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Chapter 1. General introduction



The nucleosome, a DNA-protein complex, is well known today as the
basic unit of chromatin. However, the discovery and characterization
of it took more than a hundred years of unveiling each building block
of the nucleosome step by step. The existence of histones, the protein
components of the nucleosome, was first recognized in 1884 by Kossel
!, It was not until the 1960s that the five histone types were observed
2. now known as H1, H2A, H2B, H3 and H4. DNA, on the other hand,
was first isolated by Miescher in 1869, and its double-helix structure
was revealed by Watson and Cricks more than eighty years later in
1953 3. With the identification and characterization of both protein and
DNA components available, studies emerged in the 1970s to
understand the fundamental basis of chromatin structure *7. In 1974, a
complex of eight histone molecules and about 200 DNA base pairs was
proposed by Kornberg as the repeating unit of the chromatin structure
8. Finally, twenty-three years later in 1997, the first high resolution
crystal structure of the isolated nucleosome core particle was solved by
Luger et al. ® Two copies of each of the four core histones H2A, H2B,
H3, and H4 form a histone octamer, around which wraps 147 bp of
DNA to form the basic unit of chromatin: the nucleosome (Figure
1.1a). These nucleosomes can be further coiled into thicker chromatin
fibers, which are further compacted and folded into the typical X-
shaped chromosomes during metaphase. This packaging of DNA is
dynamic and modulates nuclear processes. At lowest level, the
presence of nucleosomes forms a roadblock, limiting DNA
accessibility for polymerases, transcription factors, and other DNA
binding proteins. Modulation of nucleosome structure and position
allows the manipulation of this roadblock and thus ultimately the
regulation of DNA transcription or repair. A vast range of proteins
cooperate to achieve this regulation. Even if the resulting chromatin
biology is highly complex, just like mosaic art, no matter how splendid
it is, the art piece is made of simple building blocks. And just as the
color and shapes of these building blocks determine the range of
mosaics that can be made, the fundamental molecular properties of the
nucleosome and chromatin factors determine the dynamic network of
interactions that underlie chromatin biology. In this regard, the
determination of the crystal structure of nucleosome in 1997 has truly
been a scientific breakthrough discovery (Figure 1.1a) °. Since then it
has been shown that the architecture and structure of the nucleosome



is nearly independent of DNA sequence and constant among different
species. Yet the efficiency of this roadblock can be altered through a
number of mechanisms, most notable through incorporation of post
translational modifications (PTMs) and the replacement of the
canonical histones by histone variant proteins.

PTMs alter nucleosome structure and function

PTMs are covalent modifications that can be dynamically added on and
removed from residue side chains as a means to regulate protein
function in response to the cell environment. While histone PTMs are
mostly known for serving as binding anchors for various chromatin
factors, a number of histone PTMs, in particular those that occur in the
histone core rather than the tail, act by influencing nucleosome
structure directly. Core modifications often alter histone-DNA and/or
histone-histone interactions thus changing nucleosome dynamics and
stability. For example, acetylation of H3 lysine 56, which is located
close to the nucleosomal DNA, interrupts the local histone-DNA
interaction, increases DNA accessibility, and ultimately affects gene
expression and DNA repair '%!!, Similarly, acetylation of H4 lysine 91
removes an essential salt bridge to H2B E68 in the tetramer-dimer
interface, resulting in higher sensitivity toward DNA digestion by
micrococcal nuclease '2. This modification occurs before the H3-H4
tetramer is assembled on DNA and is thus suggested to regulate
nucleosome assembly'3. These examples illustrate how small structural
changes, i. e. addition of a simple acetyl group, can have pronounced
effects on overall nucleosome stability and function.

