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ABSTRACT OF THESIS

“STRUCTURAL AND FUNCTIONAL STUDIES ON THE CHROMATIN AND
NUCLEOSOME BINDING PROTEINS”

The approximately two meters of eukaryotic DNA are compacted within the
confines of the nucleus by hierarchical packing with an equal amount of histone proteins
to form chromatin. The nucleosome is the fundamental repeating structural unit of
chromatin. Highly compacted DNA is very accessible to the transcription machinery. To
understand the mystery behind the two opposing functions of the chromatin, it is essential
for us to study nucleosome and chromatin structure in detail.

Higher order structure of chromatin has been an enigma for decades. Even though
the nucleosome core particle has been intensively studied, the molecular mechanisms by
which chromatin compaction takes place are poorly understood. One single nucleosome
has a total accessible surface area of 28000A% A single cell contains thousands of
nucleosomes, which translates to abundant surface area (in square meters) for trans-acting
proteins to interact with. An intriguing problem arises from the need to arrange these
surfaces in a way that leaves them accessible to trans acting proteins while fitting them in
the cell’s nucleus that is only 10 m in diameter.

Using biophysical and biochemical techniques, we studied the mode of interaction
of the trans acting Kaposi Sarcoma Herpes Virus protein LANA to the nucleosome. We
show that a peptide derived from the very N-terminus of the ~ 1000 amino acid long
LANA protein cannot bind to individual histones, but only binds to H2A-H2B dimers or

fully intact nucleosomes. The dimerization of H2A-H2B histones within the nucleosome
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leads to formation of a uniquely charged surface with which LANA interacts. This study
thereby provides the first account of a protein directly and specifically interacting with
the nucleosomal surface.

We further use the LANA and H4 tail peptides, which are both known to bind to
the same surface of the nucleosome as molecular tools to show that the surface itself
plays an important role in chromatin compaction. We show that a charged surface on the
nucleosome acts as a repulsive domain that is modulated by tails and transacting proteins
in chromatin compaction.

In an independent study, we investigate the histone chaperone nucleosome
assembly protein 1 of yeast (yYNAP1). We report three novel functions of this protein that
are distinct from its histone chaperone function. Using biochemical techniques we show
that yNAP1 can exchange histone dimers into preformed nucleosomes. During this
process, YNAP1 can also slide nucleosomes assembled on longer DNA. We use a
combination of analytical ultracentrifugation and atomic force microscopy to show that
yNAPI can facilitate the cleaning up of poorly assembled nucleosomal arrays. Using
biochemical and biophysical techniques we show that the C-terminal acidic domain
(CTAD) is essential for the ability of yNAP1 to remove histones from DNA and
chromatin.

Jayanth V. Chodaparambil
Department of Biochemistry and Molecular Biology
Colorado State University,

Fort Collins, CO, 80523
Summer 2007.
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CHAPTER1

Review of Literature

L S e [t e & <ol
(Nucleosomal arrays visualized using an atomic force Microscope)
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The fundamental blueprint for cell function in eukaryotes is encoded in double
stranded DNA, which is around 2 meters long when stretched linearly. It is an ultimate
engineering marvel through which nature compacts this 2 meter long DNA into a cell
nucleus, which is approximately 10 um in diameter. The DNA undergoes a compaction
of about 20,000-fold to fit into the nucleus in the form of chromosomes. The initial step
in DNA compaction involves wrapping the DNA around highly basic proteins called
histones to form the single structural repeating unit of the chromosome called the
nucleosome, leading to a seven-fold compaction. This forms the beads-on-a-string shaped
1lnm fiber, which further compacts into the 30nm structure. The 30nm fiber then
undergoes a 10,000-fold compaction to form the metaphase chromosome (Figure 1.1).
This chapter will address nucleosomes and chromatin structure and how trans-acting

proteins interact with chromatin to modulate chromatin function.

1.1 The nucleosome

The nucleosome core, the basic structural repeating unit of chromatin, contains
147 base pairs of DNA in 1.65 turns wrapped around a central histone octamer,
consisting of two molecules each of the core histones (Histones H2A, H2B, H3, and H4)
(Figure 1.2). In addition to the core histones, each nucleosome binds on average one
single lysine-rich linker histone H1. Nucleosomes are spaced between 160 to 220 base
pairs on genomic DNA and are connected by segments of DNA known as linker DNA.
The crystal structures of nucleosomes from different organisms have been studied at
atomic resolution (Davey and Richmond, 2002, Harp et al., 2000, White et al., 2001,

Luger et al., 1997).
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Figure 1.1: Levels of chromatin compaction. Adapted from (Hansen, 2002).
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Figure 1.2: Structure of the nucleosome:
A. Crystal structure of the nucleosome core particle. Histones H2A, H2B, H3 and H4
are shown in yellow, red, blue and green. DNA is seen in gray. The histone tails
are seen protruding outwards from the structure.

B. Side view of the nucleosome core particle. PDB code 1KX5.
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Histone-histone interactions:

The four core histone (H2A, H2B, H3 and H4) sequences have been
extraordinarily well conserved across species, indicating that there are strict structural
constraints on histone function (Sullivan et al., 2000). Core histones are also structurally
conserved through evolution (Arents and Moudrianakis, 1995).

Each of the core histones exists as part of a heterodimer, in which the two
monomers are intimately associated in a head-to-tail manner in a so-called handshake
motif. The histone fold motif consists of three a-helices (a1, a2 and o3) connected by
short loops (L1 and L2) (Figure 1.3). The 10-14 residue helices (ol and a3) flank the
long 28-amino acid long central o2 helix. The histone-fold portion of each monomer is
related to its partner in the dimer by an approximate two-fold axis. The (H3-H4) dimer
through a four-helix bundle interaction, forms a (H3-H4), tetramer, which is the stable
entity at physiological ionic strength. Each H2A-H2B pair interacts with the tetramer
through a second, homologous four-helix bundle between H2B and H4 histone folds.
These heterodimers are stabilized through hydrophobic interfaces formed by the
antiparallel arrangement of the helices.

The tetramer is involved in the initial step of nucleosome assembly and in
determining octamer positioning on the DNA (Dong and van Holde, 1991). To the
tetramer DNA complex, two H2A-H2B dimers are then added by histone chaperones,

forming an octamer, around which 147 bp of DNA wraps, forming the nucleosome

(Dong and van Holde, 1991) (Figure 1.2).
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Figure 1.3: Structure of the histones in the nucleosome

The overall structure of individual histone fold pairs is remarkably similar. A. H2A-H2B,
histone-fold region only (shown in light yellow and light red, respectively). B. H2A-H2B
including histone-fold extensions (shown in yellow and red) and tails (shown in cyan). C.
H3-H4 histone fold dimer, histone-fold region only (light blue and light green,
respectively). D. H3-H4 including histone-fold extensions and tails, shown in dark blue

and dark green, respectively; tails in cyan). Adapted from (Chodaparambil et al., 2006).
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Histone-DNA interactions:

Each histone-fold dimer binds about 30 base pairs of DNA. The H2A-H2B dimer
binds about 30 base pairs each and the H3-H4 tetramer binds about 80 base pairs of DNA.
Interaction is primarily with the phosphodiester backbones of the DNA. One interesting
aspect of the histone -DNA interaction is the arginine side chain from the histone core
entering the minor groove of DNA. In four instances, the interaction between the minor
groove of the DNA and the histones is at the histone tails.

Discussed below are some of the pathways through which the nucleosomal

structure is modulated.

1.2 Histone Variants:

The nucleosome plays an important role in the regulation of transcriptional
activity. One way this is achieved is by the incorporation of histone variants into the
nucleosome core particle. Histones are among the slowest evolving proteins known, but a
fraction of histones are non-allelic variants that have specific expression, localization,
and species-distribution patterns (reviewed in Kamakaka and Biggins, 2005). The
variants are usually present as single-copy genes and are not restricted in their expression
to the S phase but are expressed throughout the cell cycle. The histone variants are
incorporated into the nucleosome in a replication-independent manner. Unlike the major

subtypes, the variant genes contain introns and the transcripts are often polyadenylated

(Old et al., 1982).
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Among the core histones, H2A has the largest number of variants, including H2A.Z
(West and Bonner, 1980), MacroH2A (Pehrson and Fried, 1992), H2A-Bbd (Chadwick
and Willard, 2001), and H2A.X (West and Bonner, 1980).

The crystal structures of some of the histone variant nucleosomes like H2A.Z
containing nucleosome (Suto et al., 2000) , macro-H2A containing nucleosome
(Chakravarthy et al., 2005) have been solved. Histone variants have distinct biophysical
characteristics that are thought to alter the properties of nucleosomes and transcriptional
behavior. H2A.Z has been linked to both transcriptional repression and activation. Recent
results indicate that H2A.Z may be involved in heterochromatin organization. For H2A-
Bbd, which lacks a significant C-terminal tail, it has been postulated that the lack of such
a tail may destabilize the nucleosome, thus aiding in ease of nucleosome displacement
during transcription (Gautier et al., 2004, Bao et al., 2004). The MacroH2A variant is
thought to be involved in transcriptional repression. This variant localizes to the inactive
X-chromosome in female mammals (Costanzi and Pehrson, 1998). H2AX has been
determined to function as a DNA damage sensor. H2A.X is conserved in all organisms
analyzed to date (Redon et al., 2002). Studies also indicate that changing the surface of
the nucleosome through introduction of histone variants like H2A.Z (Fan et al., 2004)
also changes chromatin éompaction.

Histone H3 is the other histone for which diverse histone variants exist. Histone
H3 variants include H3.3, CenH3 and H3.4. H3.3 is a histone variant that is not S-phase
regulated and is found in transcriptionally active chromatin (Ahmad and Henikoff, 2002).
H3.4 is a tissue-specific H3 variant found in primary spermatocytes (Albig et al., 1996,

Witt et al.,, 1996). The CenH3 variant is localized in centromeric chromatin in all
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eukaryotes; along with a difference in the histone-fold domain, their N-terminal tails are
extremely divergent and share no sequence similarity with canonical H3 (Malik and
Henikoff, 2003).

H3.3 and H3.4 are the least divergent variants, containing only four amino acid
differences compared to H3.1 in Drosophila. The H3.3 histone variant also plays a role in
transcription. One important feature of this variant is that it is constitutively expressed
during the cell cycle and can be deposited into chromatin outside of S phase. In dividing
cells, H3.3 is present at genes that are either poised for transcription, or are actively
transcribed. Because the Drosophila H3.3 variant is deposited at transcriptionally active
loci like the rDNA, outside of S phase (Ahmad and Henikoff, 2002), H3.3 may serve to

replace H3 at active genes as nucleosomes re-form behind the transcribing polymerase.

1.3 Modulation of nucleosome structure through histone tails and tail modifications:
The N-terminal regions of the histones called the “histone tails” are intrinsically
disordered, and are characterized by an abundance of highly basic amino acids. The
histone tails are also the regions of highest sequence divergence among species (Sullivan
et al.,, 2002). Even though the entire tail is not visible in the crystal structures, it is
observed that the histone tails exit the nucleosome most frequently at the minor groove of
the DNA (Figure 1.2). In solution, the basic regions of the histone tails could be bound
weakly to DNA on the outside of the particle (Lee and Hayes, 1997). Even though the
histone tails do not contribute significantly to the structure of individual nucleosomes or
to their stability, they do play an essential role in controlling the folding of nucleosomal

arrays into higher-order structures (Dorigo et al., 200, Shogren-Knaak et al., 2006). In
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vitro removal of the histone tails results in nucleosomal arrays that cannot condense past
the beads-on-a-string 10-nm fiber. Although the highly basic histone tails are generally
viewed as DNA-binding modules, their essential roles in tail-mediated chromatin folding
(compaction) also involve inter-nucleosomal histone-histone interactions. Enzymatic
removal of H2A/H2B tails primarily decreased the strength of histone—DNA interactions
located £36 bp from the dyad axis of symmetry, whereas removal of the H3/H4 tails
affected the total amount of DNA bound (Brower-Toland et al., 2005). In the high-
resolution crystal structure of the nucleosome (Luger et al., 1997), the H4 tail from the
neighboring nucleosome interacts with the surface formed by H2A-H2B dimerization in
the nucleosome. This was also confirmed through solution studies by Dorigo et al
(Dorigo et al., 2004) who showed by cross-linking experiments that the H4 tail interacts
with the H2A-H2B surface. Of the four histone tails, removal of H4 tail is the most
deleterious to folding. Without the H4 tail, the inter-nucleosomal interactions are
compromised, and the intra-fiber interactions are also hindered but not completely
abolished, as the tails are additive and independent in function (Gordon et al., 2005).
Histone tails are subject to a large number of post-translational modifications and
have emerged as critical determinants of chromatin dynamics. They play an integral role
in chromatin-based processes like gene regulation. The e-nitrogen of lysine and arginine
amino acids is the substrate for many posttranslational modifications. These residues are
modified through methylation, acetylation, sumoylation, ADP-ribosylation and
ubiquitination. Serines and threonines can also be modified through phosphorylation

(Figure 1.4).

10
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Phosphorylated Serine Ubiquitin

Figure 1.4: Post translational modifications

Examples of post translational modifications on histones.

11
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These covalent modifications help establish global chromatin environments, which help
distinguish between transcriptionally active and inactive chromatin regions by acting
through mechanisms involving changing the structure of the nucleosomes, altering their
ability to interact with other protein factors, modifying their propensity to fold into
varying degrees of higher order structures (reviewed in Kouzarides, 2007). Some of the

modifications are discussed below briefly.

Histone acetylation: Usually associated with activation of transcription. This is done by a
subset of enzymes called acetyltransferases. Most of the acetylation is on lysines, and to
date most of the acetylation sites are on the tails with the exception of H3 K56, which is a
core-domain modification (Xu et al.,, 2005). Recent studies have shown that the K16
acetylation of the H4 tail, helps modulate chromatin folding in vitro (Shogren-Knaak et
al., 2006). This modification can be reversed to modulate transcriptional repression

through histone deacetylases.

Histone methylation: Histones may be methylated on either lysine or arginine residues.
Lysine side chains may be mono-, di- or tri-methylated, whereas the arginine side chain
may be mono-methylated or (symmetrically or asymmetrically) di-methylated (reviewed
in (Margueron et al., 2005), (Bannister et al., 2002)). Histone methylation can lead to
either activation or repression of a gene. Three methylation sites (H3K4, H3K36, and
H3K79) are implicated in activation of transcription. On the other hand, lysine
methylation of H3K9, H3K27 or H4K20 is connected to transcriptional repression. Until

recently, histone methylation—unlike all other histone modifications was considered a

12
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permanent mark. The discovery of a histone demethylase LSD1 (Shi et al., 2004),
changed the outlooks thereby substantially increasing the complexity of histone

modification pathways. A number of demethylases have been identified since then.

Histone ubiquitination: This is a modification found on human histones H2AK119 and
H2BK29. This modification is mediated by the enzyme Bmi/RinglA and also
RNF20/RNF40 and is associated with transcriptional repression (Wang et al., 2006), (Zhu
et al., 2005). This modification is also said to be involved in transcriptional elongation
facilitated by histone chaperone FACT, but currently the molecular mechanism is
unknown (Pavri et al.,, 2006). Two deubiquitinases have also been identified that are
known to act on H2BK123 ubiquitination in yeast. The Ubp8 enzyme is required for
transcriptional activation, whereas the enzyme Ubpl0O is required in transcriptional

silencing of heterochromatin sites (Emre et al., 2005), (Gardner et al., 2005).

Histone sumoylation: This is again a large modification like ubiquitination. Sumoylation
can reverse the effects of acetylation and ubiquitination. Therefore this modification is
usually seen accompanying transcriptional repression. All four histones can be modified

at specific sites through this modification (Nathan et al., 2006).
Histone ribosylation: The function of this modification is still unclear. The modification

is done by the enzyme MART (Mono ADP-ribosyltransferase) or PARP (Poly ADP-

ribose polymerase) (reviewed in Hassa et al., 2006). It is known that PARP-1 enzyme is

13
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activated during DNA double strand breaks and at sites where DNA repair is initiated (Ju

et al., 2006).

Histone phosporylation: The link between histone phosphorylation and gene expression
is currently being studied at molecular detail. H3S10 is known to be phosphorylated
during mitosis by the Aurora B kinase. This is known to activate NFkB-regulated genes
like c-fos and c-jun (Macdonald et al., 2005). It is suggested that the phosphorylation of
H3S10 leads to displacement of HP1 from H3K9me, which normally compacts chromatin
(Fischle et al., 2005). A number of other phosphorylation sites have been identified in

yeast.

Histone modifications and epigenetics: The protein component of the chromatin, just as
DNA, is now being considered as an information carrier. It is also believed that the
histone modifications mentioned above are benchmarks for information transfer. A
number of phenotypes like X-chromosome inactivation, heterochromatin formation,
reprogramming, gene silencing, etc. are transmitted hereditarily through these
modifications. Further studies are being done in understanding these mechanisms, which

will give us further insight into how the chromatin behaves.

1.4 The nucleosomal surface
The octamer has a total accessible surface area of 28,000A%. The octamer is
usually shown as a “hockey puck” with a flat surface, which wraps 146bp of DNA and

thereby forms chromatin. Contrary to this view, the octamer surface is a highly contoured
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and charged surface, which could act as binding domains for proteins acting on the
chromatin (Figure 1.5). With the dimerization of the histones H2A-H2B, a charged
region is formed by a total of seven amino acids from both H2A and H2B (H2A E56, E61,
E64, D90, E91, E92) and H2B (E110). The H4 tail from the adjacent nucleosome makes
extensive contacts with this charged region of an adjacent particle. This interaction is
considered important for chromatin compaction (Dorigo et al., 2004).

Using genetic screens, Park et al (Park et al., 2002) showed that a particular
region on the surface is critically involved in silencing of gene expression. This surface is
located at a H3/H4 histone-fold. The side chains, identified from the mutants, were
centered around Lys79 of histone H3, a residue methylated by the yeast Dotl protein.
This surface flanks a large protuberance made up of several residues from the L1 loop of
histone H3. This surface and the adjacent surface of histone H2B make a deep groove
that is wide enough to accommodate a peptide, possibly an N-terminal histone peptide.
Trimethylation of Lys79 would create substantial steric hindrance within this groove.

Some of the LRS (loss of rDNA silencing) mutations, such as those resulting in
the Arg83Ala and Arg83Ser substitutions, lie in amino acids whose side chains interact

directly with DNA in the crystal structure and do not directly form part of this groove.
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Figure 1.5: Surface of the nucleosome:

The nucleosome core particle exhibits a highly contoured and charged surface.
Electrostatic potential of the nucleosome surface (red — negatively charged / blue —

positively charged) were calculated with GRASP and rendered in PyMOL.
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Apart from LRS mutants, mutations in the genes for histones H3 and H4 partially
alleviate the transcription defects caused by the inactivation of the yeast chromatin-
remodeling factor SWI/SNF (Kruger et al., 1995). These mutations are defined as the SIN
mutants. Alterations in both the SIN and LRS domains disrupt telomeric silencing. It is
also known that these domains are required for Sir2p and Sirdp (two components of the
silencing machinery) binding to telomeric chromatin (Fry et al., 2006). These data show
that the surface of the nucleosome is directly involved in chromatin function.

Nucleosomal surface modifications: The nucleosomal surface can also be modified
through posttranslational modifications on the histone core. Parthun and colleagues
(Mersfelder and Parthun, 2006) have used mass spectroscopic methods to identify histone
modifications in the core of the nucleosomes. Similar to the situation observed with
histone tail modifications, modifications located on the solvent accessible face of the
nucleosome have the ability to alter higher-order chromatin structure and chromatin—
protein interactions. Single amino acid substitutions of modifiable residues within the
histone core have been shown to dramatically affect transcription, DNA damage repair,
chromatin structure, chromatin assembly and heterochromatic gene silencing (Ng et al.,
2002), (van Leeuwen et al., 2002, Xu et al., 2005, Hyland et al., 2005). Modifications to
the nucleosomal face may function in much the same way as N-terminal tail
modifications by controlling the ability of non-histone proteins to bind to the nucleosome
(as in the case of Dotlp methyltransferase Lacoste et al., 2002, van Leecuwen et al., 2002),
Sir2, Sir3 interaction (Strahl-Bolsinger et al., 1997)). Modifications to the nucleosome
face may also have more direct structural effects by influencing nucleosome—nucleosome

interactions that are thought to occur during the formation of 30 nm filaments.
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Some of the modifications were mapped to residues that directly bind the DNA,
while others were positioned in close proximity to the DNA (Freitas et al., 2004).
Although the latter group does not make direct contact with DNA, these residues have the
potential to influence the histone—-DNA interface (Figure 1.6A,B and C).

The structure of the nucleosome is dependent upon specific histone-histone
interactions that lead to the formation of the histone octamer. The use of post-
translational modifications in these regions for the modulation of intra-nucleosomal
histone-histone contacts may be an important mechanism for regulating chromatin
structure. Mass-spectrometry analyses have revealed that a number of amino acids
involved in making these histone-histone interactions that stabilize the histone octamer
are posttranslationally modified (Cocklin and Wang, 2003, Zhang et al., 2003) (Figure

1.6D).

Point mutation analysis of the nucleosome surface: The core-domain modifications are
conserved across a wide range of organisms. Any modifications or mutations in these
residues can adversely affect the viability of the organism. Horikoshi and colleagues
(Matsubara et al., 2007) have done studies where they mutated surface-exposed residues
on the yeast nucleosome and looked at their phenotype under normal conditions. They
used a site-directed mutagenesis approach, which allowed them to characterize particular
residues in a system and then apply them generally to domains of interest. To evaluate the

functional role of each amino acid that constitutes the core histones, they individually
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Figure 1.6: Post translational modifications on the nucleosomal surface.

A. Modifications located at the nucleosome dyad axis are modeled on the nucleosome
crystal structure. B. Modifications near the DNA entry—exit points are highlighted on the
nucleosome crystal structure. C. Additional modifications near site of histone—-DNA
contact are shown on the nucleosome crystal structure. D. Locations of modifications in
regions of histone-histone interface are depicted on the crystal structure of the

nucleosome. Adapted from Mersfelder et al. (Mersfelder and Parthun, 2006).
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mutated each of the 320 residues in histones H2A, H2B, H3, and H4 to alanine, with the
exception of endogenous alanine residues and those amino acids not located on the
surface of the nucleosome. Even though there were phenotypic differences observed in
these mutants, only eight mutations (H2A-Y58A, -E62A, -R82A, -D91A; H2B-L109A;
H3-LA48A, -IS1A, and -Q55A) of the 320 amino acids were lethal. Interestingly, these are
arranged in two regions. The first region encompasses H3-1.48, -151 -Q55 and H2A-R82,
and these residues are linearly arranged on the nucleosome adjoining the C-terminal tail
of H2A which make-up the docking domain. The second region is, composed of H2A-
Y58, -E62, -D91 and H2B-L109 is located at the acidic patch formed by the H2A-H2B
dimer interface (Figure 1.7). This patch is involved in making interactions with H4 tail
from the neighboring nucleosome in the crystal lattice.

