes a canonical nucleosome.

High-resolution structures of histone chaperones in complex with H3/H4 histones have
resulted in detailed insights into the process of nucleosome assembly. However, our
understanding of the mechanism of nucleosome assembly has been hampered by the as yet
limited number of co-crystal structures of histone—chaperone complexes. In particular it
remains unclear how histone chaperones mediate H2A/H2B deposition to complete

nucleosome assembly.

In this work, we have investigated the role of the H2A/H2B chaperone Napl (Nucleosome
assembly protein 1) in nucleosome assembly. We have determined the crystal structure of
the complex between Napl and H2A/H2B and analysed the assembly by various biophysical
methods. The structure shows that a Napl dimer binds to one copy of H2A/H2B (Nap1,-
H2A/H2B). A large ~550 kDa macromolecular assembly containing 6 copies of the Nap1,-
H2A/H2B complex is seen in the asymmetric crystallographic unit. We confirmed by both
non-denaturing mass spectroscopy and negative stain electron microscopy studies that this

assembly is the predominant form of the Nap1,-H2A/H2B complex in solution.

We further investigated the potential interplay between p300-mediated histone acetylation

and nucleosome assembly. Together, the structure and associated functional analysis



provide a detailed mechanism for the Napl chaperone activity, its role in H2A/H2B

deposition and in nucleosome assembly.



RESUME EN FRANCAIS

Au sein du noyau, I’ADN est organise en chromatine dont I'unité de base est le nucléosome.
La structure de la chromatine est trés dynamique, ce qui est nécessaire pour la plupart des
opérations qui se produisent dans I’ADN telles que la réplication, la transcription, la
réparation et la recombinaison. Le nucléosome est constitué de deux diméres H2A/H2B et
deux dimeres H3/H4 associés avec 147 paires de bases d’ADN. La protéine Napl est un
chaperon d’histone H2A/H2B impliquée dans I'assemblage et démontage des nucléosomes.
Napl protege les interactions non spécifiques entre ’ADN chargé négativement et les
dimeres H2A/H2B chargés positivement, afin de permettre la formation de la structure
ordonnée des nucléosomes. Lors de I'assemblage des nucléosomes, les diméres d’histones
H3/H4 sont déposés en premier lieu, suivi par le dépot de dimeéres H2A/H2B. Lors du
démontage du nucléosome, les dimeéres H2A/H2B sont retirés avant le retrait des dimeéres
H3/H4. La determination de la structure du complexe Nap1-H2A/H2B pourra permettre une

meilleure compréhension du processus d’assemblage du nucléosome.

Dans cette étude, nous voulons comprendre comment le chaperon Napl cible
spécifiquement les diméres d’histones H2A/H2B pour I'assemblage des nucléosomes. Notre
objectif est de caractériser la structure et la fonction du complexe de Nap1-H2A/H2B. Ainsi
nous nous sommes tout d’abord intéresse a la stoechiometrie de ce complexe. Nous avons
trouvé qu’un dimére de Napl s’associe a un dimere H2A/H2B (Nap1,-H2A/H2B). D’autre
part, 'analyse par spectrométrie de masse non-dénaturante a montré que ce complexe de
base peut s’oligomériser et contenir jusqu’a 6 copies de Nap1,-H2A/H2B. L’analyse de ce
complexe par spectrométrie de masse non-dénaturant a montré que ce complexe peu
oligomériser dans un grand complexe contenant jusqu’a 6 copies de Nap1,-H2A/H2B. Nous
avons également obtenu la premiére structure cristalline a basse résolution de ce complexe.
L'analyse du méme complexe par microscopie électronique a coloration négative a révélé la
présence en solution du méme oligomere que dans l'unité asymétrique du cristal, qui
contient aussi 6 copies de Napl,-H2A/H2B. Ainsi, nous avons pu mettre en évidence de
nouvelles interfaces d’interaction entre les différents composants de ce complexe qui nous

permettent de mieux comprendre le processus d’assemblage des nucléosomes.



Le remodelage de la chromatine permet I'expression des genes eucaryotes. Ce remodelage
nécessite des enzymes telles que des histone acétyltransférases (HAT) et les chaperons
d’histones. Les HATs acétylent les chalnes latérales des lysines. Il a été proposé que les HATs
et les histones chaperons agissent en synergie pour moduler la structure de la chromatine
pendant la transcription. La HAT p300 a été proposé d’interagir avec I’histone chaperon
Napl. Nous avons entrepris de caractériser cette interaction. Malheureusement, nos

expériences n’ont pas pu détecter d’interaction directe entre ces protéines.
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RESUME EN FRANCAIS

Dans une cellule, environ deux metres d’ADN doivent étre compactés pour tenir au sein
d’un noyau de quelques microns. Malgré ce degré de compaction extréme, I’ADN doit étre
rapidement accessible pour réguler son métabolisme lors des événement de transcription,
réplication, réparation, etc. Pour cela I'ADN s’organise dans le noyau en une structure
nucleo-proteique dynamique appelée chromatine. Le nucléosome constitue un premier
niveau de structuration de la chromatine. Son remodelage et le remodelage de la
chromatine en général, lui confére de nouvelles propriétés structurales et fonctionnelles.
Plusieurs mécanismes principaux assurent cette plasticité de la chromatine comme la
modification de I'ADN par méthylation, lincorporation de variant d’histone et Ia
mobilisation des nucléosomes par les complexes de remodelage ainsi que la modification

post-traductionnelle des histones.

Les chaperonnes d’histone jouent un réle important dans la régulation de la structure de la
chromatine. Elles s’associent avec les histones libres dans la cellule, les escortent dans le
noyau et participent a leur incorporation ou a leur éviction a des endroits précis dans la
chromatine. Napl est une chaperonne d’histones qui est impliquée dans le dépo6t de
I’"hétérodimere H2A/H2B sur ’ADN. Des études biochimiques de Napl montre que cette
protéine forme un dimére de base capable de s’oligomeriser. La taille de cet oligomeére varie
selon la force ionique du tampon et la concentration en protéine. La stoechiométrie de ces
grands oligomeres reste controversée et leur réle dans I'assemblage des nucléosomes est
actuellement inconnu. Afin de comprendre le réle des chaperonnes H2A/H2B dans le
processus d’assemblage du nucléosome, nous avons entrepris de caractériser la structure

du complexe Nap1-H2A/H2B.

Les chaperonnes peuvent fonctionner seules ou en complexe avec des enzymes de
modifications comme les HATs. Par exemple, cher Saccharomyces cerevisiae, I'histone
chaperonne Vps75 est retrouvée en complexe avec la HAT Rtt109. Cette interaction
augmente l'activité acétyle-transférase de Rtt109 et facilite le transfert des histones H3/H4
sur Vps75. De facon similaire, chez les eucaryotes supérieurs, ’lhomologue de Rtt109, la HAT

p300/CBP, interagit avec la chaperonne d’histone Nap1l. Cette association pourrait faciliter

17



le remodelage des nucléosomes via leur acétylation. Afin de valider cette hypothése nous

avons entrepris de caractériser I'interaction entre Nap1 et p300.
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1.1. CHROMATIN STRUCTURE

Eukaryotic cells contain about two meters of DNA which must be physically organized and
compacted into a nucleus with a micrometre-scale diameter (Rocha & Verreault 2008). This
compaction is achieved synergistically by the arrangement of DNA with specific proteins.
This combination of protein and DNA is known as chromatin. The global and local
compaction / de-compaction of chromatin are essential for all the cellular processes that
involves DNA, such as DNA replication, DNA transcription or chromatin sorting during cell
division, thus throughout the cell cycle the extent of chromatin compaction is in dynamic

equilibrium (Figure 1) (Horn 2002).

Chromonema fiber . .
Linker histones

Long range
fiber-fiber
interactions

G1 chromatid

Beads-on-a-string

Nucleosome
23, Core histone
DNA __—tail domain

Figure 1 Schematic representation of the multiple stages of chromatin folding. Note: figure from (Horn 2002).

The chromatin is compacted in a hierarchical fashion through several degrees of
compaction. The first stage of compaction occurs when double stranded DNA wraps around
a core of histone proteins, forming a structure known as the nucleosome core particle (NCP)
or nucleosome (A. L. Olins & D. E. Olins 1974). The remaining DNA between two NCPs,
known as linker DNA, is protected by a linker histone, whose recruitment to NCPs results in
a complex known as the chromatosome (Simpson 1978). Thousands of nucleosomes are
organized as such on a continuous DNA helix, in linear strings separated by 10 to 60 base
pairs (bp) of linker DNA in the genome (Hansen 2002). This “beads-on-a-string”, to which
this linear nucleosomal array is referred in the literature, fibore may be considered to

constitute the lowest function unit of chromatin (Horn 2002; Hansen 2002).
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The second level of compaction is accomplished through histone tail-mediated nucleosome-
nucleosome interaction, which promotes the formation of a 30 nm wide fibre (Horn 2002).
Two models have been proposed to explain the organization of this 30 nm fibre structure:
(a) the ‘one-start’ (solenoid) model, which consists of consecutive nucleosomes interacting
with each other and following a helical trajectory via torsion of the linker DNA; and (b) the
‘two-start’ (zigzag) model, characterized by two rows of nucleosomes which form a two-
start helix so that alternate nucleosomes become interacting partners with relatively
straight linker DNA (Woodcock & Ghosh 2010; Luger et al. 2012). Even though the prevailing
view is that the 30 nm fibre is organized in a ‘heteromorphic’ fibre in vitro in a more
energetically favourable conformation, and both models may coexist in the genome (H.
Wong et al. 2007; Grigoryev et al. 2009). However, this model remains controversial, as it

has not yet been proven to reflect the true chromatin structure in vivo (Fussner et al. 2012).

A third level of compaction arises from the histone tail-mediated association of individual 30
nm fibres, which produces a tertiary structure known as ‘chromonema’ fibres (Figure 1)

(Horn 2002).

The ultimate level of compaction results in the higher structural organisation of the highly
recognizable X-shaped chromosomes observed at metaphase (Figure 1) (Woodcock & Ghosh

2010).

1.1.1. The nucleosome core particle: structure and assembly

The NCP is the elemental repeat unit of all known eukaryotic chromatin structures (Oudet et
al. 1975; Finch et al. 1977). However, although the structure of the NCP itself is well
characterized (Luger, Mader, et al. 1997a; Davey et al. 2002), the mechanisms of its

assembly and dynamics in vivo are not yet well understood.

The NCP consists of a histone octamer (one tetramer of histones H3/H4 and two dimers of
H2A/H2B) around which 147 bp of DNA are wrapped in 1.7 turns of a tight, flat, and left-
handed super-helix (Figure 2A) (Luger, Mader, et al. 1997a). The central 80 bp of the
nucleosomal DNA are organized by a heterotetramer of histones H3/H4, whereas the

peripheral 40 bp of DNA on each side are bound more loosely by the H2A/H2B dimers
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(Figure 2B) (Ransom et al. 2010). The penultimate 10 bp of DNA are coordinated by the

amino(N)-terminal a-helix of histone H3 (Figure 2B) (Ransom et al. 2010).

The four core histone proteins (H2A, H2B, H3, and H4), which constitute the histone
octamer, share a highly similar structural motif named the ‘histone-fold’ domain in their
central regions (Figure 2C). This domain is formed of three oa-helices connected by two
interspersed loops, an arrangement denoted as ol-L1-02-L2-a3 in Figure 2C, and is
characteristic of this class of proteins. Due to complementary internal packing, H3 and H2A
form crescent-shape heterodimers exclusively with H4 and H2B respectively through their
histone fold domains. In the nucleosome core particle, the two H3/H4 heterodimers interact
though a 4-helix bundle formed exclusively by the two juxtaposed H3 histone folds thus
constituting the heterotetramer (Figure 2). Each H2A/H2B heterodimer interacts with the
heterotetramer through a second, homologous 4-helix bundle between H2B and H4 histone

folds. For more details refer to (Luger, Mader, et al. 1997a).

A Nucleosome core particle

H3 N-term .;i,

Wy 3 H3 N-term
helix -

helix

Figure 2 Nucleosome structure. (A) Nucleosome core particle structure (PDB Code: 2NQB), front and side
views. (B) Unravelling of the nucleosomal DNA to indicate which region of the DNA is organized by which
histone proteins. Dashed lines indicates the H3-H3 dimerization interface involved in H3/H4 tetramerization.
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Note: figure from (Ransom et al. 2010). (C) Histone-fold domain of H2A, H2B, H3, and H4 (PDB Code: 2NQB).
Histone H2A is colored in red, H2B in pink, H3 in blue, and H4 in cyan.

Histone tails are found at the N-terminal end of the histone-fold domain and can extend
outside of the nucleosome (Luger, Mader, et al. 1997a). These tails are extremely basic due
to the high proportion of lysine and arginine that they contain and their post-translational

modifications can modulate nucleosome assembly or disassembly (Luger & Richmond 1998).

The assembly of the NCP is thought to be a two-step process guided by histone chaperones
in cooperation with ATP-dependent remodelling factors, and histone modification enzymes
(Mello & Almouzni 2001; Ransom et al. 2010; Haushalter & Kadonaga 2003). First a tetramer
of H3/H4 is deposited onto the DNA to form an intermediate known as the tetrasome
(Figure 3A) (Smith & Stillman 1991). Secondly, an H2A/H2B heterodimer is initially deposited
unilaterally on the tetrasome, forming the hexasome (Figure 3B); followed by a second
H2A/H2B heterodimer from the other side of the central H3/H4 heterotetramer thus
constituting the final NCP (Figure 3C) (Nakagawa et al. 2001). Disassembly likely occurs as a

reversal of this series of events.

Nucleosome core
particle

Tetrasome Hexasome

Figure 3 Nucleosome assembly process. A model for step-wise nucleosome assembly as guided by histone
chaperones: (A) tetrasome, (B) hexasome, and (C) NCP. PDB Code: 2NQB. Histone H2A is colored in red, H2B in
pink, H3 in blue, and H4 in cyan.
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1.2. HISTONE CHAPERONES

Histones are small and highly basic proteins that have an intrinsic affinity for the negative
charge of DNA (Kornberg & Thomas 1974). The association of histones and DNA in vitro
under physiological conditions leads to the rapid formation of insoluble aggregates (Tyler
2002), thus additional factors must be required for the establishment of biologically
relevant histone-DNA assemblies, such as chromatin. It has been described in the literature
that the presence of additional acidic proteins, which could attenuate the charge of the
histones, precludes aggregation and ensures the formation of chromatin by the regular and
ordered deposition of histones on DNA (Akey & Luger 2003). Such acidic factors are known
as histone chaperones. These chaperones associate with histones upon their synthesis,
escort them into the nucleus, and modulate their specific association with DNA during
essential processes in the cell such as DNA replication, DNA repair or transcription
(Avvakumov et al. 2011; Eitoku et al. 2008; Rocha & Verreault 2008). Additionally, they are
involved in histone storage which prevents their non-productive aggregation with DNA
(Akey & Luger 2003). Lastly, specialized histone chaperones mediate the assembly of

histone variants into the nucleosome (Campos & Reinberg 2010; Henikoff & Ahmad 2005).

The affinity and specificity for H3/H4, H2A/H2B, and linker histones varies among different
classes of histone chaperones, and it is principally the variation in these attributes that
determines the functional specialisation of the chaperones. For example, Anti-silencing
function 1 (Asfl) interacts specifically with the core histones H3/H4 (Natsume et al. 2007;
English et al. 2006), while Nucleoplasmin (Np) preferentially binds the core histones
H2A/H2B (Ramos et al. 2010), thus both may be considered highly specific chaperones.
Additionally, Chaperone for H2A.Z/H2B 1 (Chzl) and Death domain-associated protein
(DAXX) are two histone chaperones that interact specifically with histone variants H2A.Z and
H3.3, respectively (Luk et al. 2007; Elsasser et al. 2012). Conversely the histone chaperone
Nucleosome assembly protein 1 (Napl) has been reported to bind to all core histones
(H2A/H2B and H3/H4) as well as the linker histone H1 (McBryant et al. 2003; Kepert et al.
2005; Park et al. 2005), meaning that Napl interacts with histones with considerable

promiscuity.
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However histone chaperones also bind other factors in addition to their histone partners to
form complexes that participate in other cellular functions such as DNA replication, DNA

repair, and transcription (Zlatanova et al. 2007).

In the following sections, further details about histone chaperones and their functions are
described, with special emphasis on Nap family proteins, which are the predominant focus

of this thesis.

1.2.1. Chaperoning histones H3/H4: Anti-silencing function 1

Asfl is an H3/H4-specific histone chaperone, which participates in global nucleosome
disassembly and replication-independent nucleosome assembly (Hansen et al. 2010).
Biochemical and structural studies on the formation of Asf1-H3/H4 complexes revealed that
the histone chaperone binds with a 1:1 (Asfl monomer/ H3/H4 dimer) stoichiometry
(English et al. 2005; Mousson et al. 2005). These studies also revealed that Asfl blocks the
H3-H3 dimerization interface of the H3/H4 heterodimer, impeding formation of the H3/H4
heterotetramer and allowing histones to exist as soluble, chaperone-coupled heterodimers

(English et al. 2005; Mousson et al. 2005).

The crystal structure of free Asfl showed that this chaperone consists of an elongated 3
sandwich with three o helices present in the loops between the [ strands, which are
organised into an immunoglobulin-like fold (Figure 4A) (Daganzo et al. 2003; Mousson et al.
2005). This structure revealed the presence of two major regions of Asfl which could be
available for protein-protein interactions: (a) a hydrophobic concave groove surrounded by
polar and charged residues, and (b) a deep pocket with hydrophobic residues on the other
site of the hydrophobic groove, between 31-f9 (Daganzo et al. 2003). The acidic C-terminal
region of Asfl is fully unfolded and thus is not represented in this structure (Figure 4A)

(Mousson et al. 2005).

As demonstrated by a second structure, reporting the Asf1-H3/H4 complex, it is precisely
this hydrophobic cavity where the histone H3 binds Asfl (Figure 4B). Histone H3 interacts
with Asfl through the H3-H3 dimerization interface (helix a3 and half of the helix a2)

preventing the formation of H3/H4 heterotetramers in vitro and in vivo (Figure 4C) (English
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et al. 2006; Natsume et al. 2007). Accordingly, the measured affinity of Asfl for helix o3 of
H3 is 100 + 20 uM (Mousson et al. 2005). In addition, this primary binding site of Asfl and its
correspondent surface on histone H3 have complementary charge distributions. Mutational
studies of this binding interface suggest that this interaction is critical for cellular processes

including transcription, DNA replication, and DNA repair (Natsume et al. 2007).

The structure of Asf1-H3/H4 ternary complex also revealed a secondary binding interface,
where the C-terminus of histone H4 contacts 9 of the histone chaperone to generate a
strand-swapped anti-parallel B-sheet (Figure 4B) (English et al. 2006). As that the C-terminal
region of histone H4 interacts with H2A in the nucleosome structure to form a parallel 3-
sheet (Figure 4C), the interaction between H4 with Asfl likely inhibits the formation of

octamers by steric occlusion (Natsume et al. 2007).

A B C

Asf1-H3 binding site H3-H3 dimerization interface

Histone
binding site

Asf1-H4 E
binding site H4-H2A interacting interface

Figure 4 Structure of Asfl, Asf1-H3/H4 ternary complex, and the canonical histone hexamer. (A) Cartoon
diagram of the Asfl histone chaperone (PDB Code 1ROC). Asfl colored in green. Dashed line highlights the
binding cavity for H3/H4 dimer. (B) Cartoon diagram of the Asf1-H3/H4 complex (PDB Code 2HUE), with H3
colored in blue, and H4 in cyan. Dashed lines highlight the interaction interfaces between the histone
chaperone and the histone heterodimer. (C) Cartoon diagram of the H2A-H2B/(H3-H4), hexamer in the
nucleosome structure (PDB Code 1ID3, with H2A colored in red and H2B in pink. Dashed lines highlight
relevant dimerization interfaces.

The crystal structure of Asf1-H3/H4 ternary complex discussed here is likely to represent an
intermediate of the Asfl-mediated nucleosome assembly/disassembly reaction (Natsume et
al. 2007). In the chromatin assembly process, the presence of DNA apparently triggers

H3/H4 dimer release from Asfl and deposition of the H3/H4 tetramer on DNA. Both, DNA
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interaction and tetramerization of H3/H4 are suggested to drive the binding equilibrium

from the Asf1-H3/H4 complex towards H3/H4 tetramers (English et al. 2006).

Conversely, the “strand-capture” model has been proposed to explain the chromatin
disassembly process (English et al. 2006). Initially, a H2A/H2B chaperone would remove the
two H2A/H2B dimers from the tetrasome structure. Then, Asfl may bind to the C-terminus
of histone H4, and this would trigger the disruption of the H3/H4 heterotetramer and the
final disassembly of the nucleosome. In vivo and in vitro mutational studies showed defects
in chromatin disassembly and transcription silencing, which supports this model (English et

al. 2006).