Histone variants alter nucleosome structure and
function

The largest structural changes are brought about by substitution of the
canonical histones by variant histones with different amino acid
sequence. For example, macroH2A, an H2A variant, contains an
additional ~250 amino acids at its C-terminus that includes a macro
domain and thus offers new functionalities to the nucleosome 415,



Unlike canonical histones, whose synthesis and assembly into
nucleosomes is highly coupled with DNA replication, histone variants
are expressed and incorporated into chromatin in a replication-
independent manner. In addition, histone variants are usually encoded
by single copy genes whereas the canonical forms are encoded by
multiple copy genes. Variants are less abundant but play a vital role in
regulating chromatin function by replacing their canonical forms from
nucleosome at defined genomic loci. For example, centromeres contain
specialized nucleosomes that include histone H3 variant CENP-A. Due
to the presence of this variant these nucleosomes have an altered
structure and can form interactions with other centromeric proteins.
The crystal structure of the centromeric nucleosomes (pdb: 3AN2)
showed that it only organizes 121 bp DNA due to the shorter ooN helix
of the variant ' and the resulting higher flexibility of entry/exit
nucleosomal DNA may facilitate the binding of centromeric DNA-
binding proteins.

The first histone variant, sperm H2B, was identified in the 70s of 20
century !7. There are now in total 18 groups of histones variants
recorded in Histone Database for H2A, H2B, H3 and H4 '3. Overall,
H2A and H3 have the most variants, while H2B and H4 have only a
few variants. Sequence differences to the canonical form can be large,
such as in the case of macroH2A, but are typically limited to few amino
acid substitutions. For example, histone variant H2A.X contains an
additional C-terminal motif that contains a serine that is
phosphorylated in the response to DNA damage, thereby signaling and
recruiting DNA repair proteins to the damage site '°.

The incorporation of histone variants is mediated by nucleosome
remodelers and dedicated histone chaperone proteins. For H2A.Z, a
variant involved in transcription regulation and mostly positioned at
promoters, it has been shown that Swrl, part of the SWR1 remodeling
complex, can load the H2A.Z-H2B dimer in two steps on a tetrasome,
the complex of DNA and the H3-H4 tetramer 2. SWRI1 is thought to
first unpeel the DNA from the nucleosome, using energy from ATP,
releasing the canonical H2A-H2B dimers in the process, after which
the variant dimer is incorporated.

The structures of several variant nucleosomes have been determined
and some have shown surprisingly little structural changes to the
canonical form. While a wide array of biochemical and biophysical



data have indicated that H2A.Z forms mobile and dynamic
nucleosomes, the crystal structure of the H2A.Z nucleosome (pdb:
1F66) is virtually identical to that of the canonical nucleosome 2!,
highlighting the need for complementary studies that are sensitive to
dynamics.

This thesis is focused on H2A.B, which is one of the most divergent
histone variants 22. Incorporation of H2A.B into nucleosomes has been
shown to induce a more open conformation of the nucleosome in which
the DNA is more accessible ?3. Functionally, it has been linked to
various processes, including RNA splicing and active transcription .
To provide a solid fundamental basis to understand its biological
function, a study on the structure and dynamics of the H2A.B-H2B
dimer and the H2A.B nucleosome is described in this thesis. The
remainder of this introduction describes the current knowledge on this
enigmatic histone variant.

Discovery of histone variant H2A.B

As human females have two X chromosomes, while males have one X
and one Y chromosome, one of the two X chromosomes from female
somatic cells is randomly subjected to permanent inactivation to ensure
comparable gene expression from the X chromosome ?°. This sex-
determining system is consistent in most of mammals. Inactivation of
one of the X-chromosomes is achieved by heterochromatin formation
and further compaction and results in the formation of so-called Barr
bodies in the nucleus. While the exact mechanism of inactivation is
not fully resolved yet, a crucial role is played by the long non-coding
RNA Xist 26, In addition, the inactive X (Xi) chromatin contains
specialized nucleosomes with H2A variant macroH2A?’. This variant
is thought to promote the repression of transcription by amino acid
substitutions within the histone fold that stabilize the nucleosome, as
well as by promoting recruitment of histone deacetylases (HDACs) via
the macrodomain 28, In the hope to find a counterpart to macroH2A
that is repelled from Xi, Chadwick and Willard searched the genome
database and found a group of distant H2A homologs 2>2°. Expression
of the identified gene was confirmed by Northern blot and reverse
transcription PCR in a variety of cell lines and tissues. Transfection of



a GFP fusion protein into primary human fibroblasts showed that it was
excluded from the Xi chromosome in female cells. Further analysis
proved that the protein is a nucleosomal core histone ?2. The identified
protein was originally named H2A.Bbd, for Barr-body deficient H2A
variant. The simplified name H2A.B has been slowly adopted during
the past two decades. H2A.B contains 114 amino acids and shares only
48% identity to canonical H2A, making it one of the most divergent
histone variants up to date.