These studies show that the surface of the nucleosome is critical in mediating the
formation of the higher order structure of chromatin. Current studies also indicate that

trans-acting proteins can bind directly to the core of the nucleosome (Barbera et al., 2006).

1.5 Effects of trans-acting protein binding to the nucleosomal surface

Recently, there has been an increased interest in trans-acting proteins like
transcriptional factors, viral proteins, and histone modifying enzymes using the
nucleosome as a docking station. Recently, John Denu and colleagues have shown that
the histone acetyl transferase (HAT) Piccolo-NuA4 complex, which acetylates the H4
tail, requires the histone-fold domain region; particularly residues 21-52 of H4, for tight

binding and efficient tail acetylation (Berndsen et al., 2007).
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Figure 1.7: Surface modifications and lethal mutations:
Point mutation of amino acids leads to lethality. Colored amino acids show the eight

point mutations which lead to lethality in yeast nucleosomes as described in Matsubara et

al (Matsubara et al., 2007)
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This shows that piccolo NuA4 recognizes the open surface of the nucleosome on which
the histone-fold domain of H4 is located. This study directly links the crucial role of the
surface in recruiting histone modifiers, which in-turn, further affects the chromatin higher

order structure through modification of the histones.

1.6 Chromatin structure beyond the nucleosome:

To understand how the cell compacts and unravels the DNA during its cellular
processes, it becomes essential to understand the structure of chromatin. The complexity
of chromatin is the stumbling block to this quest, even after decades of research. Most of
the research on higher order structure of chromatin has been focused on the “30-nm
fiber” which is defined as the secondary folding motif of chromatin (Van Holde, 1988).
The field is still divided about the models for the formation of the 30-nm fiber, the two
most supported models models are the solenoid model ((Finch and Klug, 1976, Robinson
and Rhodes, 2006)) and the regularly spaced zig-zag model ((Horowitz et al., 1994,
Schalch et al., 2005). In 2004, Richmond and colleagues showed, using electron
microscopy and cross-linking studies that the 30-nm fiber exhibits a two-start helix
(Dorigo et al., 2004). In 2005, the Richmond lab using the recombinant nucleosomal
array approaches solved a 7.0A structure of a tetra-nucleosome structure, which also
exhibits a two-start helix structure (Schalch et al., 2005).

Further tertiary structures are formed through distant and local nucleosome-
nucleosome interactions (Woodcock and Dimitrov, 2001, Hansen, 2002). Some evidence
exists that indicates that the DNA loops of 30 to 90kb are anchored to scaffold proteins

and this gives rise to scaffold-loops. In one of the models, called the radial loop model, it
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is suggested that the scaffolds form a helically looped chromatin fiber of 200-300nm
diameter, to which radially projecting loops of 30-nm fibers are anchored (Taniguchi and
Takayama, 1986, Rattner and Lin, 1985). However, other studies counter that there is no
radial organization; instead condensation may proceed through the association of linearly
aligned bead-like aggregates of 200-500 nm known as chromomeres (Harauz et al., 1987,
Mullinger and Johnson, 1987). Studies also show that there are non-histone proteins like
condensins (Hirano and Mitchison, 1994) that are involved in chromatin condensation.
Data has shown that condensins are actively involved in condensation by constraining
chromatin into a coiled conformation (Swedlow and Hirano, 2003). However (Hudson et
al., 2003) contend that the primary role of condensin is to promote correct association of
non-histone proteins to mitotic chromosomes. In all, the chromatin community is still

divided about a structural model for chromosome condensation.

Exploring the 30-nm fiber

Since the 30-nm fiber itself is a complex entity, its study in vitro can be simplified
by using defined nucleosomal arrays. A nucleosomal array can be defined as any piece of
DNA that is >300bp in length that is complexed with two or more core histone octamers
(Fletcher and Hansen, 1996). One of the very well characterized DNA sequences used for
making defined nucleosomal array is the 208-12mer DNA, which was derived from
tandem repeats of the Lytechinus 5S rDNA (Simpson et al., 1985). Earlier studies using
chicken erythrocytes by Lewis et al., (1976) showed that nucleosomal arrays formed
compact structures in the presence of NaCl. Thoma et al., 1979, using electron

microscopy, further studied the salt-dependent nucleosomal array folding in the presence
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of the monovalent cation and the divalent cation salts. They showed that at >60mM NaCl
or at >0.5mM MgCl2, all Hl-containing chromatin fragments folded to form highly
condensed chromatin fibers. Since these chromatin fibers were extracted from cells, the
lack of saturation of these arrays was an obstacle to getting accurate results. The use of
the 208-12mer DNA alleviated this difficulty and refined the study of chromatin
compaction in vitro. Using this DNA, Hansen et al., 1989, using analytical
ultracentrifugation techniques, determined that the homogenous 29S “beads-on-a-string”
structure seen at low salt concentrations was converted to a heterogeneous population of
structures ranging from 29S to 40S with increasing NaCl salt concentrations. They also
saw that in the presence of the linker histone H1, the arrays formed the stable 55S
structures, which is considered to be the 30-nm fiber. The 55S particles can also be
observed at 1-2mM MgCl, (Schwarz and Hansen, 1994). With divalent cation
concentrations >3mM MgCl,, the arrays exhibit an S value ranging from 55S to >100-
120S. These particles are arrays undergoing long-range nucleosome-nucleosome
interactions (termed “self-association” of nucleosomal arrays). All the above-observed
data are very much relevant biologically because the whole process is reversible (Hansen
et al., 1991). Removal of the salts brings the arrays back to the 29S beads-on-a-string-like
structure. Further, Garcia-Ramirez et al., (1992) purified a homogenous preparation of
native 12-mer nuclecosomal array from chicken erythrocytes. Using both analytical
ultracentrifugation and electron microscopy, they observed folding and self-association
behavior of these arrays identical to those of the recombinantly assembled 208-12mer
nucleosomal arrays. Taken together, these data support the conclusion that folding of 5S

nucleosomal arrays reflects the folding behavior of native nucleosomal arrays.
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1.7 Histone tails and the 30-nm fiber
The self-association behavior of these arrays changes in the absence of the tails,
indicating that the salt-mediated compaction of the nucleosomal arrays is also dependent
on the histone tails. More importantly, the histone tails play a very important role in
chromatin compaction. Dorigo et al (Dorigo et al., 2003) showed that if the H4 tail is
removed, chromatin compaction is adversely affected. Even though these studies showed
that the H4 tail is the most important for chromatin compaction, Gordon et al., (2005) has
shown that all the histone tails are important for chromatin compaction. They also show
that all the tails act independently and additively in mediating chromatin compaction.
Interactions of the tails on the nucleosomal core has being studied through cross-linking
experiments (Dorigo et al., 2004, Kan et al., 2007) which have shown that the H3 tail
domain performs multiple functions during chromatin condensation via distinct
molecular interactions that can be differentially regulated by acetylation or binding of
linker histones. It is still not clear whether the tails help physically “tether” nucleosomes
together or whether the interaction of the tail with the nucleosomal surface leads to a
change in the surface charge or contour which leads to chromatin compaction. It has been
shown that the histone variant H2A.Z, which exhibits an extended acidic patch, can fold
into secondary structures that are more compacted than H2A arrays both with and
without HP1a (Fan et al., 2004).
Chapter III of this thesis concentrates more on understanding the effects of the
surface of the nucleosome on the 30-nm fiber, which is the secondary structure of

chromatin compaction.
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Nucleosome intereacting proteins.

In this section we look at two different proteins which interact with the histones.

1.8 Yeast Nucleosome Assembly Protein 1 (YNAP1)

During DNA replication, histones are deposited onto the newly replicated DNA
with the aid of chromatin assembly factors (reviewed in Krude and Keller, 2001), and
further assembly and spacing of nucleosomes is facilitated by ATP-dependent chromatin
assembly and spacing factor. Several chromatin assembly factors have been identified,
such as CAF-1 and RCAF-1 (Mello et al 2001), ACF (Tyler et al., 1999), CHRAC and
RSF (Verreault et al., 1996). The current model proposes that the first and probably rate-
limiting step is the deposition of H3/H4 tetramers onto the DNA, followed by the rapid
association of two H2A/H2B dimers. Both reactions are assisted by histone chaperones.
Once nucleosomes have been assembled, spacing activities such as ACF, CHRAC, and
RSF move the nucleosomes along the DNA to keep a regular spacing between
nucleosomes (Ladoux et al., 2000, Ito et al., 2000). Other chaperone proteins are also
needed during this process of assembly. One such protein involved in the assembly is the
nucleosome assembly protein-1 (NAP1) (Ishimi et al., 1987)

NAP1 was first identified and isolated from HeLa cells by Ishimi et al., (1987).
Homologues of NAP1 are present in different organisms including yeast (Ishimi and
Kikuchi, 1991), Drosophila (Ito et al., 1996a), amphibians (Steer et al., 2003), and plants
like tobacco and rice (Yoon et al., 1995). The importance of NAP1 is seen in the fact that
in yeast, deletion of the yNAP1 gene leads to alterations in the gene expression of about

10% of the genome (Ohkuni et al., 2003). In drosophila, it is more evident in the fact that
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deletion of dANAP1 leads to embryonic lethality (Lankenau et al., 2003). NAP1 was
determined to be an H2A-H2B dimer-specific chaperone through co-immunoprecipitation
studies (Ito et al., 1996a). In physiological conditions, NAP1 is seen associated with
histone H2A (Chang et al., 1997). In vitro, NAP1 binds preferentially to the (H3-H4),
tetramer. This preference is lost when the histone tails are deleted (McBryant et al., 2003).
NAPI 1s known to bind linker histone H1 (Kepert et al., 2005) and also interact with
transcription factors like p300/CBP (Ito et al., 2000) and the kix domain of p300/CBP
(Asahara et al., 2002). This interaction is modulated by core histones (Cairns et al., 1996)
suggesting that NAP1 can serve as a bridging protein between transcriptional co-
activators and the chromatin. This directly involves NAP1 in modulating access to the
transcription machinery. NAP1 also plays an important role during the cell cycle through
regulation of certain protein kinases (Altman and Kellogg, 1997). Also, several genes
required for cell cycle regulation in yeast are up-regulated in ANAP-1 cells (Ohkuni et al.,
2003). Xenopus NAP1 is known to interact with certain B-type cyclins during the cell
cycle (Kellogg et al., 1995). Biochemical experiments demonstrate that cyclin B/p34cdc2
kinase complexes that control the transition between the S and G2 phases can
phosphorylate purified NAP1 (Kellogg et al., 1995). Drosophila NAP1 and human NAP1
bind histones H2A and H2B in vivo and shuttle them from the cytoplasm to the nucleus
as the cell progresses from the Gl to the S phase, concomitant with the activation of
nucleosome assembly during DNA replication (Ito et al., 1996a, Rodriguez et al., 2000).
This is mediated by the interaction of the NLS sequence of NAP1 with a karyopherin
family of proteins called Kapll4p (Miyaji-Yamaguchi et al., 2003). But the exact

mechanism by which Napl is transported into the nucleus and back to the cytoplasm is
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unclear. Kap114A yeast still show import of NAPI to the nucleus showing that there
might be alternate pathways for this shuttling (Mosammaparast et al., 2002). yNAP1 can
exchange histone-dimers into preformed nucleosomes (Park et al., 2005). It is also
known to slide nucleosomes made on a longer DNA (Park et al., 2005) and chapter IV of
this thesis).

One very well characterized NAP1 species is yeast NAP1 (yNAP1). yNAP1 is
417 amino acids in length and has a pl of 4.25 with a relative molecular mass of 48kDa.
yNAP1 can be roughly divided into three domains. The N-terminal unstructured region
comprises amino acids 1-74; the core domain makes up amino acids 74-365 and the C-
terminal acidic domain makes up amino acids 365-417. Almost 21% of the 417 amino
acids are either aspartic or glutamic acids. These acidic segments, which resemble the C-
terminal acidic region of nucleoplasmin (Burglin and De Robertis, 1987, Dingwall et al.,
1987), may be involved in the binding of histones, but further studies have shown that the
largest acidic domain which makes the C-terminal tail is dispensable for its activity (Fujii
Nakata et al., 1992, Fujii Nakata et al., 1992, McBryant et al., 2003). Studies have
indicated that yeast NAP1 is an obligate dimer (McBryant et al., 2003). However, in vitro
studies at lower salt concentrations (~100mM), NAP1 is seen to be an oligomer of the
obligate dimers (McBryant and Peersen, 2004).

The crystal structure of yNAP1 was solved at a resolution of 3.0A (Park and
Luger, 2006b)(Figure 1.8A, B). This confirmed carlier data that yNAP1 is a homo dimer.
Both the N-terminal region and the C-terminal acidic tail were absent from the structure
because they were too disordered. A long a-helix is responsible for this dimerization.

This also exhibited a novel non coiled-coil fold (Park and Luger, 2006b).
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Figure 1.8: Structure of yNAP1

A. Top view of yNAP1 shown in cartoon representation.

B. Bottom view.

C. Top surface representation of yNAP1. Electrostatic potential surfaces (red —
negatively charged / blue — positively charged) were calculated in PyMOL.

D. Bottom view of yNAP1.
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A sub-domain C that is comprised of anti-parallel B-sheets is a critical domain in yNAP1.
This domain exhibits some similarity to other histone chaperones, such as nucleoplasmin,

ASF-1, and CAF-1. Residues 290-295 of yeast NAP form the NLS (Nuclear Localization
Signal). These residues are part of a short antiparallel B-sheet formed by strands 5 and
B6 that protrudes from the main structure. The surface representation of yNAP1 shows an
interesting distribution of charge. The concave “bottom” side of yNAP1 is highly acidic
(figure 1.8 C, D). This region might be involved in interacting with the positively charged

histones or their tails.

The C-terminal acidic domain

The C-terminal acidic domain (CTAD) of yNAP1 is not necessary for yNAP1 to
function in nucleosome assembly (Fujii Nakata et al., 1992), but our studies have shown
that the CTAD is essential for histone exchange and nucleosome sliding (Park et al.,
2005). Despite low levels of homology, all NAP1 species and other histone chaperones
like ASF1, nucleoplasmin, etc. exhibit this acidic domain to a certain extent. In the case
of Drosophila NAP1, the CTAD has more aspartates than glutamates, compared to
yNAP1. Interestingly, Drosophila NAP1 can undergo a post-translational modification of
the tail called polyglutamylation wherein a stretch of 10-13 glutamates is added, thereby
increasing the glutamate content of the tail. Chapter V of this thesis looks at the effect of

the CTAD of yNAP1 on a novel function we refer here as the “scavenging activity” of

yNAPI1.
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1.9 Kaposi’s Sarcoma Herpes virus and Latency Associated Nuclear Antigen.

Kaposi Sarcoma

Kaposi's sarcoma (KS) is a cancer-like disease. It usually shows up on the skin, or
in the linings of the mouth, nose, or eyes. KS can also spread to the lungs, liver, stomach,
intestines, and lymph nodes. KS lesions contain tumor cells with a characteristic
abnormal elongated shape, called spindle cells derived from endothelial origins (Boshoff
and Weiss, 1997, Chang et al., 1994). The KS is a slowly progressing tumor, which has a
low potential of being malignant in immuno-competent patients. However, in the case of

immuno-suppressed patients this can be fatal (Ganem, 1997).

Kaposi Sarcoma associated Herpes Virus (KSHYV)

The primary cause of KS is the herpes virus HHV-8, also referred to as Kaposi's
sarcoma-associated herpes virus (KSHV). The KSHV is a member of the y2- herpes virus
family with a 165-kb genome (Chang et al., 1994). The viral genome of KSHV consists
of a 140kb-long unique coding region flanked by multiple GC-rich 800bp terminal
repeats (TR). There are at least 90 ORFs. The function of many genes has been assigned
based on the known roles of homologues in other herpes virus. Only very few genes are
expressed during viral latency in tumor cells in vivo. These include LANA (latency
associated nuclear antigen) and the D-type cyclins.

Latency Associated Nuclear Antigen (LANA)
LANA is a 234-kDa nuclear phosphoprotein (Kedes et al., 1997; Rainbow et al,,

1997) that is seen associated with nuclear heterochromatin during interphase and with
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chromosomes in the mitotic phase. Figure 1.9A shows the predicted folding index of the
protein. The gene coding for LANA is expressed from the ORF 73 of the KSHV genome
as a polycistronic mRNA coding for a cyclin homolog and FLIP along with LANA.
LANA is localized to the nucleus, where it is distributed throughout the nucleoplasm, and
also accumulates in speckles referred to as LANA bodies (Rainbow et al., 1997, Kellam
et al., 1997 Renne et al., 2001)

To attain latency, KSHV has to undergo the following:

1. Ensure propagation of the viral genome

2. Suppress the lytic program

3. Stimulate host cell proliferation

4. Interfere with cellular tumor suppression functions and

5. Block pro-apoptotic pathways (Wong et al., 2004).

LANA has been implicated in all the above mentioned processes.

LANA can act as a transcriptional activator of certain promoters and as repressors
of certain promoters. The mechanism and the specificity of repression and activation of
genes are not yet clearly understood. One of the major roles though, is to tether the viral
DNA to the mitotic chromosomes (Ballestas et al., 1999). This is achieved when LANA
binds to two 17bp nucleotide motifs, LBS1 and LBS2, located in the Terminal Repeat
(TR) region of the KSHV genome via its c-terminal domain. As stated earlier, LANA can
activate or repress several cellular and viral promoters (Viejo-Borbolla et al., 2003).
LANA can activate cellular transcription factors like CREB, CBP, SP1 (Krithivas et al.,
2000, Lim et al., 2003, Radkov et al., 2000). At the same time, LANA has also been

implicated in directly binding to p53 and also p53-dependent promoters and repressing
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them (Friborg et al., 1999). Figure 1.9 B shows the binding sites for different nuclear
proteins on LANA and other functionally important regions
LANA protein can be divided into 3 distinct domains:

1. The N-terminal 340 AA is extremely proline-rich and contains several PXXP
motifs, which are potential binding sites for SH3 domain-containing proteins, a
common domain seen in apoptosis-related proteins.

2. The central region contains three different highly repetitive blocks of acidic
residues; similar domains often function in transcriptional activation in viral and
cellular transcription factors.

3. The C-terminal domain contains a putative nuclear localization site, and partially
overlapping with the central domain is a leucine zipper repeat motif.

The C- terminal region also acts as a multimerization domain, letting LANA form stable
dimers. Both the N- and C- terminal regions have a putative NLS (nuclear localization
sequences) and can independently localize to the nucleus (Piolot et al., 2001, Schwam et
al., 2000). Amino acids 1-22 of LANA form what is called the chromosome-binding site
(CBS). These 22 amino acids are essential for the interaction of LANA with the mitotic
chromosomes. Their deletion inhibits the episomal maintenance of the oriP- based KSHV
plasmid (Shinohara et al., 2002). Interestingly these two functions were rescued when
full-length LANA was fused with H1. Mutation analysis by Barbera et al (2004) has also

showed that amino acids 5 to 13 are sufficient for chromosome association.
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Figure 1.9: Latency Associated Nuclear Antigen.
A. Fold-index plot (http://bip.weizmann.ac.il/fldbin/findex) of full-length LANA
showing the folded (green) and unfolded (red) regions.

B. Binding sites for different nuclear proteins on LANA. Adapted from (Viejo-

Borbolla et al., 2003).
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http://bip.weizmann.ac.il/fldbin/fmdex

Residues 5 to 13 are also essential for LANA-mediated DNA replication since alanine
substitutions for SGMR7, 8LRS10, and 11GRS13 all abolished DNA replication (Barbera
et al., 2004). LANA residues 5 to 13 likely associate with chromosomes via an
interaction with a cell protein(s) associated with chromosomes. One of the proteins that
has been proposed as a candidate cell protein through which the LANA N- terminus
associates with chromosomes is MeCP2 (Krithivas et al., 2002).

Chapter II of this thesis describes a study of the binding of LANA to the
nucleosome at a molecular level, and chapter III of this thesis deals with the effect of

LANA binding on chromatin condensation.
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1.10 Specific aims and layout of the thesis

The work outlined in this dissertation aims to investigate the structural and
functional aspects of chromatin and nucleosome binding proteins. This dissertation has
concentrated on studying the interaction of viral proteins like LANA and histone
assembly factor like yNAP1 to mono-nucleosomes and its effect on chromatin
compaction. We have used varied biophysical techniques like X-ray crystallography,
analytical ultracentrifugation, fluorescence spectroscopy and atomic force microscopy to
study these biological questions.

Chapter II analyzes, at molecular resolution, how the surface of the nucleosome
can act as a docking station for the viral protein LANA. This chapter employs X-ray
crystallography, biochemistry and cell biological techniques to determine the binding site
for the viral protein. This chapter demonstrates the importance of the nucleosomal
surface in chromatin compaction.

In Chapter III we used biochemical and biophysical techniques to determine the
role of the nucleosomal surface in formation of higher order structures in chromatin.
Using analytical ultracentrifugation and differential centrifugation studies on
nucleosomal arrays, we show that changes in the nucleosomal surface either through
point mutations or through binding of trans-acting proteins, leading to difference in
chromatin compaction.

Chapters IV and V are directed to studying the effect of the histone chaperone
yNAP1 on the nucleosomes and chromatin. In Chapter IV we show that yNAP1 can
exchange histone dimers into preformed nucleosomes. We also demonstrate that yNAP1

can slide nucleosomes on a 196mer DNA from a centrally positioned to an end-
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positioned state during this process. We show that the C-terminal tail of yNAPI is
essential for both these functions. We further study this C-terminal tail in detail in
Chapter V where we show that this is essential for cleaning any misassembled mono-
nucleosomes and chromatin using analytical ultracentrifugation and atomic force

microscopy.
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CHAPTER 11

The nucleosomal surface as a docking station for Kaposi’s sarcoma

herpesvirus LANA

(LANA binding to the histone dimer)
This chapter was published in the journal Science. Andrew J. Barbera and Jayanth V.
Chodaparambil were co-first authors A.J.B did all the cell biology and the pull-down

experiments. J.V.C. did all the X-ray crystallography experiments.
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ABSTRACT

Kaposi's sarcoma-associated herpesvirus latency-associated nuclear antigen (LANA)
mediates viral genome attachment to mitotic chromosomes. We find that N-terminal
LANA binds nucleosomes through the folded region of histones H2A-H2B. The same
LANA residues were required for both H2A-H2B binding and chromosome association.
Further, LANA did not bind Xenopus sperm chromatin, which is deficient for H2ZA-H2B.
Binding was rescued after assembly of nucleosomes containing H2A-H2B. We also
describe the 2.9 A crystal structure of a nucleosome complexed with the first 23 LANA
amino acids. The LANA peptide forms a hairpin that interacts exclusively with an acidic
H2A-H2B region that is implicated in the formation of higher order chromatin structure.
Our findings present a new paradigm for how nucleosomes may serve as binding

platforms for viral and cellular proteins, and reveal a novel mechanism for KSHV latency.
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Kaposi’s sarcoma-associated herpesvirus (KSHV) has an etiological role in
Kaposi’s sarcoma (KS), the predominant AIDS malignancy, primary effusion lymphoma
(PEL) and multicentric Castleman’s disease(Cesarman et al., 1995; Chang et al., 1994;
Moore and Chang, 1995; Soulier et al., 1995). KSHV persists as a multi-copy episome in
latently infected tumor cells (Ballestas et al., 1999; Decker et al., 1996). Viral genomes
lack centromeres, which govern faithful DNA partitioning in eukaryotic cells, and use a
distinct segregation mechanism in which KSHV latency-associated nuclear antigen
(LANA) tethers episomes to mitotic chromosomes. LANA is required for episome, and
thus tumor, persistence and interaction with mitotic chromosomes is essential for its
function. The first 22 residues comprise the dominant LANA-chromosome association
region since the C-terminal domain is unable to rescue chromosome association in
mutants that are deleted for or contain specific mutations within the N-terminal region
(Barbera et al., 2004; Krithivas et al., 2002; Piolot et al., 2001; Shinohara et al., 2002).We
therefore sought to determine the chromosome docking partner of the LANA N-terminus.