1.2.2. Chaperoning histones H2A/H2B: Nucleoplasmin

Np was the first histone chaperone discovered (Laskey et al. 1978; Earnshaw et al. 1980). It
interacts predominantly with H2A/H2B dimers, but can also interact with H3/H4 tetramers
albeit to a lesser extent (Dutta et al. 2001). Functionally, therefore, and for the purpose of
this thesis, it can be considered an H2A/H2B chaperone. Np has thus far been found to be
represented exclusively in higher eukaryotes, which suggests an evolutionarily specialised
role for this histone chaperone (Akey & Luger 2003). Most studies on Np have been
conducted in Xenopus oocytes, where is one of the most abundant non-histone proteins

found in the nucleus (Woodland & Adamson 1977; Mills et al. 1980).

The Np monomer is comprised of a conserved, N-terminal domain (also known as Np-core),
which contains a small acidic tract (A1), and a flexible C-terminal tail, with two larger acidic
tracts (Figure 5A). The crystal structure of Np, at 2.3 A resolution (PDB Code 1K5J), reveals a
pentameric ring conformation, in which each monomer consists of eight 3-sheets forming a
B-barrel with a jellyroll topology (Figure 5A). Oligomerization, up to and including
pentamers, is facilitated by a 3-hairpin present between -4 and -5 (Figure 5A) (Dutta et al.
2001). This B-hairpin also features in other histone chaperons, such as Nap1, and has been
proposed to play a role in oligomerization (Park et al. 2008). Research on Np suggests that

these higher order complexes may function as a histone storage entity (Akey & Luger 2003);
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furthermore the conservation of the [B-hairpin in Napl implies that histone:chaperone

oligomerization may be a common mechanism amongst related chaperones.

However, the exact extent of this oligomerization remains controversial. In the Np crystal
form described above, two Np pentamers are packed face-to-face to generate a decamer
(Figure 5B). Analytical ultracentrifugation studies also indicated the presence of a pentamer-
decamer equilibrium governed by the properties of the pentamer-decamer interface (Dutta
et al. 2001). Conversely, SAXS experiments confirmed the presence of pentamers but were

in contention with the proposed existence of a decamer in solution (Taneva et al. 2009).

Characterization of the Np-H2A/H2B complex showed that the pentameric ring
conformation of Np can accommodate five H2A/H2B dimers, yielding a stoichiometry of 1:5
(pentamer/dimer) (Taneva et al. 2009). Accordingly, an electron microscopy model of this
complex reveals two circular discs, wherein the Np pentamer and the H2A/H2B dimers are
positioned atop each other (Figure 5C). Superimposition of the available Np pentamer and
H2A/H2B crystal structures presents five candidate linker regions where the C-terminal
regions of the Np molecules may reside, and interact with the histones (Figure 5C) (Ramos
et al. 2010). The role of such higher oligomeric ‘storage’ complexes in vivo, however,

requires further clarification.

Distal face (H2A/H2B binding)

Al'tract

Figure 5 Structure of Np-H2A/H2B complex. A) Cartoon diagram of the Np histone chaperone (PDB Code
1K5J). Np colored in pink, one subunit colored in purple. (B) Cartoon diagram of the Np histone chaperone
rotated 90°. (C) Representation of the EM map of the Np-H2A/H2B complex with a superimposition of the
crystal structures of both components. Histones colored in yellow and pink. Note: adapted from (Ramos et al.
2010).
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Understanding of how Np oligomerizes and binds to histones provides a general model for
how H2A/H2B chaperones might function. Current evidence suggests that: (a) chaperones
may effectively dimerize to form a surface which allows histones to bind as pairs of
H2A/H2B dimers (meaning tetramers), (b) histone binding may require stereospecific
interactions with the chaperone in addition to charge neutralization, and (c) conformational

plasticity may be required to allow efficient histone binding (Akey & Luger 2003).

1.2.3. Nucleosome assembly proteins

Napl was the first nucleosome assembly protein identified in Hela cells as a histone
chaperone that facilitates nucleosome assembly by binding to two histones pairs: H2A/H2B
and H3/H4 (Ishimi et al. 1987). Orthologues of Napl were subsequently identified in other
organisms, such as Saccharomyces cerevisiae (Ishimi & Kikuchi 1991), Drosophila (Ito et al.
1996), Xenopus (Steer et al. 2003), Arabidopsis (Zhu et al. 2006), and Plasmodium (Gill et al.
2009; Gill et al. 2010). Members of the Nap family can be classified into (a) Napl proteins
(or Napl-L1 in higher eukaryotes), (b) Napl-like proteins (Napl-L2 through Napl-L6) in
metazoans, including the yeast homolog Vacuolar sorting-associated protein 75 (Vps75),

and (c) SE Translocation (SET) proteins (Park & Luger 2006a; Hansen et al. 2010).

1.2.3.1. Nap1 proteins

Genome-wide expression analysis in Saccharomyces cerevisiae showed that approximately
10% of genes are regulated by Nap1 (Ohkuni et al. 2003). Nap1 interacts with all four core
histones (H2A/H2B and H3/H4) in vitro (McQuibban et al. 1998); however in vivo interaction
is exclusive to H2A/H2B dimers (Ito et al. 1996; Mosammaparast et al. 2001). Therefore
Napl is mainly considered a H2A/H2B-specific chaperone and performs a plethora of
functions related to this role. Nap1 is involved in the nuclear import of H2A/H2B dimers
(and not H3/H4 dimers) by engaging with the karyopherin Kap114 (Mosammaparast et al.
2002; Mosammaparast & Pemberton 2004). It has also been associated with gene
activation, through putative interactions with transcriptional activators and co-activators,

such as p300 (Ito et al. 2000; Asahara et al. 2002).
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1.2.3.2. Nap1-like proteins

Nap1-L2 has been described to play an important role in neuronal precursor cells, where it
might present the histones H3/H4 to HAT enzymes for acetylation (Attia et al. 2007). Nap1-
L3 is a brain-specific member of the Nap family, and may contribute to the regulation of
brain-specific gene expression by modulating the structural states of chromatin in co-
operation with other factors (Shen et al. 2001). Collectively, these studies, and other,
studies indicate tissue-specific expression and function of some members of the Nap1-like
class, which would be congruent to the presence of a large family of proteins in higher

eukaryotes.

Naturally, diversity of function is not solely achieved by the evolution of isoforms. It has
been shown that post-translational modifications of Nap family members affect their
localization throughout the cell cycle. For example, phosphorylation of Nap1-L4 (also named
Nap2) by Casein Kinase Il (CKll) retains Napl-L4/histone complexes in the cytoplasm,
whereas its dephosphorylation permits its transport into the nucleus complete with histone

cargo (Rodriguez et al. 2000).

1.2.3.3. Vps75

Vps75 was the most recently identified member of the Nap family. Surprisingly, in contrast
to other Nap proteins, Vps75 preferentially binds histone H3/H4 in their tetrameric form
(Selth & Svejstrup 2007). It has been proposed that Vps75 influences chromatin dynamics by
interaction with the histone acetyltransferase (HAT) Regulation of Tyl transposition protein
109 (Rtt109) (Tang et al. 2008; Berndsen et al. 2008; Kolonko et al. 2010). Formation of the
Vps75-Rtt109 complex increased acetyltransferase activity and histone deposition activity of
both components and enhanced specificity for histone H3-lysine9 acetylation (H3K9ac)
(Berndsen et al. 2008), which revealed a HAT-chaperone complex that combines histone

modification with nucleosome assembly.
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1.2.3.4. SET/INHAT/TAF-15

SET (also named INHAT or TAF-1f) is a histone chaperone that binds preferentially to
histones H3/H4 and dsDNA (Muto et al. 2007). It has been proposed that binding of DNA by
SET is a requisite step in its histone chaperone activity, leading to the formation of a pre-
nucleosome complex to which histones are then recruited (Muto et al. 2007). In this
scenario, SET could then guide the dsDNA onto specific sites of the core histones and
thereby determine the initiation site for DNA-winding (Muto et al. 2007). In addition, SET
has been shown to play an important role in transcription (Gamble et al. 2005; Seo et al.
2001). Here, SET strongly inhibits HAT/co-activator-mediated acetylation of core histones
and nucleosomes by binding to histones and occluding them from serving as acetylase
substrates (Seo et al. 2001). Such a property of SET has been refer to as “histone masking”

(Seo et al. 2001).

1.2.3.5. Chaperoning histone variants: Chzl and DAXX

The preceding chapters of this thesis have focused on histone chaperones which exhibit
some specificity in their association with the major classes of histones, known as canonical
histones. Subsequent to the discovery of histones, variants were identified exclusively for
H2A and H3 which participate in more nuanced roles in the cell (Henikoff & Ahmad 2005). In
this section, two examples of a second class of histone chaperones, which recognise H2A
and H3 variants, are described: (a) Chz1 which is the chaperone of H2A.Z/H2B and (b) DAXX,

which specifically binds H3.3/H4 heterodimers.

As histone variants are thought to be incorporated into pre-existing nucleosomes by
displacement of their canonical equivalents (Henikoff et al. 2004), replacement of H2A/H2B
dimers by H2A.Z/H2B dimers is an energetically unfavourable process due to the necessity
to disrupt histone-histone and histone-DNA contacts in the nucleosome, and it is thus
additionally catalysed by the ATP-dependent chromatin remodelling complex SWR1
(Swi2/Snf2-related ATPase) (Mizuguchi et al. 2004; Wu et al. 2005). In this process, the
histone chaperone Chz1 delivers an H2A.Z/H2B dimer to the Swr2 subunit of the SWR1
complex, and possibly also captures the ejected H2A/H2B dimer (Wu et al. 2005; Luk et al.
2007). Biochemical characterization of the Chz1-H2A.Z/H2B complex showed that its
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stoichiometry is 1:1 (chaperone/histone dimer) (Luk et al. 2007). Chzl binds to the
H2A.Z/H2B dimer through contacts with both histones via a conserved central region
(named CHZ motif), although the contribution of the histones to this interface is somewhat
asymmetric in favour of H2A.Z (Figure 6A) (Luk et al. 2007; Zhou et al. 2008). This is entirely
concordant with the notion that Chzl specifically recognizes variant H2A-containing
H2A/H2B dimers. Intriguingly, the helix aN on Chzl also prevents the interaction of the
histone dimer with DNA (Zhou et al. 2008), implying a mechanism by which inappropriate

histone-DNA interactions may be avoided.

Incorporation of H3.3/H4 heterodimers at transcription factor binding sites (TFBS),
telomeres, and pericentric chromatin is similarly catalysed by an ATP-dependent
remodelling factor, ATRX (Goldberg et al. 2010; L. H. Wong et al. 2010; Drane et al. 2010),
which belongs to the Swi/Snf complex component SNF2 (SNF2) family of helicases/ATPases.
Current evidence suggests that ATRX recruits DAXX, an H3.3-specific histone chaperone, to
telomeres where both factors cooperate to deposit H3.3/H4 dimers into nucleosomes
(Lewis et al. 2010). In the DAXX-H3.3/H4 complex, the DAXX histone-binding domain (DAXX
HBD) adopts an all a-helical fold (ot1-a6) that wraps around the H3.3/H4 dimer with a
stoichiometry of 1:1 (monomer/dimer) and making multiple contacts with both histones
(Figure 6B) (Elsasser & D'Arcy 2012; C.-P. Liu et al. 2012). Comparison of the H3.3/H4
heterodimer as it is found in the context of DAXX HBD or the nucleosome reveals that the
H3.3/H4 heterodimer undergoes several conformational changes, indicating that DAXX
prevents DNA-histone contacts and H3.3/H4 tetramer formation (Elsasser et al. 2012; C.-P.
Liu et al. 2012).
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Figure 6 Structure of Chz1-H2A.Z/H2B and DAXX-H3/H4 complexes. (A) Cartoon diagram of the Chzl-
H2A.Z/H2B complex (PDB Code 2JSS), with Chzl colored in green, H2A.Z in magenta, and H2B in pink. (B)
Cartoon diagram of the DAXX-H3.3/H4 complex (PDB Code 4H9N), with DAXX colored in green, H3.3 in blue,
and H4 in cyan.

1.3. Nap1l - p300 COOPERATION IN TRANSCRIPTION

Nucleosomes are highly stable protein-DNA complexes that physically block access of the
transcriptional apparatus to DNA templates, thus their assembly and disassembly are
fundamental to the regulation of transcription (Avvakumov et al. 2011). During transcription
initiation, histone chaperones cooperate with ATP-dependent chromatin remodelers and
histones modifying enzymes, such as HATs, to alter and/or remove key nucleosomes at
promoter regions (B. Li et al. 2007; Avvakumov et al. 2011). Subsequently, histone
chaperones also play a role in transcription elongation, where they coordinate with other
factors to promote the progression of the RNApol Il along coding regions (B. Li et al. 2007;
Avvakumov et al. 2011). Finally, histone chaperones mediate histone recycling and
nucleosome reassembly after transcription, restoring DNA to a heterochromatic state

(Avvakumov et al. 2011).

CBP/p300 is known to acetylate lysine residues in all four core histones and contains
multiple conserved domains which serve as platforms for protein-protein interactions. This
enzyme is organized into three regions: N-terminal, central and C-terminal regions (Yuan &
Giordano 2002). At the N-terminus residues a nuclear receptor-interacting domain RID, a
cysteine/histidine-rich region composed of a zinc finger motif called TAZ1, and the CREB-

binding domain (KIX) (Figure 7). The C-terminal region is composed of a glutamine/proline-
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rich (QP) domain that associates with other coactivators and HAT proteins (Figure 7) (Yuan

& Giordano 2002).

Until recently CBP/p300 was thought to comprise three domains: a Bromodomain, a PHD
finger (which constitute the effector module), and a HAT domain (catalytic domain) (Yuan &
Giordano 2002). However, unpublished results from our laboratory revealed that there is
also a RING domain inserted at N-terminal of the PHD finger (Delvecchio 2011). In close
proximity to this central region, there is a cysteine-histidine-rich (CH3) domain, which
includes two zinc-binding motifs designated ZZ (Legge et al. 2004) and TAZ2 (De Guzman et
al. 2000) (Figure 7). The CH3 domain is thought to be involved in molecular scaffolding of
factors such as p53 (De Guzman et al. 2000) or Nap1 (Shikama et al. 2000), thus it is this

region which is of particular interest to this thesis.

The direct interaction between Napl and p300 has been studied in the field. Mammalian
two-hybrid assays showed that human p300 interacts with Nap2 (also called Nap1-L4) via
the CH3 domain (Figure 7) (Shikama et al. 2000). In addition, pull-down assays using cell
extracts showed that the KIX domain of the mouse ortholog of CBP/p300 appeared to be
capable of binding mNap1, suggesting that this complex is stabilized by multiple surface
contacts (Figure 7) (Asahara et al. 2002). However, the direct interaction between Nap1 and
p300 in vitro remains to be definitively established. Confirmation of such interaction would

establish a direct link between acetyltransferases and histone chaperones.

p300
1 340 439 566 645 1048 1168 1240 1285 1608 1764 1855 2059 2119 2414
N fraz1| kx| [Tl RING PHD HAT zz|taz2|  |iiD] c
| |
CH3
Nap1 Nap1

Figure 7 Schematic representation of CBP/p300 domain organization and Nap1 interaction.

In higher eukaryotes nucleosome disassembly during transcription depends on the
acetyltransferase activity of CBP/p300, where the acetylation of the four core histones
serves to destabilize nucleosomes, (Sharma & Nyborg 2008) and on the capacity of Nap1 to

act as a histone acceptor, facilitating their removal from DNA (Ito et al. 2000). Two likely
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causes for this effect have been postulated: initial acetylation might reduce the affinity of
H2A/H2B for nucleosomes, with subsequent removal of the H2A/H2B dimers from
chromatin by Nap1; or the acetylation of H2A/H2B might increase the affinity of H2A/H2B
dimer for Nap1l (Ito et al. 2000). It has not been possible to distinguish between these
possibilities, and so it remains unclear which one of the two has a major impact in this
process. It is also entirely possible that the reality represents a synthesis of both theories, as

they are not mutually exclusive.

Accordingly, a model has been proposed to explain the sequential events in acetylation-
dependent nucleosome eviction at the promoter regions (Luebben et al. 2010), where
disassembly of the histone octamer from the promoter DNA is independent of ATP-
dependent remodellers (Sharma & Nyborg 2008). In this model, p300 is recruited to the
promoter via interactions with transcription activators, whereupon it acetylates the histone
tails of the promoter-associated nucleosomes. Following H3K14 acetylation, Napl is
recruited by p300 and mediates disassembly of the nucleosome octamer from the promoter
DNA, producing a nucleosome-free region that is permissive to the assembly of the general

transcription apparatus (Figure 8) (Luebben et al. 2010).

- Enhanceosome binding - Histonetail acetylation -RNA pol Il recruitment
- Recruitmentof - Nap1-mediated - Preinitiation
p300 and Nap1 ﬁ C\“A CoA nucleosome disassembly complex formation

e )P ~\—,> —_
s
AL

Figure 8 Model showing the sequential events in acetylation-dependent nucleosome disassembly. The
process studied in this thesis is highlighted with a red box. Note: adapted from (Luebben et al. 2010).
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1.4. NUCLEOSOME ASSEMBLY PROTEIN 1

In this work, we focus our attention on the histone chaperone Napl. In Saccharomyces
cerevisiae Napl (yNap1) is a markedly acidic 48-kDa protein with a calculated pl of 4.23,
attributable to a high aspartic and glutamic acid content, which contributes 24% of the total
primary sequence. This Napl orthologue has been shown to bind to all core histones in
vitro, as well as the linker histone H1, and to function as a chromatin remodelling factor in
vivo (Fujii-Nakata et al. 1992; Kepert et al. 2005). In addition, Nap1 plays a role in histone
transport, transcription and cell-cycle regulation, and apoptosis (Park & Luger 2006a;

Zlatanova et al. 2007).

The relative promiscuity of the interactions between Napl and all four core histones
(H2A/H2B and H3/H4) has been shown to persist uniquely in vitro (McQuibban et al. 1998;
McBryant et al. 2003); by contrast, it apparently interacts with H2A/H2B dimers in vivo (Ito
et al. 1996; Mosammaparast et al. 2001). The precise stoichiometry of Napl with histone
H2A/H2B or H1 remains controversial, as two binding stoichiometries have been proposed.
The first postulates that yNap1 may bind to one histone H2A/H2B heterodimer or one linker
histone H1 (1:1) (McBryant et al. 2003; Téth et al. 2005; Zlatanova et al. 2007; Kepert et al.
2005), and the second that yNapl may bind two histone H2A/H2B heterodimers or two
linker histones H1 (1:2) (Andrews et al. 2008; McQuibban et al. 1998). Analyses of Napl
complexes from Xenopus were in agreement with a stoichiometry of a single Napl dimer
bound to one histone H2A/H2B heterodimer (Newman et al. 2012) or one linker histone B4
monomer (Shintomi et al. 2005). The general consensus of these papers advances a 1:1
stoichiometry, however recent studies of human Napl (hNap1l) complexes reported that
both stoichiometries can be detected depending on sample preparation (Noda et al. 2011).
The question of the Nap1-H2A/H2B stoichiometry therefore remains essentially unresolved

and needs further investigation.

The interaction of Napl with histones facilitates the assembly and disassembly of the
nucleosome in vitro (McQuibban et al. 1998; Levchenko & Jackson 2004). The affinity of
Nap1 for H3/H4 appears to be lower than that of H3/H4 for DNA, which biases the exchange
H3/H4 towards DNA and the formation of the tetrasome (Mazurkiewicz et al. 2006;

Andrews et al. 2010). In contrast, the affinity of Napl for histones H2A/H2B has been

35



estimated around 8 nM (Andrews et al. 2008; Hieb et al. 2012), which is higher to that of
H2A/H2B for free DNA (Mazurkiewicz et al. 2006; Andrews et al. 2010). That has been
suggested to prevent release of H2A/H2B onto free DNA and the subsequent formation of
improper histone-DNA complexes (Andrews et al. 2010). However once the tetrasome is
formed by initial deposition of H3/H4 complexes, this may then provide a higher affinity
binding platform for H2A/H2B dimers such that the hexasome and nucleosome particles
form in a stepwise manner wherein the tetrasome ultimately competes against Napl for
H2A/H2B (Mazurkiewicz et al. 2006; Andrews et al. 2010). Finally, Nap1 facilitates the
deposition of the linker histone H1 on its preferred binding structure, the NCP, leading to

the formation of the final chromatosome (Mazurkiewicz et al. 2006).

In addition to the core histones and the linker histone H1, Nap1 has been found to bind the
variant histone H2A.Z/H2B heterodimer. In this context, Nap1 exhibits overlapping functions
with the specialized H2A.Z/H2B histone chaperone Chz1 (Luk et al. 2007). However, it has
been proposed that they play distinct roles in the cell: Napl might be necessary for
maintaining the soluble pool of H2A.Z in the cytoplasm and could serve as a cofactor for
H2A.Z/H2B import by the importing Kap114, while Chz1 appears to be strictly nuclear and

therefore probably functions exclusively in the nucleus (Straube et al. 2010).

1.4.1. Nap1 structure

To date, four members of the Nap superfamily have been crystallized and their structures
resolved: yNapl (Park & Luger 2006b), which was the first member to be crystallized,
Plasmodium falciparum Napl (PfNapS and PfNaplL) (Gill et al. 2009; Gill et al. 2010),
Saccharomyces cerevisiae Vps75 (Berndsen et al. 2008; Tang et al. 2008), and Homo sapiens
SET (hSET) (Muto et al. 2007). These proteins constitute a complete structural
representation of each Nap family lineage. Overall the structures share a distinctive gross

morphology, however some discrepancies are observed.