The sequence of H2A.B differs strongly from
canonical H2A

Up to date, fifteen H2A.B sequences have been reported over twelve
mammalian species, and their sequence alignment against human
canonical H2A is shown in Figure 1.1c 8. Three key differences
between the H2A.B family and canonical H2A emerge from sequence
comparisons. First, most sequence differences occur in the N-terminal
tail of H2A.B, which is also a highly variable region within the H2A.B
family. A common overall feature of the H2A.B N-terminal tail is the
lack of lysine residues as opposed to canonical H2A. Histone lysines
are common targets for PTMs, such as acetylation, methylation, and
ubiquitination, which are essential in defining chromatin function. In
the case of H2A, N-terminal K13/15 ubiquitination plays a crucial role
in the DNA damage response *-3!, while N-terminal K5 acetylation is
essential in transcription regulation and chromatin remodeling 2.
Notably, also the histone fold domain of H2A.B is scarce in lysines,
with only one lysine present instead of four in the canonical H2A.
Together, this absence of modifiable residues suggests that the variant
is regulated in a manner different from other members of H2A family
and that it exerts its specific impact on chromatin function independent
of PTMs.

The second key difference in H2A.B is its missing C-terminal tail and
truncated C- terminal docking domain. Absence of the C-terminal tail
again removes a number of well-known modification sites in H2A, in
particular K118/K119 sites that are involved in transcriptional
repression 3. In the canonical nucleosome, the H2A docking domain
mediates the interaction between H2A-H2B dimer and H3-H4 tetramer



%, In particular, the segment absent in H2A.B binds to the H3 aN helix
in the canonical nucleosome. Furthermore, the truncated docking
domain in H2A.B contains several sequence differences compared to
H2A, raising the question whether this will also translate into structural
differences in the H2A.B nucleosome.

A third common feature of H2A.B compared to other H2A histones is
the reduced negative charge of the acidic patch, a negatively charged
area on nucleosome surface formed by six H2A residues (E56, E61,
E64, D90, E91, and E92) and two H2B residues (E102 and E110) °.
The acidic patch functions as a binding surface for the H4 tail from a
neighboring nucleosome, thereby mediating higher order chromatin
folding 4. Moreover, the acidic patch is the key binding site for a wide
variety of nucleosome binding proteins, such as LANA, RCCI1, SIR3,
HMGN?2, etc. 3338, Just as the H4 tail, these proteins all use a
strategically located arginine residue to form hydrogen bonds with
acidic patch residues®. In human H2A.B three of the six residues that
form acidic patch are either neutralized or charge-swapped: E61 to K,
E91 to R, and E92 to L. Within the H2A.B family, several species have
also a D90 to N substitution, while mouse H2A.B retains E92 in its
sequence shifted by one residue position. The reduced negative charge
on H2A.B-nucleosome surface will disfavor or even inhibit binding of
the many acidic-patch binding chromatin factors including the H4 tail,
thus affecting chromatin function and higher-order structure (see also
below).

Last but not least, it has been noticed that H2A.B is less basic compared
to H2A, due to the loss of lysines and a series of substitution of charged
residues 2340 (see Figure 1.1¢). The reduced electropositive potential
may affect DNA binding directly. Moreover, the extensively altered
pattern of charged residues in H2A.B may influence the stability of its
dimer with H2B and/or its octamer with H2B, H3, and H4 *!. A more
detailed examination of this hypothesis is discussed in Chapter 3. In
addition, we note that one of minor groove anchoring arginines in H2A
is shifted one residue position in most H2A.B sequences, which may
alter the interaction with nucleosomal DNA. This is further
investigated in Chapter 4.