Genetic analysis of LANA’s chromosome binding region was central to our
strategy for characterization of putative docking partners. Transient assays have shown
LANA sGMRy, sLRS;o, and 1;GRS;; (Fig. 2.1A), lack chromosome association, and
LANA 4TG5, may have reduced affinity for chromosomes (Barbera et al., 2004). To
further investigate LANA 4TG5, we stably expressed these mutants in uninfected BJAB
cells at levels similar to those of LANA in infected PEL cells. LANA (green) tightly
associated with chromosomes (red) (overlay generates yellow) while LANA sGMRy,

sLRS1¢, and 1;GRS;3 (green) did not (Fig. 2.1B). LANA 4TG5 (green) associated with
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Figure 2.1. LANA N-terminus chromosome binding.

(A) LANA scanning alanine mutants with summaries for chromosome binding, episome
persistence (Barbera et al., 2004), and H2A-H2B binding.

(B) Metaphase spreads of BJAB cells, and BJAB cells stably expressing LANA, LANA
5GMR7, -sLRS10, -11GRS3, or -14TG1s. Overlay of LANA (green) and chromosomes (red)
generates yellow. Cells containing KSHV episomes are indicated. Arrows denote LANA

141Gys dots that have detached from chromosomes. (630X)
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chromosomes (red) (overlay generates yellow), but also distributed between
chromosomes, indicating weak association. We also investigated LANA 14TGys
chromosome association in cells with KSHV episomes. In contrast to its broad
distribution over chromosomes in the absence of KSHV episomes, LANA concentrates to
dots along mitotic chromosomes at sites of episomes with iterated LANA binding sites,
consistent with its role in tethering KSHV DNA to chromosomes (Ballestas et al., 1999;
Cotter and Robertson, 1999). Although LANA dots always tightly associated with
chromosomes, ~30% of mitotic cells had LANA 14TG;5 dots which were detached

from chromosomes (Fig. 2.1B, arrows). Since LANA dots are sites of KSHV DNA,
LANA 14TG;s dots not associated with chromosomes indicate inefficient episome
partitioning. This finding follows our previous observation that TG is deficient in
supporting episome persistence (Barbera et al., 2004).

To identify N-terminal LANA’s mitotic chromosome binding partner, we affinity
purified interacting proteins. BJAB cells stably expressing GFP fused to LANA 1-32
(GFP LANA 1-32), or GFP fused with a nuclear localization signal (GFP NLS), were
generated (Fig. 2.1C). GFP does not affect LANA’s chromosome localization(Barbera et
al., 2004) or its ability to mediate episome persistence (Tetsuka et al., 2004). Proteins that
interacted specifically with GFP LANA 1-32 were identified by co-immune precipitation
followed by mass spectrometry (Fig. 2.1D). These included large amounts of core
histones H2A, H2B, H3, and H4, as well as Ku70, Ku80, PARP1, and BAB14565, a
protein with high homology to the histone variant macroH2A. We determined, using
knockout mouse embryo fibroblasts (MEFs), that Ku70, Ku80 and PARP1 do not

mediate LANA chromosome association (Fig. S1, SOM text).
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Figure 2.1. LANA N-terminus chromosome binding.

(C) Metaphase BJAB cells stably expressing GFP NLS or GFP LANA 1-32. (630X)

(D) Proteins co-precipitating with GFP LANA 1-32 (lane 2) were identified after
resolution in a 4-16% gradient gel. HC, heavy chain; LC, light chain; (*), GFP; (®), GFP
LANA 1-32. The intense histone Coomassie staining is due to their arginine-rich nature

and the stoichiometry of histones within nucleosomes.
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The diffuse distribution of the LANA N-terminus over mitotic chromosomes and the
efficient precipitation of core histones strongly suggested that core histones mediate
LANA chromosome docking. To further investigate this possibility, we assayed whether
N-terminal LANA bound histones during mitosis. GFP LANA 1-32 was immune
precipitated from asynchronous cells (~5% mitotic) (Fig. 2.2A, lane 2), or from
metaphase arrested cells (~85% mitotic) (Fig. 2.2A, lane 5). Despite the 17 fold
difference in mitotic index, core histones precipitated similarly from asynchronous and
metaphase-arrested cells. These results indicate LANA associates with core histones
throughout most or all of the cell cycle.

We determined whether full-length LANA also associated with core histones.
GFP LANA 1-32 and GFP LANA, but not GFP NLS, efficiently precipitated core
histones after expression in COS cells (Fig. 2.2B). We also investigated LANA’s
association with core histones in KSHV-infected BCBL-1 PEL cells. After incubation
with anti-LANA monoclonal antibody or polyclonal serum, histone H2B was precipitated
from BCBL-1 cells, but not uninfected BJAB cells (Fig. 2.2C, D). Therefore, LANA
interacts with core histones in KSHV-infected tumor cells.

We investigated whether the LANA N-terminus directly binds nucleosome core
particles (NCPs), which consist of two copies each of core histones H2A, H2B, H3 and
H4, organizing ~147 bp of DNA (Luger et al., 1997). GST LANA 1-23, but not GST,
directly bound and precipitated purified nucleosomes (Fig. 2.2E). Further, GST LANA

1-23 supershifted recombinant nucleosomes in a native gel (Fig 2.2F).
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Figure 2.2. Core histones interact with residues critical for LANA chromosome binding.
(A) GFP LANA 1-32 was immune-precipitated from asynchronous or metaphase-arrested
BJAB cells and proteins detected by Ponceau S (above) or H2B immunoblot (below).
Input, 3%; Pellet, 10%.

(B) GFP NLS, GFP LANA 1-32, or GFP LANA were immune-precipitated from COS
cells, and H2B detected by immunoblot. GFP LANA 1-32 is expressed at higher levels

than GFP LANA, accounting for the greater amount of precipitated H2B in lane 2.
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Figure 2.2. Core histones interact with residues critical for LANA chromosome binding.
(C) Immune precipitations were performed from KSHV-infected BCBL-1 or uninfected
BJAB cells using anti-LANA monoclonal antibody (mAb) or polyclonal serum (pAb).
H2B was detected by immunoblot. The increased H2B signal obtained with polyclonal
serum was due to more efficient LANA precipitation with this antibody (D).

(D) LANA immunoblot of extracts from (C).

(E) Hl-depleted nucleosomes were incubated with GST or GST LANA 1-23, and
precipitated histones detected by Coomassie. Input, 30%.

(F) Nucleosomes were incubated with GST LANA 1-23 or GST LANA LRS, resolved by

5% native PAGE, and detected by Coomassie.
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Experiments investigated whether core histones interact with LANA residues
necessary for chromosome association. GFP LANA 1-32 and GFP LANA 0RGS;,,
which associate with chromosomes, precipitated core histones from COS cells, while
GFP LANA sGMR5, which does not associate with chromosomes, did not (Fig. 2.2G).
Further, GST LANA 1-23 sPLT}9 and ,0RGS;; bound purified nucleosomes and those
from BJAB cell extracts (Figs. 2.2H, Fig. S2). In contrast, GST LANA 1-23 sGMRj,
sLRS10, and 11GRS;3, substituted at residues essential for chromosome binding, did not
bind histones (Fig. 2.2F, 2.2H; Fig. S2). GST LANA 1-23 14TG;5 bound nucleosomes at a
reduced level (Figs. 2.2H, Fig. S2), similar to the reduced chromosome binding with this
mutation (Fig. 2.1B). Thus, the same LANA residues are critical for histone and
chromosome binding, providing strong evidence that core histones mediate LANA
chromosome attachment.

We next investigated through which histones the LANA N-terminal region binds
nucleosomes. GST LANA 1-23 and GST were incubated with acid-extracted histones,
which contain core histone H2A-H2B dimers and H3-H4 tetramers. GST LANA 1-23
precipitated histones H2A and H2B, but not H3 and H4 (Figure 2.3A). GST did not bind
histones. Antibody that detects both histones H1 and H2B confirmed the H2B binding
and demonstrated that GST LANA 1-23 does not bind linker histone H1 (Fig. 2.3B).
Experiments also investigated whether LANA bound the tails or folded domain of H2A-
H2B. GST LANA 1-23 precipitated both recombinant full-length H2A-H2B and tailless
H2A-H2B (Fig. 2.3C). These results indicate that the LANA N-terminus specifically

binds nucleosomes through the folded domain of H2A-H2B.
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Figure 2.3 Core histones interact with residues critical for LANA chromosome
binding.

(G) Proteins immune-precipitated by GFP or GFP fusions were detected by SYPRO
Ruby. Lane 1, purified histones.

(H) GST fusion proteins were incubated with H1-depleted nucleosomes. GST fusions

were detected by Coomassie, and precipitated H2B detected by immunoblot.
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Figure 2.3 Histones H2A-H2B are essential for LANA N-terminal chromosome
binding.

(A) GST or GST LANA 1-23 was incubated with purified histones, and bound histones
detected by Coomassie. Lane 1, 30% input.

(B) GST LANA 1-23 or GST LANA 1-23 sGMR7 was incubated with purified histones,
and precipitated H1 and H2B detected by immunoblot. Lane 1, 30% input.

(C) GST LANA 1-23 or GST LANA 1-23 sGMR7 was incubated with full-length or
tailless H2A-H2B dimers, and precipitated H2B detected by immunoblot. Input, 30%.

(*), degradation product.
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We wished to directly demonstrate that the LANA N-terminus uses H2A-H2B to

bind chromosomes. We utilized Xenopus laevis sperm chromatin, which is naturally

deficient in H2A-H2B, and instead contains sperm-specific basic proteins X and Y. In
addition, Xenopus sperm lack H1(Murray, 1991; Philpott and Leno, 1992; Philpott et al.,
1991). Upon incubation with high speed supernatant (HSS) from Xenopus egg lysate,
egg cell-derived nucleoplasmin protein mediates sperm chromatin decondensation and
replacement of X and Y with egg H2A-H2B dimers. To verify LANA chromosome
binding in this system, HSS-treated chromatin, which contains wild-type H2A-H2B
dimers, was incubated with GST fusions. GST LANA 1-23 bound sperm chromatin that
had undergone H2A-H2B deposition through HSS treatment, but GST LANA 1-23
sGMR; and GST did not (Fig. 2.3D). No LANA protein precipitated in the absence of
chromatin. Therefore, N-terminal LANA binds Xenopus chromosomes after H2A-H2B
deposition.

We wished to stringently assay whether H2A-H2B were required for LANA
chromosome binding. HSS contains other factors in addition to H2A-H2B and
nucleoplasmin.  We therefore employed a purified system with nucleoplasmin and
recombinant H2A-H2B dimers in place of HSS. GST LANA 1-23 did not bind H2A-
H2B-deficient sperm chromatin that had been treated with buffer or with purified
nucleoplasmin alone. However, after incubation with nucleoplasmin and recombinant
histone H2A-H2B dimers, which allows for deposition of histones H2A-H2B into sperm
chromatin, GST LANA 1-23 specifically bound sperm chromatin (Fig. 2.3E). Thus,

H2A-H2B is essential for LANA chromosome binding.
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Figure 2.3 Histones H2A-H2B are essential for LANA N-terminal chromosome
binding.

(D) GST, GST LANA 1-23, or GST LANA 1-23 sGMR7, was incubated with or without
Xenopus HSS-treated sperm chromatin, and chromatin-bound GST proteins detected by
immunoblot. Input, 10%.

(E) GST LANA 1-23 or GST LANA 1-23 sGMR; was incubated with Xenopus sperm
chromatin in buffer alone, with purified nucleoplasmin (Npl), or with nucleoplasmin plus

H2A-H2B dimers. Chromatin-bound GST proteins were detected.
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We solved the X-ray crystal structure of LANA residues 1-23 complexed with the
NCP. Data collection and refinement statistics are summarized in Table S1. Fig. 2.4A
shows a 2Fo-Fc map of the final model of the LANA peptide, contoured at 2 6. LANA
forms a tight hairpin that is stabilized by five intra-molecular hydrogen bonds (three -
type interactions, and two side-chain/main chain interactions; Fig. 2.4A and C) and by
numerous hydrogen bonds and van der Waals contacts with the nucleosomal surface
(below).

Consistent with the biochemical experiments (Fig. 2.3A-C), the LANA peptide
interacts exclusively with the H2A-H2B dimer within the nucleosome (Fig. 4B). Histone
fold regions and extensions of H2A and H2B are implicated in the interaction, but not the
flexible histone tails. The hairpin is wedged between the aC and al helix of H2B (Fig.
2.4C); the turn of the hairpin abuts the H2A docking domain that forms a major
interaction interface between the H2A-H2B dimer and the (H3-H4), tetramer (Luger and
Richmond, 1998b). The L1 loop of H2B as well as the a2 and a3 helices of H2A are
also involved in LANA binding, consistent with the requirement for a folded (H2A-H2B)
dimer for LANA binding. Molecular details of the interactions between LANA and the
nucleosome are shown in Fig. S3 (SOM text). Substitution of individual LANA amino
acids 5-16 demonstrated that residues important for chromosome association (Fig. S4,
SOM text) have critical roles in the interaction between LANA and the NCP. Of note, the

overall structure of the nucleosome is maintained upon LANA binding (Fig. 2.4B).
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Table S1: X-ray refinement statistics

Resolution (A) 50-2.9
Ryorid Riree 0.22/0.28
Number of atoms 12466
Protein® 5986
DNA 6272

Ligand (LANA)® 100

Water 66
B-factors
Protein 394
DNA 89.6

Ligand (LANA) 76.1
Water 31.41
R.m.s deviations

Bond lengths (A)  0.013

Bond angles (°) 1.51

H4’:24-102, H2A: 14-120, H2A’: 14-120, H2B: 30-122, H2B’: 30-122, LANA: 4
-17. The remaining histone tails and LANA regions were too disordered to be

included in the final model.
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Figure 2.4 Structure of the LANA — nucleosome complex.

A) Stereo view of a section of the final 2fo-Fc electron density map calculated at 2.9 A
and contoured at 2 o, depicting the LANA peptide. The intramolecular hydrogen bonds

are represented as red dots.
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Figure 2.4 Structure of the LANA — nucleosome complex.
B) Space-filling representation of the nucleosome-LANA complex. H2A is shown in

yellow, H2B in red, H3 in light blue, H4 in green and LANA in dark blue. DNA is silver.
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Interactions of LANA with the NCP resemble those between the NCP and the H4 N-
terminal tail from a neighboring nucleosome within the crystal lattice (Fig. 2.4D) (Davey
et al., 2002). Both peptides interact with the same conserved acidic patch comprised of
several residues from H2A and H2B on the highly contoured nucleosomal surface (Luger
and Richmond, 1998a). Despite a lack of sequence homology between the LANA peptide
and the N-terminal tail, many of the targeted residues in H2A and H2B are the same (see
LANA Arg 9 and H4 Arg 19 in Fig. 2.4C and 2.4D, respectively). The interaction shown
in Fig. 2.4D is essential for nucleosome crystallization (Luger et al., 1997), and
biophysical experiments have indicated a unique role for the H4 tail and acidic patch
interaction in the formation of chromatin higher order structure (Dorigo, 2003; Fan et al.,
2004).

Analysis of the molecular surfaces of both the LANA peptide and the H2A-H2B
dimer demonstrates excellent shape- and charge- complementarity (Fig. 2.4E), indicating
that the LANA N-terminal region has evolved to recognize this region within the NCP
with high specificity. LANA Arg 9 and Ser 10 point into the acidic pocket formed by
H2A and H2B, and hydrophobic LANA residues are inserted deep into a cleft delineated
by the aC helix of H2B (Fig. 2.4F). The LANA-peptide interaction buries 1340 A%, well
within the range that is considered to be a stable interaction (Jones and Thornton, 1996),
and which is significant considering that only fourteen residues of LANA contribute to
the interaction. For comparison, the molecular surface buried by the H4 tail — NCP

interaction (Fig. 2.4D) is only 680 A? and contains larger cavities.
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Figure 2.4 Structure of the LANA — nucleosome complex.

C) Overview of LANA interaction with the H2A-H2B dimer within the NCP. Only H2A
(yellow ribbon), H2B (red ribbon), and LANA (blue sticks) are shown. Intramolecular
and intermolecular bonds are shown as red and blue dashes, respectively. Secondary
structural elements in the histones are indicated. D) Crystal contact between the H4 tail
and the H2A-H2B dimer. Orientation and coloring of H2A and H2B is shown as in C),

the H4 tail is shown in green.
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Figure 2.4 Structure of the LANA — nucleosome complex.

E) LANA recognizes distinct features of the nucleosomal surface. Charged surfaces (red
— negatively charged / blue — positively charged) were calculated with GRASP (35). The
H2A-H2B dimer (left) and LANA are shown individually; LANA has been rotated by
90° along the y axis. The H2A-H2B dimer is in approximately the same conformation as

in Fig 4C.
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Figure 2.4 Structure of the LANA — nucleosome complex.

F) Top view of LANA bound to the histone dimer within the NCP (rotation by 90°
around y, and 180° around x with respect to the view in E). Only the H2A-H2B dimer

(charged surface) and LANA (stick model) are shown.
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This work demonstrates that LANA’s N-terminal chromosome association is
mediated by H2A-H2B, and not by the earlier proposed candidates methyl-CpG binding
protein 2 (MeCP2) or H1 (Cotter and Robertson, 1999; Krithivas et al., 2002). It was
previously reported that LANA did not associate with murine chromosomes unless
human MeCP2 was co-expressed (Krithivas et al., 2002). In contrast, we found that
LANA bound murine chromosomes (Fig. S1); MeCP2 was not identified from our
affinity purification. Histone H1 did not bind the LANA N-terminus, and was not
required for LANA to bind Xenopus chromatin (Fig. 2.3B,E). These results also differ
from proposed chromosome binding mechanisms for other episome maintenance proteins.
Epstein-Barr virus EBNA1 binds chromosomes through the nucleolar EBP2 protein or
AT hooks and bovine papillomavirus E2 through the bromodomain protein Brd4(Kapoor
et al., 2001; Sears et al., 2004; You et al., 2004).

This work may also link H2A-H2B binding to LANA’s transcriptional regulatory
effects (Krithivas et al., 2000; Renne et al., 2001). An intriguing possibility is that LANA
may affect transcription by regulating transient H2A-H2B removal from nucleosomes
through complexes such as FACT or NAP-1 (Orphanides et al., 1998; Park et al., 2004).
Histone modifications regulate transcription and may also affect LANA’s affinity for
nucleosomes and effects on chromatin, although experiments with bacterially expressed
protein (Figs. 2.2, 2.3, 2.4) indicate that histone modifications are not required for

binding.
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This work indicates a role for H2ZA-H2B in LANA-mediated DNA replication and
episome persistence, since these functions are dependent on N-terminal LANA
chromosome binding(Barbera et al., 2004). Interestingly, H1 in place of the LANA or
EBNA1 chromosome association domain restored episome persistence, whereas H2B and
H3, respectively, did not, perhaps due to positional restrictions related to the covalent
linkage (Hung et al., 2001; Sears et al., 2004; Shinohara et al., 2002; Yates et al., 1985).
Of note, LANA has a C-terminal chromosome association domain but it cannot rescue
chromosome binding of N-terminal mutated LANA (Fig. 2.1B, (Barbera et al., 2004;
Shinohara et al., 2002) and does not have a detectable role in episome persistence
(manuscript in preparation). The distribution of H2A-H2B throughout chromosomes
provides a platform through which LANA-tethered episomes can efficiently segregate to
progeny nuclei. Strategies which interrupt the interaction between LANA and H2A-H2B
may provide effective treatment and prevention of KSHV-associated diseases.

The x-ray crystal structure shows that a hairpin formed by KSHV LANA residues
5-13 interacts with eukaryotic chromatin by binding to an acidic patch formed by H2A-
H2B within the nucleosome. Thus, LANA has evolved to utilize the differentially
charged and contoured surface of the nucleosome as a “docking station” for episome
attachment. The concept of the nucleosomal surface (as opposed to the flexible histone
tails) as an interaction platform has been proposed earlier (Dorigo, 2003; Luger et al.,
1997; Park et al., 2002; Suto et al., 2000; van Leeuwen et al., 2002); we now report the
first structure of a protein complexed with the nucleosome. It appears that an important
function of histones, in addition to maintaining interaction with other histones to form the

octamer, and to compacting genomic DNA, is to maintain a distinct surface landscape
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that is utilized as a docking platform by cellular and viral factors. Such interactions may
locally affect nucleosome dynamics, and/or alter chromatin higher order structure, with

profound implications for transcription of underlying DNA regions.
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Supporting Materials

2.3 Methods

Plasmids, cell lines, and microscopy. GFP NLS (Hung et al., 2001) has the green
fluorescent protein (GFP) gene fused to a nuclear localization signal (NLS). GFP LANA
1-32 contains the indicated LANA amino acids downstream of GFP (Barbera et al., 2004).
GST LANA 1-23 has the indicated LANA residues downstream of GST in the vector
pGEX-KG (Guan and Dixon, 1991). Scanning alanine substitutions within GST LANA
1-23 were generated by PCR mutagenesis and sequence confirmed. Point mutations
within LANA 1-32 were generated by QuickChange Mutagenesis II kit (Stratagene) and
sequence confirmed. BJAB B lymphoma cells stably expressing GFP NLS or GFP
LANA 1-32 were generated using neomycin. BJAB cells stably express FLAG epitope-
tagged wild-type LANA (Ballestas et al.,, 1999) or LANA with alanine substitution
mutants(Barbera et al., 2004). Ku80+/-, Ku80-/- (Nussenzweig et al., 1996), PARP1 -/-
and PARP1 +/+ (Gwack et al., 2003) MEFs were described. BJAB cells were transfected
as described(Barbera et al, 2004) and adherent cells were transfected with
Lipofectamine 2000 reagent (Invitrogen). Metaphase spreads and confocal microscopy
were performed as described (Barbera et al., 2004), except cells were cytospun onto glass

slides.