Biophysical studies suggested that Nap1 exists in solution as a dimer (McBryant & Peersen
2004), which was confirmed by the yNapl structure that revealed the formation of an
obligate dimer with a dome-shaped complex. The N- and C-termini are disordered in these

structures and do not appear to contribute to the overall architecture of the dimer.
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Moreover, it was described that the central region (the Nap domain or core) is sufficient for
histone binding and nucleosome assembly (Fujii-Nakata et al. 1992), suggesting that these
N- and C-terminal tails extruding from the core are not important for the function of Nap
proteins. However, the C-terminal segment of Nap proteins is highly acidic, which might
indicate a supportive role of this region in neutralizing the positive charge of the histones.
Furthermore it was also shown that this acidic segment is important for H2A/H2B

disassembly from the nucleosome (Park et al. 2005).

As stated previously, the domain architecture and the overall fold of the Nap family
members have been shown to be very similar. These histone chaperones adopt an anti-
parallel, symmetrical dimeric form that has a “headphone”-like shape with two distinct
domains per monomer (Figure 9). Domain | contains a long a-helix (a2) “head” segment of
the headphone that interacts in an antiparallel fashion with the “head” of the opposing
subunit via exclusively hydrophobic interactions. This dimerization interface is further
stabilized by the a2-a3 loop, the helix a3 and the a3-a4 loop which wrap around the base
of the helix a2 of the dimerization partner in yNap1 (Figure 9). Domain Il contains the o/
globular “earmuff” segments of the headphone. These globular domains are on opposite
ends and sides of the domain | dimerization element and contain a four-stranded
antiparallel B-sheet (B1-B4), with five helices (a4-a8), arranged below the -sheet
surrounding a hydrophobic cavity (Figure 9). Comparison of the arrangement of domain Il in
antiparallel B-sheets of Nap family members with other histone chaperons such as Asfl and
Np reveals that such a distribution is not unique Napl and all histone chaperones
characterized thusly share this feature (Park & Luger 2006b). It is tempting therefore to
speculate that this configuration might be relevant to their functions in chromatin assembly

or histone binding.

Despite the similarities between the Nap members noted above, there are two main points
of divergence that are worth mentioning. First, an accessory domain that is only present in
yNapl and not in other members of the superfamily, such as hSET, Vps75, and PfNapsS.
Amino acid sequences alignment analysis additionally predicted that xNapl, dNap1, and
hNapl contain this subdomain (Park & Luger 2006b), indicating this feature is well
conserved within the Nap1 subfamilly. The yNap1 accessory domain consists of helix o3 and

two loops that link domain | and Il. In close proximity to this subdomain, yNap1 contains a
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nuclear export sequence (NES) located at the N-terminal end of helix a2, whose activity has
been confirmed in vivo (Mosammaparast et al. 2002; Miyaji-Yamaguchi et al. 2003). In the
yNap1 structure, the accessory domain obscures the upper part of the NES and is thought to
be rather flexible based on the poor electron density in the yNap1 structure (Park & Luger

2006b) (Figure 9). However, it remains unclear what its function in nuclear shuttling.

The second and final deviation is found in domain Il where yNap1l, in contrast to other
family members, possesses a B-hairpin structure (B5-p6) (Figure 9), which extends from the
earmuff and contains a nuclear localization sequence (NLS). This region corresponds to helix
o5 in Vps75 and to a disordered region in hSET, neither of which contains an NLS. This
divergence may indicate a functional specialization of that region in Napl proteins. It has
been suggested that the B-hairpin in yNapl triggers protein oligomerization (Park et al.
2008), while Vps75 and hSET have not been reported to do so.

Analysis of the electrostatic potential of the yNapl structure indicates that the convex
surface of the dimer exhibits a relatively non-distinct charge distribution. In contrast, the
concave underside of the dimer is highly acidic (Figure 9). This cavity is considered too small
to accommodate an entire histone dimer, however it has been proposed to bind and
neutralize the basic N-terminal histone tails, which may enable Nap1 to distinguish H3/H4

from H2A/H2B dimers (Park & Luger 2006b; McBryant et al. 2003).
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Figure 9 Structure of Nap family members: yNap1 (A), Vps75 (B), hSET (C), and PfNapS (D). Each monomer is
colored in either yellow or green. Dimerization helix, earmuff domain accessory domain and B-hairpin are
indicated. (PDB Codes: 2Z2R, 3DM7, 2E50, and 3KYP, respectively).

1.4.2. Nap1 oligomerization

Considerable efforts have been made to characterize the nature and extent of higher order
Nap1-histone complexes in solution. As described previously, Nap1 is able to bind H2A/H2B
dimers, H3/H4 tetramers (in vitro), and linker histone H1 with a distinct stoichiometry. In
this section, the oligomeric state of Nap1 alone and in complex with histones H2A/H2B will

be described in detail.

Solution studies on yNap1 strongly support the formation of an elongated and stable dimer
as its elemental oligomerization state, which further may self-associate to generate higher
species (McBryant et al. 2003; McBryant & Peersen 2004). At high ionic strength (500 mM

NacCl), Nap1l is mostly a dimer, however at lower ionic strength (150 mM NaCl), which would
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be considered physiological, Nap1 tends to oligomerize into higher order species (McBryant
& Peersen 2004; Téth et al. 2005; Park et al. 2008). Analytical ultracentrifugation
experiments at physiological ionic strength support a dimer-octamer-hexadecamer
equilibrium, which is also detected when H2A/H2B dimers are bound to Nap1 (Figure 10A)
(Toth et al. 2005).

Additionally, structural studies of the yNapl1 central region (residues 75 to 365) revealed
that the B-hairpin structure (B5-p6) (Figure 9) extrudes from the core and interacts with the
B-hairpin of a neighbouring yNap1 dimer through an extensive hydrogen-bonding network
over its entire length. It is thought that this crystal-packing interface also explains dimer
oligomerization in vitro as mutational analysis indicates that disruption of this interface

indeed abolishes oligomerization, even in conditions of low ionic strength (Park et al. 2008).

This oligomerization phenomenon is not unique to yNap1 and it has also been observed in
Xenopus and human Napl (xNap1 and hNap1). Cryo-electron microscopy studies of xNap1-
H2A/H2B and xNap1-H3/H4 revealed a large ring-like structure that could form the basis for
a scaffold that allows the controlled assembly and exchange of histones in chromatin (Figure
10B) (Newman et al. 2012). Concordantly, biophysical characterization of hNapl alone
showed that hNap1 dimers oligomerize up to a tetradecamer and its assembly might occur
through a circular arrangement (Noda et al. 2011). In both proteins, it has been posited that

the oligomerization of Nap1 is due to the B-hairpin similarly to that of the yeast homolog.

B
Nap1 dimer Nap1 octamer Nap1 hexadecamer @ a

e
-

A

& &

(Nap12-H2A/H2B)s 200A .

Nap12-H2A/H2B

Figure 10 Association states of Nap1. (A) Model of association states of Nap1 (triangles) alone and in complex
with H2A/H2B heterodimers (spheres) in solution. Adapted from (Téth et al. 2005). (B) Two orientations of
SAXS (upper panels) and cryo-EM images (lower panels) of xNap1-H2A/H2B complexes. Results from (Newman
etal. 2012).
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However, the physiologically relevant association states adopted by Napl remain to be
elucidated, as well as their implications in nucleosome assembly. Therefore, detailed
structural information pertaining to a Nap1-H2A/H2B complex is expected to be extremely

valuable in advancing the field.

1.4.3. Nap1 localization and histone shuttling

The subcellular localization of Nap1 throughout the cell cycle has been extensively studied
in yeast and higher eukaryotes. These studies indicate that Drosophila Napl (dNap1l),
yNapl, and hNap2 are typically cytoplasmic, normally maintaining a minimal nuclear
fraction, but that significant translocation into the nucleus occurs during S phase (Ito et al.
1996; Miyaji-Yamaguchi et al. 2003; Téth et al. 2005; Rodriguez et al. 2000).
Phosphorylation of Nap1 proteins by Casein Kinase Il (CKll) has been suggested to regulate
the exchange of Nap1 between the nucleus and cytoplasm (M. Li et al. 1999; Rodriguez et al.
2000; Toéth et al. 2005; Calvert et al. 2008). In this model, phosphorylation of Nap1 anchors
the protein in the cytoplasm, in complex with histones during the GO and G1 (Figure 11),
whereas its dephosphorylation triggers its transport into the nucleus during S phase (Figure
11), alongside its histone cargo. The cycle resolves at the end of S phase when Nap1 is again

phosphorylated and exported to the cytoplasm (Téth et al. 2005; Rodriguez et al. 2000).
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Figure 11 Cell cycle distribution of Nap1-H2A/H2B complex. Note: adapted from (Rodriguez et al. 2000).
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According to the previous model, the Napl phosphorylation and dephosphorylation cycle
may function as a switch to determine whether Nap1 acts as a histone donor or acceptor in

chromatin assembly during S phase (Calvert et al. 2008). However, it remains unclear.

Nuclear import of yNap1-H2A/H2B complexes is thought to be facilitated by the importin
Kap114 (Mosammaparast et al. 2001). This hypothesis is supported by the fact that Nap1,
H2A, H2B and Kap114 form a complex in vivo and in vitro (Mosammaparast et al. 2002). The
biological process though which these proteins interact and participate in H2A/H2B nuclear
import is thought to occur as follows: Napl binds to H2A/H2B dimers as they are
synthesized in the cytoplasm and this complex is translocated into the nucleus upon
interaction with Kapl14, where they are released to fulfil their various functions
(Mosammaparast et al. 2001; Mosammaparast et al. 2002). Unloading of Nap1-H2A/H2B
complexes from Kapl14 in the nucleus has been attributed to RanGTP. In absence of
RanGTP, Kap114 inhibits Napl-mediated incorporation of H2A/H2B into chromatin by

remaining bound to the Nap1-histone complex (Mosammaparast et al. 2005).

Experimental evidence indicating a correlation between phosphorylation of Napl and
nuclear import of the Kap114-Nap1-H2A/H2B complex however is thus far not apparent,
despite the stark effect Nap1 phosphorylation has upon its localisation (Calvert et al. 2008).
Biochemical studies have demonstrated that the phosphorylation state of Nap1 does not
regulate its interaction with Kap114 (Calvert et al. 2008). Ultimately, further investigation is
needed to elucidate the exact relationship between post-translational modifications,
histone shuttling and chromatin assembly. Furthermore the biological importance of Nap1

oligomerization within all these processes also remains to be established.
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1.5. SCIENTIFIC AIMS

Even though the structure of the nucleosome is known in detail (Luger, Mader, et al. 1997a),
its mechanism of assembly is poorly understood. Structural studies on the chaperone-
histone complex, Asf1-H3/H4, yielded important insights into the first step of this process
(English et al. 2006). However, it remains unclear how histone chaperones mediate
H2A/H2B deposition to complete nucleosome assembly. Similarly to the Asfl-H3/H4
complex, understanding of the architecture of the Nap1-H2A/H2B ternary complex will bring
forth our knowledge of the nucleosome assembly and disassembly mechanism. So that, the
main focus of this work was to obtain structural information regarding the yNap1-H2A/H2B
complex. To this end, the ternary complex was studied by X-ray crystallography and
negative stain EM. As of the writing of this thesis, there are no available histone chaperone
— H2A/H2B complex structures, this work is therefore of seminal importance to the field as

it provides structural and molecular basis for their assembly.

Napl alone and in complex with H2A/H2B heterodimers assembles into large complexes
(Fujii-Nakata et al. 1992; McBryant & Peersen 2004; Téth et al. 2005; Park et al. 2008; Noda
et al. 2011; Newman et al. 2012). Yet the roles of these higher-order histone-chaperone
complexes are unclear. In addition, the stoichiometry of Nap1-H2A/H2B complex remains
controversial (McBryant et al. 2003; Téth et al. 2005; Zlatanova et al. 2007; Kepert et al.
2005; Newman et al. 2012; Andrews et al. 2008; McQuibban et al. 1998; Noda et al. 2011),
as well as the elemental repeating unit of the oligomers. Knowledge of the basic
stoichiometry and the oligomerization of Nap1-H2A/H2B complex is vital for understanding
the roles of these higher-order histone-chaperone complexes in the cell. Here, biophysical
and structural characterization (by non-denaturing MS, X-ray crystallography and negative
stain EM) of this complex was performed in order to resolve the controversy regarding the
specific stoichiometry interactions of the Napl and H2A/H2B. This study also attempts to

comprehend Nap1-H2A/H2B oligomerization and bring some light to its role.

In addition, understanding H1 deposition by Nap1l is required to elucidate the mechanism of
chromatin compaction into higher orders of complexity. Thus characterization of the Nap1-
H1 complex is another of the aims of this study, as Nap1 has been shown to participate in

H1 deposition.
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Finally, as Napl has been reported to interact with non-histone partners, such as the
histone acetyltransferase p300 (Shikama et al. 2000; Asahara et al. 2002) and play a role in
regulation of transcription (Sharma & Nyborg 2008; Luebben et al. 2010). We aim to
biochemically characterize the direct interaction between Nap1l and p300. In addition, we
wondered if the CH3 domain of p300, which was considered to mediate the interaction with
Nap1l (Shikama et al. 2000; Asahara et al. 2002), could participate in the auto-regulation of

the p300 HAT activity and performed biochemical assays in order to address this question.
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2. MATERIALS AND METHODS
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RESUME EN FRANCAIS

Dans ce chapitre, sont décrits les techniques suivantes: clonage, expression et purification
des protéines relatives a ce projet de thése. En particulier, I'expression des protéines
hétérologues a été réalisée dans E. coli BL21 (DE3) ou dans des cellules d’insectes Hi5.
Toutes les protéines ont été purifiées de facon homogéne ainsi leur pureté a été vérifiée par
électrophorese sur gel de polyacrylamide en condition dénaturante et par spectrométrie de

masses (MS).

Les méthodes biochimiques, biophysiques et structurales qui ont été utilisées pour la
caractérisation des ces macromolécules, sont décrites dans ce chapitre. Il s’agit notamment
de l'analyse des protéines d’intérét apres leur digestion partielle par des protéases et
I'identification des peptides obtenus par séquencage du N-terminal. Il s’agit aussi des tests
d’interaction entre I’histone chaperonne Napl et les dimers d’histones H2A/H2B, I’histone
d’union H1, et I'enzyme p300/CBP (pull-downs, non-denaturing MS). Enfin, la
caractérisation structurale du complexe formé par Napl et les histones H2A/H2B

(cristallographie par diffraction des rayons X et microscopie électronique) a été réalisée.
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2.1. MOLECULAR BIOLOGY

A list of constructs characterized during this study is presented in Table 1. yNap1 and mouse
Napl (mNapl) constructs were cloned into the pACYC-Duetl and pET-21a vectors
(Novagen), respectively. These vectors both contain an N-terminal 6x His-tag (polyhistidine,
HHHHHH) followed by a TEV recognition site (ENLYFQG) upstream of the multiple cloning
site 1 (MCS1), which allows cleavage of the His-tag. hNapl constructs, cloned as a GST
fusion proteins into the pGEX-4T1 vector (Amersham Pharmacia Biotech), were a gift from
Dr. Saadi Khochbin (Institute Albert Bonniot, Grenoble). GST-yNap1l construct was cloned
into the pETM33 vector (EMBL). GST-yNap1 were obtained using the QuikChange® Lightning

Site-directed mutagenesis kit (Agilent Technologies).

Histone H1 constructs were also a gift from the Dimitrov lab (Institute Albert Bonniot,
Grenoble). These constructs were cloned into the pET-3d vector (Novagen) and as such are
untagged. Histones H2A and H2B construct were cloned into the pET-Duetl (Novagen) and

pET-21a vectors.

p300short, p300°core’ and its mutants and variants (detailed later in this section), as well as
p300_HAT constructs, were already available in the Panne Group (EMBL, Grenoble). The
first two constructs (and subsequent mutants) were cloned into the pFASTBAC1 (Invitrogen)
and contained an N-terminal FLAG tag (DYKDDDK) and GST tag, respectively, each followed
by a TEV recognition site. p300_HAT was cloned into the pET-21a and contains a TEV
cleavable N-terminal 6x His-tag. p300_BRP and p300_BPAR were cloned into pETM33,
which contains a TEV cleavable N-terminal GST sequence. p300_CH3 was cloned into pGEX-

4T1, which introduces an N-terminal GST-tag.

p300’core’_ZZ, p300°core’_ZZ TAZ2 constructs and all their mutants and variants were
cloned into a pFASTBACL1 vector. This vector contains a GST tag and a TEV recognition site
upstream of the MCS. These constructs were generated by introducing the nucleotides
corresponding to the ZZ and the ZZ TAZ2 domains into the already available p300’core’

constructs, following the In-Fusion® HD Cloning kit (Clontech) procedure.

The His-SIRT2 construct into pFASTBAC1 vector was a gift from Dr. Carey Laboratory

(University of California, LA).
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Table 1 Summary of all constructs used in this study.

Construct

yNap1l
yNap1l

mNap1l

hNap1

p300_short
p300_CH3
p300_HAT
p300_BRP
p300’core’
p300’core’_ZZ
p300’core’_7ZZ_TAZ2
H1A100
dH2A_FL
xH2AA14
xH2A14-109
dH2B_FL
xH2BA28
xH2BA36
SIRT2

50

Organism

Saccharomyces cerevisiae
Saccharomyces cerevisiae

Mus musculus

Homo sapiens

Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Mus musculus
Drosophila melanogaster
Xenopus leavis
Xenopus leavis
Drosophila melanogaster
Xenopus leavis
Xenopus leavis
Homo sapiens

Residues

1-417
1-417

1-391

324 — 2094
1609 — 1855
1286 — 1608
1048 — 1285
1048 — 1666
1048 — 1764
1048 — 1855
1-127
1-130
14-130

14 -109
1-126
28-126
36-126
Full-length

Vector

pACYC-Duetl
pETM33

pET-21a

pGEX-4T1

pFASTBAC1
pGEX-4T1
pET-21a
pETM33
pFASTBAC1
pFASTBAC1
pFASTBAC1
pET3-d
pET-Duetl
pET-3d
pET-21a
pET-Duetl
pET-3d
pET-21a
pFASTBAC1

His

GST

His

GST

Flag
GST
His
GST
GST
GST
GST
No tag
No tag
No tag
No tag
No tag
No tag
No tag
His

Tag

Mutations and variants
wt, core (residues 74-365),
coreA284-308, A1-73, A366-417
wt, D201R, D205R, E310R, E332R,
D333R, E336R,
wt, A36, A50, A63, core (residues
63-347)
L1 (wt, like-1, residues 1-391)
L2 (wt, like-2, residues 1-460)
L4 (wt, like-4, residues 1-375)

wt, BPAR

wt, AloopY1467F (A1520-1580)
wt, AloopY1467F (A1520-1580)
wt, AloopY1467F (A1520-1580)
wt, GH1 (residues 40-112)

wt

wt

wt

wt

wt

wt

wt



2.2. PROTEIN EXPRESSION

2.2.1. Bacterial expression

All constructs expressed in bacteria were transformed into E. coli BL21 (DE3).

The histone H2A and H2B constructs were expressed using LB media. Cells were grown
under agitation at 372C until they reached an ODgy = 0.6, then protein expression was
induced by addition of IPTG (400 mM final concentration) at 372C for 3 to 5 hours. Cell
cultures were centrifuged for 20 minutes at 6000 rpm (JA-14 rotor from Beckman) and cell

pellets were resuspended in lysis buffer (see composition in Table 2).

Histone H1 constructs as well as His- and GST- tagged proteins, excluding p300 variants,
were expressed using auto-inducing media ZYP-5052 (Studier 2005). Cells were grown under
agitation at 372C until they reached an ODgy of 0.6 — 0.8, the temperature was then
decreased to 202C and expression was continued overnight. Cell cultures were centrifuged
for 15 minutes at 7000 rpm (JLA-8.1 rotor from Beckman) and cell pellets were resuspended

in lysis buffer (Table 2).

p300 constructs were expressed in LB medium enriched with 100 uM ZnCl,. Cells were
grown under agitation at 372C until they reached an ODgy of 0.6 — 0.8, then temperature
was decreased to 182C overnight. For p300 constructs, protein expression was induced with
IPTG (1 mM final concentration) at 182C overnight. Cell cultures were centrifuged for 15
minutes at 7000 rpm (JLA-8.1 rotor from Beckman) and cell pellets were resuspended in lysis

buffer (Table 2).

Seleno-methionine substituted His-tagged yNap1l constructs were expressed using minimal
media M9 enriched with trace elements and vitamins. Cells were grown at 372C until they
reached an ODgy of 0.6 — 0.8, then amino acids were added as solids (including seleno-
methionine) and protein expression was induced by IPTG (1 mM). The temperature was
decreased to 202C overnight and moderate agitation was maintained. Cell cultures were
centrifuged for 15 minutes at 7000 rpm (JLA-8.1 rotor from Beckman) and 42C. Cell pellets

were resuspended in lysis buffer (Table 2).
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2.2.2. Baculovirus cultivation

Recombinant baculoviruses were propagated in Sf21 cells with Sf900-II SFM medium
(Invitrogen). For protein production, Hi5 cells in Express Five SFM medium (Invitrogen) were
infected with recombinant baculoviruses at a multiplicity of infection of 2.0, maintained in
shake flasks at 272C and harvested by centrifugation after 72 hours of infection. Cell pellets

were resuspended and frozen in lysis buffer (Table 2).