H2A.B induces opening structure at DNA entry/exit
ends of nucleosome

To investigate how the sequence differences in H2A.B impact
nucleosome structure, Bao et al. reconstituted H2A.B nucleosome in
vitro and studied the organization of the nucleosomal DNA using
fluorescence resonance energy transfer (FRET) experiments and
micrococcal nuclease (MNase) digestion assays 23. Both methods
indicated that H2A.B nucleosome have a relatively open structure in
which DNA entry/exit ends are far away from each other, even at low
ionic strength. In particular, the MNase digestion assays showed that
only ~118 bp were left intact after digestion of the free DNA ends while
146 bp are protected in the conventional case. Similar results were
obtained later using the high-affinity, artificial ‘601 DNA sequence
rather than the 5S DNA sequence #°. Subsequent studies using atomic
force microscopy (AFM) confirmed that less DNA is tightly bound to
the histone octamer core in H2A.B nucleosomes, but arrived at ~130
bp DNA being protected 4*3, possibly due to different experimental
conditions. Electron cryo-microscopy, atomic force microscopy,
SAXS, and small-angle neutron scattering experiments have further
confirmed the less organized DNA entry/exit ends in the variant
nucleosome (see Figure 1.1b) 4% 4446 In an attempt to dissect the
structural basis for the opened structure, various mutation studies have
been conducted. A chimeric protein made by replacing H2A N-
terminal tail with the H2A.B N-terminal tail showed no changes of the
DNase digestion profile, proving that the elongated N-terminal tail of
H2A.B has no impact on the opening structure of the variant
nucleosome %, Similarly, a chimeric protein containing H2A histone
fold and the H2A.B docking domain as well as a series of H2A mutants
in which the docking domain was truncated at different positions
(marked as triangles in Figure 1.1c) were constructed 2% 4?47, These
studies indicated that the truncation itself is not responsible for the
open structure of H2A.B nucleosome. They also suggested that this
region does not significantly contribute to nucleosome stability, but
rather that the sequence difference within the truncated domain are
responsible for this. In addition, replacement of the H2A.B docking
domain with the H2A docking domain could rescue the orientation of
the nucleosomal DNA entry/exit ends, further supporting the crucial

10



role of H2A docking domain in stabilizing the nucleosome structure 2.
It should be noted that it has not been tested whether extension of the
H2A.B docking domain with the missing H2A C-terminal region can
similarly rescue the formation of a closed nucleosome.

Human H2A
Human-1 P
Human-2 P

Chimpanzee P
Monkeyl P
Monkey2
Monkey3

Elephant BG

H2AB
@
b
o
El
&

o
1
2
o
o

Hamster-2 P
Mole-rat P

Human H2A
Human-1
Human-2

Chimpanzee
Monkeyl
Monkey2
Monkey3

Elephant

Giant panda
Wild pig
Cow
Mouse-1
Mouse-2

Hamster-1

Hamster-2

Mole-rat

H2A.B

Figure 1.1. Nucleosome structure and sequence alignment of histone variant
H2A.B with canonical H2A from human. (a) Top (left) and side (right) views
on the crystal structure of canonical nucleosome (pdb: 2PYO). Color coding of the
histones indicated in the figure. (b) Model of H2A.B nucleosome, made by
opening the 15 bp of entry/exit DNA ends of the canonical crystal structure. (c)
Sequence alignment of fifteen H2A.B sequences with human canonical H2A.
Secondary structure elements based on the nucleosome crystal structure are
indicated above the sequence. The docking domain of H2A is marked as black bar.
Substitutions that alter the charge within the histone fold domain, based on the
difference of human H2A.B and H2A, are marked as pink star below the sequence.
The shifted minor groove arginine is marked as black arrow below the sequence.
C-terminal docking domain truncation sites from literature are marked as black
triangles above the sequence.
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H2A.B prevents chromatin fiber formation