Immune precipitations and protein detection. For affinity purification, 1 x 10° BJAB
cells expressing GFP LANA 1-32 or control GFP NLS were lysed in 40 mL of IP buffer
(50 mM HEPES pH 7.2, 250mM NaCl, 10% glycerol, 2mM EDTA, 1% NP-40, 0.1 mM

PMSF, 1pg/mL aprotinin, 1 pg/mL leupeptin, and 0.7 pg/mL pepstatin) at 4°C with brief
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sonication. Protein was precipitated with anti-GFP polyclonal serum (Clontech) followed
by protein G bead capture. Gel slices were analyzed by tandem mass spectrometry at
Partners HealthCare Center for Genetics and Genomics (HPCGGQG).

Lysis for smaller scale immune precipitations was performed with IP buffer and
lysates were supplemented with SmM MgSO, and 2mM CaCl, and incubated with 50 pg
DNAse I (Sigma) at 4°C x 45 min, pvrior to the addition of antibody. DNAse I treatment
was again performed on collected protein G beads. DNAse I cleaves DNA between
nucleosomes but does not disrupt mononucleosomes, and limits nonspecific co-
precipitations bridged by DNA. Anti-H2B (and anti-H1) antibody (Upstate) at 1:1000
dilution was used in conjunction with HRP-conjugated secondary antibodies (Southern
Biotechnology) and ECL reagents (Perkin Elmer). Alternatively, protein was detected

with Coomassie Brilliant Blue G250 or Sypro RUBY (Molecular Probes).

GST fusion protein binding assays. GST fusion proteins were expressed in E. coli and
collected on glutathione sepharose beads (Amersham). Full-length H2A-H2B dimers and
tailless H2A-H2B dimers (H2A, residues 13-118; H2B, residues 27-122) were purified
from E. coli (Luger et al., 1999). GST precipitations were performed in precipitation
buffer (150 mM NaCl, 50mM Tris-pH 7.5, 10% glycerol, 0.1% NP-40, 0.5 mM DTT,
Ipg/mL aprotinin, 1 pg/mL leupeptin, and 0.7 pg/mL pepstatin) overnight at 4°C, and
washed in above buffer supplemented to 250mM NaCl. For GST precipitations from cell
extracts, BJAB cells were lysed in IP lysis buffer, pre-cleared with GST beads, and
incubated overnight at 4°C with GST fusion proteins, with DNAse treatment. For gel

shift assays, recombinant NCPs, prepared as described (Dyer et al., 2004), were

64

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



incubated with 5-fold excess of GST fusion proteins for 10 hours at 4° C in buffer (20mM

Tris pH 7.5, ImM EDTA, 1mM DTT) and analyzed by 5% native PAGE.

Xenopus laevis sperm chromatin binding assays. Xenopus laevis sperm were obtained

and demembranated nuclei prepared (Walter and Newport, 1997; Walter, 2000). Xenopus
eggs were lysed and high speed supernatant (HSS) generated. Adenosine triphosphate
(ATP)-regeneration system(Smythe and Newport, 1991), nocodazole (3ug/mL), and GST
fusion proteins (30 ng/ul) were added to HSS and the extract was then clarified by
centrifugation at 6000 x g for 5 minutes. Sperm chromatin was added to 10 ul of the
clarified extract at a concentration of 5000 nuclei equivalents per pl and incubated for 30
minutes at 22°C. Chromatin was isolated through a sucrose cushion as described
(Takahashi et al., 2004). GST was detected by immunoblot with anti-GST antibody
(Covance).

For decondensation reactions using purified factors, sperm chromatin was
incubated in Buffer D (50mM HEPES-KOH pH 7.8, 75 mM K-Acetate, 0.5 mM
spermidine, 0.15 mM spermine, 1 mM EGTA) (Philpott and Leno, 1992) for 30 min. at
22°C.  Where indicated, histone H2A-H2B dimers (40ng/ul) and nucleoplasmin
(900ng/pl) purified from Xenopus laevis eggs were added. H2A-H2B dimers were
expressed from a bicistronic vector in E. coli and purified using HiTrap SP FF columns

(Pharmacia).

X-ray crystal structure. Crystals of the NCP reconstituted with a palindromic 146mer

DNA fragment derived from human o-satellite DNA (Luger et al., 1997) were incubated
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with chemically synthesized LANA 1-23 ((MAPPGMRLRSGRSTGAPLTRGS;3).
Nucleosomes were crystallized using salting in vapor diffusion at NCP concentrations
ranging from 10-12 mg/ml with salt concentrations of 27.5 mM KCI and 35 mM of
MnCl,. The crystals were soaked in 24% 2-methyl, 2,4-pentanediol (MPD) containing
5% trehalose (Luger et al., 1997) and 5 mg/ml of LANA peptide. X-ray data were
collected on a Rigaku RU-H3R rotating anode generator (1.5418A Cu-Ka radiation) with
osmic confocal multilayer optics system, R-axis IV"™ image plate detector and an X-
stream cryocooling system. The data was processed with Denzo and Scalepack
(Otwinowski and Minor, 1997). PDB entry 1AOI was used as a search model for
molecular replacement. Molecular replacement and further refinements were done using
CNS (Rice et al., 1998). The model building was done using O (Jones et al., 1991). The
fidelity of the model was checked using simulated annealing omit maps during early
stages of the model building. The geometry of the final model was checked using a
Ramachandran plot with 90% of the amino acids in the most favored region, 8.8% of the
amino acids in the additionally allowed region, and 1.2% of the model lying in the
generously allowed region. Figures 2.4A-D were made using PyMOL molecular graphics

system (www.pymol.org). Figure 2.4E, F and occluded surface areas were done using

GRASP (Nicholls et al., 1991).
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Supporting Online Text

Ku70, Ku80, and PARP1 do not mediate LANA chromosome association. A role for
Ku70, Ku80 and PARP1 in mediating LANA chromosome association was assessed
using knockout mouse embryo fibroblasts (MEFs). GFP LANA 1-32 (green) tightly
associated with chromosomes (red) (overlay generates yellow) both in the absence
(Ku80-/-) and presence (Ku80+/-) of Ku80 (Fig. S1). The dramatic reduction of Ku70
expression in these cells (Nussenzweig et al., 1996) also did not affect GFP LANA 1-32’s
chromosome targeting. Further, GFP LANA 1-32 associated with chromosomes in the
absence (PARP-/-) and presence (PARP+/+) of PARP1 (Fig S1). Therefore, neither
Ku70, Ku80 nor PARP1 are the LANA N-terminal mitotic docking partner.

Interactions between LANA and the nucleosome. Details of the interaction between
LANA and the nucleosome are shown in Fig. S3. The main chain of one side of the
LANA hairpin (amino acids 5-8) makes three hydrogen bonds with three different amino
acid side chains in H2B oC (Fig. S3A). The complex is further stabilized by the
insertion of LANA Met 6 and Leu 8 into a hydrophobic region formed by the long o2
helix of H2A (Figs.S3B and 4F respectively). Of all LANA residues, Arg 9 makes the
most interactions with the H2A-H2B dimer: we count a total of five hydrogen bonds
between the side chain of LANA Arg 9 and residues in H2A that form the acidic patch
(H2A Glu 92, Glu 61, and Asp 90; Fig. S3C). Interactions with this particular region are
enforced by a hydrogen bond between LANA Ser 10 and H2A Glu 64 (Fig. S3C), and
between the main chain of LANA Arg 7 and H2B Glu 110. Thus, the LANA peptide
interacts with five of the seven amino acids that form the acidic patch on the nucleosomal

surface.
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Ku80+/-

PARP1+/+

Figure S1. Ku70, Ku80, and PARP1 do not mediate LANA N-terminal chromosome
association.

METF cells expressing GFP LANA 1-32 (green) were metaphase arrested and DNA
counterstained with propidium iodide (red) (overlay of green and red generates yellow).

(630X)
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Figure S2. Bound histones were detected by Coomassie after incubation of bacterially
expressed GST fusions with cell extract. Greater histone signal in lanes 9, 10 are due to

~50% more input GST fusion. (*), GST or GST fusion degradation products.

69

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure S3. Details of the LANA — nucleosome interactions. Coloring of histones and
LANA as in Fig. 2.4. Hydrogen bonds between LANA and histones are indicated by blue

dashed lines.
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Figure S3. Details of the LANA - nucleosome interactions. Coloring of histones and
LANA as in Fig. 2.4. Hydrogen bonds between LANA and histones are indicated by blue

dashed lines.
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Interactions between other LANA residues and the H2A-H2B dimer are less
abundant, and engage the side chains of LANA residues Ser 10, Arg 12, and the main
chain of Ser 13, Gly 15 (Fig. S3D). A glycine in position 11 maintains the B-turn. LANA
residue Arg 12 assumes two alternative side chain conformations (Fig. S3D) that are both
clearly visible in the original electron density map; both are involved in hydrogen
bonding with the main chain of the ol helix of H2B. Nevertheless, this residue can be
replaced with an alanine without significant reduction in LANA chromosome association,

unlike other LANA residues involved in interactions with the nucleosome (Fig. S4).

Individual LANA residues critical for chromosome association. We investigated the
importance of individual LANA residues for chromosome association since previous
experiments used triple alanine substitutions. Residues Gly 5, Met 6, Leu 8, Arg 9, Ser
10, and-Gly 11 were each essential for chromosome association since GFP fused to N-
terminal LANA (GFP LANA 1-32 (green)) with alanine substitutions at these sites did
not localize to chromosomes (red) (Fig. S4). In contrast, Arg 7, Arg 12, Ser 13, Gly 15,
and Ala 16 were each dispensable for chromosome association since GFP LANA 1-32
(green) mutated at each residue diffusely painted chromosomes (red) (overlay of green
and red generates yellow). Thr 14 had a role in chromosome association since GFP
LANA 1-32 mutated at this site diffusely painted chromosomes but also distributed
between them. These results are consistent with those of others who used point mutations

to investigate LANA chromosome association (Lim et al., 2004; Sears et al., 2004).
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'"MAPPGMRLRSGRSTGAPLTRGS >

Figure S4. Point mutation analysis of the KSHV LANA N-terminal region. Residues
essential for chromosome association are underlined at the top. Residues 5 through 15
were individually mutated to alanine. Alanine 16 was mutated to glycine. Panels are
denoted by the mutated residue. Mutations were generated in the context of GFP LANA
1-32. Each mutant was expressed in BJAB cells. Overlay of GFP LANA 1-32 (green)

and chromosomes (red) generates yellow. (630X)
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This work demonstrates that with the exception of Arg 7 which points outwards, away
from the H2A-H2B dimer, LANA residues 5 — 11 are each essential for binding of
LANA to chromatin. The presence of the two glycine residues at strategic places appears
to be essential to maintain the hairpin structure. The moderate importance of T14 is
consistent with its role in stabilizing the lower portion of the hairpin via a hydrogen bond

(Fig 2.4A).
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CHAPTER III

A charged and contoured surface on the nucleosome opposes tail- dependent
chromatin compaction
Jayanth V. Chodaparambil, Andrew J. Barbera, Xu Lu, Kenneth Kaye, Jeffrey C. Hansen,

and Karolin Luger

(Surface representation of LANA bound nucleosome)

This chapter has been submitted for publication. J.V.C did all the experiments. X.L and

A.J.B. gave technical suggestions.
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Abstract

Nucleosomes are dynamic nucleoprotein assemblages that play a central role in
regulating genome structure and accessibility. In addition to maintaining the first level of
DNA compaction, they participate in multiple reversible self-association interactions that
govern chromatin fiber structure. Local nucleosome-nucleosome interactions in cis drive
fiber folding, while interactions in trans lead to cooperative fiber-fiber
oligomerization. The N-terminal tail domains of the core histones are essential for both
types of interactions, functioning through largely unknown mechanisms. Here we
demonstrate that peptides derived from the histone H4 tail and Kaposi’s sarcoma
herpesvirus LANA protein compete with and replace the endogenous H4 tails leading to
folding and oligomerization of model nucleosomal arrays. Neutralization of an H4
tail/LANA binding site on the histone octamer surface via site-directed mutagenesis
enhanced rather than abolished nucleosome-nucleosome interactions in cis and trans.
These results imply that ‘tethering’ of nucleosomes via histone tail- nucleosome
interactions is not an absolute requirement for folding and oligomerization and suggest
that changes in the properties of the nucleosome surface (mediated either by histone tails,
posttranslational modifications, or interacting proteins) can modulate higher order
chromatin structure. We maintain that the contoured nucleosome surface is an abundant
macromolecular binding interface that is centrally involved in regulating genome

structure and function through complex interactions during chromatin condensation.
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We have previously shown that a peptide spanning the N-terminal 23 amino
acids of the viral LANA protein (LANA1-23) occupies the same negatively charged
region on the nucleosomal surface as the H4 tail from a symmetry-related particle in the
crystal lattice (Barbera et al., 2006). This same region has been implicated as an H4 tail
binding site that mediates nucleosome-nucleosome interactions during chromatin folding
and self-association (Dorigo et al.,, 2004). We hypothesized that if this charged
nucleosome surface region is involved in H4 tail-dependent interactions, exogenous
LANA1-23 would effectively compete with the H4 tail and bind to the nucleosome
surface, thereby preventing H4-mediated chromatin condensation.

To test this hypothesis, we utilized a previously established model system
reconstituted from recombinant histones (containing either full-length or tailless H4
(gH4) and full-length H3, H2A, and H2B) and a 12-mer repeat of a 208-bp DNA
fragment derived from the 5S rRNA gene (Gordon et al., 2005) to yield wild type and
gH4 nucleosomal arrays (wt-NA and gH4-NA). All arrays were carefully matched to
contain 11+ 2 octamers per 208-12mer DNA, to allow for direct comparison of folding
and self-association (Figure S1A). Self-association, which is believed to mimic fiber-
fiber interactions in cellular chromatin (Schwarz et al., 1996), was assayed by measuring
the amount of monomeric nucleosomal arrays as a function of MgCl, concentration. The
Mg50 value is defined as the concentration of MgCl, at which 50% of nucleosomal
arrays are oligomerized and subsequently pellet upon centrifugation. Chromatin fiber
folding was assayed using sedimentation velocity to monitor progression from a ~ 27 S
I1Inm fiber to the 40S intermediate and ~ 55 S “30nm” folded states under MgCl,

conditions where the arrays
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Figure S1: Normalization of nucleosomal arrays used. All nucleosomal arrays were
adjusted to the same nucleosome occupancy. Using sedimentation velocity experiments
we determined that all arrays used have an average S value of ~ 27s. The arrays

represented here are wt-NA (L1), GH4-NA ('¥), nhs-NA (@), gh4-nhs-na (A).
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Figure S1: Normalization of nucleosomal arrays used. All (B) WT nucleosomes and
nhs-nucleosomes are identical: WT nucleosomes and nhs-nucleosomes were assembled
through salt gradient dialysis. The samples were run on a 5% native PAGE gel and

visualized under UV at 365nm for observing the label.
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were monomeric. Both assays are considered to be definitive (for example, (Fan et al.,
2002, Shogren-Knaak et al., 2006)). Wild-type nucleosomal arrays were incubated with
LANAI1-23 at various molar ratios and the ability of the arrays to self-associate was
measured as a function of MgCl,. A representative experiment is shown in Figure 3.1A.
The curves are co-operative as expected (Figure 3.1A) and fully reversible upon removal
of Mg®* from solution (data not shown). Mg50 values from this experiment as a function
of increasing amounts of LANAI1-23 are plotted in Figure 3.1B. Contrary to our
hypothesis, Figures 3.1A, 3.1B show that LANA1-23 significantly lowers the Mg50
needed for fiber-fiber self-association. This demonstrates that the binding of LANA1-23
to the nucleosomal surface as an untethered peptide promotes self association. This effect
is saturable because the addition of excess LANA1-23 at >5 cquivalents of LANA1-23
per nucleosome (or >2.5 per binding site) did not lower the Mg50 further. The effect is
specific because a mutant of LANA1-23 (LRS) that has the same charge but is unable to
bind to the nucleosomal surface (Barbera et al., 2006) is unable to induce self association
(Figure 3.1B). Thus, LANA1-23 does not act as a polycationic salt, but instead appears to
promote compaction through the specific interactions previously observed by
crystallography (Barbera et al., 2006).

Compared to wild-type arrays, tailless H4 (gH4-NA) arrays require more MgCl, for self
association (Dorigo et al., 2003) (Gordon et al., 2005). This reflects the independent and
additive effect of the H4 tail to self association 3. LANAI1-23 retains the ability to
promote self association of nucleosomal arrays lacking the endogenous H4 tail (Figure
3.1C, D). In the presence of LANA (1:5), the Mg50 for gH4-NA drops to 2.5 mM, the

same value observed for wt-NA in the absence of LANA. However, the Mg50 does not
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1:2 1.4 15 18 1:10

Figure 3.1: LANA1-23 promotes chromatin self-association. (A) Self-association of
wild type nucleosomal arrays is plotted as a function of the MgCl, concentration ([1). (I
and ®) were done in the presence of 5-fold excess of LANA1-23 or a triple alanine
substitution of LANA1-23 (LRS) that abrogates binding to nucleosomes (Barbera et al.,
2006). Note that each nucleosome has two charged surfaces and thus two binding sites
for LANA1-23. (B) Mg50 values (obtained from experiments as shown in (A) are plotted
as a function of molar ratio of LANA1-23 to nucleosome in the array, assuming a

saturation of 12,
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Figure 3.1: LANA;.»; promotes chromatin self-association. (C) Self-association of
gh4-NA is plotted as a function of the MgCl, concentration (V). (ll and @) show gh4-
NA in the presence of 5-fold molar excess of LANA|»; and a triple alanine substitution
of LANA .23 (LRS). wt-NA is shown as (1J). (D) Mgs, values are plotted as a function of
molar ratio of LANA .23 to gh4-nucleosome. For all experiments, error bars represent

standard deviations from three separate experiments.
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reach the low levels (1.2 mM) observed for wt-NA in the presence of LANA and the
covalently attached H4 tail. Thus, we believe that LANA peptide can mimic some actions
of the H4 tail, but not all. This in turn suggests there is one unique site for LANA and
multiple binding sites for the H4 tail on the nucleosome. For example, we have shown
that the H4 tail peptide, but not LANA1-23, binds to free DNA (Figure S2).

How does LANA influence self-association in the presence and absence of
covalently attached H4 N-terminal domains? One possibility is that LANA binding to the
nucleosomal surface neutralizes a negatively charged, ‘repulsive’ domain on the
nucleosomal surface that may prevent the close association of nucleosomes (Figure 3.2A,
B). Toward this end, we hypothesized that nucleosome-nucleosome interactions are
mediated by a collection of opposing and attractive domains on the nucleosome surface.
This yields a carefully balanced condensation equilibrium that can easily be regulated in
either direction by environmental conditions and other chromatin-binding proteins. To
test this hypothesis, we neutralized six out of the seven acidic surface residues that
contribute to the LANA binding region by site-directed mutagenesis (H2A E56T, E61T,
E64T, D90S, E91T, and E92T). The mutated H2A, together with the other three wild-
type core histones, were renatured into histone octamers and assembled into nucleosome
arrays that had partially neutralized histone surfaces (nhs-NA). Nucleosomes and
nucleosomal arrays reconstituted with this histone mutant were indistinguishable from
those reconstituted with wild type H2A, as judged by sedimentation velocity (Figure
S1A) and 5% native gels (Figure S1B). Nhs-NAs required significantly less MgCl,
compared to wt-NA for self association (Figure 3.2C), indicating that the charged and/or

stereo-chemical character of this region indeed opposes the ability of wild-type arrays to
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GST - - - -+ - - - - -
GST-LANA - - - - -+ 4+ o+ o+ -
GST-H4 + + + + - - - - - -
DNA + + + + + + 4+ + + o+
Lane No. 1 2 3 4 5 6 7 8 9 10

Figure S2: GST-H4 but not GST-LANA interacts with DNA. GST-H4 was incubated
with increasing molar ratios of 146mer 5S DNA (lanes 1-4). Lane 5 shows GST
incubated with DNA, lanes 6-9 show GST-LANA incubated with increasing molar
concentrations of 146mer S5s DNA, lane 10 shows 5s 146mer DNA. A 5% native
polyacrylamide gel was stained with ethidium bromide and the gel is shown in inverted

color.
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Figure 3.2: A negatively charged region on the surface of the nucleosome acts as a
repulsive domain (A) Electrostatic potential surfaces for pdb entry 1zla (red, negatively
charged; blue, positively charged) were calculated through Delphi / GRASP (Nicholls et
al., 1991) and the figure was rendered in PyMol (DeLano, 2002). (B) Upon interaction

with LANA1-23, the surface contours and charge of the nucleosomal region is altered.
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Figure 3.2: A negatively charged region on the surface of the nucleosome acts as a
repulsive domain. (C) Mg50 values are plotted as a function of molar ratio of LANAI-
23 to nhs-nucleosomes in the nhs-array. (D) Mg50 values are plotted as a function of
molar ratio of LANA1-23 gh4-nhs-nucleosome. For all data shown, error bars represent

standard deviation from three separate experiments.
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self-associate. The addition of LANA1-23 or LRS had no little or no effect, likely due to
the inability of either peptide to bind to the mutated histone surface (Figure 3.2C). As
suggested by experiments described above, the endogenous H4 tail promotes self-
association by binding to regions on the nucleosome that are at least in part distinct from
that bound by LANA1-23. If this is the case, mutagenesis of the LANA-binding region
should not completely compensate for the deletion of the H4 tail. We prepared
nucleosomal arrays with histone octamers that had neither the H4 tail nor the charged
region (gH4-nhs-NAs). Mg50 values for such arrays fall between those of wild type-NA
and gH4-NA (Figure 3.2D), indicating that the H4 tail is at most only partially involved
in neutralizing the region defined by crystallographic analysis (Luger et al., 1997). Again,
addition of LANA1-23 had no effect, except at high concentrations, indicating non-
specific interactions with regions usually occupied by the H4 tail.