Table 2 List of lysis buffers used in this study. All buffers were freshly supplemented with one tablet of
Complete Protease Inhibitors EDTA-Free from Roche Applied Science, and for proteins expressed in insect cells
10 U of Benzonase (New England Biolabs).

Protein Lysis buffer
Histone H2A .
Histone H2B 50 mM Tris/HCl pH 7.5, 100 mM NaCl, 1 mM Na-EDTA, 5 mM (-mercaptoethanol
Histone H1 50 mM HEPES pH 8.0, 150 mM NaCl, 1 mM DTT
Napl 50mM Tris/HCI pH 8.0, 150 mM NaCl, 1 mM DTT
P (a small spoon of methionine was added for SeMet substituted protein)
p300_BRP
p300_BPAR .
p300core’ 50mM Tris/HCI pH 8.0, 300 mM NaCl, 5 uM ZnCl,, 1 mM DTT
p300°core’_ZZ
p300_CH3

p300'core’_7Z_TAZ2 50mM Tris/HCl pH 7.0, 500 mM NaCl, 5 uM ZnCl,, 1 mM DTT

2.3. PROTEIN PURIFICAITON

2.3.1. Purification of recombinant histones

2.3.1.1. Purification of Histones H2A and H2B

Histone H2A and H2B were obtained from inclusion bodies produced in E. coli BL21 (DE3).

Bacteria lysis was performed by sonication on ice 6 to 12 times for 30 seconds at amplitude
of 50 mAmp with 45 seconds off rest between. The lysate was cleared by centrifugation at
19000 rpm (JA-20 rotor from Beckman) for 20 minutes and the resultant supernatant

discarded. Pellet washes were then conducted; twice with triton wash buffer (lysis buffer
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containing 1% v/v Triton X-100) and twice with lysis buffer; the washes were carried out by
centrifugation (20 minutes at 19000 rpm, JA-20 rotor from Beckman) rinsing of the pellets,
which contain the inclusion bodies, with buffers as described. Once the last centrifugation
was completed, the pellets were resuspended in unfolding buffer (20 mM Tris/HCl pH 7.5, 7
M Guanidinium-HCI, 10 mM DTT) and incubated for 1 hour at room temperature, with
gentle stirring. The dissolved inclusion bodies were then centrifuged as above and the
supernatant was retained. The solution was then dialyzed overnight at room temperature
against 2 | of SAU-200 buffer (20 mM Sodium acetate pH 5.2, 200 mM NacCl, 7 M Urea, 1 mM
Na-EDTA, 5 mM B-mercaptoethanol).

After dialysis, the solution was centrifuged for 10 minutes at 10000 rpm (A-4-44 rotor from
Eppendorf) and 42C and the supernatant was loaded on a 5-ml HiTrap SP HP column (GE
Healthcare) pre-equilibrated with SAU-200 buffer. The column was washed with SAU-200
buffer and eluted using a gradient from SAU-200 to SAU-600 buffer (SAU-200 containing 600
mM NaCl). The eluted sample was then dialyzed against water overnight at 42C stirring with
a magnet. The final products, isolated H2A and H2B, were aliquoted as single unfolded
histones, flash frozen in liquid N,, lyophilized and stored at -802C until required for H2A/H2B

dimer reconstitution. SDS-PAGE gels were run to verify purity of the preparation.

2.3.1.2. Purification of histone H1

Bacteria lysis was performed by sonication on ice 6 to 12 times for 30 seconds at amplitude
of 50 mAmp with 45 seconds off rest between. The lysate was cleared by centrifugation at
14000 rpm (JA-14 rotor from Beckman) for 45 minutes; the supernatant was retained for
further purification whilst the pellet was discarded. The supernatant was loaded on a 5-ml
HiTrap SP HP column pre-equilibrated with buffer A (50 mM HEPES pH 8.0, 150 mM NacCl, 1
mM DTT). The column was washed with buffer A and the protein eluted using a gradient
from buffer A to buffer B (buffer A containing 1.5 M NacCl). SDS-PAGE gels were run to verify

purity of the preparation.
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2.3.2. Purification of His-tagged proteins

Bacterial pellets were thawed and then lysed using a Microfluidizer (Microfluidics).
Clarification of the lysate was carried out by centrifugation at 14000 rpm (JA-14 rotor from
Beckman) for 45 minutes and the supernatant was applied to a 5-ml HisTrap FF crude
column (GE Healthcare) pre-charged with Ni** and pre-equilibrated in binding buffer (20mM
Tris/HCI pH 8.0, 150 mM NaCl, 20 mM imidazole). The column was washed with binding
buffer and the protein was eluted in a single step using elution buffer (binding buffer
containing 500 mM imidazole). The eluate was concentrated to a final volume between 10
ml and 15 ml; the His-tag was then cleaved with TEV protease (1:100 w/w) in dialysis
overnight at 49C using 2 | of dialysis buffer (binding buffer containing 10 mM imidazole, 1
mM DTT) while stirring. The His-tag and the His-TEV were then removed from the
preparation with a second His-affinity purification step. Cleaved protein was collected in the

flowthrough.

The purification of SeMet substituted proteins was carried out in essentially the same was as
described above, except, all SeMet buffers were supplemented with a spoonful of

methionine and 1 mM DTT.

2.3.3. Purification of GST-tagged proteins

Cells were lysed using a Microfluidizer when proteins were expressed in bacteria and by
sonication when proteins were expressed in insect cells. The lysate was cleared by
centrifugation at 19000 rpm (JA-20 rotor from Beckman) for 45 minutes and the supernatant
was loaded on to a Glutathione Sepharose 4 Fast Flow resin (GE Healthcare), pre-
equilibrated with binding buffer (Table 3). The resin was washed with binding buffer and
incubated on the beads with TEV protease (1:100 w/w) overnight at 42C. The protein sample
was then washed off the column using binding buffer and loaded onto an IMAC Sepharose 6
Fast Flow resin (GE Healthcare) pre-charged with Ni** ion and pre-equilibrated in binding
buffer. The His-TEV protease was thus removed from the protein sample during the His

affinity purification step.
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When cleavage of the tag was not necessary, the GST-tagged protein was eluted using
elution buffer (Table 3). The final protein was concentrated to 10 mg/ml and SDS-PAGE gels
were run to verify purity of the sample. Aliquots were flash frozen in liquid N, and stored at -

80¢eC.

Table 3 Summary of buffers used in GST-tagged proteins purification.

Protein Binding buffer Elution buffer
Nabl 20 mM Tris/HCI pH 8.0, 150 mM Nacl, Binding buffer with 10 mM reduced
P 1 mM DTT glutathione

p300_BRP 20 mM Tris/HCI pH 8.0, 300 mM Nacl,

p300_BPAR 5 uM ZnCl,, 1 mM DTT

20 mM Tris/HCl pH 7.0, 500 mM Nacl, Binding buffer with 10 mM reduced
5 uM ZnCl,, 1 mM DTT glutathione

p300_CH3

2.3.4. Size-exclusion chromatography

After cleavage of the tag, proteins were further purified by size-exclusion chromatography
using a Hiload 16/60 Superdex 75 (or 200) prep grade column (GE Healthcare) pre-
equilibrated in SEC buffer (Table 4). The final protein was concentrated to minimum 10
mg/ml and SDS-PAGE gels were run to verify purity of the sample. Aliquots were flash frozen

in liquid N, and stored at -802C.

Table 4 Summary of buffers used in SEC.

Protein SEC buffer
Histone H1

Nap1l

p300_BRP
p300_BPAR
p300’core’
p300°core’_ZZ
p300_CH3
p300°core’_ZZ_TAZ2

20 mM HEPES pH 8.0, 150 mM NaCl, 1 mM DTT

20 mM HEPES pH 7.5, 300 mM NacCl, 5 uM ZnCl,, 0.5 mM TCEP

20 mM HEPES pH 7.0, 500 mM Nacl, 5 uM ZnCl,, 0.5 mM TCEP
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2.4. COMPLEX RECONSTITUTION

2.4.1. Reconstitution of H2A/H2B dimers

Histone heterodimer refolding was performed as necessary. Equimolar amounts of each
histone H2A and H2B were dissolved in unfolding buffer and incubated at room temperature
for 30 minutes before mixing them and incubating the mixture for a further hour. After
incubation, the histone mixture was dialyzed, whilst stirring, for 2 hours in refolding buffer
(10 mM Tris/HCl pH7.5, 2 M NaCl, 1 mM Na-EDTA, 5 mM B-mercaptoethanol) and overnight
in refolding buffer containing 500 mM NaCl at 42C. The sample was then loaded on a HiLoad
16/60 Superdex 75 prep grade pre-equilibrated with refolding buffer containing 500 mM
NaCl. After analysis of the fractions by SDS-PAGE gel, the protein peak was pooled and
concentrated to 10 mg/ml. Aliquots of the histone dimers were then stored in a 50% glycerol

at -202C until required.

2.4.2. Reconstitution of Nap1-Histone complexes

Reconstituted H2A/H2B dimers were added at a twofold molar excess to Nap1, thus giving a
2 histone dimer: 1 Nap1 dimer ratio. The mixture was incubated for 30 minutes on ice. After
incubation, the sample was centrifuged for 15 minutes at 10000 rpm (F45-24-11 rotor from
Eppendorf) and run on a pre-equilibrated Superose 6 10/300 GL column (GE Healthcare) in
SEC Buffer (20 mM HEPES pH 8.0, 0 to 250 mM NaCl, 1 mM DTT). Following analysis of the
fractions by SDS-PAGE gel, the protein peak was pooled and concentrated to 10 mg/ml.

Aliquots of the final complex were flash frozen in liquid N, and kept at -202C.

After purification of mNapl and histone H1 as individual components as described in
chapter 2.3, the protein complex was reconstituted in vitro by mixture of mNap1 (mNap1FL,
mNap1A36, mNaplA50 and mNap1A63) and H1A100 in a 1:2 ratio and incubated on ice for
30 minutes. After incubation, the samples were centrifuged for 15 minutes at 10000 rpm
(F45-24-11 rotor from Eppendorf) and injected on a Superdex 200 10/300 GL column pre-
equilibrated in SEC buffer (20 mM HEPES pH 8.0, 150 mM NacCl, 1 mM DTT).
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2.5. ANALYSIS BY NATIVE PAGE GELS

6% polyacrylamide native-PAGE gels were used to visualize Nap1-H2A/H2B and mNap1-H1
oligomers. Samples were prepared in 20 mM HEPES pH 8.0, 1 mM DTT, 10% glycerol and
several salt concentrations and were incubated from 30 minutes to 1 hour on ice and
directly loaded onto a pre-run native-PAGE gel. Visualization of the proteins was performed

using Coomassie® Brilliant Blue G 250 pure (SERVA Electrophoresis GmbH).

2.6. LIMITED PROTEOLYSIS

Proti-Ace™ and Proti-Ace™ 2 kits (Hampton Research) were used for time-course limited
proteolysis experiments. These two kits contain a total of twelve proteases (a-chymotrypsin,
trypsin, elastase, papain, subtilisin, endoproteinase Glu-C, proteinase K, clostripain, pepsin,
thermolysin, bromelain and activase). Napl alone and in complex with the histones were
diluted to 1 mg/ml in buffer containing 20 mM HEPES pH 8.0 and 1 mM DTT and digestion
was initiated by the addition of diluted protease to the protein mix (molar ratio 1:500 of
protease:proteins). Samples were taken at several time points. At each time point,
proteolysis was inactivated by addition of SDS-loading buffer and boiling of the sample for
10 minutes. Samples were loaded and run on a SDS-PAGE gel and protein fragments
visualized by Coomassie® Brilliant Blue G 250 pure. N-terminal sequencing and mass

spectrometry were used for identification of protein fragments.

2.7. PULL-DOWNS

2.7.1. GST Pull-downs

GST pull-downs were carried out with recombinant GST-tagged human Nap1l (GST-hNap1)
and p300_CH3 (GST-p300_CH3) constructs, which were expressed and purified as described.

GST-hNap1 and its putative binding partners were mixed in binding buffer (100 mM Tris/HCI
pH 8.0, 150 mM NaCl and 1 mM DTT) at a 1:2 molar ratio. Glutathione Sepharose 4 Fast Flow

resin was pre-equilibrated in binding buffer and resuspended in a 50% v/v suspension. The
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resin was then added to the protein mix (25 pl final resin for 12 uM final GST-hNap1). The
samples were incubated with the resin for 3 hours on a rotating wheel at 4°C. After
incubation, the resin was pelleted and the supernatant containing unbound protein was
removed. The resin was washed three times with binding buffer, to further exclude unbound
material. Elution was performed by addition of 3xSDS loading buffer to the resin and the
samples were boiled for 10 minutes. Protein samples were run a 15% SDS-PAGE gel and

visualized by Coomassie® Brilliant Blue G 250 pure.

GST-yNapl1FL (wt and mutants) and untagged H2A/H2B dimers were mixed in binding buffer
(20 mM Tris/HCI pH 8.0, 250 mM NaCl and 1 mM DTT) at an equimolar ratio (1 Nap1 dimer:
1 histone dimer). Glutathione Sepharose 4 Fast Flow resin was pre-equilibrated in binding
buffer and resuspended in a 50% v/v suspension. The resin was then added to the protein
mix (30 pl final resin for 10 uM final GST-yNap1FL). The samples were incubated with the
resin for 2 hours on a rotating wheel at 42C. After incubation, the resin was pelleted and the
FT was removed. Then the resin was washed three times with wash buffer (binding buffer
containing 0.1% Tween-20). Finally, the samples were eluted and analysed as described

above.

For GST-p300 CH3 pull-downs, Glutathione Sepharose 4 Fast Flow resin was pre-
equilibrated in binding buffer (20 mM Tris/HCI pH 7.0, 500 mM NaCl, 5 uM ZnCl, and 0.5
mM TCEP) and resuspended in a 50% v/v suspension. The resin was then added to the GST-
p300_CH3 at 25 uM for 25 pl of resin and incubated for 2 hours on a rotating wheel at 42C.
After incubation, the resin was pelleted and the supernatant, containing unbound proteins,
was removed. The resin was washed three times with binding buffer, again to further
exclude unbound material, and resuspended in a 50% v/v solution. The bound GST-tagged
protein was added to the putative partners (final concentration of 18 — 25 uM) and
incubated for 2 hours on a rotating wheel at 49C. After incubation, the resin was again
pelleted, the supernatant was removed and the resin was washed three times with wash
buffer (binding buffer containing 0.1% Tween-20). Elution and analysis of the samples was

performed the same way as for the GST-hNap1 pull-downs.
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2.7.2. His pull-downs
His pull-downs were performed with full-length recombinant His-tagged mouse Nap1 (His-
mNapl1FL), produced in E. coli BL21 (DE3) and proteins were purified as described in section

2.2.2.

His-mNap1FL and its putative binding partners were mixed in binding buffer (100 mM
Tris/HCl pH 8.0, 150 mM NaCl and 1 mM DTT) at a 1:4 ratio. IMAC Sepharose 6 Fast Flow
resin was pre-charged with Ni** ion and pre-equilibrated in binding buffer as a 50% v/v
suspension. The resin was then added to the protein mix (75 pl final resin for 12 uM final
His-mNap1FL). The samples were incubated with the resin for 3 hours on a rotating wheel at
49C, After incubation, the resin was pelleted and the supernatant was removed. The resin
was then washed three times with binding buffer. Elution and analysis was performed as

described in chapter 2.4.1.

2.8. NON-DENATURING MASS SPECTROMETRY

All proteins were expressed and purified as described in chapters 2.2 and 2.3 respectively.

Subsequent reconstitution of complexes using purified proteins is described in chapter 2.4.

Prior to non-denaturing MS analysis, 30 pl of sample was buffer exchanged into 100 mM
Ammonium acetate pH 7.5, 1 mM DTT using micro Bio-Spin®6 columns (Bio-Rad) or 10 kDa
amicon vivaspin concentrators (Millipore). For all measurements, 2 ul of sample was loaded
into a capillary needle and spectra were recorded. Typical instrument conditions used for
non-denaturing MS conditions were as follows: capillary voltages 1.8 kV and cone voltage up
to 100 V; for collision induced damage experiments, the collision voltage was increased up
to 180 — 200 V, extractor voltage 5 V, analyser pressure 8.15x10™ mbar, and ToF 8.42x10®
mbar. All mass spectra were calibrated externally using 100 mg/ml caesium iodide in water

and data were acquired and processed with MassLynx V4.1 software (Waters) with minimal

smoothing and no background subtraction.

This work was performed in collaboration with the Robinson Laboratory at the University of

Oxford (United Kingdom).
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2.8.1. Phosphorylation of Nap1 by CK2

Yeast and mouse Napl samples alone and in complex with H2A/H2B dimers and H1A100
respectively were in vitro phosphorylated by Casein Kinase 2 (New England Biolabs). 100
pmol of substrate protein and 100 units of enzyme were mixed in presence of ATP.
Phosphorylation reaction was permitted for 1 hour at 302C. The samples were then flash
frozen in liquid nitrogen and stored at -802C. Analysis of the samples was performed by

regular mass spectrometry and non-denaturing mass spectrometry as described above.

2.9. CRYSTALLIZATION TRIALS AND X-RAY DATA COLLECTION

Initial crystallization trials of a number of proteins and protein complexes, listed below, were
performed using a screen of 576 crystallization conditions in 96-well sitting-drop plates (100
nl drops). The trials were established at a starting protein concentration of 10 mg/ml and
incubation temperatures of 20°C and 4°C. Ideal crystallisation conditions for complexes of

interest were thus identified and are described below.
Those trials were set up at a starting protein concentration of 10 mg/ml and at 20 and 42°C.

List of proteins and protein complexes used for X-ray crystallography:
- yNap1l all constructs in complex with all H2A/H2B dimers variants, as well as
seleno-methionine labelled
- mNaplin complex with H1

- p300°core’_ZZ and p300°core’ 77 TAZ2

2.9.1. Crystallization of Napl in complex with H2A/H2B dimers and data
collection

All yeast Napl and histone H2A/H2B dimers variants generated were reconstituted as
complexes in all possible Nap1-H2A/H2B combinations and set up for crystallization at

protein concentrations ranging from 2.5 to 30 mg/ml at 4°C and 20°C.
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Small crystals of the yNap1FL-dH2A/dH2B complex were obtained at 42C under a single
condition: 0.1 M Tris pH 8.0, 20% w/v PEG2000 MME and 0.2 M TMAO. These crystals were
manually reproduced at different pH and precipitate concentrations around the initial
condition. Crystal size was increased by micro-seeding into conditions containing lower PEG
concentrations. Resultant crystals were cryo-protected in 25% glycerol and tested at the
ID14-4 beamline (ESRF, Grenoble) however they showed poor diffraction. 20 crystals were

extensively washed and analysed by silver stained SDS-PAGE gel.

yNaplcore-xH2AA14/xH2BA28 were also crystallized at both temperatures 42C and 202C
under conditions containing 10-15% w/v PEG3350 and 200 mM Na/K/Li salts. These crystals
were further refined by manual dehydration (using the EasyXtal 15-Well tool from Qiagen)
and increasing the PEG concentrations in the reservoir up to 35% w/v PEG3350); in situ
proteolysis (1:500 and 1:5000 of a-chymotrypsin and trypsin proteases), as well as the
Additive Screen from Hampton Research. Presence of all components of the ternary
complex in the crystal was analysed by silver stain SDS-PAGE, after washing the crystals

extensively with cryo-solution.

Several cryo-solutions were tested: glycerol, ethylene glycol, PEG3350 as well as a cryo-free
method. Crystals were tested on ESRF ID14-4 and ID23-2 beamlines; several low-resolution
data sets were collected. Diffraction data for these crystals was collected using the EDNA
strategy program as a guide. A dehydration device and on-beam annealing were also used

on ID14-4 beamline (ESRF, Grenoble).

yNaplcore-xH2A14-109/xH2BA36 was crystallised at both temperatures, 4°C and 20°C, and
two datasets were collected at 6.7 A resolution. However this was not an improvement as
compared to the previous data obtained. Seleno-methionine labelled yNaplcore-
xH2AA14/xH2BA28 complex was crystallised under a unique condition containing 12.5% w/v
PEG3350, 0.2 M Potassium nitrate. Diffraction data were collected from 8 derivative crystals
on ID14.4 beamline (ESRF, Grenoble). These crystals diffracted only to low-resolution

(around 15 A) and no complete dataset was collected.

A number of positive hits in crystallisation trials with the yNaplcoreA284-308-
xH2AA14/xH2BA28 complex lead to the formation of needle-like clusters of crystals at 20°C

under conditions containing 15 — 20% w/v PEG3350 and 0.2 M Potassium thiocyanate.
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Additionally the yNaplcoreA284-308-xH2A14-109/xH2BA36 complex also crystallised under
these chemical conditions, albeit at 4°C. Several crystals were tested on 1D14.4 (ESRF,

Grenoble) and diffracted to low-resolution.