We next wanted to test whether a synthetic H4 tail peptide could promote self-association
when added exogenously, analogous to the experiments described above with LANA1-23.
As with LANA1-23, the addition of H4 tail peptide to wild type nucleosomal arrays
significantly lowers the Mg50 value (Figure 3.3A). However, the effect is non-saturable
as molar ratios as high as 10- to 16-fold continue to lower Mg50 (Figure 3.3A, and data
not shown). We speculate this is due to the presence of multiple H4 binding sites on
nucleosomal arrays with overlapping affinities. We next tested whether the exogenous
H4 tail peptide could replace the missing H4 tail in trans in gH4-NAs (Figure 3.3B), and
in arrays carrying both neutralizing surface mutations and tail deletions (gH4-nhs-NA;
Figure 3.3D). Arrays with a mutated charged region were used as a control (nhs-NA,

Figure 3.3C). In all cases, addition of the H4 tail further promoted self-association, and in
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Figure 3.3: The H4 tail acts in trans to promote self-association. (A) Mgs values are
plotted as a function of molar ratio of H4 tail peptide added to wt-nucleosome. (B) Mgs,

values are plotted as a function of molar ratio of H4 to gh4-nucleosome.
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Figure 3.3: The H4 tail acts in trans to promote self-association. (C) Mgso values are
plotted as a function of molar ratio of H4 to nhs-nucleosome. (D) Mgs, values are plotted

as a function of molar ratio of H4 to gh4-nhs-nucleosome. Error bars represent standard

deviation from three separate experiments
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all cases the addition of increasing amounts of H4 tail peptide resulted in further lowering
the Mg50 values in a linear dependency. This data confirms that H4 tail binds to
multiple binding sites on nucleosomal arrays (Figure S2) during self-association.

" Chromatin folding into 30 nm fibers has been studied for over 30 years. It is a
separate, mechanistically distinct process from self-association, although it also is
mediated by tail-dependent nucleosome-nucleosome interactions (Dorigo et al., 2003,
Shogren-Knaak et al., 2006), some involving the nucleosomal surface (Dorigo et al.,
2003). We used sedimentation velocity to study the MgCl,- dependent transition from
the 27S 11-nm fiber to the 40S intermediate folded state, to the 55S 30-nm structure. wt-
NA were incubated with LANA1-23, LRS, or buffer in the presence of 1.05 mM MgCI2.
Under these conditions, no self-association occurred and folding was limited to the 30 to
40S transition in the absence of LANA. However, a significant portion of the arrays
sedimented between 40 to 55S upon the addition of a five-fold excess of LANA1-23,
confirming that LANA1-23 promotes formation of a compact 30 nm conformation
(Figure 3.4A). As with self-association, the effect is specific since LRS has no
discernible effect on folding. In the absence of LANA, the same arrays required 1.75mM
MgCl, to reach an equivalent level of folding (not shown). Mutagenesis of the histone
surface (nhs-NA) also promoted folding of a significant portion of arrays into a 55 S
species (Figure 3.4B). Consistent with earlier studies (Dorigo et al., 2003), we confirmed
that arrays in which the H4 tail was deleted were incapable of forming 55 S structures in
1.9 mM or even 3.6 mM MgCl, (data not shown). However, at these salt concentrations,
a significant percentage of arrays sedimented between 40-55S upon addition of a five-

fold molar excess of LANA (data not shown). Thus, altering the charged surface region
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Figure 3.4: Changes in the nucleosomal surface via LANA 3 interactions or histone

point mutations promote chromatin folding. (A) Folding of wt-NA at 1.05 mM MgCl,

in the presence of either a five-fold excess of LANA over nucleosome (M), LRS (@), or

buffer (O). (B) Folding of wt-NA (), nhs-NA (@) at 1.05 mM MgCl,.
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either by interaction with LANA1-23 or by mutation of selected charged residues in H2A
has a profound effect on chromatin fiber folding. While we have shown that mutating
seven of the acidic acid residues promotes folding, not all of these residues may be
functionally equivalent because mutating a subset of these acidic residues can actually
inhibit folding (David Tremethick, personal communication).

Therefore, the extent of chromatin compaction may be regulated by complex interplay
between small regions on the surface of the nucleosome that promote or suppress the
condensation process.

In conclusion, we have introduced evidence that the histone octamer surface of
the nucleosome is a major player in the regulation of chromatin higher order structure(s).
We maintain that the level of chromatin compaction results from the net effects of
repulsive and attractive domains on the nucleosome surface. Its character may be
individually and locally altered by unmodified histone tails, through posttranslational
modification of the tails (Shogren-Knaak et al., 2006) and the structured region of the
histones (Freitas et al., 2004), introduction of histone mutants (Park et al., 2002)
(Matsubara et al., 2007), histone variants (Suto et al., 2000), or through the interaction
with a multitude of chromatin architectural proteins such as H1, HP1, or MeCP2. By
extension, we propose that there are many different ways in which nucleosomal surfaces
interact to promote chromatin condensation, resulting in numerous interchangeable types

of higher order structures of varying stability.
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Materials and methods:

Reconstitution of nucleosomal arrays. 208-12 mer 5sDNA, histones, and histone
octamers were prepared as described (Dyer et al., 2004, Gordon et al., 2005). DNA and
histone octamers were mixed at an equimolar ratio of octamer to 208mer repeat at 2M
NaCl, 10mM Tris pH 7.5 and 0.25 mM EDTA. The mixture was dialyzed against buffers

containing 1M NaCl, 0.75M NaCl and 2.5mM NaCl (Hansen and Lohr, 1993).

EcoR I digestion. 1pg of nucleosomal array was treated with 20 units of EcoR I (NEBS)
for 16h at room temperature. The digested samples were electrophoresed on a 1% agarose
gel in 1XTAE. The ethidiumbromide-stained gel was imaged using a Bio-Rad Chemi-Doc
XRS and the percentage of free DNA of each array sample was calculated from the
integrated area under the peaks using Scion Image (www.scioncorp.com). In a fully
saturated array, the amount of free DNA should be < 5% (all 12 positions are occupied by
octamer). For further description see (Tse and Hansen, 1997).

Sedimentation velocity. Sedimentation velocity experiments were performed in a
Beckman XLA ultracentrifuge. Data was analyzed using Van Holde-Weischet analysis

(Ultrascan 7.3 software) (van Holde and Weischet, 1978, Demeler et al., 1997).

Self-association. 1.25 pg array in 25 pl were treated with indicated concentrations of
MgCl12 (Sigma) and incubated for 5 minutes at room temperature in an Eppendorf tube.
Samples were centrifuged at 16,000 g for 5 minutes at room temperature. The absorbance

of the supernatant was read at 260nm using a Beckman Coulter DU-800 UV/Vis
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spectrophotometer. Reversibility experiments were done by removing the supernatant
after the five-minute spin and treating the pellet with 2.5mM TEN containing 1mM
EDTA. This was followed by a 16,000 g spin for five minutes at room temperature. The

absorbance was measured as described above.
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CHAPTER IV

Nucleosome assembly protein 1 exchanges histone H2A-H2B dimers and assists

nucleosome sliding

Young-Jun Park, Jayanth V. Chodaparambil, Yunhe Bao, Steven J. McBryant, and

Karolin Luger
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(Nucleosome sliding mapped by restriction digestion analysis)

This chapter was published in the Journal of Biological Chemistry. J.V .C. is the second
author in this paper. The sliding experiments on the 196mer DNA were done by J.V.C.
The exchange experiments were done by Y-J. P. Y.B and S.M. gave support and

technical advice.
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4.1 Abstract

Eukaryotic chromatin is highly dynamic and turns over rapidly even in the absence
of DNA replication. Here we show that the acidic histone chaperone NAP1 from yeast
reversibly removes and replaces H2A-H2B or histone variant dimers from assembled
nucleosomes, resulting in active histone exchange. Transient removal of H2A-H2B
dimers facilitates nucleosome sliding along the DNA to a thermodynamically favorable
position. Histone exchange as well as nucleosome sliding is independent of ATP and
relies on the presence of the C-terminal acidic domain of yeast NAP1, even though this
region is not required for histone binding and chromatin assembly. Our results suggest a
novel role for NAP1 (and perhaps other acidic histone chaperones) in mediating
chromatin fluidity by incorporating histone variants and assisting nucleosome sliding.
NAP1 may function either untargeted (if acting alone) or may be targeted to specific

regions within the genome through interactions with additional factors.
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4.2 Introduction

The organization of DNA into chromatin has profound consequences for all
processes that involve the DNA template, and the biochemical makeup of the nucleosome
has important regulatory functions. The nucleosome consists of an octamer of two copies
each of the four histone proteins H2A, H2B, H3 and H4, around which 147 bp of DNA
are wrapped in 1.65 superhelical tumns (Luger et al.,, 1997). An (H3-H4), tetramer
organizes the central ~ 70 bp of DNA, and is flanked on either side by one H2A-H2B
dimer that each organizes about 40 bp of DNA. Structural and functional variability is
introduced by highly regulated reversible posttranslational modifications of individual
histones and by the introduction of histone variants, in particular H2A and H3 variants, at
specific regions in the genome (reviewed in (Khorasanizadeh, 2004; Malik and Henikoff,
2003). Despite the high degree of DNA compaction, chromatin is surprisingly dynamic
and fluidic, and its histone components are exchanged at a high rate in the absence of
transcription and replication. Histone H2A-H2B dimers (and, to a certain extent, also
(H3-H4), tetramers), appear to be in rapid exchange in most regions of compacted
chromatin (Jackson, 1990; Kimura and Cook, 2001), and histone variants are
incorporated in replication-independent assembly pathways (e.g. Ahmad and Henikoff,
2002). ATP-dependent chromatin remodeling factors, in collaboration with histone
modifying activities, further enhance chromatin fluidity (Flaus and Owen-Hughes, 2001);
(Becker and Horz, 2002; Geiman and Robertson, 2002), with pronounced effects on gene

expression patterns.
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The transient removal of one or both H2A-H2B dimers from a nucleosome is
involved in many vital cellular processes. For example, it has been known for over 20
years that transcriptionally active chromatin is depleted in H2A and H2B (Baer and
Rhodes, 1983). The FACT complex is likely to be at least in part responsible
(Belotserkovskaya et al., 2003). However, a possible role for the histone chaperone
NAP1 has also been described recently (Levchenko and Jackson, 2004). RNA
polymerase II alone is also able to displace H2A-H2B dimers during elongation in vitro
(Kireeva et al., 2002). H2A/H2B destabilization occurs as a consequence of nucleosome
sliding catalyzed by several chromatin remodeling complexes (Bruno et al.,, 2003).
Finally, it was recently found that a specific ATP-dependent chromatin remodeling
factor, Swrl, is responsible for the replication-independent incorporation of the histone

variant H2A.Z into yeast chromatin (reviewed in Korber and Horz, 2004).

Histones are highly basic, and are usually found in complex with histone chaperones
when not bound to DNA (reviewed in Loyola and Almouzni, 2004). These acidic
proteins (several non-related families exist) are quite abundant in most eukaryotic cells,
but their role in nucleosome turnover has not been thoroughly investigated (reviewed in
Tyler, 2002; Akey and Luger, 2003). A renewal of interest has come with the recent
discovery in yeast that the acidic histone chaperone NAP1 is found in association with an
H2A.Z-H2B dimer in vivo. This NAP-Z complex is thought to supply H2A.Z-H2B
dimers to the Swrl complex (Krogan et al., 2003; Mizuguchi et al., 2004; Kobor et al.,

2004) to promote assembly of H2A.Z-containing chromatin.

NAPI is an average size (~ 400 amino acids) acidic protein of unknown structure

with a relative molecular mass of ~ 47,000 Da and a pl of 4.25. Approximately 21% of
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all amino acids are either aspartic or glutamic acid, clustered in several acidic stretches.
The exact amino acid sequence of NAP1 is only moderately conserved between different
organisms (Ito et al., 1996a); however, their character is maintained throughout most of
its length. Although its roles in histone transport and nucleosome assembly are best
characterized, NAP1 appears to have pleiotropic roles in vivo. In Drosophila, NAP1 is a
part of the multi-factorial chromatin assembly machinery that mediates the ATP-
facilitated assembly of regularly spaced nucleosomal arrays (Ito et al., 1996b; Ito et al.,
1996a). NAP1 and other acidic histone chaperones were also shown to co-operate with
SWISNF complexes in chromatin remodeling, and to facilitate transcription factor
binding to nucleosomal DNA in vitro (Chen et al., 1994; Cote et al., 1994); Walter et al.,
1995). Furthermore, direct functional and physical interactions between transcriptional
activators and human NAP1 were reported (Asahara et al., 2002; Shikama et al., 2000;
Rehtanz et al., 2004). Systematic deletion of the NAP/ gene in yeast had no pronounced
effect on yeast cells (Tong et al., 2004), suggesting redundancy in its function. However,
genome-wide expression analysis of NAPI deletions in yeast has shown that the
transcription level of ~10 % of all yeast open reading frames changed by at least two-fold

(Ohkuni et al., 2003). Deletion of the NAP! gene in flies is lethal (Lankenau et al., 2003).

Analytical ultracentrifugation has shown that yeast NAP1 (yNAP1) exists as an
obligate dimer in solution (McBryant and Peersen, 2004). Functional analysis of NAP1 in
vitro is based primarily on its ability to introduce negative supercoils into relaxed circular
DNA in the presence of core histones (Fujii Nakata et al., 1992), and to generate
regularly spaced nucleosomes on salt-assembled chromatin (McQuibban et al., 1998), a

quality which has been employed for in vitro nucleosome assembly reactions (Fyodorov
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and Kadonaga, 2003). Using deletion analysis, it was also shown that residues 65 to 365
of yNAP1 were necessary and sufficient for histone binding and in vitro assembly
reaction, and that a long negatively charged stretch at the C-terminus was dispensable for

its assembly activity in vitro (Fujii Nakata et al., 1992; McBryant et al., 2003).

The functions described above can be ascribed to the well-characterized ability of
NAP1 to specifically bind and sequester histone complexes (McBryant et al., 2003), and
references therein). However, only a few studies address the interactions of NAP1 or any
other chaperone with nucleosomes and chromatin, or its effect on chromatin structure and
dynamics (Walter et al., 1995); (Ito et al., 2000; Bruno et al., 2004; Levchenko and
Jackson, 2004). Here we study yNAP1 as a model system to investigate if and how
histone chaperones contribute to dynamic histone exchange, a property that is emerging
as an essential feature of eukaryotic chromatin. Using fluorescently labeled histones and
nucleosomes we find that yYNAP1 (in the absence of ATP or other protein factors) is
capable of removing H2A-H2B dimers from folded nucleosomes, and actively exchanges
histone dimers containing an H2A variant into completely assembled nucleosomes. We
characterize the ability of yNAP1 to assist nucleosome sliding on DNA, and show
conclusively that this activity requires the yNAP1 — dependent transient dissociation of

H2A-H2B dimers from folded NCPs.

4.3 Experimental Procedures

Preparation of DNA, histones, yNAPI, and nucleosomes — a 146bp DNA fragment
derived from a 5S rRNA gene (Simpson and Stafford, 1983) was prepared as described

(Dyer et al.,, 2004). Both ends of the DNA were labeled with 7-diethylamino-3-(4’-
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maleimidylphenyl)-4-methylcoumarin (CPM), (Park et al., 2004). To prepare the
fluorescently labeled histones, H2B T112C and H4 T71C mutants were used (Park et al.,
2004). Recombinant histones and histone H2A variants (H2A.Z, macroH2A histone
domain, and H2A Bbd) were refolded to histone dimer or octamers. Nucleosomes were
reconstituted by dialysis against decreasing salt concentration as previously described
(Dyer et al.,, 2004), and analyzed by native PAGE on 5% polyacrylamide gels
(acrylamide : bis-acrylamide 59 : 1) in 0.2 X Tris Borate EDTA. Full length yNAPI,
GST-yNAPI, and truncated versions (yYNAPIAN and yNAP1ANC) were expressed and
purified as described (McBryant et al., 2003). The C-terminal domain (CTD, aa 302-
417) of yNAP1 was purified over a nickel affinity resin. The his-tag was cleaved off with .

thrombin, followed by purification over a mono-Q column.

Detection of H2A-H2B dimer dissociation from the nucleosome — Nucleosomes
containing fluorescently labeled histones or DNA were prepared as described above. 3.5
uM CPM-labeled NCP was incubated with increasing molar ratios of yNAP1 at 4° C for
10 hours in buffer A (20 mM Tris/Cl, pH 7.5, 100 mM NaCl, 1 mM DTT). H2A-H2B
dimer dissociation was analyzed by native PAGE as described above. Nucleosomal
bands (N1, S1, S2, and S3) were electro-eluted from gel slices into 0.05 x TBE, and were
analyzed by 15 % SDS-PAGE. As controls, fluorescently labeled NCP (as indicated)
was incubated with a 4- to 24-fold molar excess of BSA (obtained from Sigma) under the

same conditions.

Histone dimer exchange — 3.5 uM unlabeled NCP was incubated with pre-incubated
yNAP1- histone dimer mixtures (3.5 uM H2A-H2B CPM dimer, and 3.5 uM yNAP1

dimer) at 4 °C for 10 hours in buffer A). Nucleosomes containing fluorescently labeled
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(H2A-H2BT112C) dimer were prepared as a control. The exchange of fluorescently
labeled H2A-H2B dimer or (H2A.Z-H2B) dimer was analyzed by native PAGE as
described above. Exchange was quantified by ImageQuant v5.1 (Amersham
Biosciences). Gels were first photographed without staining to view fluorescence at
365nm, followed by staining with ethidium bromide and / or coomassie blue as indicated.
Control experiments using fluorescently labeled (H3-H4), tetramer were performed

analogously.

Nucleosome sliding assay —Nucleosomes were assembled on a previously
characterized 196-bp DNA fragment derived from the 5S rRNA gene (Simpson and
Stafford, 1983; Dong et al., 1990). Nucleosomes located at the center (N1) or edge (N2)
of the 196bp 5S DNA fragment were fractionated by preparative gel electrophoresis
using Prep Cell (Bio-Rad Laboratories, Richmond, CA, U.S.A.), using methods
previously described for 146-bp NCP (Dyer et al., 2004). Incubation in the presence or
absence of yNAP1 was performed at 4°C for 10 hours in buffer A. 3.5 uM NCP was
mncubated with the indicated amounts of yNAP1. Samples were analyzed by native
PAGE. Identical amount of N1 and N2 nucleosomes (~ 6pug of DNA) were digested with
3.0 units of MNase (Worthington) at 37°C (Bao et al., 2004). To analyze histone content,
nucleosomes were first fractionated on a 5% native gel in 0.2 X TBE, and the
nucleosome species were electro-eluted into 0.05 X TBE for 45 minutes at 150 W and 4°
C. The eluate was concentrated and analyzed by 18% SDS-PAGE. Mval (MBI
Fermentas), Scal and Aatll (New England Bio Labs) were used for restriction enzyme
protection assays. ~ 50 uM of NCP was digested with 10 units of enzyme for 4 hours at

37°C, using prescribed buffers. Samples were treated with proteinase K (Sigma-Aldrich)
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at a concentration of 50 pg/ml (50° C, 3 hours). The digested DNA products were

analyzed on a 10% acrylamide gel and were viewed by staining with ethidium bromide.

4.4 Results

YNAPI removes H2A-H2B dimers from the nucleosome core particle

To investigate the structural changes in NCP structure resulting from yNAP1 action,
we used native gel electrophoresis, a highly sensitive assay for nucleosome structure
(Dyer et al., 2004), in conjunction with fluorescence labeling (Park et al., 2004). We
verified that yNAP1 binding was not compromised (at least qualitatively) by addition of
the label to H2B (supplemental Fig. 1B), and that a yNAP1 — H2A-H2B dimer complex
was formed in solution (supplemental Fig. 1C). CPM-labeled H2B T112C was utilized in
all subsequent experiments in which fluorescently labeled H2A-H2B or (H2A.Z-H2B)
dimers were used. The stoichiometry of the yYNAP1 — H2A-H2B dimer complex has been
shown to be one yNAP1 dimer per histone fold dimer (McBryant et al., 2003). Molar
ratios given throughout this manuscript take into account the dimeric nature of yNAP1

(McBryant and Peersen, 2004).

Upon incubation of purified NCP reconstituted with fluorescently labeled H2B with
increasing amounts of yNAPI, two new bands were detected by native PAGE, and one
additional band that is also present in the control significantly increased in intensity. Only
two of these bands were visible without staining (Fig. 4.1A, upper panel, denoted with S1

and S2), demonstrating that only they contained H2B. One additional band, apparent at
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A) yNAP-1

Fluorescence

Coomassie blue

N1, yNAP-1

Figure 4.1 yNAPI1 - induced H2A-H2B dimer dissociation from the NCP. (A) 3.5
puM NCP, reconstituted with CPM-labeled H2A-H2B dimer was incubated with
increasing molar ratios of yNAP1 (lane 1: no yNAPI, lanes 2-5: 0.5-, 1.5-, 3-, 4- fold
molar ratio of yYNAP1 dimer over NCP). Samples were incubated at 4° C for 10 hours and
analyzed by native PAGE. The gel was first photographed without staining to view
fluorescence (upper panel), then stained with coomassie blue (lower panel). The

nucleosome and novel species are indicated with N1, S1, S2, and S3, respectively
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higher yNAP1 to NCP ratios, is visible only after staining with ethidium bromide (not

shown) and commassie brilliant blue (Fig. 4.1A, lower panel, S3).

Even at the largest excess of yYNAP1 dimer over NCP (four-fold, lane 5), only very
small amounts (< 2 %) of free DNA are released. The unstained gel was digitized under
fluorescent light and the relative amounts of the nucleosomal bands (N1, S1 and S2) were
plotted against the ratio of yNAP1 to NCP (Fig. 4.1B). This plot reveals that S1 is present
in maximum amounts at a YNAP1 dimer to NCP ratio of ~1.5, and that S2 appears at the

expense of N1 upon increasing yNAP1 / NCP ratios. S3 was too faint to be quantified.

To further investigate the composition of each band, we expanded the previous
experiment and prepared NCPs in which either H2B, H4, or the DNA was fluorescently
labeled as described earlier (Park et al., 2004). The purified NCPs were incubated with a
two-fold molar excess of yNAP1 dimer over nucleosomes (refer to lane 3 in Fig. 4.1A),
and the products were analyzed by native PAGE (Fig. 4.2A). The gels were analyzed
without staining to visualize only fluorescent species. Importantly, we do not observe any
detectable (H3-H4), tetramer — yNAP1 complexes under moderate conditions (Fig. 4.2A,
lanes 4 and 5); however, at higher temperature (37° C for 12 hours) and a large (12-fold)
excess of yYNAP1 over NCP, some dissociation of the (H3-H4), tetramer from the DNA is
observed (not shown). We show conclusively that N1 and S1 contain DNA, (H3-H4),
tetramer, and H2A-H2B dimers, since both of these bands light up if nucleosomes
reconstituted with fluorescently labeled DNA (lane 3), H4 (lane 5), and H2B (lane 7) are
used. S1 co-migrates with the off-centered NCP species that we routinely observe after
salt-gradient reconstitution onto this particular DNA fragment, and is thus identified as a

NCP with an altered translational position of the DNA with respect to the histone octamer
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Figure 4.1 yNAP1 — induced H2A-H2B dimer dissociation from the NCP.

(B) Quantitation of the gel shown in (A). The lanes were scanned, and the intensity of the

lanes was analyzed by ImageQuant v5.1 (Amersham Biosciences). Numbers were

normalized in terms of ratio of N1, S1, or S2 species.
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NCP (DNA*) NCP (H4*) NCP(H2B*) H2B*
yNAP-1 -+ -+ -+ ]+

Figure 4.2 Analysis of novel nucleosomal species. (A) Nucleosomes (3.5 uM) were
incubated in the presence (+) or absence (-) of a 2-fold molar excess of yNAPI.
Incubation and gel electrophoresis was done as in Fig. 4.1A. Lane 1: CPM-labeled DNA,
lanes 2 and 3: DNA-labeled NCP in the absence and presence of yNAPI, lanes 4 and 5:
H4-labeled NCP in the absence and presence of yNAP1, lanes 6 and 7: H2B-labeled NCP
in the absence and presence of yNAPI; lane 8: CPM-labeled H2A-H2B dimer with

yNAP1
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(Flaus et al., 1996; Muthurajan et al., 2003). S3 only contains (H3-H4), tetramer and
DNA, but no H2A-H2B dimer (lanes 3 and 5), and is thus identified as a ‘tetrasome’ (a
(H3-H4), tetramer — DNA complex). S2 contains fluorescently labeled H2A-H2B dimer
(lane 7), but no DNA or (H3-H4), tetramer, and co-migrates with a H2A-H2B dimer —

yNAP1 complex (lane 8).

To confirm that S2 contains yNAP1, we performed a similar experiment with GST-
tagged yNAP1 and visualized its electrophoretic migration by fluorescence. GST-yNAP1
is just as efficient in converting N1 to S1 and S3, but only S2 is supershifted (Fig. 4.2B,
lane 6). Consistent with the propensity of GST to dimerize, we observe an additional
higher band on our native gels (denoted with 2GST-S2). Our experiments show no
evidence of a stable YNAP1 — NCP complex, since the electrophoretic migration of N1

and S1 remains unchanged (Fig. 4.2B).

We next excised N1, S1, and S3 from a native gel and analyzed the protein content
of these bands by SDS-PAGE (Fig. 4.2C). Consistent with our interpretation of the
results shown above, we found that N1 and S1 contain stoichiometric amounts of the four
histones. S3 contained only histone H3 and H4, confirming that at higher yYNAP1 / NCP
ratios, yNAP1 removes both H2A-H2B dimers from a folded NCP. Identical results were
obtained using a GST fusion of yNAP1 (not shown). Using GST-yNAP1, we could also

verify that S2 contained only H2A, H2B, and GST-yNAP1 (Fig. 4.2C).

Since yNAPI is highly acidic, it is formally possible that the observed removal of
H2A-H2B dimers from the NCP is a ‘salt effect’ due to competition between yNAP1 and

DNA and for the histones. To evaluate the specificity of yYNAP1 in H2A-H2B dimer
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Figure 4.2 Analysis of novel nucleosomal species. (B) Analysis of yNAP1 — H2A-H2B
complex (S2) was carried out by electromobility shift assay. Fluorescently labeled NCPs
were incubated without yNAP1 (lane 1 and 4), with yNAP1(lane 2 and 5), or with GST-

yNAPI (lane 3 and 6). GST-yNAP1 — H2A-H2B dimer complex (GST-S2) is indicated.
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Figure 4.2 Analysis of novel nucleosomal species. (C) Analysis of the protein
composition of yNAP1 — generated nucleosome species by 15% SDS PAGE. Lane 1-5:
N1, S1, S3, GST-S2 (lower band) and 2GST-S2 (upper band). Nucleosome species were
electro-eluted from 5% native gel slices (as seein in B). Lane 6: GST-NAPI1. Lane 7:

protein marker (M) 14.5, 21.5, 31, 45, 66.2, and 94.4 kDa.
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dissociation, we compared the ability of yYNAP1 and BSA to structurally alter the NCP,
using gel shift assays. BSA is a protein of similar size and acidic pl. Unlike yNAPI, a
four-fold molar excess of albumin had no effect on the nucleosomal band (Fig. 4.2D,
compare lane 4 with 5, and 7 with 8). No H2A-H2B dimer dissociation or disruption of
the NCP was observed upon addition of an up to 24-fold molar excess of albumin (data

not shown).

The C-terminal acidic domain of yNAPI is necessary for the dissociation of the H2A-

H2B dimer from the NCP, although it is not required for histone binding

We and others have shown previously that the N-terminal domain (NTD, amino acids 1-
73) and the C-terminal acidic domain (CTD, amino acids 366-417) of yNAP1 are not
required for histone binding and nucleosome assembly (McBryant et al., 2003; Fujii
Nakata et al., 1992). In order to test whether these regions of yNAP1 are required for the
interactions with the nucleosome, we analyzed the ability of truncated yNAP1 constructs
{lacking 73 amino acids from the N-terminus (yNAP1AN), or the 73 N-terminal and 52
C-terminal amino acids (NAP1ANC)} to remove H2A-H2B dimers from the folded NCP
(Fig. 4.3). NAP1AN retained the ability to dissociate H2A-H2B dimers from the NCP. In
striking contrast, NAP1-ANC has completely lost the ability to structurally alter the NCP.
This was shown conclusively using native PAGE of two different fluorescently labeled
NCPs (Fig 4.3A, lanes 1-4 and 5-8). Importantly, the CTD alone (yNAP1 amino acids
302-417; pl 3.66) has no effect on the NCP (Fig. 4.3B), just as has been observed for
BSA (Fig. 4.2D). It is however formally possible that the N-terminus can sustain activity

in the absence of the C-terminal domain, and this possibility remains to be tested.
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Figure 4.2 Analysis of novel nucleosomal species. (D) The observed effect is specific
for yNAP1. NCP (3.5uM) containing fluorescently labeled H2A-H2B dimer or
fluorescently labeled DNA was incubated with a 2-fold molar excess of yNAP1 or a 4-
fold molar excess of BSA at 4°C for 10 hours. Lane 1: fluorescently labeled DNA; lane
2: fluorescently labeled (H2A-H2B) dimer with yNAP1 complex; lane 3 and 6:
fluorescently labeled NCP without yYNAP1 or BSA; lane 4-5 and 7-8: fluorescently

labeled NCP was incubated with yYNAP1 or BSA as indicated.
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Figure 4.3 The C-terminal acidic domain (CTD) of yNAP1 is required for the
dissociation of the H2A-H2B dimer. (A) NCP (3.5uM) containing fluorescently labeled
H2A-H2B dimer (lanes 1-4) or fluorescently labeled DNA (lanes 5-8) was incubated with
a 2-fold molar excess of full-length yNAP1 (lanes 1, 5, and 9), NAP1AN (lanes 2, 6, and
10), or NAPIANC (lanes 3, 7, and 11). Full-length, NAP1AN, and NAP1ANC in the
absence of NCP are shown in lanes 9-11. The‘ gels were first photographed without
staining to view fluorescence (upper panel), followed by staining with coomassie blue to
visualize protein complexes (lower panel). The location of N1, S1-3, and the yNAP1AN —

H2A-H2B dimer complex (AS2) is indicated.

113

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



B) 7

yNAP-1 ANC A/B

yNAP-1 ANC

D —

yNAP-1 AN A/B
yNAP-1 AN

Figure 4.3 The C-terminal acidic domain (CTD) of yNAP1 is required for the
dissociation of the H2A-H2B dimer. (B) NCP containing fluorescently labeled DNA
(lane 1) incubated with full-length yNAP1 (lane 2) and the CTD of yNAP1(lane 3). (C)
Truncated versions of yNAP] still form complexes with the H2A-H2B dimer. 10 uM of
NAP1AN (74-417) or NAP1ANC was incubated with H2A-H2B dimer (lanes 1-5: 1, 4, 6,
8, 10 uM, respectively) at 4° C for 10 hours, and analyzed by native PAGE. yNAPI1 —

H2A-H2B dimer complexes are indicated.
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Full length yNAP1, yNAP1AN, and yNAPIANC are all capable of forming a
complex with the H2A-H2B dimer (supplemental Fig. 1A, and Fig. 4.3C), confirming
earlier data with GST-constructs of yNAP1 (McBryant et al.,, 2003). Thus, the core
domain of yNAP1 is sufficient to bind the H2A-H2B dimer in solution, as well as to
assemble chromatin from DNA and histone components. However, this core domain is
not sufficient to remove H2A-H2B dimers once they are assembled into a functional NCP,

but additionally requires the acidic C-terminal domain.

H2A-H2B dimers are exchanged in and out of nucleosomes by yNAPI

Having established that yNAPI1 is capable of removing H2A-H2B dimers from a
folded NCP, we wanted to investigate whether yYNAP1 is capable of replacing one H2A-
H2B dimer with another. To distinguish between the newly exchanged species and un-
altered NCP, and to overcome the complication that yNAP1 co-migrates with the NCP in
our gel system, we again exploited our library of fluorescently labeled histone subunits.
A saturating amount of fluorescently labeled H2A-H2B dimer was pre-incubated with
yNAP1 to allow complex formation under previously established conditions (see
supplemental Fig. 1). Complexes (which do not contain free yNAP1) were incubated with
previously assembled, unlabeled NCP preparations. The products were analyzed by
native PAGE, and fluorescent species were visualized without staining (Fig. 4.4, upper
panel). Exchange by yNAP1 in about 17 - 22 % of the nucleosome population (in four
independent experiments) was observed, as evident in the appearance of a fluorescent
NCP band (N1) when incubated with a preformed fluorescently labeled H2A-H2B dimer

— yNAP1 complex, but not with dimer or yYNAP1 alone (Fig. 4.4, upper panel, compare
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Figure 4.4. yNAP1-mediated exchange of canonical H2A-H2B dimer or histone
variant (H2A.Z-H2B) dimer into nucleosomes. Unlabeled NCP was incubated with
pre-formed yNAP1 — H2A-H2B dimer (or H2A.Z-H2B) dimer mixtures as indicated.
Reconstituted nucleosomes were heat-shifted for 60 minutes at 37°C to obtain a unique
species of nucleosome (shifted nucleosome). The gel was first photographed without
staining to view fluorescence (upper panel), followed by staining with ethidium bromide
(lower panel). 3.5 uM NCP, 3.5 uM yNAP1 with H2A-H2B or (H2A.Z-H2B) dimer
complex were used. Lane 1: unlabeled NCP, yYNAP1 and CPM-labeled H2A-H2B dimer.
Lane 2: yNAP1 and CPM-labeled H2A-H2B dimer. Lane 3: unlabeled NCP, CPM-
labeled H2A-H2B dimer. Lane 4 and 5: NCP containing CPM-labeled H2A-H2B dimers,
unshifted (U) and shifted (S). Lane 6: CPM-labeled DNA. Lane 7: unlabeled NCP. Lane
8: unlabeled NCP, yNAP1 and CPM-labeled (H2A.Z-H2B) dimer. Lane 9: yNAP1 and

CPM-labeled (H2A.Z-H2B) dimer. Lane 10: unlabeled NCP, CPM-labeled (H2A.Z-H2B)

dimer. Lane 11 and 12: as lanes 4 and 5.
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lanes 1-3). A strong fluorescent band corresponding to the yYNAP1 — H2A-H2B dimer
complex (S2) is also observed in lanes 1 and 2. No significant amounts of free DNA are
released in this process, as is shown in the ethidium bromide-stained gel (Fig. 4.4, lower
panel). When nucleosomes were incubated with fluorescently labeled (H3-H4), tetramer
— yNAPI1 complex under identical conditions, no incorporation of fluorescently labeled
(H3-H4), tetramer into nucleosomes was observed (data not shown). When an H2A-H2B
dimer — yNAP1 complex was incubated with free DNA, no H2A-H2B —~ DNA complex
or ternary DNA-H2A-H2B-yNAP1 ternary complex was detected (data not shown; also
see (Nakagawa et al., 2001). Together, these results demonstrate that yYNAP1 - mediated
H2A-H2B dimer exchange does not occur by complete dissociation of the NCP, and that
the exchange reaction is limited to the histone H2A-H2B dimer, despite the proven ability
of yNAPI to bind the (H3-H4), tetramer in solution with equal or higher affinity

(McBryant et al., 2003).

We next examined whether yNAP1 is capable of replacing major-type H2A-H2B
dimer with a dimer containing an H2A variant. yNAP1 does not display a markedly
different ability to bind the major-type compared to several histone variant complexes
(supplemental Fig. 1A). Upon incubation of unlabeled NCP with fluorescently labeled
(H2A.Z-H2B) dimer, a fluorescent NCP species was observed (Fig. 4.4, lane §). These
experiments show conclusively that yNAP1 mediates exchange of histone H2A-H2B
dimers into folded nucleosomes. Our finding that histone variants are stably bound by
yNAP1 (supplemental Fig. 1A) and are readily utilized in this exchange reaction leads us
to predict that not only H2A.Z, but other H2A histone variants in complex with H2B may

be exchanged into assembled NCPs under physiological conditions.
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YNAPI facilitates nucleosome sliding

Upon incubation of yNAP1 with nucleosomes reconstituted on a 146-bp DNA
fragment at 4° C, we reproducibly observe a second species (S1 in Fig. 1A and Fig. 4.4),
which contains a full complement of histone proteins and DNA (Fig. 4.2C) and co-
migrates with a well-characterized species that is routinely observed after salt-gradient
reconstitution on this particular DNA fragment. This species represents an NCP in which
the histone octamer is positioned asymmetrically on the DNA; it is stable over weeks at 4
°C, but can be converted into a thermodynamically more favorable species in which the
DNA is placed symmetrically around the histone octamer by incubation at elevated
temperatures (for example, Fig. 4.4, compare lanes 4 and 5). It appears that the
significant energy barrier that exists towards repositioning of the histone octamer along

the DNA is relieved by the transient yNAP1 — mediated removal of the H2A-H2B dimer.

To further investigate the possibility that yYNAP1 facilitates nucleosome sliding, we
reconstituted NCPs on a 196-bp DNA fragment derived from the 5S rRNA gene
(Simpson and Stafford, 1983). Upon salt-gradient reconstitution, two major nucleosome
species (N1 and N2) are routinely obtained (Fig. 4.5A, lane 1). These have been
described earlier as nucleosomes with different translational positions (Dong et al., 1990).
The two species were separated from each other by preparative gel electrophoresis (Fig.
4.5A, lanes 2-3). SDS-PAGE revealed that N1 and N2 contained an identical and
stoichiometric comﬁosition of histones (Fig. 4.5B, compare lanes 1 and 3 with lane 5).
Micrococcal nuclease treatment of the isolated species demonstrated that both protected ~

146 bp of DNA (not shown).
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Figure 4.5. yNAP1-mediated nucleosome sliding on a 196-bp DNA fragment. (A)
Effect of yNAP-1 on two nucleosomal species. Lane 1: nucleosomes after reconstitution;
lanes 2 and 3: purified N2 and N1 bands; lanes 4 and 6: N2 in absence and presence of
yNAP-1; lanes 5 and 7: N1 in absence and presence of yNAP-1. Lane 8: 196-bp DNA.
N1 and N2 were incubated with NAP-1 for 10 hours at 4° C. (B) Histone composition of
N1 (lanes 3 and 4) and N2 (lanes 1 and 2) in the absence and presence of yNAP-1, as

indicated. Lane 5 shows purified histone octamer (HO).
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Purified N1 and N2 were incubated independently with yNAPI. Intriguingly, N1 was
transformed completely into N2 in the presence of equimolar amounts of yYNAP1 dimer
and NCP (Fig. 4.5A, lane 7). The same phenomenon was observed at yYNAP1 to NCP
ratios as low as 0.15 : 1 (not shown), indicating that yYNAP1 acts catalytically. In contrast,
yNAP1 had no effect on the electrophoretic mobility of N2 (lane 6). Incubation in the
absence of yNAPI at elevated temperatures (37 and 45 °C) had no effect on the
electrophoretic mobility of either N1 or N2. Importantly, the histone composition of both
nucleosomal species (Fig. 4.5B) and the amount of DNA that is protected against
digestion with micrococcal nuclease (not shown) remains unchanged upon yNAPI

incubation.

To investigate whether treatment of N1 with yNAP1 results in true nucleosome
sliding, it was necessary to characterize the position of the histone octamer with respect
to the DNA in N1 and N2 before and after yNAP1 addition, using restriction enzyme
protection assays in conjunction with micrococcal nuclease digestion. Sites for restriction
enzymes Mval, Scal, and Aatll in the 196-bp DNA fragment are depicted in Fig. 4.5C. In
the absence of yNAP1, N2 is digested to about 30 - 50% with Scal and Aatll, and an
apparent 100 % with Mval (Fig. 4.5D). In this latter experiment, the two expected
fragments of 178 and 183 base pairs in length cannot be distinguished. Nevertheless, this
result strongly suggests that the regions of the DNA not occupied by nucleosomes is free
of non-specificially bound histones. Together with the finding that 146 bp are protected
from digestion with MNase (not shown), this is consistent with positions for N2 at either
end of the nucleosomal DNA (Fig. 4.5C). N1 is cut to 100 % with Mval, but is

completely protected from digestion with Aatll and Scal.
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Figure 4.5 (C) Overview of nucleosome positions and restriction endonuclease sites used

for nucleosome mapping
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Figure 4.5 (D) Restriction endonuclease protection assays of N1 and N2 before and after
yNAP-1 treatment, using Aatll, Scal, and Mval. N1 (lanes 3 and 4) and N2 (lanes 1 and
2) were analyzed in the absence and presence of yNAP-1, as indicated. Lane 5 shows
digestion of the free 196-bp DNA fragment, lane 6 is undigested DNA, and lane 7 a DNA
ladder. Relative molecular masses of restriction products are indicated. 10 %

polycrylamide gels were stained with ethidium bromide, colors were reversed for clarity.
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This places N1 between bp 32 and 157, which corresponds to the previously identified

positioning sequence on this particular DNA fragment (Simpson et al., 1985).

Incubation with yNAP1 does not change the behavior of N2 in MNase (not shown)
and restriction enzyme protection assays (Fig. 4.5D), consistent with the observation that
yNAP1 has no effect on the electrophoretic behavior of N2. In contrast, N1 behaves like
N2 after yNAP1 treatment in MNase and restriction endonuclease protection assays (Fig.
4.5D, compare lane 2 and 4), and contains a full complement of all four histones (Fig.

4.5B), confirming our interpretation that yNAP1 causes true nucleosome sliding.

We next investigated whether the ability of yNAP1 to exchange histone H2A-H2B
dimers is required to facilitate nucleosome sliding. To this end, we exploited our earlier
observation that a truncated version of yNAPl1 (NAPIANC) was incapable of
dissociating histone dimers from nucleosomes, although this yNAP1 mutant was
perfectly capable of assembling chromatin and binding histone complexes. NAP1AN and
full-length yNAP1 were used as controls. Purified N1 was incubated with a 2-fold molar
excess of different yNAP1 truncations under the same conditions as above, and examined
by native PAGE. As shown in Figure 4.6 (upper panel), wild-type yNAP1 and yNAP1AN
were able to induce the redistribution of N1 nucleosomes to N2 (Fig. 4.6, lanes 3-5),
concomitant with the formation of a H2A-H2B dimer — yNAP1 (or YNAP1AN) complex
(Fig. 4.6, lower panel, lanes 4 and 5). In striking contrast, no effect was observed in the
presence of yNAPIANC (Fig. 4.6, lane 6), and no H2A-H2B dimer — yNAP1ANC
complex was observed. This finding demonstrates that transient H2A-H2B dimer

dissociation from the NCP facilitates nucleosome sliding in the presence of yNAP1.
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Figure 4.6. The C-terminal acidic domain of yNAP-1 is required for nucleosome
sliding. 3.5 uM NCP was incubated with a 2-fold molar excess of full-length yNAP-1 (1-
417), yNAP-1AN (74-417), or yYNAP-1ANC (74-365) for 10 hours at 4° C. Samples were
analyzed by native PAGE, and visualized by ethidium bromide (top panel) and coomassie
blue staining (bottom panel). Lane 1: DNA marker (M), lane 2: N1 and N2 nucleosomes;
lane 3: purified N1, lane 4: N1 with full-length yNAP-1, lane 5: N1 with yNAP-1AN;
lane 6: N1 nucleosome with yNAP-1ANC; lanes 7-9: full-length yNAP-1, yNAP-1AN,

and yNAP-1ANC as a control. The weak S3 band (lane 5) is indicated with an asterisk.
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Under these conditions, only minimal amounts of free DNA are released and (H3-H4),
tetramer 1s not exchanged, indicating that nucleosome sliding occurs without complete
nucleosome dissociation. As was the case with nucleosome core particles reconstituted
on 146-bp DNA fragments, bands that were equivalent to S3 were observed in all cases

(indicated by asterisks in Fig. 4.6).

4.5 Discussion

yNAP1 is an abundant, phylogenetically conserved acidic histone chaperone that has
been shown to be involved primarily in histone transport and chromatin assembly. Here
we have demonstrated that yNAP1 is also capable of transiently removing H2A-H2B
dimers from a folded nucleosome. This results in the active exchange of H2A-H2B or
histone variant dimers into nucleosomes in an ATP- and DNA replication-independent
fashion, but also facilitates sliding of the nucleosome along the DNA to help it attain a
thermodynamically more favorable position. These roles for yNAP1 are likely to be of

biological significance, and may be a general characteristic of acidic histone chaperones.

yNAPI1 facilitates the removal of one or both H2A-H2B dimers from a folded
nucleosome at yNAP1 dimer to nucleosome stoichiometries of approximately 1:1,
whereas the (H3-H4), tetramer is removed only at much higher molar ratios. This is
consistent with previous results (Ito et al., 2000), and with the observed rapid exchange
of H2A-H2B dimers in vivo (Jackson, 1990; Kimura and Cook, 2001), and is expected if
one considers the central position of the (H3-H4), tetramer on the DNA (Luger et al.,
1997). The removal of H2A-H2B dimers is likely to facilitate transcription (Levchenko

and Jackson, 2004; Tto et al., 2000). This mechanism has also been recently attributed to
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the FACT complex (Belotserkovskaya et al., 2003; also see Rhoades et al., 2004). Easier
access of transcription factors to nucleosomal DNA in the presence of nucleoplasmin (an
acidic histone chaperone with a different quarternary structure and no sequence
homology to YNAP1) and yNAP1 has also been attributed to their ability to deplete
mono-nucleosomes of H2A-H2B dimers (Chen et al., 1994; Walter et al., 1995).
Complete nucleosome dissociation and reassembly has emerged as an important regulator
of the PHOS5 promoter (Reinke and Horz, 2003; Boeger et al., 2004). The recent finding
that the H3/H4 histone chaperone Asflp mediates nucleosome disassembly from the
PHOS promoter in vivo (Adkins et al., 2004) suggests that histone chaperones in general
may have a more prominent role than previously assumed in promoting nucleosome

dissociation during transcription.