2.9.1.1. yNaplcore-xH2AA14/xH2BA28 complex crystal structure determination
and structural analysis

The intensities obtained from the best diffracting crystals were integrated and scaled using
the program XDS (Kabsch 2010). These crystals belonged to the space group P2; and
diffracted to 6.7 A. The structure was determined by molecular replacement with the
program Phaser (McCoy et al. 2007) using the structure of yNap1 (PDB code 2AYU) and the
structure of histone H2A/H2B heterodimer from the nucleosome structure (PDB code 1AOI)
as the search models. A single round of rigid body refinement was applied using the program
Phenix Refine (Afonine et al. 2012). The final model was refined using DEN Refinement

(Schroder et al. 2010; O'Donovan et al. 2012; Schroder et al. 2007)).

2.9.1.2. What is Deformable Elastic Network Refinement?

Today, in structural biology, increasingly complex and thus increasingly challenging systems,
including large proteins and protein assemblies, are under study. One limitation for
structural studies is that crystals of large assemblies often diffract weakly to low resolution
making structure determination and subsequent refinement challenging. Nevertheless,
interpretation of low-resolution diffraction data is often desirable as it provides information
about the interaction of individual components or insights about large-scale conformational
changes between different states of a system. Methods that allow refinement at low
resolution are improving; one of these methods is the Deformable Elastic Network (DEN)

Refinement (Schroder et al. 2007).

The DEN Refinement employs previously determined high-resolution structures as a
reference model. This method adapts only those degrees of freedom for which the density
map at low-resolution actually provides information and keeps all other degrees of freedom

as close to the initial structure as possible (Schroder et al. 2007). By using a reference model,
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the DEN constraints reduce over-fitting at resolutions lower than 3.5 A where this can be a
significant problem. The reference model can simply provide a model for initial refinement,
or it serve as a homology or predictive model that provides external information (Brunger et

al. 2012).

During the process of torsion angle refinement, the DEN distance restraints are gradually
adjusted in order to fit the diffraction data (Brunger et al. 2012). Two parameters are
particularly important in this process: ¥ and Wpgy, whose values are optimized in a global
grid search against Rsee (Schroder et al. 2010). For the success of the DEN refinement, it is
essential to perform a global search for an optimal parameter pairing (y, Wpen) (Brunger et

al. 2012).

The parameter vy, also referred to as the “deformation factor”, controls the extent of
deformation and provides the magnitude of the adjustment of initial distance restraints. It
balances the influences of the diffraction data and the reference model (Schroder et al.
2010). It can range from 0 to 1. When vy = 0, no deformable elastic network is being applied
and refinement keeps the structure close to the reference model (Schroder et al. 2010).
Large y values (for example y = 1) allow larger structural deviations from the reference
model (O'Donovan et al. 2012). In summary, larger vy values indicate that little information
from the initial structure is incorporated during refinement. Its optimal value can be

estimated using cross-validation (Schroder et al. 2007).

The parameter Wpgy controls the weight of the DEN distance restraints (Brunger et al. 2012).
It can range from 0 to 300. When Wpey = 0, the DEN constraints have no effect on the
refinement process. While when Wpegy = 300 and y = 0 the DEN term is high enough to
effectively constrain the refined structure to the reference-model. Its value depends on the
overall similarity between the refined structure and its reference model (O'Donovan et al.

2012).

- General DEN Refinement Guidelines

Web service is now available at the SBGrid Science Portal (http://sbgrid.org); it requires that

all users register. It provides a standard framework that can support specialized structure-
determination computation. The extensive opportunistic resources of the Open Science Grid

(OSG) provide the computational power of the portal.
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The user needs to prepare two files prior to submission. (a) The DEN refinement input file
(*.inp). The refine_den.inp file from the DEN tutorial of the CNS website

(http://www.cns-online.org) should be used as template. It must be modified to reference

the diffraction data set, the initial model and the reference structure, which are included in
the archive file. (b) The archive file (*.tar or *.zip) containing the diffraction data set, the
initial model and reference coordinates. It can also include special parameter files or non-
crystallographic symmetry files. Once these files are ready, submission of the job can be
carried out through the SBGrid Science Portal. The uploaded files are checked for
correctness and consistency. Typically, a DEN refinement job takes around 10 to 12 hours of
calculations. The output of the DEN refinement will consist of a set of heat maps showing
the best R under different parameter conditions, a table displaying all salient results and
output data files. From these results, the user is able to choose the most promising (lowest

Rfree) parameters and use this for subsequent remodelling and refinement cycles.

For detailed explanation of the DEN refinement procedures refer to (O'Donovan et al. 2012).

2.9.2. Crystallization of p300 constructs

After purification of the p300’core’_ZZ and p300’core’_ZZ_TAZ2 from Hi5 cells, the samples
were deacetylated overnight at room temperature, following equilibration into a specific
reaction buffer, detailed below, and supplementation with SIRT2 at a 1:10 SIRT2:p300 ratio.
The reaction buffer used contained 20 mM HEPES pH7.5, 300 mM NaCl, 5 uM ZnCl,, 0.5 mM
TCEP, 5 mM MgCl,, and 1 mM NAD". Following completion of the incubation time, p300 and
SIRT2 were separated by size exclusion chromatography using a Superdex 200 10/300 GL
column equilibrated in buffer containing 20 mM HEPES pH 7.5, 300 mM NaCl, 5 mM ZnCl,,
and 0.5 mM TCEP. The deacetylated p300 was then concentrated to 10 mg/ml and
incubated on ice for 30 minutes with a 3-fold molar excess of LysCoA, an inhibitor previously
reported to stabilize the HAT domain (X. Liu et al. 2008). The deacetylated p300-LysCoA
complex was finally centrifuged at 13000 rpm (F45-24-11 rotor from Eppendorf) for 15

minutes and set up for crystallization.
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2.10. NEGATIVE STAIN ELECTRON MICROSCOPY

Four pL of the yNap1/H2A/H2B sample (~0.1 mg/ml) were loaded between the mica-carbon
interface as described in (Franzetti et al. 2002). The sample was stained using 2% uranyl
acetate pH 4.5 and air-dried. Images were taken under low-dose conditions in a CM12
Philips electron microscope working at 120 kV and with a nominal magnification of 40,000

using an Orius SC1000 CCD camera.
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3. STRUCTURAL CHARACTERIZATION
OF NAP1 — HISTONE COMPLEXES

67



68



RESUME EN FRANCAIS

Le yNap1l-H2A/H2B complexe et le mNapl-H1 complexe ont été reconstitués in vitro avec
succes en utilisant différents mutants de toutes les protéines. Ce succes nous a permis
d'obtenir matériel suffisaient pour analyser stoechiométrie et la composition des oligoméres
formés par ce complexe, qui demeurent controversées. En utilisant la spectrométrie de
masse non-denaturalitzant, nous avons élucidé la stoechiométrie du complexe comme 1:1,
un homodimére de Napl par un hétérodimére d’histone H2A/H2B ou un monomeére de H1.
A partir de cette unité de base, le complexe peut former un oligomére contenant jusqu’a six

exemplaires de cet unité: (yNap1,-H2A/H2B)s, et jusqu’a deux exemplaires de (mNap1,-H1),.

I a été possible de produire des cristaux du yNapl-H2A/H2B complexe pour la
caractérisation structurale par rayon X. Un model a basse résolution (6.7 A) a été obtenu par
le traitement des données recueillies pour un de ces cristaux sur la ligne ID14-4 (ESRF,
Grenoble). Il y a six copies du complexe dans l'unité asymétrique, qui peut ressembler
I'oligomere présente en solution et détecter par spectrométrie de masse non-
denaturalitzant et microscopie électronique. Cette structure montre aussi un stoechiométrie

de 1:1, ou les deux monomeres de yNap1l interagirent principalement avec I’histone H2A.

Il n’a pas été possible d’obtenir de I'information structurale sur le complexe mNap1-H1.
Mais des études d’interaction par pull-down ont démontrais que le domaine globulaire de
I’histone H1 n’est pas suffisant et que le C-terminus de mNap1 est essential pour la union a

H1.
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3.1. STRUCTURAL STUDIES ON YEAST NAP1 — HISTONE COMPLEXES

It is known that Nap1 binds H2A/H2B dimers to form a stable complex (McQuibban et al.
1998). However, much controversy surrounds the binding stoichiometry for the Napl-
H2A/H2B complex. One of the most widely accepted hypothesis is that one Napl
homodimer binds to one H2A/H2B heterodimer (McBryant et al. 2003; Newman et al. 2012).
In contrast, others have suggested that one Napl homodimer binds to two H2A/H2B
heterodimers (Andrews et al. 2008), resulting in a 1:2 stoichiometry. In this study, we

attempt to provide more evidence to distinguish between these two hypotheses.

Nap1l has the propensity to oligomerize in solution and considerable efforts have been made
to characterize the oligomerization of Nap1 alone and in complex with histones (Fujii-Nakata
et al. 1992; McBryant & Peersen 2004; Téth et al. 2005; Park et al. 2008; Noda et al. 2011;
Newman et al. 2012). Here we aim to understand the Nap1 oligomerization process and the

biological relevance of higher-order Nap1l complexes.

3.1.1. Reconstitution of Nap1-H2A/H2B complexes

A number of mutants of the yNapl protein have been used in this study. First wild-type
yNaplwt was cloned, recombinantly expressed in E. coli BL21 (DE3) and purified to
homogeneity. Second, we designed the yNaplcore construct, which corresponds to the
minimal region required for histone binding and nucleosome assembly (Fujii-Nakata et al.
1992) and has been crystallized (Park et al. 2008). Further, we designed a construct
containing a deletion of residues 284-308 comprising a B-hairpin that has been implicated in
Nap1l oligomerization (Park et al. 2008). Finally, we decided to investigate the role of the
yNapl N- and C-termini flexible tails in H2A/H2B binding and oligomerization using two
constructs containing a deletion of the N- and C-termini respectively. It has been shown that
the ability of yNap1 to disassemble H2A/H2B dimers from the nucleosome depends on its
acidic C-terminal patch (Park et al. 2005). A schematic representation of all these mutants is

shown in Figure 12A.

The yNapl-H2A/H2B complex was assembled in vitro by mixing yNapl, with H2A/H2B

heterodimers in a 1:2 ratio (dimer/dimer). The ternary complex was then isolated by size-
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exclusion chromatography (Figure 12B). Fractions corresponding to the elution peak were

analysed by SDS-PAGE gel and showed the formation of the ternary complex (Figure 12C).
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Figure 12 In vitro reconstitution of yNap1-H2A/H2B complex. (A) Schematic representation of the yNap1l
constructs used in this study. (B) Chromatogram showing the elution profile of yNaplcore-xH2AA14/xH2BA28
complex using a Superdex 200 gel filtration column. Absorbance at 280 nm and 260 nm were measured to
detect protein and nucleic acid elution, respectively. (C) SDS-PAGE gel showing the protein content of the
fractions from the elution peak. The name of the proteins as well as the molecular weight (kDa) of the protein
marker is given. Note that H2A and H2B migrate at equivalent positions on this gel. For clarity, only one
example of in vitro reconstituted complex is shown here.

3.1.2. Characterization of the oligomeric states of yNapl-H2A/H2B
complexes

We investigated the stoichiometry of the Napl-H2A/H2B complex as well as its

oligomerization using biochemical approaches. Native-PAGE gel analysis showed that

yNaplwt alone is not a single species; two bands were identified most likely corresponding

to an yNaplwt dimer (major species) and a tetramer (minor species) (Figure 13). Titration of

the yNaplwt with increasing concentration of dH2A/dH2B dimer revealed the formation of

four distinct species with unknown stoichiometry (Figure 13).
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Figure 13 Oligomerizaiton of the yNaplwt-dH2A/dH2B complex. Titration of yNaplwt with increasing
concentration of dH2A/H2B dimers, analysis by Native-PAGE gels and visualization by Coomassie blue staining.
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Next, we performed non-denaturing mass spectrometry (MS) experiments in collaboration
with Dr. Carol Robinson Laboratory (University of Oxford, United Kingdom). These
experiments allowed us to elucidate the binding stoichiometry and the oligomeric state of

yNap1 alone or in complex with H2A/H2B.

Prior to the complex characterization, the role of different regions of yNapl for complex
formation and oligomerization was analysed by using the mutants shown in Figure 12A. All
mutants were individually buffer exchanged into 100 mM ammonium acetate buffer
immediately prior to analysis. At this ionic strength, all yNap1 variants showed two major
series of resolved peaks with different charge states corresponding to yNapl dimers and
tetramers (Figure 14). We conclude from this data that yNapl predominantly is a dimer in
solution. yNap1l constructs containing the C-terminal deletion revealed the presence of a
trimer upon application of collision induced damaged (CID) suggesting that the acidic C-

terminal region of Nap1 stabilizes the tetramer (Figure 14C-E).

73



+19 yNap 1wt

100
k3
49947 +20Da
« 99527 + 16 Da
0 T T T
B 17
+
100 » yNap1A1-73
i G * 84615+ 25 Da
By . 169068 + 30 Da
+25
0 I I = 2 I A_L T T I
. ,-—‘@ BN yNap1A366-417
100+ Ak° 8 PR e . 44225+ 7Da
W 88513 +5Da
* 170735+ 45 Da
ol DM\ * 126510+ 15 Da
& O +26
+16 = ) .
0 Lpell 1 AIL T 1 1 A
D yNap1coreA284-308
100 7 _
A “A
o - 30941 +37Da
< @ 61970+ 9 Da
+14 * 124612 +21Da
¢ +8 ¥93971 + 12 Da
»
»
0 T ke, LI .
E P yNap1core
007 &
~.  *33915+7Da
o . . A * 67920 + 47 Da
S @ * 135766 + 12 Da
+14 X 1 6 ¥101916 + 10 Da
0 | l‘l'..LLUJ.:l. P ].’ J .l.l J.. r 3 ‘1 f ;1 m/z
2000 4000 6000 8000 10000 12000

Figure 14 Oligomeric states of yNapl alone. Non-denaturing mass spectrometry profiles of yNaplwt (A),
yNap1A1-73 (B), yNaplcoreA284-308 (C), yNap1lA366-417 (D) and yNaplcore (E). Experimental molecular

masses are given in Da. Cartoons representing the proteins are displayed.

Next, the yNap1 mutants described above were analysed in complex with histone H2A/H2B
heterodimers by the same technique. Complex reconstitution was performed as described in
section 3.1 and buffer exchanged to 100 mM ammonium acetate immediately prior to
analysis by non-denaturing MS. Analysis of the yNaplwt-dH2A/dH2B complex showed that
one (yNaplwt), homodimer binds to one histone H2A/H2B heterodimer (Figure 15A).

Together with the yNaplcore-xH2AA14/xH2BA28 X-ray crystal structure described in section
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3.1.3, these results show that the stoichiometry of the complex as a ratio of 1:1 (yNaplwt,-
dH2A/dH2B). This complex further assembles into an oligomer containing up to two copies
of this unit (yNaplwt,-dH2A/dH2B),. CID analysis of the dimer and tetramer peak show that
these complexes dissociate into several subspecies (Figure 15B-C), again confirming the
stoichiometry obtained in the first experiment and the presence of a repeating unit from

which the oligomerization is assembled.

A 0 2 Complex/protein Calculated | Experimental
+H Mass (Da) | mass (Da)
100+ \ e H2A 13261 13263 + 3
8 o H2B 13563 13580 + 20
o (FL-yNapl) 99527 99822 £16
0 (FL-yNapl)-H2B 113090 113558 + 33
s (FL-yNapl),-H2B (MSMS) 113090 113198 + 54
8 (FL-yNapl),-(H2A-H2B), 126351 126849 + 82
2] ge (FL-yNap1)-(H2B); (MSMS) | 212617 212795 + 60
° B (Fl-yNapl)-(H2A-H2B), 225878 226352 + 69
o (FL-yNapl),-(H2A-2B): (MSMS)| 225878 226110 +24
# (FL-yNapl),-(H2A-H2B),-H2B | 239417 239898 + 34
0 (FL-yNapl),-(H2A-H2B), 252702 253727+ 16
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Figure 15 Oligomeric states of (yNaplwt),-dH2A/H2B complex. (A) Non-denaturing MS spectrum of the
complex including cartoons of the proteins. (B) MS/MS isolation of the +23 charge state of (yNaplwt),-
dH2A/dH2B complex including cartoons of the proteins and CID sub-complexes. (C) MS/MS isolation of the +29
and +33 tetramer of ((yNaplwt),-dH2A/dH2B), complex including cartoons of the proteins and CID sub-
complexes. Calculated and experimental masses and stoichiometries are given in table represented by the
symbols.

We next analysed the yNaplcore-xH2AA14/xH2BA28 complex. Oligomers containing up to
six copies of the (yNaplcore),-xH2AA14/xH2BA28 unit were observed (Figure 16A). Notably,
the same stoichiometry is found in the asymmetric unit of the crystal structure described in
section 3.1.3. All the intermediate complexes containing one, two, three, and four copies of

the repeating unit were also detected. CID analysis triggered the dissociation of the
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((yNaplcore),-xH2AA14/xH2BA28)¢ complex and revealed an assembly containing five
copies of the repeating unit (Figure 16B). Together, these data indicate that yNaplcore
assembles into dimers and tetramers and that addition of H2A/H2B might trigger further
assembly into complexes containing up to six copies of the repeating unit: ((yNaplcore),-

xH2AA14/xH2BA28)s.

'a @ Complex/protein Calculated mass | Measured mass
(Da) (Da)
A —_— °© o (H2A) 11734 11738 £5
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Figure 16 Oligomeric states of yNaplcore-xH2AA14/xH2BA28 complex. (A) Non-denaturing MS spectrum of
the complex including cartoons of the proteins and zoom in between 6000 and 9000 m/z. (B) CID of the
((yNaplcore),-xH2AA14/xH2BA28)s complex including cartoons of the proteins. Calculated and experimental
masses are given in the table with CID products shown in red.

The crystal structure of the yNaplcore dimer has revealed a B-hairpin structure (comprising
residues 284-308) that forms a crystal contact and it was shown to be involved in yNap1l
oligomerization in solution (Park et al. 2008). We next investigated if removal of the -
hairpin abolishes oligomerization of the complex. yNaplcoreA284-308 alone assembles into

dimers and tetramers similar to the other yNapl constructs, as shown in Figure 14D. In the

76



presence of H2A/H2B, mostly tetramers and only a small fraction of dimers were observed,
but no higher-order oligomerization (Figure 17). In agreement with previous studies, these

results suggest that the [3-hairpin structure might support higher-order oligomerization.

B 100

10042

9 4000 5000 6000 7000
Complex/protein Calculated Experimental
mass (Da) mass (Da)

[®H2A 11734 117362

H2B 11287 11288+6
PyNaplcoreA284-308 30948 30941 +£37
DiyNaplcoreA284-308), 61896 61974 + 76
|®(yNap1coreA 284-308), (H28) 73183 7375054
BiyNap1core 284-308); (H2A-H2B) 84917 85052 + 67
l(yNap1coreA 284-308); (H2A-H2B), 138886 139286+ 36
|#(yNap1coreA 284-308), (H2A-H2E) (H2B) 158100 158730+ 87
FHyNap1coreA 284-308) (H2A-H2B), 169834 170400+ 137
BlyNap1core A 284-308); (H2A-H2B), (H2B) 181121 18243242

m/z
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Figure 17 Oligomeric state of yNaplcoreA284-308-xH2AA14/xH2BA28 complex. (A) MS spectrum of the
complex including cartoons of the proteins. (B) Detailed MS spectrum between 4000 and 8000 m/z of the
complex including cartoons. Calculated and experimental masses are given in table.

Finally, the importance of the N- and C-termini of yNap1l for the oligomerization of the
complex was tested. Upon deletion of the N-terminus, oligomers containing up to two
copies of the (yNaplA1-73),-xH2AA14/xH2BA28 complex were observed (Figure 18A),
similarly to the yNaplwt,-dH2A/dH2B complex. Deletion of the C-terminus resulted in an
oligomer containing up to five copies of the (yNap1A366-417),- xH2AA14/xH2BA28 complex
(Figure 18B). These results suggest a role for the flexible and acidic C-terminal region of
yNap1 in the regulation of the oligomerization of the complex, probably due to a structural

rearrangement of binding.
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Figure 18 Oligomeric states of yNaplA1-74-xH2AA14/xH2BA28 complex (A) and yNaplA366-417-
xH2AA14/xH2BA28 (B) complexes. MS spectrum of the complexes including cartoons of the proteins.

In summary, all yNapl constructs analysed showed some propensity of dimers to further
oligomerize into tetramers indicating the presence of a yNap1 tetramerization interface. We
demonstrate that in the presence of H2A/H2B, yNapl dimers bind a single H2A/H2B
heterodimer, resulting in a stoichiometry of 1:1 (dimer/dimer). This yNapl,-H2A/H2B
complex further oligomerizes into assemblies containing up to six copies of the repeating
unit depending on the experimental conditions used (ionic strength and protein
concentration). Such higher-order assemblies have only been observed in the presence of
H2A/H2B indicating that the heterodimer contributes to yNap1 assembly either by providing
novel oligomerization interfaces or by allosterically regulating yNap1 assembly. For example,
by modulating the structure of the [B-hairpin structure which appears to be involved in
higher-order oligomerization. Finally, the acidic C-terminal region of yNap1 might play a role

in the regulation of oligomerization, possibly by inhibiting it.

3.1.2.1. Role of yeast Nap1 phosphorylation in oligomerization

Previously it has been reported that that yNap1 is extensively phosphorylated by CKll in vivo
(Calvert et al. 2008). Nap1 phosphorylation may be necessary for the histone chaperone to
efficiently function as histone donor and acceptor in chromatin assembly during S phase
(Calvert et al. 2008). However, the role of CKIl phosphorylation in regulating yNap1 function

remains unclear.
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To investigate if phosphorylation regulates yNapl assembly, we phosphorylated the
(yNaplwt),-dH2A/dH2B complex in vitro. CKIl phosphorylation was verified by mass
spectrometry and revealed eight phosphorylated residues on yNaplwt at positions T53, S82,
S140, S159, T163, T177, S343, S397. Analysis of CKll-phosphorylated (yNaplwt),-dH2A/dH2B
complexes by non-denaturing MS showed no higher-order oligomerization (Figure 19). This
result indicates that CKIl phosphorylation inhibits the formation of higher-order oligomers,

possibly by interfering with yNap1 tetramerization.
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Figure 19 Analysis of yNaplwt-dH2A/H2B complex after phosphorylation by CKIl. MS spectrum of the
complex including cartoons of the proteins.

3.1.3. Low resolution X-ray crystal structure of yNap1-H2A/H2B complex

In order to investigate how Napl interacts with histone H2A/H2B dimers, X-ray
crystallographic studies were performed on the yNapl,-H2A/H2B complex. A number of
crystallization trials on different constructs of yNap1 (Figure 12) in complex with full-length
and truncation mutants of the histones H2A and H2B were performed. All of them yielded
crystallisable samples that diffracted poorly. Extensive screening of crystals (>400 samples
analysed) allowed us to obtain crystals containing the yNaplcore-xH2AA14/xH2BA28

complex that diffracted to 6.7 A resolution and allowed data collection.

Attempts to improve diffraction were carried out by using (a) in situ proteolysis, (b) additive
screening, (c) dehydration, and (d) crystal annealing. The best-diffracting yNaplcore-

xH2AA14/xH2BA28 complex crystals were obtained in hanging drops in 10% w/v PEG 3350,
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100 mM sodium fluoride after manual dehydration (Figure 20A-B). The content of the

crystals was verified by SDS-PAGE gel and silver stain (Figure 20C).

A B C yNap1core-xH2AA14/xH2BA28
|  kDa — Crystals
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Figure 20 yNaplcore-xH2AA14/xH2BA28 crystals and diffraction pattern. (A) yNaplcore-xH2AA14/H2BA28
crystals obtained by hanging drop in 10% w/v PEG 3350, 100 mM sodium fluoride. (B) Example of diffraction
pattern obtained from the yNaplcore-xH2AA14/H2BA28 crystals. Images were collected on 1D14-4 (ESRF,
Grenoble). (C) SDS-PAGE gel showing a serial dilution of the yNaplcore-xH2AA14/H2BA28 complex and the
content of 20 crystals. Note that H2A and H2B migrate at equivalent positions on this gel. Visualization of the
gel by silver staining. Molecular weight marker (kDa) is given.

Data on the yNaplcore-xH2AA14/xH2BA28 complex crystals were collected on ID14-4 (ESRF,
Grenoble). These crystals belong to the primitive monoclinic space group P2; (Table 5).
Calculation of the Matthews coefficient suggested that the asymmetric unit contains 6-7

copies of the (yNaplcore),-xH2AA14/xH2BA28 complex and a solvent content of 46-54% (

Table 6).
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Table 5 Data collection, phasing and refinement statistics. Values in parentheses are for

highest-resolution shell.

Table 6 Matthews coefficient calculations. Estimated

Native

Data collection

Space group

P2,

Cell dimensions

a, b, c(A) 111.47,211.13, 126.57

[E(°) 99.7
Wavelength (A) 0.974
Resolution (A) 50-6.7
Reym OF Rinerge 11.5(78)
1/ ol 9.2 (1.5)
Completeness (%) 96.2 (92.9)
Redundancy 1.9(1.9)
Refinement
Resolution (A) 50-6.7
No. of reflections 10150
Ruork / Riree 0.30/0.31
No. of atoms 32826
B-factors

Protein 388.5
R.m.s deviations values

Bond lengths (A) 0.0028

Bond angles (°) 0.732

(yNapilcore),-xH2AA14/xH2BA28.

molecular weight 90855.0 Da, corresponding to

Nmol/asym Matthews Coefficient % Solvent P (6.75) P (tot)
1 16.19 92.41 0.00 0.00
2 8.09 84.81 0.00 0.00
3 5.40 77.22 0.00 0.00
4 4.05 69.62 0.03 0.02
5 3.24 62.03 0.12 0.09
6 2.70 54.43 0.30 0.26
7 2.31 46.84 0.38 0.40
8 2.02 39.24 0.15 0.21
9 1.80 31.65 0.01 0.02
10 1.62 24.05 0.00 0.00
11 1.47 16.46 0.00 0.00
12 1.35 8.81 0.00 0.00
13 1.25 1.27 0.00 0.00

Considering that the asymmetric crystallographic unit contains 6-7 copies of a (yNaplcore),-

xH2AA14/xH2BA28 complex, the presence of non-crystallographic symmetry (NCS) in the

asymmetric unit was verified by calculation of a self-rotation function (MolRep in CCP4
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package). This analysis revealed the presence of a 2-fold and two perpendicular 3-fold non-
crystallographic symmetry axis (Figure 21). Together, the NCS symmetry and the number of
predicted (yNaplcore),-xH2AA14/xH2BA28 complexes in the asymmetric unit predicted a

high-order assembly, possibly a hexamer.

MOLREP
Self Rotation Function
RF(theta,phi,chi)_max: 2212 rms: 1312 Rad : 55.77 Resmax: 7.70
Chi= 180.0 Chi= 90.0
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Figure 21 Self-rotation function calculated for the space group P2, yNaplcore-xH2AA14/xH2BA28 crystals.
Peaks in the Chi=120 section indicate a 3-fold NCS, while peaks in the Chi=180 section indicate a 2-fold NCS
perpendicular to the 3-fold. Six copies of the macromolecular complex are present per asymmetric unit.
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In order to determine the structure we attempted molecular replacement (MR) with
PHASER (McCoy et al. 2007) using the yNap1 structure (PDB Code 2AYU) and a histone
H2A/H2B heterodimer from the nucleosome structure (PDB Code 1AO0Il). However, the low
resolution together with the fact that a single yNap1 chain only represents around 6% of the
scattering mass made this approach very challenging. As the first MR attempts did not result
in a clear solution, yNaplcore and xH2BA28 were selenomethionine-labelled in order to
experimentally determine phase angles by using anomalous scattering. Although good
SeMet incorporation (approximately 90%) was obtained, the resulting crystals did not

diffract to better than 15 A resolution precluding experimental phasing.

Further attempts of MR were then made. Considering the Matthews coefficient, we
searched for 12 copies of yNaplcore and 6 copies of H2A/H2B containing truncated flexible
N- terminal tails (LLG score 675, RFZ: 3.5, TFZ: 4.7). Visual inspection showed one partial
solution containing one yNaplcore homodimer with one H2A/H2B heterodimer bound in
the dome-shaped cavity of yNap1. This (yNaplcore),-xH2AA14/xH2BA28 complex was then
fixed and used to search for 5 more copies. This approach resulted in a high-scoring MR
solution (LLG score 629, RFZ: 4.1, TFZ: 13.6) containing 6 copies of the (yNaplcore),-
xH2AA14/xH2BA28 complex in the asymmetric unit. Visual inspection of a 2F0-Fc electron
density map indicated the presence of all six copies of the (yNaplcore),-xH2AA14/xH2BA28
complex. After initial rigid body refinement with Phenix Refine (Afonine et al. 2012), we

obtained a R factor of 0.31 and a Rfee Of 0.35.

Molecular replacement and subsequent refinement is challenging at low resolution.
However, the quality and number of methods for refining low-resolution structures are
improving (DiMaio et al. 2011; Schroder et al. 2007; Murshudov et al. 2011). To improve the
accuracy of the rigid body refined structure, we employed DEN Refinement. This method
utilizes known high-resolution structures of homologous proteins or domains as reference-
model (Brunger & Adams 2012). Two adjustable parameters are important in this approach:
v (deformation factor) and Wpey (weight of the DEN distance restraints). The deformation
factor (y) balances the influences of the diffraction data and the reference-model (Schréder
et al. 2010), while Wpey depends on the overall similarity between the refined structure and
its reference-model (Brunger et al. 2012; O'Donovan et al. 2012). For the success of DEN

Refinement, it is essential to perform a global search for an optimum parameter pair. For
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each parameter pair tested, multiple refinements are carried out with different randomly
selected DEN distances restraints. Here, we performed refinement cycles for 509 pairs of v,
Woen. Considering that we have 6 copies of the (yNaplcore),-xH2AA14/xH2BA28 complex in
the asymmetric unit, we also applied 6 fold NCS averaging with tight restraints (weights =
500). For B-factor refinement we maintained the original B-factor distribution from the high-
resolution models at 6.7 A and applied an overall anisotropic B-factor refinement, which
resulted in an unusual high value of 388.5 (Table 5). The best DEN parameter pair was y = 0.5
and Wpegy = 100, resulting in the lowest Rfee Of 0.31 (Table 5) (Schroder et al. 2010). A
schematic representation, including the secondary structure annotation, of the individual

components of the complex in the crystal is reported in Figure 22A.

The structure revealed that a single yNapl dimer binds to one histone H2A/H2B dimer,
which means in a stoichiometry of 1:1. That is in agreement with the non-denaturing MS
results described in section 3.1.2. The asymmetric unit of the crystal contains six copies of
the minimal yNaplcore,-xH2AA14/xH2BA28 complex organized in two layers: three copies
at the front and three at the back (Figure 22B-C). yNapl contains an extended helical
dimerization domain and a globular domain that contains a 4-stranded p-sheet (31-4) on
one face and helices a4-8 on the opposite face (Park & Luger 2006b). The yNapl dimer is
arranged in an antiparallel fashion, in a way that the globular domains are positioned on
opposite ends and the dimer results in a dome-shaped architecture (Park & Luger 2006b).
The concave face of the yNapl homodimer is the binding site for the H2A/H2B heterodimer
(Figure 22D). The yNapl dimerization domain of each complex is oriented to the center of
the structure, while the xH2AA14/xH2BA28 dimers are orientated to the outer face (Figure
22B). The antiparallel B-hairpin (f5-6) that contains a nuclear localization sequence is

disordered in our structure (Figure 22E).

Even though the present structure at low resolution does not allow us to see the amino
acids side-chains, the availability of the high-resolution yNaplcore and H2A/H2B structures
effectively provides atomic details to the structure of the complex and protein interaction
interfaces (Figure 22E). The histone heterodimer is position in the Napl electronegative
cavity in an asymmetric way, being the protein interface mediated by both yNapl

monomers and almost exclusively by H2A (Figure 22D-E). As H2A contains an extra aN
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compared to H2B, which interacts with Nap1l, the histone heterodimer can only bind Nap1 in
such a way and histone H2A/H2B dimer cannot be flipped (Figure 22D-E). Additionally, the
N-terminal tails of histones H2A and H2B are pointing towards the acidic cavity of the Nap1l
homodimer, suggesting that additional contacts might occur between the histone tails and
the Napl cavitiy. Analysis of the 2F,-F. electron density map indicates that there would be
enough space for the N-terminal tails of H2A and H2B to be accommodated in the Napl

cavity (Figure 22E). However, further experiments are required to validate this hypothesis.
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1 74 364 417
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Figure 22 Structure of (yNaplcore),-xH2AA14/xH2BA28 complex. (A) Schematics of domain architecture of
yNap1, xH2A and xH2B. HBR: histone binding region. NBR: Nap1 binding region (B), (C) Alternative views of the
crystal structure of (yNaplcore),-xH2AA14/xH2BA28 complex in the asymmetric unit. Three copies at the back
in (B) are omitted for clarity. (D) Detailed view of one repeating unit of the complex. Red: H2A; blue: H2B;
green and yellow: yNapl monomers.
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In order to evaluate the potential for model bias of our structure, we calculated a composite
omit electron density map for the region comprising xH2AA14/xH2BA28. Such calculation
gave as a result the appearance of the electron density map of the histone heterodimer as in
the low-resolution structure discussed here (Figure 23A-B). This indicates that our structural

solution is correct.

Figure 23 Omit electron density map. (A)(B) 2F,-F. omit electron density map for the region comprising
xH2AA14/xH2BA28 contoured at 1c. Red: H2A; blue: H2B; green and yellow: yNapl monomers. Note: amino
acid side-chains are illustrative.

The H2A/H2B heterodimer, when in complex with yNap1, retains the configuration as seen
in the nucleosome structure (Luger, Méader, et al. 1997a). In the nucleosome core particle,
the H2A/H2B heterodimers bind 2.5 turns of DNA double helix, which arcs around them
along their long axes to generate a 140° bend (Figure 24B). In this context, the H2A/H2B
dimer makes contacts with the nucleosomal DNA through three interaction interfaces which
comprise: (a) H2A L1 and H2B L2, (b) H2A a1, and (c) H2A L2 and H2B L1 (Figure 24B). The
yNap1 dimer mimics the structure and electrostatics of DNA and provides a concave surface
for H2A/H2B binding. This results in yNapl blocking two of the three DNA interaction
interfaces with H2A/H2B (Figure 24).
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Figure 24 H2A/H2B in complex with Napl and in the nucleosomal DNA context. (A) Detailed view of one
repeating unit of the complex. (B) H2A/H2B interaction with the nucleosomal DNA. Red: H2A; blue: H2B; green
and yellow: yNap1l monomers. Note: amino acid side-chains are illustrative.

The H2A/H2B heterodimer is positioned asymmetrically in the electronegative binding cavity
of yNap1. As a result, yNap1 engages two of the three DNA binding surfaces of the H2A/H2B
with the majority of the contacts towards H2A (Figure 25A). In the centre of the
heterodimer, contacts occur between H2A ol and a segment of yNapl spanning the C-
terminal end of a4 to the N-terminal of a5 (residues 194-205) (Figure 25C). The unique N-
terminal helix aN of H2A (residues 16-21) complements this binding interface by packing
against E310 of yNapl, which is located in the C-terminal extension of the disordered [3-

hairpin (B5-p6) (Figure 25C).

On the right side of the H2A/H2B heterodimer, the DNA biding loops L1 of H2B and L2 of
H2A pack against the N-terminus of helix a6 of the second yNapl monomer (residues 328-
336) (Figure 25B). The majority of contacts occur between H2A L2 (residues 75-81) and helix
a6 of yNap1l (residues 328-336). The positive dipole moments of helix a2 of H2B and a3 of
H2A, which are used to bind to the DNA phosphodiester backbone in context of the

nucleosome, is capped by this negatively charged patch on helix 0.6 of yNap1.
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Figure 25 Nap1-H2A/H2B interactions. (A) Ribbon view of the crystal structure of the Nap1-H2A/H2B ternary
complex, with the two interaction interfaces highlight boxed in black. (B), (C) Close-up views of interactions
made by Nap1 and H2A/H2B heterodimer in the complex. Red, H2A; blue, H2B; green and yellow, Nap1. Note:
amino acid side-chains are illustrative.

With this structural knowledge in hand, we set out to assess the importance of each of the
residues in Nap1l responsible for the interaction with H2A/H2B heterodimers. In order to
revert the polarity of the yNap1 interacting surface, residues D201, D205, E310, E332, D333,
and E336 were mutated to arginine (R) in the full-length protein. GST-yNaplFL_mutants
were used to pull-down untagged dH2A/dH2B heterodimers. All the mutants maintained
their capacity to bind histones (Figure 26), indicating that none of these residues is essential
for the interaction. However, yNap1l containing single mutations at residues D201, D205 and
E310 showed a slightly lower affinity than the wt. That suggests that this binding region

might contribute more strongly to the interaction.
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Figure 26 GST pull-down with yNap1l_FL and dH2A/dH2B heterodimers. Protein names and mutations are
indicated above the gels. The molecular weight (kDa) of the marker is given. M, marker; |, input; B, bound.
Proteins are visualized by Coomassie blue staining.

This structure also provides insights in the oligomerization process. It shows the presence of
six copies of the repeating unit (yNap1,-H2A/H2B) in the asymmetric unit, which might
correspond to the biggest oligomer observed by non-denaturing MS. yNap1,-H2A/H2B
oligomerization might be driven by two small polar interfaces present in the asymmetric unit
between (a) two Napl monomers (Figure 27A-B) and (b) two H2A proteins (Figure 27C-D)
from different sub-complexes. These interfaces are either positively or negatively charged,
consistent with the salt-dependence of oligomerization suggesting that it is driven largely by

electrostatic interactions.

The yNap1 interface is made up of residues from the flexible loop connecting 1 and 2 and
the beginning of B3 (Figure 27A-B). This interface is rich in serine and threonine residues,
which suggests that upon phosphorylation, oligomerization might be abolished. In order to
test that hypothesis, two residues on that loop (5237 and T244) were substituted by aspartic
acid (D) in yNaplwt; mutations to D are used to mimic the volume and charge of a
phosphorylated residue. In addition, the residue D246, also located in that loop, was

substituted by arginine (R).

The H2A interface involves the C-terminal docking domain containing residues of a3 and o.C
(Figure 27C-D). This C-terminal docking domain interacts with H3/H4 tetramer in the context
of the nucleosome. We predicted that four residues in this interface are important for

oligomerization: N94, G98, R99, and T101. These residues were mutated to glutamic acid (E)
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and aspartic acid (D), respectively the first residue and the following three. Analysis of these

mutations in these interfaces is currently on-going.

Figure 27 Putative oligomerization interfaces. (A), (C) A ribbon view of the crystal structure of the yNap1-
H2A/H2B ternary complex, with the two putative oligomerization interfaces highlight boxed in black. In (A)
three copies from the back are removed for clarity. (B), (C) Close-up views of interactions made in the putative
oligomerization interfaces. H2A is coloured in red, H2B in blue and yNap1 in green and yellow. Note: amino
acid side-chains are illustrative.

3.1.4. Electron microscopy of yNap1 — histone complexes

In order to further investigate how the crystal structure relates to yNapl,-H2A/H2B
assembly in solution, the (yNaplcore),-xH2AA14/xH2BA28 complex, which is the same
construct present in the crystal structure, was visualized by negative stain electron
microscopy (EM). Electron micrographs revealed particles of similar size, about 15 nm in
diameter, but with varying structural features. This observation indicated that there are
different orientations of the particles on the carbon support film (Figure 28A). Size and
shape of representative negatively-stained particles marched well with projections from a

20 A resolution filtered crystal structure of the ((yNaplcore),-xH2AA14/xH2BA28)s complex
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(Figure 28B-C). Similar particles were seen with the complex containing full-length versions
of the proteins (data not shown). Together, both the non-denaturing MS and EM
measurements confirm that the assembly seen in the asymmetric crystallographic unit is

relevant for yNap1,-H2A/H2B oligomerization in solution.

Figure 28 Negative stain EM images of yNaplcore-xH2AA14/xH2BA28 complex. (A) Negative stain EM image.
(B) Comparison between single particles (upper row) and yNaplcore-xH2AA14/xH2BA28 structure projections
(lower row). (C) Low resolution map of the yNaplcore-xH2AA14/xH2BA28 structure.
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3.2. STRUCTURAL STUDIES ON MOUSE NAP1 — HISTONE COMPLEXES

3.2.1. Binding studies of mouse Nap1 and linker Histone H1 complexes

In higher eukaryotes, binding of Nap1 with the linker histone H1 induces a more open and
extended chromatin conformation with an increased internucleosomal distance (Kepert et
al. 2005). To understand this interaction in more detail, we decided to study the interaction
between mNap1 and the linker histone H1. Knowing that the interaction between the yeast
chaperone and the core histones H2A/H2B is occurring through the globular domain of the
histones, we hypothesized that it would be the same for the linker histone H1. In order to
test this hypothesis, pull-down assays were performed using His-tagged mNaplwt and
untagged histone H1A100 or GH1 (Figure 29A). Control reactions showed that only His-
tagged mNaplwt interacted with the Ni** beads (Figure 29B). The mNaplwt-H1A100
interaction was confirmed by this assay (Figure 29C). However, GH1 was not sufficient to
form a complex with mNaplwt (Figure 29C). These results suggest that the N-terminal tail
and/or residues 112-127 of H1 are important for mNap1l interaction. From here on, only

H1A100 was used for further characterization of the mNap1-H1 complex.
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Figure 29 His pull-down with mNaplwt and linker histone H1. (A) Schematic representation of the H1
constructs used in this study. SDS-PAGE gels showing His pull-downs: controls (B) and reactions (C). Protein
names are indicated above the gels. The molecular weight (kDa) of the marker is given. M, marker; |, input; FT,
flow through; B, bound. Proteins are visualized by Coomassie blue staining.
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In order to identify the regions of mNap1 that interact with the linker histone H1, limited
proteolysis on the mNaplwt-H1A100 complex was performed using an initial set of twelve
proteases. Samples exhibiting interesting banding patterns are shown in Figure 30A.
Identification of the fragments of interest by N-terminal sequencing and MS showed that
the N-terminal region of mNap1 is very sensitive to proteolysis. These results indicate that
the interaction between the two components of the complex occurs through the central and

the C-terminal region of mNap1 or both.