Here we have shown that the ability of yYNAP1 to remove a H2A-H2B dimer from a
nucleosome depends on the C-terminal acidic region of yNAP1, which is dispensable for
histone binding and nucleosome assembly (McBryant et al., 2003); and references
therein). Therefore, histone removal from a folded nucleosome is not a simple reversal of
the mechanism involved in histone deposition during nucleosome assembly. The extreme
acidic character of the residues contained in the C-terminal domain (30 residues out of a
total of 52 in the CTD are acidic, comprising one third of all acidic residues in the entire
protein) may simply be required to compete with the DNA for the histone dimer, or it
may contribute to histone removal via a more complex mechanism that remains to be
elucidated. Interestingly, the acidic C-terminal region of the FACT subunit Sptl6 is

required for interaction with the nucleosome. However, unlike in case of yNAPI, it
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appears to be required also for histone deposition onto DNA (Belotserkovskaya et al.,

2003).

The removal of one or both H2A-H2B dimers from a mono-nucleosome is reversible,
and can lead to an exchange reaction with histone dimers containing variants of histone
H2A, such as H2A.Z (this study), and H2A.Bbd (Y. Bao and Y-J. Park, unpublished). We
have also observed the reverse reaction in which a histone-variant containing nucleosome
is converted into a canonical nucleosome (data not shown), demonstrating the lack of
discrimination that yNAP1 has for various H2A-H2B dimers, both free in solution and
when bound to a nucleosome. Importantly, yNAP1 — mediated histone exchange is
independent of replication, does not require ATP, and does not result in the release of a
significant amount of DNA or exchange of (H3-H4), tetramer. This indicates that

complete nucleosome disassembly and reassembly is not required.

yNAP1 alone is unlikely to target histone variants to specific regions within
chromatin. However, it is possible that yNAP1 and other assembly proteins contribute to
the incorporation of histone variants at specific regions within chromatin upon
association with histone variant — specific chromatin assembly factors, such as the Swrl
complex that functions in conjunction with a yNAP1 — H2A.Z-H2B dimer complex (the
‘Nap-Z complex’; (Krogan et al., 2003; Kobor et al., 2004; Mizuguchi et al., 2004). The
Swrl complex catalyzes the exchange of an H2A-H2B dimer for an H2A.Z-H2B dimer in
yeast in an ATP-dependent manner in both nucleosomal arrays and in mono-nucleosomes.
Despite the presence of the Nap-Z complex, these authors see very little exchange in the
absence of ATP, in contrast to the 20% efficiency of yNAP1 — dependent exchange of ~

20% reported here.
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Finally, we have shown conclusively that the ability of yNAP1 to transiently remove
one or both H2A-H2B dimers from a nucleosome facilitates nucleosome sliding from a
positioning sequence to an energetically more favorable end position. Our data indicate
that yNAP1 functions in a catalytic manner, independent of ATP. A truncated version of
yNAP1 lacking the acidic C-terminal domain, which is capable of binding histones and
assembling chromatin, but has lost its ability to extract a H2A-H2B dimer from the NCP,
is incapable of promoting this sliding reaction although we still do not exclude the
possibility that the C-terminal and N-terminal domains are redundant. Repositioning is
directional in that no yNAP1 — mediated nucleosome movement from the end-position to
the central position is observed. In this, yNAP1 functions like the ATP-dependent
remodeling factor dMi-2 and its recombinant ATPase subunit ISWI, which also moves
centrally positioned nucleosomes to an end-position, but is unable to facilitate movement
from the end to the center of the DNA (Langst and Becker, 2001). Intriguingly, it has
been found earlier that yNAP1 and nucleoplasmin increase the stimulation of Gal4
binding to mono-nucleosome brought upon by the SWI/SNF complex, indicating that

histone chaperones and remodeling factors may act synergistically (Cote et al., 1994).

While the net effect of yYNAP1 and ATPases such as ISWT is similar, the mechanism
by which these factors act is likely to be distinct. First, yYNAP1-dependent nucleosome-
sliding depends completely on its ability to remove and subsequently replace one or both
H2A-H2B dimers. In contrast, in the presence of ATP-dependent remodelers, dimer
exchange occurs subsequent to the movement of nucleosomes away from their initial
locations coincident with and subsequent to the arrival of nucleosomes at positions at and

beyond DNA ends, suggesting that H2A/H2B destabilization is not an obligate step in
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Figure 4.7. The multiple faces of yYNAP-1. yNAP-1 is capable of stepwise assembly of
nucleosomes in vitro, and appears to be involved in this process in vivo. An (H3-H4),
tetramer (white cylinder) is deposited on the DNA, followed by addition of two H2A-
H2B dimers (grey ovals) to form a folded nucleosome. The reactions are reversible,
resulting in transient H2A-H2B dimer removal leading to H2A/H2B exchange (and
possibly the incorporation of histone variant dimers, dark grey ovals) and / or nucleosome

sliding.
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nucleosome movement (Bruno et al., 2003). Second, yNAP1 does not require energy
from ATP hydrolysis to dissociate the histone dimer or to slide the nucleosome. Third,
although apparently catalytic, yNAP1 is not a motor and therefore does not actively move
nucleosomes along the DNA, but rather appears to lower the energy barrier that normally

prohibits spontaneous nucleosome sliding to energetically favorable positions.

Since members of the class of acidic histone chaperones (of which yNAPI is just one
representative) are very abundant in the cell, their in vivo role may well be significant.
For example, histone chaperones may play a role in introducing H2A variants into
chromatin in a replication-independent manner, and in aiding nucleosome (re)-
positioning along the DNA by lowering the significant energy barrier that must exist for
nucleosome sliding. NAP1 may also contribute to the disassembly and reassembly of

nucleosomes during transcription initiation and elongation, as discussed above (Fig. 4.7).

Overview of the role of NAP1 (and presumably that of other acidic histone
chaperones) is clearly evolving, from being considered as a mere histone escort that
manages histone transport into the nucleus before handing its precious cargo over to
chromatin assembly and remodeling factors, to a much more glamorous role in
maintaining chromatin and nucleosome fluidity and dynamics. Similarly, chromatin,
once assembled, was once viewed as an ‘immovable object’ that only an advancing
replication fork (and possibly an advancing RNA polymerase) can displace (Kornberg
and Lorch, 1991). It is now perceived as a highly dynamic and malleable assembly that is
capable of extensive cross-talk with the cellular machinery. Much remains to be learned
on how this is achieved mechanistically, and doubtlessly many activities that are involved

in this important aspect of chromatin metabolism remain yet to be discovered.
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4.6 Supplementary figures
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Supplementary Figure 1A. Interaction of yNAP-1 with histone (H2A-H2B) dimer.
(A) 10 pM yNAP-1 was incubated in the absence of (H2A-H2B) dimer (lane 1) or
presence of 5 uM (H2A-H2B) dimer derived from yeast (lane 2), Xenopus laevis (lane 3),
mouse (lane 4) and drosophila (lane 5). Lanes 6-9 shows binding of yNAP-1 to 5 uM
dimers composed of human H2A Bbd and mouse H2B (lane 6), mouse H2A.Z and
Xenopus laevis H2B (lane 7), human macroH2A histone domain and Xenopus laevis H2B
(lane 8), and Xenopus laevis H2A and H2B in which the tails had been deleted (lane 9).
Lane 10 shows Xernopus laevis (H2A-H2B) dimer in the absence of yNAP-1. Samples
were incubated at 4 °C for 10 hours, and complex formation was analyzed by native
PAGE. The position of yNAP-1 — (H2A-H2B) dimer complex (yNAP-1 A/B) and

yNAP-1 are indicated, as is the oligomeric form of yNAP-1 that we sometimes observe.
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Supplementary Figure 1B. Interaction of yNAP-1 with histone (H2A-H2B) dimer.
(H2A-H2B) dimer from Xenopus laevis was labeled with CPM at H2B T112C. 10 uM
yNAP-1 was incubated in the absence or presence of fluorescently labeled (H2A-H2B)
dimer (A/B*; lane 1-2: 0 and 5uM). Incubation and gel electrophoresis were done as in
(A). The gel was photographed without staining to view fluorescence (upper panel), then

stained with coomassie blue (lower panel).
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Supplementary Figure 1C. Interaction of yNAP-1 with histone (H2A-H2B) dimer. A
complex of yNAP-1 with fluorescently labeled (H2A-H2B) dimer was prepared at a
molar ratio of 1:1. Under these conditions, no free yNAP-1 is present. Tryptophan was
excited at 300nm, and fluorescence of the complex was monitored. The same complex
was analyzed at 1.25 M NaCl (A). The emission spectrum of free (CPM-labeled H2A-

H2B) dimer (A) and yNAP-1 (B) is shown as a control.
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CHAPTER V

The C-terminal acidic domain of yNAP1 is essential for chromatin
scavenging

Jayanth V. Chodaparambil, Tatsuya Sakurai, Robert Willingham, Jeffery C. Hansen,
Karolin Luger
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(VNAPI scavenged nucleosomal arrays on an AFM)

This chapter will be submitted for publication. J.V.C planned and did the experiments.
T.S. performed the yNAP1 assembly, exchange experiments. R.W. made the yNAPI

constructs. J.C.H gave technical guidance for the sedimentation velocity experiments.
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5.1 Introduction

Eukaryotic DNA is confined in the nucleus by a hierarchical scheme of folding and
compaction into chromatin, a highly dynamic protein-DNA assembly. Chromatin is built
from nucleosomes, which consist of an octameric histone core around which 147 base
pairs of DNA are wrapped in 1.65 superhelical turns (Luger et al., 1997). The histone
octamer itself is composed of two copies each of the four histone proteins H2A, H2B,
H3, and H4 (reviewed in (Akey and Luger, 2003)). The formation and maintenance of
functional chromatin is critical to cell survival. Histones, as the key components of
nucleosomes, have a central and essential function in chromatin compaction, but due to
their extreme charge can also interact nonspecifically interact with DNA and chromatin,
potentially causing un-physiological and uncontrolled aggregation of nucleosomes and
chromatin fibers. In most organisms, histone synthesis is tightly coupled to S-phase, and
free histones are found in complex with histone chaperones that shield their charge and
assist in their ordered deposition on DNA to form nucleosome (reviewed in (Loyola and
Almouzni, 2004) (Akey and Luger, 2003)). Histones H3 and H4 form complexes with
chromatin assembly factor (CAF-1) (Verreault et al., 1996), the Hir proteins (Kaufman et
al., 1998). Histones H2A and H2B are also found in complex with histone chaperones,
such as members of the nucleoplasmin and nucleosome assembly protein 1 (NAP1)
families of proteins (Akey and Luger, 2003), and also interact with FACT. More
recently, histone chaperones have been identified as players in regulating access of the
transcription machinery to chromatin, and in the ordered exchange of histone variants

into already assembled chromatin.
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NAP1 is found in all eukaryotes (Park and Luger, 2006a), and its many functions
have been reviewed recently (Park and Luger, 2006a, Zlatanova et al., 2007). First
functional analysis of NAP1 in vitro was based on its ability to bind histones H3/H4 and
H2A/H2B (Fujii Nakata et al., 1992y (Chang et al., 1997, McBryant et al., 2003)); its
ability to introduce negative supercoils into relaxed circular DNA in the presence of core
histones (chromatin assembly; (Fujii Nakata et al., 1992), and to generate regularly
spaced nucleosomes (Ito et al., 1996). More recently, roles in histone removal and histone
exchange have been discussed by several labs (including ours) as a mechanism to
regulate DNA accessibility and to maintain chromatin integrity and fluidity (Levchenko
and Jackson, 2004, Okuwaki et al., 2005, Park et al., 2005). New data implicate NAP1
(and several other H2A chaperones) in the replication-independent exchange of histone
variants into assembled chromatin. NAP1 is also implicated in histone shuttling in a cell-

cycle dependent manner (Kellogg and Murray, 1995, Mosammaparast et al., 2005).

The recently determined the crystal structure of yNAP1 (Park and Luger, 2006b)
shows that the N-terminal 74 amino acids and a 50 amino acid long C-terminal acidic
domain (CTAD) are disordered. A structure of the yNAP1 core domain (amino acids 74-
365) is identical compared to full length yYNAP1 (unpublished data), consistent with the
earlier finding that the key functions of yNAP1 (histone binding and chromatin assembly)
do not require the CTAD. In contrast, the more recently characterized ability of yNAP1
to disassemble nucleosomes, exchange histones, and promote nucleosome sliding in vitro

have an absolute requirement for the CTAD (Park et al., 2005).

Here we test the hypothesis that the CTAD contributes to the affinity of yYNAP1 for

histones. This additional affinity is not required for histone binding and deposition on the
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DNA, but is absolutely necessary for the removal of histones already bound to DNA or to
nucleosomes. By testing several C-terminally truncated versions of yNAPI1, we
demonstrate that these functions are directly related to the length and charge of the

CTAD.

Results

5.2 The CTAD of yNAP1 contributes to the binding affinity of yYNAP1 for histones

H2A/H2B

Unpublished structural studies of a truncated version of yNAP1 (amino acids 74 to
365) show that the structure of the yNAP1 core domain remains unchanged upon removal
of the CTAD (Park Y-J personal communication), demonstrating that this domain is not
required for the structural integrity of yNAP1. This is consistent with previous
qualitative findings that the CTAD does not contribute to the key functions of histone
binding and nucleosome assembly. Figure 5.1A shows the core domain of yNAP1, the C-
terminal acidic tail is denoted by red lines. To investigate the effect of the charge and
length of the CTAD on the various functions of yNAP1, we prepared several successive
C-terminal truncations of yNAP1 (Fig. 5.1B). The proteins (designated yNAP1.395),
YNAP11.385). yYNAP1(1.375), and yNAP1;_365), respectively, were expressed and purified as
described (Fig. 5.1C) (Fujii Nakata et al., 1992). As expected, the proteins expressed at

high yields and were soluble.

Recombinant histone H2A-H2B dimers were incubated with equimolar amounts of

the various yNAP1 truncation mutants and the ensuing complexes were analyzed on a 5%
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Figure 5.1: C-terminal acidic domain (CTAD) deletion does not affect yNAP1
structure. (A) Crystal structure of yYNAP1 74-360. yNAP1 forms a homo-dimer in
solution. The C-terminal acidic domain (CTAD) is shown as the red lines. (B) Various
yNAP1 truncation constructs shown along with their CTAD composition. The acidic
amino acids aspartates and glutamates are shown in red. (C) 15% SDS-PAGE gel of the
truncation constructs as indicated on the lane. Low-molecular weight marker is seen on

either side of the truncation constructs.
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native PAGE gel (Figure 5.2, lanes 2, 4, 8, and 10). Consistent with previous results, all
yNAP1 constructs form complexes with WT histone dimers. Since the native gel is
sensitive to both size and charge of the particle, the yNAP1(1.365- H2A/H2B complex
runs higher than the rest of the yNAP1 — histone complexes. yNAP1(;.375) consistently
produces a smear, despite the fact that it behaves as a homogenous species on a 15%

denaturing SDS-PAGE gel and on native gels in the absence of histones.

To test whether the CTAD affects the affinity of yNAP1 for histone complexes, we
designed competition experiments based on our finding that various truncated forms of
yNAP1 form easily distinguishable complexes with histone H2A/H2B. We incubated
full length yNAPI1 and histone H2A-H2B dimers with either yYNAP1(;_395), yYNAP1(;.385)
yNAPI1 (1375, and YNAP1;.35) at a molar ratio of 1:1:1 (Figure 5.3A). The appearance of
the various histone — yNAP1 complexes was monitored by native gel electrophoresis.
Wild type yNAPI1 easily competes with yNAP(1.365y and yNAP(1.375) for the H2A-H2B
dimer (Figure 5.3B, lanes 1 and 4), indicating that the removal of the CTAD significantly
reduces the affinity of yNAPI for histones. Competition with yNAP385 also shows a
predominant yYNAP417- histone complex, but some yNAP385- dimer complex is also
formed (Figure 5.3B, lane 7). yYNAP395 effectively competes with yNAP417 for H2A-
H2B dimer (Figure 5.3B lane 10), indicating that the removal of the last 22 amino acids
(including a total of seven acidic residues) has no effect on the stability of the yNAP1 —

histone interaction.

To quantify these findings, we determined the binding affinity of yNAP365 and
yNAP417 for the histone H2A-H2B dimer using a fluorescence polarization/anisotropy

assay. H2B was labeled with Alexa-488 on T112C, and the change in fluorescence upon
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Figure 5.2: NAP deletion constructs can make complexes with histone dimers. 5%
native gel showing NAP — Xenopus histone dimer complexes with different deletion
yNAP1 constructs. Lane 1, 3, 5, 7, 9 show yNAP365-, yYNAP375-, yNAP385-, yNAP395-,
and yNAP417-dimer complexes respectively. Lanes 2, 4, 6, 8 and 10 show yNAP365,

yNAP375, yNAP385, yNAP395 and yNAP417 respectively.
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Figure 5.3: CTAD of yNAPI1 increases binding affinity of yNAP1 for histone dimer:
(A) Xenopus histone dimers were incubated with a mixture of a yNAP1 truncation
construct and yNAP417 (WT) in a molar ratio of 1:1:1. Appearance of either the NAP
deletion construct-dimer complex or yNAP417 — dimer complex was monitored on a
native 5% gel. (B) 5% native gel of the competition reactions. Lanes 1, 4, 7, 10 show
complexes formed by yNAP365, yNAP375, yNAP385, yNAP395 constructs competing
with yYNAP417 to form a complex with the histone dimer respectively. Lanes 2, 5, 8, 11
shows yNAP365-, yNAP375-, yNAP385-, yNAP395- dimer complexes respectively.

Lanes 3, 6, 9, 12 show yNAP417 -dimer complex.
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addition of yNAP1 was monitored. Wild type yNAP1 binds H2A/H2B with an affinity of
1.4 nM (data not shown). Confirming our competition studies, the affinity of yNAP1;.
365) was found to be 3.0 nM (data not shown). To exclude effects of the fluorescent label
on H2B on binding affinity, the Kd of wild type yNAP1 for H2A/H2B was determined
with an independent assay in which fluorescence quenching of C-terminally labeled

yNAP1 was measured as a response to H2A/H2B addition.

5.3 The ability of yNAP1 to exchange histones into nucleosome is a function of its

affinity

We have previously shown that yNAP1 exchanges H2A-H2B dimers into preformed
nucleosomes. A construct of YNAP1 encompassing amino acids 74-365 was unable to
perform this function, whereas removal of only the N-terminal domain had no effect
(Park et al., 2005). We repeated these experiments with the four yNAP1 truncations
described above. The various constructs were pre-incubated with fluorescently labeled
H2A-H2B dimers, and were then mixed with unlabeled purified nucleosomes
reconstituted by salt-gradient dialysis (Figure 5.4A). Consistent with earlier studies (Park
et al., 2005), yNAP417 exchanges labeled histone dimers into preformed nucleosomes,
whereas YNAP1(1.365) shows no such activity (Figure 5.4B). These experiments directly
prove the involvement of the CTAD in histone exchange. The removal of the 22
penultimate amino acids (including seven acidic residues; (YNAP1(;.30s)) has no effect on
the ability of yNAP1 to exchange histones. However, further removal of residues from
the CTAD results in an impaired activity (YNAP1(.3s5). YNAP1(1.375)), concomitant with a
decreased relative affinity for histones compared to wild type yNAP1 demonstrated in

Figures 5.3B.
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Figure 5.4: CTAD enhances histone dimer exchange into preformed nucleosomes.
(A) Salt-dialyzed unlabeled nucleosomes were incubated with yNAP365, yNAP375,
yNAP385, yNAP395 or yNAP417-Alexa 488 labeled dimer complexes at a ratio of 1:4
nucleosome: NAP at 4°C overnight. A 5% native gel was used to check for the formation
of labeled nucleosomes due to exchange mediated by NAP. (B) The labeled nucleosome
bands were quantified and were plotted as a bar graph. 100% exchange was normalized
to the labeled nucleosome band by wt-yNAPI. Error bars represent standard deviations

from three separate experiments.
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5.4 The CTAD contributes to the efficiency of chromatin assembly

Even though previous experiments have shown that the CTAD of yNAPI1 is
dispensable for nucleosome assembly, we wanted to investigate the possibility that the
CTAD contributes to the efficiency of the process. We incubated equal amounts of
purified histone octamer (labeled with Alexa488 on the dimer) and 5S 146mer DNA with
a two-fold molar excess of yNAP1(.395, YNAP1 (1385 YNAP1(1.375, and yNAP1(1.365),
respectively at 4°C for 16 hours. The reconstituted nucleosomes were analyzed on a 5%
native PAGE gel and quantified. We have previously shown that this assay is able to
distinguish between misformed or alternatively positioned nucleosomes (Dyer et al.,
2004). The gel was viewed under UV light at 365nm to observe fluorescence derived
from Alexa-488 — labeled H2A, and subsequently stained with ethidium bromide.
yNAP1 1305y and yNAP1(1.3s5) are both as efficient as wild type yNAPI1 in assembling
high-quality nucleosomes (Fig. 5.5). yNAP1(1.375), and yNAP1(i.36s) are also competent

for assembly, but at a reduced efficiency.

5.5 The CTAD is required for removal of non-specifically bound histones from DNA

Incubation of deliberately overassembled mono-nucleosomes with wild type yNAP1
resulted in a remarkable improvement, most likely due to the ability of wild type yNAP1
to remove excess histones that are bound to nucleosomal DNA non-specifically. As
predicted, successive removal of the CTAD resulted in a decreased ability of yNAP1 to

rescue overassembled nucleosomes.

We next wanted to test this novel activity of yYNAP1 in the more biologically relevant

(and easily quantifiable) system of nucleosomal arrays. Nucleosomal arrays were
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Figure 5.5: CTAD plays a role in nucleosome assembly: (A) H2B labeled with Alexa
488 histone octamers were incubated with DNA and yNAP1 at a molar ratio of 1:1:2 at
4°C for 16 hours. The samples were run on a 5% native PAGE gel and visualized under
UV at 365nm for observing the label. Lane 1 shows nucleosomes assembled by
yNAP365, lane 2, 3, 4, 5 shows nucleosomes assembled by yNAP375, yNAP385,
yNAP395 and yNAP417 respectively. Lane 6 represents the labeled nucleosome
assembled through salt gradient dialysis. (B) The labeled nucleosomes formed on the gels
were quantified and were plotted as a bar graph. 100% assembly was normalized to the

labeled nucleosome band formed by yNAP417. Error bars represent standard deviations

from four separate experiments.
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reconstituted from 208—12mer DNA and purified core histone octamers using salt dialysis.
It has previously been determined that a fully saturated 208-12mer nucleosomal array has
a Save value of ~ 28S, which translates to 10 + 2 nucleosomes per DNA (Tse and Hansen,
1997). For our purposes, we used a 2.5- fold excess octamers to the octamer binding sites
available on the DNA. This leads to non-specific binding of histones to linker DNA as
well as to nucleosomes, forming heterogeneously supersaturated arrays with an average S
value ranging from 45-70S (Figure 5.6). We then added a seven-fold molar excess of
YNAP1 (1305, YNAP1(1.385) YNAP1(1.375), and yNAP1(;.365) dimer per DNA repeat (an 84-
fold molar excess of yYNAP1 for each array). The reaction was allowed to proceed at 4°C
for 16 hours, followed by analysis via sedimentation velocity. Wild type yNAP1 and
yNAP1(1.305y were able to convert these supersaturated arrays into well-behaved 28 S
arrays. In contrast, the removal of the remainder of the CTAD resulted in an impaired
ability of yYNAP1 to rescue overassembled nucleosomal arrays. In particular, the addition
of yNAP11.365)had no effect on the sedimentation behavior of the overassembled arrays,

consistent with the contribution of the CTAD to histone binding.