Accordingly to the results obtained from the limited proteolysis, MS, and N-terminal
sequencing, new constructs lacking the N-terminus of mNap1 were designed: mNap1A36,
mNaplA50 and mNaplA63. In addition, a fourth construct was designed base on the
sequence alignment with yNapl: mNaplcore (residues 63 to 347). A schematic

representation of these mutants is shown in Figure 30B.
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Figure 30 Identification of the mNaplwt interacting regions with H1A100. (A) SDS-PAGE analysis of the
limited proteolysis of the mNaplwt—H1A100 complex. Incubation time in minutes (), hours (h) and overnight
(ON) is indicated above the gels. Proteases as well as molecular weight (kDa) of the marker are given; EG-C,
Endoproteinase Glu-C. Protein fragments were visualized by Coomassie blue straining. Bands analysed by N-
terminal sequencing are indicated by *. (B) Schematic representation of the mNap1 constructs used in this
study.
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Finally, the mNap1-H1 interacting regions were confirmed by in vitro complex reconstitution
and size-exclusion chromatography. Complex formation between mNap1 and H1A100 was
always achieved when the linker histone was mixed with mNaplwt or deletion mutants at
the N-terminus (Figure 31A-B). However, when H1A100 was mixed with mNaplcore, no
complex formation was observed (Figure 31C). From these results, we conclude that the C-

terminal region of mNap1 is important for complex formation.
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Figure 31 mNap1-H1 complex reconstitution. Chromatograms showing the elution profiles of mNaplwt —
H1A100 complex (A), mNap1A63 — H1A100 complex (B) and mNaplcore-H1A100 complex (C) using a Superdex
S200 or a Superose 6 size-exclusion column. Absorbance at 280 nm (blue) and 260 nm (red) were measured to
detect protein and nucleic acid elution, respectively. Each panel contains the corresponding SDS-PAGE gel
showing the protein content of the peak fractions. The name of the proteins as well as the molecular weight
(kDa) of the protein marker is given. mNap1A36 and mNap1A50 in complex with HIA100 are not shown to
avoid repetition.
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Our observations are in accordance with the literature. It has been reported that the C-
terminal acidic segment of Xenopus Nap1 is required for complex formation with the linker

histone B4, a histone H1 variant in Xenopus eggs (Shintomi et al. 2005).

3.2.2. Crystallization of mouse Nap1 - Linker Histone H1 complexes

Crystallization trials of the complex formed by mNaplwt-H1A100, mNap1A36-H1A100,
mNap1A50-H1A100, and mNap1A63-H1A100 were carried out at 202C and 42C with several
protein concentrations. Yet they have not yielded crystals. Further optimization of the

protein constructs might be needed in the future.

3.2.3. Characterization of the oligomeric state of mNap1 — H1A100 complex
The mNaplwt-H1A100 complex has been characterized by native PAGE gels, which showed
the co-existence of several oligomers. A titration of mNap1 with increasing concentration of
H1A100 revealed the formation of four species (Figure 32). Additional analysis by non-
denaturing MS confirmed the heterogeneity of the sample and allowed us to assign the
bands observed in the native PAGE gels to mNaplwt,, mNaplwt,-H1A100, (mNaplwt,), and
(mNaplwt,-H1A100), (Figure 33A).

The stoichiometry of Napl — Histone complexes has been of interest. By non-denaturing MS
analysis, we identified the stoichiometry of the (mNaplwt),-H1A100 complex as a ratio of

1:1 (dimer/monomer) (Figure 33A).

mNaplwt + + + + + + + +

H1A100 -
' " = ((mNap1wt)2-H1A100)2
- ((mNap1wt)2)2
o (

mNap1wt)>-H1A100

' ' (mNap1wt)2
> -

Figure 32 First evidences of mNap1-H1 oligomerization. Titration of mNaplwt with increasing concentration
of HIA100 analysed by Native-PAGE gels and visualized by Coomassie blue staining.
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Post-translational modifications are known to modify the activity of enzymes or the
localization of proteins in the cell. Drosophila Nap1 is phosphorylated by CKIl, which induces
its translocation between cytoplasm and nucleus (M. Li et al. 1999). We hypothesised that
phosphorylation may not only influence the cellular localization of the protein but also its
oligomeric state. In order to test this hypothesis, the mNaplwt,-H1A100 complex was
phosphorylated by CKIl and its phosphorylation state was confirmed by MS (six
phosphorylated residues were detected per mNapl monomer). Analysis of the
phosphorylated sample by non-denaturing MS detected only (mNaplwt),-H1A100
complexes and not higher ordered oligomers (Figure 33B). This result revealed that

phosphorylation of the mNap1-H1 complex might abolish oligomerization.
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Figure 33 mNap1-H1 complex oligomerization. Non-denaturing mass spectrometry of non-phosphorylated (A)
and phosphorylated (B) mNaplwt — H1A100 complex.
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3.3. DISCUSSION

A pure yNapl — H2A/H2B complex was obtained. A number of variants for the yNap1l
protein and the histones H2A and H2B have been used in this study. All of them have been
successfully cloned and recombinantly expressed in E. coli BL21 (DE3). After purification of
the individual components and refolding of the histone H2A/H2B dimer, the yNapl—
H2A/H2B complex was in vitro reconstituted and isolated by size-exclusion chromatography

to high yields and purity.

yNap1,; interacts with H2A/H2B dimers in a stoichiometry of 1:1. The binding stoichiometry
of the yNap1-H2A/H2B complex is surrounded by controversy. It has been proposed that
Nap1l interacts with H2A/H2B dimers using two distinct stoichiometries: (a) in a 1:1 ratio
where one Napl dimer binds one histone dimer (McBryant et al. 2003; Newman et al. 2012),
and (b) in a 1:2 ratio where one Nap1 dimer binds two histone dimers (Andrews et al. 2008).
It has also been claimed that human Nap1 binds to H2A/H2B dimers in both stoichiometries
depending on the preparation of the sample (Noda et al. 2011). Here, we demonstrate using
MS and X-ray crystallography that yNap1, binds to one H2A/H2B heterodimer. Indeed, visual
inspection of the yNap1,-H2A/H2B complex indicates that a second copy of the H2A/H2B

heterodimer cannot be accommodated in the yNap1 cavity.

The structure presented here also provides insights in the interaction of the histone
chaperone with the H2A/H2B heterodimer. This interaction is mediated by both yNap1l
monomers and almost exclusively by H2A. The H2A/H2B heterodimer showed the same
configuration as in the nucleosome, while Napl dimer mimics the structure and the
electrostatics of the DNA, providing a concave surface for the histone binding. This structural
“mimicry” by yNap1 of DNA interactions with H2A/H2B heterodimers provides a mechanism
for the yNap1 chaperone activity and its role in nucleosome assembly/disassembly. yNap1l
does not block association of H2A/H2B with the tetrasome, suggesting that nucleosome
assembly occurs through a transient yNap1-H2A/H2B-tetrasome complex that is resolved by
DNA binding to the free H2A L1 and H2B L2 loops. DNA “strand invasion” into the yNap1-
H2A/H2B complex is then predicted to result in yNap1l displacement and full nucleosome

assembly. This model needs further investigation.
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Histone H2A/H2B dimer triggers (yNap1), — H2A/H2B oligomerization to a final ((yNap1),-
H2A/H2B)¢. yNapl is an obligate dimer (Park & Luger 2006b) that has been described to
further self-associate in an equilibrium of dimer-octamer-hexadecamer in solution under
physiological conditions (Téth et al. 2005). In our studies, we could only detect self-
association of yNapl to dimer-tetramer equilibrium at low ionic strength. However, when
H2A/H2B dimers were in complex with yNap1, distinct oligomerization states were observed
at low ionic strength by non-denaturing MS. Analysis of (yNaplwt),-dH2A/dH2B,
(yNaplcoreA284-308),-xH2AA14/H2BA28 and (yNaplA1-73),-xH2AA14/H2BA28 samples
showed the formation of complexes that contain up to two copies of the repeating unit:
((yNap1),-H2A/H2B),. And analysis of the (yNapl1A366-417),-xH2AA14/H2BA28 sample
showed complexes containing five copies, while (yNaplcore),-xH2AA14/H2BA28 sample
showed complexes containing six copies (corresponding to a molecular weight of 545 kDa).
That allowed us to identify the regions of yNap1 that play important roles in oligomerization.
The acidic C-terminal region might inhibit oligomerization. Previously it was shown that a -
hairpin structure (residues 284 to 308) that is involved in a crystal contact in the yNapl
dimer structure is also involved in yNapl oligomerization in solution (Park et al. 2008).
Removal of the B-hairpin abolishes formation of the ((yNap1l),-H2A/H2B)¢ but still allows

formation of a complex containing two copies of the repeating unit: ((yNap1),-H2A/H2B)s.

As mention above, (yNaplcore),-xH2AA14/H2BA28 forms a complex containing six copies of
this repeating unit. Interestingly, the asymmetric unit of the crystal of that complex contains
six copies of the (yNaplcore),-xH2AA14/H2BA28 repeating unit. That suggests that the
crystallized oligomeric state is exactly the complex detected by non-denaturing MS and
negative stain EM, which could be the biological relevant oligomer of the (yNap1),-H2A/H2B
complexes. Two novel putative oligomerization interfaces were identified in the crystal
structure between two Nap1l monomers and two histones H2A. Mutagenesis of key residues
in these interfaces and analysis of the chaperone-histones complexes by non-denaturing MS
is now on-going. Phosphorylation of the Nap1-H2A/H2B complex abolished oligomerization,
suggesting that this post-translational modification might regulate the oligomeric state of
the complex in vivo. Phosphopeptide mapping studies indicate that residues T53, S82, S140,
S159, T163, T177, S343, S397 of yNapl are phosphorylated by CKIl, as already described

(Calvert et al. 2008). However, positioning of these residues on the (yNap1,-H2A/H2B)e
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structure indicated that they are not in the putative Nap1-Nap1l oligomerization interface.
This observation suggests that CKIl phosphorylation might regulate Napl oligomerization
not by disrupting the Nap1-Nap1 surface but by another mechanism. Further investigation is

needed to understand how phosphorylation regulates oligomerization.

The H1 globular domain is not sufficient for binding with mNap1. In higher eukaryotes,
Nap1 has been described to not only bind H2A/H2B dimers but also the linker histone H1.
Pull-down assays were used to identify the essential regions of the linker histone H1 that
interact with mNap1l. Our results showed that GH1 does not bind mNaplwt. However,
H1A100 formed a stable complex with mNaplwt and its N-terminal deletion mutants, which
survived size-exclusion chromatography. These results suggest that either the N-terminus
and residues 113 to 127 in the linker histone H1 or both are essential for mNap1 binding. On
the other hand, limited proteolysis, N-terminal sequencing and MS of the mNaplwt-H1A100
complex, as well as the sequence alignment of Nap1l homologs, allowed us to design a new
mNap1 construct: mNaplcore (residues 63 to 347). In vitro reconstitution and size-exclusion
chromatography of the mNaplcore-H1A100 complex showed no binding between the two
proteins. This suggests that the acidic C-terminal region of mNap1 is essential for binding of

the linker histone H1.

mNap1, interacts with the linker histone H1 in a stoichiometry of 1:1. In Xenopus eggs,
xNap1l monomer has been shown to bind the linker histone B4 (an histone H1 variant) in a
stoichiometry of 2:1 (Shintomi et al. 2005). Non-denaturing MS revealed that mNap1 also
binds to linker histones in a stoichiometry of one Nap1 dimer to one H1 monomer. We also
detected oligomerization of the mNap1-H1 complex up to two copies of the repeating unit:

((mNap1),-H1A100),. Phosphorylation of the complex inhibits oligomerization.

99



100



4. SYNERGISTICAL ACTION OF Nap1l
AND p300 IN TRANSCRIPTION
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RESUME EN FRANCAIS

L’histone chaperonne Nap1l et I'histone acétyle-transférase p300 travaillent en synergie dans
la phase de transcription afin d'expulser le nucléosome dans les régions promotrices de
I’ADN. Dans cette étude, nous avons analysé l'interaction entre ces deux facteurs en
présence et en l'absence d’histone H2A/H2B hétérodimeére, par des expérience de pull-
down. Celles-ci ont montré que l'interaction entre Napl et p300 n'est pas médiée par
I'histone H2A/H2B dimére et que l'interaction directe entre les deux facteurs est faible ou

non existante.

Il a été suggéré que cette interaction est médiée par le KIX et le CH3 domaines de p300. Ici,
nous nous focaliserons sur le domaine CH3 en raison de sa proximité avec la région
catalytique centrale de p300. L’hypothése du rdole de régulation du domaine CH3 sur
I'activité de p300 a été proposée ((Reynoird et al. 2010)). Il suggére que le domaine CH3 se
replie sur la région catalytique de p300 (domaine HAT) ce qui a pour effet d’inhiber I’activité
acétyle-transférase de p300. Lors de la liaison d'un des partenaire de p300 tel que Napl, le
domaine HAT serait libéré ce qui permet son (trans-) auto-acétylation et par conséquent
I'activation de p300. Cependant les expériences de pull-down réalisées n’ont montrées
aucune interaction significative entre le domaine CH3 de p300 avec d’autres domaines de
p300 tels que le Bromodomain, le RING, le PHD ou le HAT de la région centrale de p300. Ceci

vient donc nuancer le modele établi sans toutefois l'infirmer.
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4.1. CHARACTERIZATION OF HISTONE CHAPERONES AND ACETYL-
TRANSFERASES INTERACTION

It has been suggested that the histone acetyltransferase p300 and the histone chaperone
Napl work synergistically to remove the nucleosomes at the promoter regions and allow
transcription to start. Here, we attempt to demonstrate that p300 and Napl physically

interact, as it has been suggested in the literature (Shikama et al. 2000; Asahara et al. 2002).

We used three hNapl homologs: hNap1-L1, hNap1-L2, and hNap1-L4. GST-tagged hNapl1-L#
constructs were used to pull-down FLAG-tagged p300_short (residues 324 to 2094)
encompassing the KIX and the CH3 domains. Control samples of the proteins alone against
the GST beads showed high binding of the GST-tagged proteins and no binding of the
untagged dH2A/H2B dimers (Figure 34A). However, a small fraction of p300_short exhibited
unspecific binding with the beads (Figure 34A). As shown in Figure 34B, none of the pull-
down reactions showed direct interaction between Nap1 and p300. These results reveal that

Nap1l and p300 do not interact strongly in this assay.

Furthermore, these results suggest that the interaction might occur through a mutual
binding partner. We proposed that the intermediate could be the histone H2A/H2B dimer.
However, GST-tagged hNap1-L# could not pull-down p300_short in the presence of histone
H2A/H2B dimers (Figure 34B), indicating that the histone dimer is not the intermediate that

we were looking for.

105



hNap1-L1 + + +
dH2A/H2B + o+ + hNap1-L2 + + +
p300_short + + + hNapl-L4 + + 4+

212

158 ' ’ 972
972 Erded 4 A4 4 Ao
o w W W ” 427

556

346
427
346 27.0 v

27,04 20.0

20.0 143
143 ——

KDa kDa
M I FTB I FTB I FTB M1 FTB I FT B
B
hNap1-LT + + + + + + + + + hNap1-L2 + + + + + + + + + hNapl-lL4+ + + + + o+ o+ +
dH2A/H2B  + + + + 4+ + + o+ o+ o+ o+ o+ + 4+ + o+ +
p300_short + 4+ + + + 4+ + o+ o+ + 4+ + + +

+
+
K + o+
- 212 - — .
: ' 158 072 a P )| 972
97.2 66.4 e QP - — L A &g X} —"-—- - 664
' ' - ' - s 556 556

556 427 427
346 346

27.0 % - 270

- 27.0 20.0 200

S
200 = 8= " ==

[ p—" - e 143 143 143
. a
| FTB | FTB | FTB M '™ M I FT B I FT B | FT B | FT B | FT B | FT B M

Figure 34 Nap1-p300 interaction in presence and absence of H2A/H2B. SDS-PAGE gels showing GST pull-down
assays: controls (A) and GST_hNap1-L1, GST_hNap1-L2 and GST_hNap1-L4 with FLAG_p300_short, in presence
or absence of H2A/H2B dimers (untagged) (B). Protein names are indicated above the gels. The molecular
weight (kDa) of the marker is given. M, marker; |, input; FT, flow through; B, bound. Proteins are visualized by
Coomassie blue staining.

4.2. REGULATORY ROLE OF P300_CH3 DOMAIN IN HAT ACTIVITY

It has been suggested that Napl interacts with the CH3 domain of p300 (Shikama et al.
2000). A number of other ligands are also known to interact with the CH3 region and to
modulate p300 HAT activity. For example, NUT (nuclear protein in testis) has been suggested
to regulate the HAT activity of p300 upon binding to the CH3 domain by making the enzyme
more active (Reynoird et al. 2010). However, how ligand binding to the CH3 domain
regulates p300 HAT activity is poorly understood. We hypothesized that the CH3 domain

folds back to the central region of p300 auto-inhibiting the HAT domain.

To test this hypothesis, two constructs were designed: one containing the p300°core’ plus
the ZZ motive (p300°core’_AloopY1467F_ZZ) and another comprising the entire CH3 domain
(p300°core’_AloopY1467F_77 TAZ2) (Figure 35A). The proteins were recombinantly
expressed in insect cells and purification yielded good amounts of the protein samples at

good purity. MS analysis revealed that the samples were not homogeneous, containing up
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to six acetylations for p300’core’ AloopY1467F ZZ and four acetylations for

p300°'core’_AloopY1467F_ZZ TAZ2 (Figure 35B-C).

In order to get a more homogeneous sample, both constructs were deacetylated by SIRT2.
Analysis of the proteins by MS after deacetylation revealed that
p300°core’_AloopY1467F_ZZ was  deacetylated  (Figure  35B), whearas the
p300°’core’_AloopY1467F_ZZ TAZ2 construct showed the identical MS profile as seen before
SIRT2 treatment (Figure 35C).
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Figure 35 Schematic representation of the domain organization of p300 (A). Regular mass spectrometry
analysis of p300’core’_ZZ (B), and p300’core’_ZZ_TAZ2 (C) before and after deacetylation by SIRT2. Note: each
acetylation increases the molecular weight of the protein by 42 Da.

These results support the hypothesis that the CH3 domain plays a role in the auto-regulation
of the HAT activity of p300. They also suggest that the TAZ2 domain alone is necessary to
inhibit (auto-) acetylation of p300, and therefore most likely its activation. The fact that the
construct containing the entire CH3 presents only one acetylation might be an indication

that the CH3 domain folds back on the central region of p300 and prevents acetylation of
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other residues, making them less accessible for an active p300 or another acetyl-

transferases.

Determination of the crystal structure of any of those constructs would bring insights in the
arrangement of the CH3 domain in respect to the p300°core’. And interpretation of that
arrangement would allow us to understand the mechanism by which the CH3 domain auto-
regulates  p300.  Crystallization  trials of  p300’core’_AloopY1467F_ZZ  and
p300’core’_AloopY1467F ZZ TAZ2 at 20°C and 42C were performed. Unfortunately, it has

not been possible to obtain crystals of any of these constructs.

Because of the lack of structural information on the p300’core’_AloopY1467F_ZZ and
p300°core’_AloopY1467F_ZZ TAZ2 constructs, we studied the interaction by pull-down
assays. The GST-p300_CH3 construct was used to pull-down individual domains or modules
of p300. Controls of the GST-p300_CH3 and the untagged p300_BRP, p300_BPAR, and
p300 HATAloopY1467F against GST beads were performed. The results showed that only
the tagged protein was able to bind to the GST resin, and discarded any non-specific

interaction of the untagged proteins with the resin (Figure 36A-B).

However, GST-p300_CH3 was not able to pull-down p300 BRP, p300 BPAR, and
p300 HATAloopY1467F (Figure 36A-B). These results suggest that the CH3 domain do not
strongly bind to the effector module or the catalytic domain of the enzyme. But we cannot
discard a scenario where both, the BRP module and the HAT domain, are needed to detect

the interaction.

We tested this hypothesis by pull-down of the untagged p300°core’_Y1467F against GST-
p300_CH3, and we could not detect any interaction (Figure 36C). These results indicate that

the interaction of the CH3 domain with the central region of p300 is weak or not existing.
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Figure 36 p300 central region interaction with the CH3 domain. SDS-PAGE gels showing GST pull-down assays:
individual domain controls (A), GST-p300_CH3 with p300HAT_DloopY1467F, p300_BRP, and p300_BPAR (B),
and GST-p300_CH3 with p300°core’_Y1467F controls and reaction (C). Protein names are indicated above the
gels. The molecular weight (kDa) of the marker is given. M, marker; I, input; FT, flow through; B, bound.
Proteins are visualized by Coomassie blue staining.