We also visualized these experiments using atomic force microscopy to provide an
independent assay of this novel yNAP1 function. Dilutions of the same supersaturated
arrays as analyzed above were incubated with with a seven-fold excess of wild type
yNAP1 or yNAP1(1.365) per nucleosome positioning sequence and incubated for 16 hours
at 4°C. The samples were then placed on glass slides with a cleaved mica sheet treated
with APTES (3-Aminopropyl Triethoxysilane), and images were obtained in air using the
tapping mode. Figure 5.7a shows the amplitude image of such supersaturated arrays.

Excess histones effectively act as glue, promoting nonspecific intra and intermolecular
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Figure 5.6: CTAD of yNAP1 aids histone scavenging on super-saturated
nucleosomal arrays. Nucleosome arrays treated with yNAP1 truncation constructs were
characterized by sedimentation velocity in TEN buffer as described under "Experimental
Procedures.” Shown is the integral distribution of sedimentation coefficients, G(s), for
each sample. (o) super saturated arrays (SSA), (¢) SSA + yNAP365, () SSA +

yNAP375, (+) SSA + yNAP385, (¢) SSA + yNAP395, (#) SSA + yNAP417.
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Figure 5.7: Nucleosome scavenging at a single-molecule level: Nucleosomal arrays
treated with yNAP1 truncation constructs were characterized by Atomic force
microscopy. (A) Amplitude images of the super saturated arrays. 1.1um X 1.1um scan

(B) Height profile of the supersaturated arrays.
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Figure 5.7: Nucleosome scavenging at a single-molecule level: Nucleosomal arrays
treated with yNAPI truncation constructs were characterized by atomic force microscopy.
(C) Amplitude images of the super saturated arrays treated with yNAP365. 1.5um X 1.5

scan (D) Height profile of the supersaturated array treated with yNAP365.
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Figure 5.7: Nucleosome scavenging at a single-molecule level: Nucleosomal arrays
treated with yYNAP1 truncation constructs were characterized by atomic force microscopy.

(E) Amplitude images of the super saturated arrays treated with yYNAP417. 1.5um X 1.5

scan (F) Height profile of the supersaturated array treated with yNAP417.
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interactions of arrays. The resulting large assemblies exhibit an average height profile of
around 8nm (Fig. 5.7B). Upon treatment with wild type yNAPI, these aggregates are
converted to a beads-on-a-string structure that is typical of correctly assembled 28 S
nucleosomal arrays with an average height profile of 2 nm. In contrast, the addition of

yNAP1.365) has no effect, consistent with the sedimentation velocity analysis.

5.6 Discussion

The crystal structure of dimeric yNAP1 reveals a novel dome-shaped fold that is
dominated by long paired alpha-helices and a 3-sheet domain (Park and Luger, 2006b).
Although the molecular details of yNAP1 — histone interactions are unknown, the
distribution of negative surface potential displayed by yNAP1 suggests that histones
interact with the underside of the B-domain (domain II) in the general vicinity of the
disordered C-terminal acidic domain (CTAD) (Park and Luger, 2006b). Mutational
studies conducted with the related human SET protein, which also contains the NAP1
fold, later supported this interpretation (Muto et al., 2007). The location of the histone
binding site within reach of the CTAD is supported by our present findings that deletion
of the entire CTAD results in a ~ five-fold reduction in the affinity of yNAP1 for the
histone H2A-H2B dimer, and that the contributions of the CTAD appear to directly

correlate with the number of acidic amino acids present in the CTAD.

It has been proposed earlier that the nucleosome assembly activity of yNAP1 might
be a result of the differences in the affinities between histones and yNAP1 on the one

hand, and between histones and DNA or DNA — (H3-H4), tetramer complexes on the
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other hand (Nakagawa et al., 2001). We assume that histones that are non-specifically
bound to either DNA or assembled nucleosome bind with lower affinity than those
histones that are found in legitimate nucleosomes. Our results demonstrate that the
CTAD of yNAP1 contributes to the modulation of yYNAP1 — histone affinities, and further
show that this finely tuned affinity for histones may be responsible for the ability of

yNAP1 to remove histones from assembled or over-assembled nucleosomes or chromatin.

We find that the removal of the 22 most C-terminal residues (which contain only
seven acidic residues that are mostly clustered within the proximal 8 amino acids;
yNAP1,.395) has no effect on chromatin assembly, histone exchange, and histone removal.
This is consistent with the finding that this mutant (whose CTAD retains 23 acidic amino
acids) exhibits similar relative affinities for H2A-H2B dimer as wild type yNAP1. It
should be pointed out that the CTAD in the human and drosophila homologues contain

25 and 21 acidic amino acids, respectively.

Removal of 10 more amino acids (6 of which are acidic; yYNAP1,.3g5) results in a
slight reduction of affinity for H2A-H2B dimer compared to full length yNAPI, as
demonstrated by its decreased fitness in a competition assay with wild type protein. This
mutant has no effect on nucleosome assembly, and only very modefate effects on histone
removal from over assembled nucleosomal arrays. Intriguingly, this mutant is impaired in
its histone exchange activity, a process that requires the removal of a tightly bound H2A-

H2B dimer from folded nucleosomes.

yNAP1, 375 (obtained by the removal of 9 more acidic residues) leaves only 8 acidic

residues in the CTAD. While the ability of this protein to bind histones could not be
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assessed, it exhibits intermediate activity in all other assays. Finally, removal of the
penultimate 8 acidic residues (all of which are still disordered in the structure) results in
the complete loss of histone exchange and histone removal activity, and an only 30 %
activity in nucleosome assembly. Together, our findings are consistent with the
hypothesis that yNAP1 functions in histone exchange and histone removal via a non-
invasive mechanism by capturing histones that are temporarily unbound to DNA and

chromatin.

It is a priori not obvious whether the ability of NAP1 to remove histones from
chromatin is an activity that is maintained in other organisms. A comparison of the
length and amino acid composition of NAP1 CTADs from various species reveals that
with 52 amino acids (30 of which are acidic), the yYNAP1 CTAD has the highest negative
charge. The CTADs of human and Drosophila NAP1 are about five amino acids shorter,
and, with 25 and 21 acidic residues, slightly less acidic. However, NAP1 in Drosophila
and humans is the target of posttranslational polyglutamylation (Regnard et al., 2000),
suggesting the exciting possibility that the affinity of NAP1 for histones may be regulated
in metazoans. Intriguingly, the presence of an extended CTAD in several (but not all)
members of the extended NAP1 family of proteins suggests that the various and diverse
functions previously assigned to NAP1 proteins may be at least in part the result of

different affinities for histones.
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5.7 Materials and Methods
Site-directed Mutagenesis of yYNAP1 Vector.

Forward and reverse primers with a single point mutation at amino acids 363,
375, and 395 were used to insert a premature stop codon in the yeast NAP1 sequence.
PCR using the mutated primers was used to mutagenize and amplify the yNAP1 gene-
containing pTN2 plasmid vector (Ishimi and Kikuchi, 1991). E. coli DH5a. cells were
transformed with the mutated plasmids and plated on LB-Amp plates. Plasmids were
isolated using Qiagen mini-prep DNA isolation protocol. Plasmids were sequenced to

check for the mutations.

Expression and Purification of Protein.

The mutated plasmids were transformed into BDP cells for expression.
Extraction and purification were conducted as previously described (Fujii Nakata et al.,
1992; McBryant et al., 2003). Proteins isolated were pooled and assayed on a 15% SDS-

PAGE gel.

Histone dimer exchange reactions.

3 uM unlabeled NCP was incubated with preincubated yNAP-1-histone dimer
mixtures (3uM H2A-H2B alexa-488 labeled dimer and 6 uM yNAP-1 monomer) at 4 °C
for 10 h in 100mM NaCl, 10mM Tris pH 7.5, ImM EDTA, 1mM DTT. Nucleosomes
containing fluorescently labeled (H2A-H2BT112C) dimer were prepared as a control.
The exchange of fluorescently labeled H2A-H2B dimer was analyzed on a 5% native

PAGE. The gel was photographed under UV with a 488 filter using a Chemi-doc XRS
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system. Exchange was quantified by integrating the area under the peaks using Scion
Image software (www.scioncorp.com). Histone exchange mediated by wt-yNAP1 was
considered 100% exchange and the relative exchange by rest of the yNAP1 constructs

calculated. The error bars represent standard deviation from four separate experiments.

yNAP1 mediated nucleosome assembly reactions.

Alexa488-labeled histone dimer-containing octamers (labeling of histones as
described in (Park et al., 2004)), 5S 146merDNA were incubated with yNAP365,
yNAP375, yNAP385, yNAP395 or wt-yNAP1 at a molar ratio of 1:1:2. The reaction was
allowed to proceed for 16 hours at 4°C and then run on a 5% native PAGE gel. The gel
was viewed under UV at 365nm using a Bio-Rad ChemiDoc XRS system. The
percentage of properly formed nucleosomes was calculated from the integrated area
under the peaks of the nucleosome bands using Scion Image (wWww.scioncorp.com).
Nucleosome assembly by wt-yNAP1 was considered as 100% assembly and the relative
nucleosome assemblies for the other yNAP1s were calculated. The error bars represent

standard deviation from four separate experiments.

Preparation of supersaturated nucleosomal arrays.

208-12 mer 5sDNA, histones, and histone octamers were prepared as previously
described in (Gordon et al., 2005, Luger et al., 1999). DNA was mixed with 2.5-fold
excess of histone octamers to 208mer repeat at 2M NaCl, 10mM Tris pH 7.5 and 0.25
mM EDTA. The mixture was dialyzed against buffers containing 1M NaCl, 0.75M NaCl

and 2.5mM NaCl (TEN). For a detailed description refer to (Hansen and Lohr, 1993).

156

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.


http://www.scioncorp.com
http://www.scioncorp.com

The saturation level of the arrays was tested using sedimentation velocity experiments
and EcoRI digestions. For further description see (Tse and Hansen, 1997). Sedimentation
velocity experiments were performed in a Beckman XLA or XLI ultracentrifuge. Data
was analyzed using Van-Holde Weischet analysis (Ultrascan 7.3 software) (van Holde

and Weischet, 1978, Demeler et al., 1997).

YNAP1 Scavenging on nucleosomal arrays using analytical ultracentrifugation.
Supersaturated arrays were incubated with seven-fold excess of yNAP365,
yNAP375, yNAP385, yNAP395 or yYNAP417 per 208-12mer repeat in TEN for 16 hours
at 4°C. Sedimentation velocity experiments were done on the sample at 23000 rpm in a
Beckman XLA or XLI ultracentrifuge and the data was analyzed using Van-Holde
Weischet analysis (Ultrascan 7.3 software) (van Holde and Weischet, 1978, Demeler et

al., 1997).

yNAP1 scavenging of nucleosomal arrays using Atomic Force Microscope.

Slide preparation: A Glass slide with freshly cleaved mica was used as the surface on
which the sample is placed. The cleaved mica was then treated with a 1:1000 dilution of
3-Aminopropyltriethoxysilane (APTES).This was allowed to stand for 20 minutes and
then washed with 0.22um-filtered double-distilled water and then dried using air or

nitrogen gas.

Sample preparation: Supersaturated arrays were treated with a seven-fold excess of

yNAP365, yNAP375, yNAP385, yNAP395 or yYNAP417 per 208-12mer repeat in TEN
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for 16 hours at 4°C. To prevent crowding of the slide with the sample, the samples are
diluted to either 1:100 (for supersaturated arrays), or 1:4000 (for yNAP365 or yNAP417
treated arrays) with 0.22pm filtered TEN. The 1:4000 dilution is necessary to prevent the

excess yNAP1 from crowding the surface of the mica in case of the yNAP1 treated arrays.

Sample imaging and analysis: Samples were imaged on an Asylum MFP-3D Atomic
force microscope with an AC240TS or AC160TS cantilever from Olympus. Images were

analyzed using the MFP-3D- Igor Pro software.
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CHAPTER VI

Contributions to other publications

(Electron density of LANA peptide)
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The following are references and abstracts of the contributions I made to other scientific

publications of which I was co-author.

1. Chodaparambil JV, Edayathumangalam RS, Bao Y, Park YJ, Luger K.
Nucleosome structure and function. Emst Schering Res Found Workshop.

2006;(57):29-46.

It is now widely recognized that the packaging of genomic DNA, together with
core histones, linker histones, and other functional proteins into chromatin profoundly
influences nuclear processes such as transcription, replication, DNA repair, and
recombination. How chromatin structure modulates the expression of knowledge encoded
in eukaryotic genomes, and how these processes take place within the context of a highly
complex and compacted genomic chromatin environment remains a major unresolved
question in biology. Here we review recent advances in nucleosome structure and

dynamics.

2. Chakravarthy S, Park YJ, Chodaparambil J, Edayathumangalam RS, Luger K.
Structure and dynamic properties of nucleosome core particles. FEBS Lett. 2005;

579:895-8.

It is now widely recognized that the packaging of genomic DNA, together with
core histones, linker histones, and other functional proteins into chromatin profoundly

influences nuclear processes such as transcription, replication, DNA repair, and
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recombination. Whereas earlier structural studies portrayed nucleosomes (the basic
repeating unit of chromatin) as monolithic and static macromolecular assemblies, we now
know that they are highly dynamic and capable of extensive cross-talk with the cellular
machinery. Histone variants have evolved to locally alter chromatin structure, whereas
histone chaperones and other cellular factors promote histone exchange and chromatin
fluidity. Both of these phenomena likely facilitate interconversion between different

chromatin states that show varying degrees of transcriptional activity.

3. Barbera AJ, Chodaparambil JV, Kelley-Clarke B, Luger K, Kaye KM. Kaposi's
sarcoma-associated herpesvirus LANA hitches a ride on the chromosome. Cell

Cycle. 2006;5:1048-52. Epub 2006 May 15.

Kaposi's sarcoma-associated herpesvirus (KSHV) latently infects tumor cells and
has an etiologic role in Kaposi's sarcoma, primary effusion lymphoma, and multicentric
Castleman's disease. Survival in rapidly dividing cells depends on a carefully
orchestrated chain of events. The viral genome, or episome, must replicate in concert
with cellular genetic material, and then efficiently segregate to progeny nuclei. KSHV
achieves this through its latency associated nuclear antigen (LANA), which
simultaneously binds to viral DNA and mitotic chromosomes to efficiently partition
episomes. LANA's N-terminal region has been shown to be essential for efficient KSHV
DNA replication and tethering to mitotic chromosomes. The precise mechanism by which
LANA attaches to host chromosomes has been an area of active investigation. We
recently reported that this association is mediated by the chromatin components histones

H2A and H2B. Binding between LANA and these proteins was demonstrated in vivo and
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in vitro, and use of an H2A-H2B-depleted system demonstrated their central role in
LANA's chromosome binding. Further, we provided a structural description of the
interaction of LANA's N-terminal chromosome association region with the nucleosome
using x-ray crystallography. Our data offer further insight into the mechanism of KSHV
latency, and also reveal a new concept for a role of the nucleosome as a docking site for

other proteins.

162

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER VII

Summary and Future directions

- (Wild-type Xenopus nucleosome crystals)
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The overall goal of this dissertation was to study the structure and function of the
nucleosomal surface and nucleosome-binding proteins and how this influences the higher
order chromatin compaction. In Chapter II, we for the first time show in molecular detail,
the mode of LANA tethering to the host chromosome. We show that the 28,000A total
surface area of the nucleosome could act as a docking station for trans acting proteins. It
will be interesting to determine which other proteins bind on the surface of the
nucleosome. Studies are underway to look at this. In collaboration with the Kaye lab at
Brigham and Young’s Women’s Hospital, we will try to identify proteins from HeLa cell
extracts which bind to the wild-type histone dimer but not to acidic patch mutants (nhs-
dimer) by doing pull-down studies. The proteins so identified can further be characterized
for their functions. Since LANA binds to the interface formed by the dimerization of
H2A and H2B, the effect of LANA binding on the nucleosome stability would also be of
interest. This would again throw light on whether the nucleosome can be directly
modulated by trans-acting proteins, which might be involved in transcription regulation.

The charged patch region is also the interaction surface for the H4 tail from the
adjacent nucleosome in the crystal structure. Richmond and colleagues also showed
through cross-linking studies that in solution, the H4 tail could interact with this region.
From our studies (chapter IIT) we see that the H4 tail has multiple binding sites on the
nucleosome. To identify these alternative sites, we will crystallize the acidic patch-
mutant nucleosome and see whether the H4 tail now makes alternative interactions with
the nucleosome and whether they will be visible in the crystal structure. Initial

crystallization studies indicate that these mutant nucleosomes do not form stable crystals
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under the conditions standardized from wild-type nucleosomes. Further crystal conditions
will be screened.

Denu and colleagues have shown that the histone-fold domain of H4 is essential
for the Piccolo NuA4 complex to bind and acetylate the H4 tail. Tt is interesting to note
that the charged surface representation of the nucleosome shows a charged region formed
by the dimerization of H3 and H4. This region is also close to the H3K79, which gets
methylated by the Dotlp methyltransferases. Mutation in this region affects telomeric
silencing. In collaboration with Rolf Sternglanz at SUNY, Stony Brook, we could study
the effect of another silencing protein called Sir3 binding to the nucleosome. Sternglanz
and colleagues have shown that mutations in H3D77, which is an amino acid involved in
the charged patch at the H3-H4 interface leads to better binding of the Sir3 protein. We
will try to co-crystallize the Sir3 protein with the nucleosome. It will be interesting to see
whether Sir3 is another protein, that binds very stereo specifically to the surface of the
nucleosome and thereby modulates chromatin function.

In chapter III of this thesis, we used LANA as a tool and studied the effect of
LANA binding on chromatin in solution. We found that the surface of the nucleosome
plays a critical role in chromatin compaction. We showed that the charged domains
formed by the dimerization of the histone dimers act as repulsive domains thereby
preventing chromatin compaction. We showed that LANA binding to the charged domain
induced better folding. We also showed that the H4 tail could act in trans to mediate the
same effects as LANA. Experiments done so far only address the effect of H4 tail in
chromatin compaction. Hansen and colleagues have shown that the histone tails act

independently and also additively. Further experiments will be done to study the effect of
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the other tails in chromatin compaction and see whether these tails might be involved in
interacting with the nucleosomal surface or with the DNA. We should also study the
effect of the Sir3 binding to the nucleosomal arrays.

In Chapter IV and V we show novel functions for the histone chaperone yeast
Nucleosome Assembly Protein (yNAP1). Chapter IV shows that yNAP1 can slide
nucleosomes on a longer piece of DNA. We have also shown that for this process to
occur, YNAP1 has to remove and exchange the histone dimers. Since yNAP1 is a histone
dimer-specific chaperone, it would be very interesting to see whether yNAP1 can
exchange the histone dimers in the presence of the LANA peptide. This would show
whether trans-acting proteins could affect transcriptional activity by preventing
nucleosome from falling apart. An in vitro transcriptional activity study would be useful
in proving this hypothesis. We can also test whether the binding of LANA to the histone
dimer and binding of yNAP1 is mutually exclusive or whether yNAP1 can bind to the
dimer in presence of LANA. This would give us a clue to how yNAP1 specifically
interacts with the histone dimer. The ability of yNAP1 to bind the acidic patch mutant
should also be studied. This would tell us whether yYNAP1 can recognize the surface of
the nucleosome. We can also use yNAP1 as a tool to study the stability of the
mononucleosome in the presence and absence of LANA. The experiments done to show
that yNAP1 can exchange dimers into preformed nucleosomes have only been done in
mononucleosomes. This study should be extended to nucleosomal arrays. This would
determine whether the exchange activity observed in mononucleosomes is biologically

relevant.
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In Chapter V, we showed that the C-terminal tail acidic domain (CTAD) of
yNAP1, which was considered non-essential, is in fact responsible for a “scavenging
activity” of yNAP1. We have shown that the binding affinity for yNAP1 is changed in
the absence of the CTAD. We further need to do fluorescence polarization studies with
all the yNAP1 constructs available to determine the binding constants for yNAP1
truncations to the histone dimers and the acidic patch mutant histone dimers. This would
determine whether yNAP1 exchanges/scavenges histone dimers from nucleosomes by
either physically removing the histones or by acting as a histone sink with higher binding
affinity so that any non-specifically bound histones bind to yNAPI rather than non-
specifically interact with the nucleosome/tetrasome or DNA.

The CTAD of yNAP1 has more glutamates than aspartates. In the case of
Drosophila NAP1, the CTAD has more aspartates than glutamates. However, in
Drosophila, an enzyme polyglutamylase adds a 10-13 stretch of glutamates to the C-
terminal region. We hypothesize that this post-translational modification could act as a
switch to change NAP1 from being a histone chaperone to a histone scavenger. To test
this hypothesis in vitro, a domain swap experiment can be done wherein we swap the
CTAD of yNAP1 with the CTAD of Drosophila NAP1 and vice versa. If the hypothesis
regarding the glutamate content is correct, the chimeric Drosophila NAP1 should exhibit
the exchange/scavenging activity whereas the chimeric yNAP1 shouldn’t exhibit the
functions described ecarlier. In vitro polyglutamylation using the purified enzyme
polyglutamylase or chemical peptide ligation of a polyglutamylate stretch can also be

done to identify whether this modification can act as a molecular switch.
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In summary, this dissertation has reshaped the way the nucleosomal surface
should be viewed. We have shown that the nucleosomal surface can act as a docking
station for transcriptional/ viral proteins. We have also shown that by changing the
surface, either through point mutations or by ligand binding, we can modulate the higher
order chromatin compaction. All these data point to the fact that the nucleosomal core
surface is dynamically involved in modulation of the chromatin structure. This work will
hopefully lead to studying the surface and its posttranslational modifications in detail in
the future. We have also shown that the yeast nucleosomal assembly protein is a multi-
faceted protein, which can act as a histone exchanger and scavenger of chromatin.
Further studies should be done on other histone chaperones to determine whether all the
histone chaperones carry these novel functions in addition to their assembly function.
These studies hopefully will increase understanding of the complex and intricate world of

chromatin.
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