4.3. DISCUSSION

hNap1 does not directly interact with p300. Our results contrast with those of (Asahara et
al. 2002), who reported binding between mNapl and the mouse p300 homolog CBP.
Asahara et al. used whole cell extracts for pull-down assays while we used purified
recombinant proteins. This suggests two possibilities, one where Nap1 and p300 do not bind
each other directly but indirectly through a mutual binding partner. We have shown here
that the intermediate is not the H2A/H2B dimer. Another possibility is that the interaction
between Nap1 and p300 is not strong enough to be detected by our assay, meaning that the

two proteins don’t form a stable complex.

The TAZ2 motive inhibits (auto-) acetylation of p300. The p300 central region contains four
domains: a Bromodomain, a RING domain, a PHD finger (effector module), and a HAT
domain (catalytic domain). C-terminal to the core is a CH3 domain, which can be divided in
two zing-binding motives: ZZ and TAZ2. Analysis of the acetylation state of constructs
containing the central region of p300 plus the ZZ or plus both motives suggests that the
TAZ2 domain plays a regulatory role on the HAT activity of the enzyme. Moreover, we could

conclude that the TAZ2 domain has an auto-inhibitory effect on p300 HAT activity.

The CH3 domain does not strongly bind to the central region of p300. Attempts to

crystallize the p300°core’_ZZ and the p300°core’_ZZ TAZ2 constructs were performed. A
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structure of the core including the CH3 domain would have yielded to important insights in
the regulatory mode of this domain. Unfortunately, these constructs did not crystallize. GST
pull-down experiments revealed no interaction between these domains. These experiments
revealed that there is no interaction between these domains. However, weak binding
cannot be discarded and it is still possible that the CH3 domains folds back on the central
region preventing (auto-) acetylation of p300 and, therefore its activation. Further

experiments are needed to confirm this hypothesis.

110



5. FINAL DISCUSSION
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RESUME EN FRANCAIS

La stoechiométrie des complexes Nap1-H2A/H2B et Napl-H1 est trés controversée. Dans
cette étude, nous avons pu montrer qu’un dimére de Nap1 peut lier un dimére de H2A/H2B
ou un monomere de H1. Ces résultats concordent avec la plupart des études publiées a ce

jour.

La structure cristalline du complexe Nap1,-H2A/H2B montre que les deux monomeéres de
Napl interagissent principalement avec I'histone H2A, via deux interfaces. Ces interfaces
situées au niveau de la face concave de I’'homodimeére de Napl sont trés conserves au sein
des membres de la famille Napl excepte au sein des chaperones Vps75 et hSET aussi
connues pour interagir avec H3/H4. Ceci suggére que ces deux interfaces sont importantes

pour spécificité d’interaction des chaperones avec les histones.

D’autre part nous avons pu observer que le complexe Nap1-H2A/H2B est capable de former
de larges oligomeres en solution. Cet oligomere, qui peut atteindre jusqu’a six copie du
complexe, est aussi présent au sien de l'unité asymétrique du cristal. Ainsi de nouvelles
interfaces d’oligomerisation ont pu étre mis a jour et leur fonction biologique est en cours
de caractérisation. It a été suggéré que ces oligomeres pourraient faciliter le stockage des

histones de facon similaire a la Nucleoplasmin dans les ceufs de Xenopus.

Ces nouvelles données nous ont permit de peindre un portrait moléculaire des étapes
d’assemblage du nucléosome via Napl. Le complexe Napl-H2A/H2B pourrait se lier au
tetrasome contentant H3/H4 et former un complexe intermédiaire avant le déplacement de

Nap1 par I’ADN pour former le nucléosome.

Une autre partie de ce projet consiste a mieux caractériser la fonction de p300 et Nap1 dans
I'assemblage et le désassemblage des nucléosomes. En effet il a été montre que ces facteurs

peuvent interagir et réguler ce processus. Des investigations sont actuellement en cours.
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5.1. Nap1l - HISTONE COMPLEXES

The exact binding stoichiometry of yNap1-H2A/H2B complexes has been a controversy of
this field. In this study, we provide substantial evidence that a Napl homodimer binds to
one H2A/H2B heterodimer or one linker histone H1, and that this represents the elemental
repeat unit for further oligomerization of each complex. This observation is in agreement
with the majority of prior publications (English et al. 2006; McBryant et al. 2003; Téth et al.
2005; Zlatanova et al. 2007; Kepert et al. 2005; Newman et al. 2012; Shintomi et al. 2005).
Our structural studies exclusively support a 1:1 stoichiometry and provide a clear
understanding of how this histone chaperone interacts with the histone H2A/H2B

heterodimer.

Our yNap1,-H2A/H2B structure yields detailed molecular insights in the interaction between
the Nap1l chaperone and the canonical H2A/H2B heterodimer. This interaction is mediated
by both Nap1l monomers and predominantly by histone H2A (Figure 37, Figure 38). Despite
the low resolution achieved, we were able to determine that the H2A/H2B heterodimer
present in this complex has the same overall structure as observed within the context of the
nucleosome, whereas the Napl homodimer appears to mimic the architecture and the
charges of DNA, providing a concave surface for the histone binding as was suggested by the

structure of the Nap1 dimer in isolation (Park & Luger 2006b).

This concave surface accommodates two histone interacting regions one per Napl
monomer. Both regions are highly conserved among the Nap1 family members (Figure 37),
suggesting that other Napl family members may recognize the histone H2A/H2B
heterodimer through the same interface. However, the Vps75 and SET subsets of the Nap
family differ at these regions (Figure 37A). Both subsets of proteins harbour distinct histone
binding specificity; while Nap1 proteins bind preferentially H2A/H2B in vivo (Ito et al. 1996;
Mosammaparast et al. 2001) and also H3/H4 in vitro (McQuibban et al. 1998), Vps75 and
SET have been described as H3/H4-specific chaperones (Tang et al. 2008; Muto et al. 2007).
As the two regions identified in the structure are a key source of variation between the
subfamilies, we propose that the divergent features of these regions represent critical

determinants of histone binding specificity.
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Figure 37 Sequence alignment and surface representation of conservation between Nap1 othologs and yeast
Vps75 and human SET. (A) Sequence alignment Secondary structure of Nap1 is shown above the sequence
alignment of the Napl othologs. A sequence alignment of yeast Vps75 and human SET is shown below the
alignment of the Nap1l homologs. Residues implicated in binding histone H2A/H2B heterodimers and Nap1-
Nap1 oligomerization are indicated with dots and triangles respectively, below the alignment. (B) Conservation
surface representation of Napl homologues on the yNaplcore2-xH2AD14/xH2BD28 complex. Conservation
scale is given. (C) (D) Close-up views of contacts made by Nap1 and H2A/H2B heterodimer in the complex. H2A
is coloured in red, H2B in blue. Note: amino acids side-chains are illustrative.
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Both Nap1l monomers mainly interact with histone H2A (Figure 37B-D). These two interfaces
mimic the DNA interactions with H2A/H2B heterodimers, an observation previously
postulated by (Mazurkiewicz et al. 2006), and compete for binding to the same residues on
H2A (Figure 38A). This structural “mimicry” also presents a mechanism for how Napl may
prevent the non-productive association of DNA and histones and offers an explanation for
the thermodynamic model proposed by Andrews et al. 2010, in which Napl promotes
nucleosome assembly by disfavoring non-nucleosomal interactions between H2A/H2B and

DNA.

In addition, H2A and H2A.Z share the same residues at the interacting regions (Figure 38A),
indicating that Nap1l may make similar contacts with both canonical and variant histones.
This suggests that Napl might not be able to discriminate between canonical H2A/H2B
heterodimers and H2A.Z/H2B heterodimers, which reinforces the current model for Nap1-

mediated nucleosome assembly proposed by Mazurkiewicz et al. 2006.
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Figure 38 Sequence alignment and domain structure of H2A (A) and H2B (B). Secondary structure of H2A and
H2B is shown above the sequence alignment of H2A and H2B homologs and variants. Residues implicated in
histone-Nap1 binding, the H2A-H2A oligomerization interface and histone-DNA binding are indicated with
asterisk, triangles and dots respectively.
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At physiological conditions, Nap1 forms an obligate dimer (Park & Luger 2006b) that further
self-associates in an equilibrium of dimer-octamer-hexadecamer (Téth et al. 2005; Noda et
al. 2011). In our studies, we detected self-association of yNapl as a dimer-tetramer
equilibrium. In contrast, upon addition of H2A/H2B dimers, distinct oligomerization states
arise (from one to six repeating units) and were characterized by non-denaturing MS using
various yNapl constructs to determine which particular features of the protein facilitate
higher-order complexes (Table 7). For example, it was previously suggested in the literature
that removal of the B-hairpin structure (residues 284 to 308) may be detrimental to such
oligomerization (Park et al. 2008). Additionally we found that removal of the C-terminal
acidic tail of Nap1 may regulate the oligomeric state of these complexes. Furthermore, this
acidic region has been shown to be important for nucleosome disassembly in vitro (Park et

al. 2005).

Table 7 Summary of the oligomerization states of Nap1 before and after H2A/H2B binding.

Construct Oligomer Oligomer upo.n HZA/HZB binding
(x # of monomers) (x # of repeating units)

yNaplwt X2, x4 x1, x2

yNaplcore X2, x4 x1, x2, x3, x4, x5, x6

yNaplcoreA284-308 X2, X4 x1, x2,

yNapl1A1-73 X2, x4 x1, x2

yNap1A366-417 X2, x4 x1, x2, x3, x4, x5

Oligomerization has also been observed in other histone chaperones, Np forms a pentamer
that binds five histone H2A/H2B heterdimers, which appears to serve as a histone storage
complex (Dutta et al. 2001; Ramos et al. 2010). The role of the higher-order Nap1-H2A/H2B
complexes remains unclear. One possibility is that oligomerization is used for histone
storage or in order to buffer the cellular pool of soluble histones to allow controlled
assembly and exchange of histones in chromatin (Cook et al. 2011). It is probable that the
relevant oligomer for this function is the (yNapl,-H2A/H2B)s complex seen in the
asymmetric crystallographic unit and, as we were able to reproduce this finding

independently in solution, by non-denaturing MS and negative stain EM measurements.

We additionally investigated whether phosphorylation of Napl might control the
oligomerization state of the macromolecule. CKIl phosphorylation of Napl abolished

oligomerization, however it is not immediately clear why, as the phosphorylated residues,
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which have been identified by (Calvert et al. 2008) and this thesis, are neither located in nor
proximate to the putative oligomerization interfaces available in the (Nap1,-H2A/H2B)¢
structure. The molecular basis for Nap1,-H2A/H2B oligomer disruption by CKIl-mediated

phosphorylation remains unclear and needs further investigation.

Based on the crystal structure of the yNaplcore (residues 75 to 365), it was postulated that
the B-hairpin structure (residues 284 to 308) might play an important role in oligomerization
(Park et al. 2008). This B-hairpin is not visible in our yNap1,-H2A/H2B, thus we were unable
to corroborate this putative role in yNap1,-H2A/H2B complex oligomerization. However, the
crystal structure reported in this study suggests two alternative oligomerization interfaces:
(a) a Nap1-Napl interface and (b) a H2A-H2A interface. Both interfaces reside between two
yNap1,-H2A/H2B complex monomers and they are related by a two-fold symmetry axis in

the asymmetric unit of the crystal.

Interestingly, sequence alignment of the Nap superfamily suggests that only the Nap1 and
Nap1l-like members of the family might have the capacity to oligomerize via the identified
Nap1l-Napl interface (Figure 37A), due to the conservation of critical residues in positions
S237, T244, and G246. In contrast, Vps75 and SET do not exhibit sequence conservation at
this interface (Figure 37A), which may offer an explanation for functional divergence of

these Nap subsets observed in the cell.

At the H2A-H2A interface there is also conservation between canonical H2A and its variants
(Figure 38A), which suggests Nap1-histone variant (H2A.X and H2A.Z) complexes may also be
competent for oligomerization. However both interfaces, Nap1-Napl and H2A-H2A, require
further biochemical characterization to determine their precise contribution, if any, to

oligomerization.

5.2. THE PROPOSED MODEL

The structural “mimicry” by Nap1 of the DNA moiety of DNA-H2A/H2B complexes observed
in our structure provides mechanistic insights regarding Napl functions. Furthermore, we
believe our structure enables us to present a coherent mechanism by which stepwise

assembly, and conversely the disassembly, of the nucleosome may be achieved. As
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discussed previously, tetrasome deposition, by an H3/H4 histone chaperone such as Asfi,
initiates nucleosome formation (Figure 39A) (Tyler 2002). As the configuration of Nap1 in
our structure does not occlude the protein-protein interactions between the tetrasome and
the H2A/H2B heterodimer, it is likely that the next step of nucleosome assembly occurs
through a transient Napl-H2A/H2B-tetrasome complex (Figure 39B). Subsequently, DNA
associated with the tetrasome binds to the free H2A L1 and H2B L2 loops, and by “strand
invasion” of the Nap1-H2A/H2B complex the histone chaperone is displaced (Figure 39C)
and the hexasome intermediate is formed (Figure 39D). Finally, consequent deposition of a
second H2A/H2B heterodimer by Nap1 at the alternative face of the hexasome, following a
similar mechanism, would complete the formation of the nucleosome. A similar model was
proposed over a decade prior to this thesis (Smith & Stillman 1991; Tyler 2002), in the
absence of comprehensive molecular evidence. The structure presented in the current study
provides structural and molecular evidence for this hypothesis, and moreover is in
agreement with the previously determined thermodynamics of the nucleosome assembly

process (Mazurkiewicz et al. 2006; Andrews et al. 2010).

(yNap1),H2A/H2B

~

Hexasome
assembly

DNA

yNap1

displacement

Hexasome

Figure 39 Proposed model for Nap1l mediated H2A/H2B deposition.
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In conclusion, this study represents an extensive investigation of the structural, biophysical
and biochemical characteristics of the interaction between the histone chaperone Napl and
its preferred binding partner, the H2A/H2B heterodimer. The structural analysis of the
yNap1-H2A/H2B complex provides the molecular basis for Napl chaperone function and
Napl-mediated nucleosome assembly; however further, detailed experimentation is
required to determine the precise mechanism at work and whether this is consistent with

the hypothesis we propose.

5.3. THE ROLE OF Nap1 IN TRANSCRIPTION

Currently, the cooperation p300 and Napl is thought to be essential in acetylation-
dependent nucleosome eviction at promoter regions during transcription (Luebben et al.
2010). Indirect evidence for interaction of these proteins was reported in the literature
(Asahara et al. 2002; Shikama et al. 2000), thus we sought to confirm this. However no direct
interaction between the two factors could be determined, in this thesis, by pull-down assays
using purified proteins. Our results suggest that, whilst both proteins might interact
indirectly though a mutual binding partner, we have shown herein that this intermediate is

not the histone H2A/H2B heterodimer dimer.

Napl purportedly interacts with the CH3 domain of p300 (Shikama et al. 2000), which is
divided in two motifs: ZZ and TAZ2 (Yuan & Giordano 2002). Characterization of the
p300’core’, corresponding to the catalytic region of the enzyme, containing either the ZZ or
both motives suggested that the TAZ2 domain inhibits (auto-) acetylation of p300. This
observation, together with other studies (Reynoird et al. 2010), indicates that the CH3
domain might fold back on the catalytic region of p300 preventing its acetylation. Therefore
recruitment of a CH3-interacting partner, such as Napl or NUT, may displace the CH3
domain, rendering the catalytic region of p300 more accessible for acetylation and therefore

activation.
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Pull-down experiments between the CH3 domain and the catalytic core of p300 were
performed in order to test this hypothesis. However, it was not possible to detect any strong

binding between them.
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6. CONCLUDING REMARKS AND
FUTURE PERSPECTIVES
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RESUME EN FRANCAIS

Il est évident que la résolution de la structure de Napl,-H2A/H2B est importante pour
comprendre le réle des histones chaperons dans la cellule. Les mécanismes par lesquels les
nucléosomes sont assemblé sont de mieux en mieux définies graces aux études menées
pendant cette thése. Cependant, des études complémentaires devraient étre faites afin de
déterminer dans le détail les différentes étapes nécessaires a I'oligomerization du complexe
Nap12-H2A/H2B in vivo et in vitro, aussi que la vérification du model d’assemblage du

nucléosome.

Les mécanismes d’oligomerization et d’assemblage du nucléosome, un fois mieux définie,
représenteront une information clé pour la compression de ces procés dans les cellules. A
I’avenir, des efforts seront faits afin de mieux caractériser I'oligomerization du complexe. En
outre, des études seront effectuées afin de rechercher le réle de ces oligoméres in vivo.
Aussi, des études sur model d’assemblage du nucléosome pour Napl seront faits, qui aidera

a une mieux compression moléculaire de ce proces.
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6.1. CONCLUDING REMARKS

The basic repeating unit of chromatin is the nucleosome, which is composed of 147 bp of
double stranded DNA wrapped around an octamer of histone proteins (Luger, Rechsteiner,
et al. 1997b; Luger, Mader, et al. 1997a). Nucleosome assembly requires initial deposition of
H3/H4 tetramers followed by addition of two copies of H2A/H2B dimers (Smith & Stillman
1991). An additional linker histone H1 is located on the linker DNA between nucleosomes
(Happel & Doenecke 2009). Histone deposition is mediated by histone chaperones, which
are a diverse group of acidic proteins that facilitate the specific association and dissociation
of histones with DNA, thus regulating nucleosome formation (Avvakumov et al. 2011; Eitoku

et al. 2008).

High-resolution structures of the Asfl histone chaperone in complex with the histone H3/H4
heterodimer have yielded detailed insights into the process of tetrasome assembly (English
et al. 2006), the so-called first step in nucleosome assembly. However, it remains unclear
how histone chaperones mediate H2A/H2B deposition to complete nucleosome assembly. In
this study, to address this question, we have investigated the role of the H2A/H2B histone

chaperon Nap1l in nucleosome assembly.

We determined the hitherto controversial stoichiometry of the Nap1-H2A/H2B complex to
be 1:1 (dimer/dimer), via non-denaturing MS experiments, as further confirmed with the
low-resolution crystal structure of this complex. The Nap1,-H2A/H2B complex structure
shows that both Napl monomers interact predominantly with H2A through two interaction
surfaces to facilitate histone heterodimer recruitment. In addition, a large oligomer
containing 6 copies of the Napl,-H2A/H2B complex is seen in the asymmetric
crystallographic unit, which is concurrent with the predominating species we observed in
solution. Inspection of the asymmetric crystallographic unit suggested two putative
oligomerization interfaces, which are the subject of on-going characterization in our

laboratory, in order to understand how higher order species are achieved.

Interpretation of the Nap1,-H2A/H2B complex structure allows us to advance a model for
the deposition of H2A/H2B heterodimers on the tetrasome and subsequently the hexasome
to form the final NCP. We hypothesize that after binding of the H2A/H2B dimer in complex

with Nap1, to the H3/H4 tetramer in the tetrasome, the H2A L1 and H2B L2 loops play a role
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as sensor loops for the presence of the DNA. Upon its recognition by H2A/H2B, DNA strand
invasion of the Napl,-H2A/H2B complex displaces Napl, enablisng incorporation of
H2A/H2B into the hexasome. A second copy of H2A/H2B heterodimer would then be
deposited on the hexasome via a similar mechanism, thus facilitating completion of the

nucleosome. Naturally, however, this model requires experimental validation.

Collectively these data provide to a better understanding of the Nap1,-H2A/H2B complex
stoichiometry and oligomerization process, as well as establishing a molecular basis for
Napl-mediated nucleosome assembly. This research represents significant progress in our

understanding of chromatin structure and its assembly process.

6.2. FUTURE PERSPECTIVES

To better understand Nap1,-H2A/H2B oligomerization, the first step will be to characterize
the two putative oligomerization surfaces identified in the low-resolution structure of the
Nap1,-H2A/H2B complex. To this end, point mutations of the Nap1l-Napl and H2A-H2A
interfaces were designed and are under investigation. These mutants will allow us to define
the molecular determinants of complex oligomerization. Identification of the residues
involved in this process will also help in the understanding of its regulation, which might
occur by phosphorylation. Upon clarification of the oligomerization sites in vitro,
experiments will need to be conducted in vivo in order to analyse how perturbation of these
interfaces influences oligomerization in the cell. Furthermore, understanding where this
oligomerization takes place, and if oligomers might function as storage molecules, would

yield key insights into the functional relevance of such higher order species.

To examine in molecular detail the interaction surface between the chaperone and the
histone heterodimer, further attempts to obtain a high-resolution structure of the Nap1,-
H2A/H2B complex will be made. After the residues important for oligomerization are
identified, point mutants on these surfaces will be used for crystallization. This might allow
us to obtain a new crystal form that might diffract to higher resolution. In parallel, it will be
interesting to test point mutations in the binding interface by pull-down assays in order to

confirm the present structure. In vivo validation of this interaction is also required. Immuno-
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precipitaion (IP) of point mutants in the full-length Napl, expressed in Saccharomyces

cerevisiae, would be a good approach to confirm the interaction surfaces in vivo.

A third important aspect that will be covered in the future is the validation of the Napl-
mediated nucleosome assembly model. The establishment of a nucleosome assembly assay
utilizing Nap1 to deposit H2A/H2B dimers will be optimized in the near future. Then, point
mutants on the H2A L1 and H2B L2 loops, suggested to function as a sensor loop for the
DNA, will be used to stop the assembly process. In such scenario, Napl will remain bound to

the H2A/H2B-tetrasome intermediate and the hexasome would not be assembled.
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