To examine the impact of H2A.B on higher-order chromatin structure,
a few studies investigated the folding of H2A.B nucleosomal arrays.
As discussed above, H2A.B nucleosomes will have a reduced acidic
patch on their surface. Since the acidic patch is a crucial binding
platform for the N-terminal H4 tail from an adjacent nucleosome to
mediate the higher-order compaction of chromatin fibers #8, the loss of
the three glutamic acids in the acidic patch of H2A.B nucleosomes can
be expected to interrupt the nucleosome-nucleosome interactions.
Indeed, H2A.B nucleosomes arrays were shown to fold as “beads on a
string”, rather than a compacted fibre *°, in sharp contrast to arrays of
histone variant H2A.Z nucleosomes, which fold more readily into
fibres than canonical ones due to the more extended acidic patch of
H2A.Z *°. Another study demonstrated by ultracentrifugation
sedimentation experiments that an H2A.B mutant in which the three
glutamic acids are restored, H2A.B-EE/E, fold as a fibre and that this
folding of a H2A.B-EE/E nucleosome array is due to the restored acidic
patch and not due to stably wrapping of 146 bp DNA within the mutant
nucleosome **. In vivo data for chromatin conformation containing
H2A.B nucleosomes is lacking. However, H2A.B was found to be
enriched at the actively transcribed genes in cells, which suggests
H2A B incorporation is related to a less compacted chromatin structure
in vivo 3132,

Assembly, disassembly and remodelling of H2A.B
nucleosomes in vivo

In the studies described above H2A.B nucleosomes were reconstituted
in vitro. While canonical nucleosomes can be reconstituted from
refolded histone octamers, the H2A.B containing octamer is not stable,
so that reconstitution is carried out from refolded H2A.B-H2B dimers
and H3-H4 tetramers that are deposited on DNA using salt gradient
dialysis. How H2A.B nucleosomes are formed in vivo is yet unknown.
While histone variants are typically incorporated by dedicated
chaperones and/or remodelers, no such protein has been identified for
H2A.B. However, histone chaperone NAP-I can mediate reversible
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dimer exchange of H2A.B-H2B from the nucleosome at physiological
ionic strength in vitro 3.

Interestingly, H2A.B-H2B dimers may be much more dynamically
incorporated than for canonical dimers. Photobleaching experiments
on cells expressing GFP-H2A and GFP-H2A.B showed faster
fluorescence recovery for H2A B at the photobleached area, indicating
higher mobility of the variant compared to the canonical form 4334,
Such high dynamic transfer of H2A.B is perhaps directly related to the
instability of H2A.B nucleosome as measured by sedimentation and
force-extension experiments 4> 4,

Viewing the H2A.B nucleosome as a more labile roadblock, one could
hypothesize that there is also a reduced need for remodeling of the
nucleosome, at least for remodelers that typically open chromatin such
as SWI/SNF. Indeed, while SWI/SNF binds to the H2A.B nucleosome
with the same efficiency as to the canonical nucleosome, it is not
capable of remodeling the variant nucleosome #*. Experiments using
domain swapped mutants showed that neither the elongated N-terminal
tail of H2A.B nor docking domain are fully responsible for preventing
SWI/SNF remodeling 2. For the related RSC remodeler, the truncated
docking domain of H2A.B turned out to play a larger role in the
resistance to remodeling #’. Still, these results suggest that the histone
fold part of H2A.B plays a role in preventing the remodeling ability of
at least SWI/SNF. Interestingly, since the acidic patch has been
implicated in remodeling by the ISWI remodeler (unrelated to
SWI/SNF), the reduced acidic patch in H2A.B may be a molecular
reason for the failure in remodeling.

H2A.B associates with active transcription and RNA
splicing

The open DNA entry/exit end conformation of H2A.B nucleosome,
together with the less compacted chromatin structure of H2A.B
nucleosome arrays suggests the DNA in the variant chromatin is more
accessible and thus more amenable to transcription, DNA replication,
and repair. Indeed, increased transcription rate has been demonstrated
in vitro using the H2A.B nucleosome arrays compared to the canonical
arrays >*. An extensive study by Tolstorukov et al. using in vivo ChIP-
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seq data from Hela cells showed that H2A.B was enriched in the bodies
of actively expressed genes and its enrichment correlated with the gene
expression level !. Since depletion of H2A.B caused both up- and
down-regulated gene expression and even a net decrease in
transcription, the mild effects of H2A.B depletion suggested H2A.B is
not directly regulating transcription. The authors used mass
spectrometry to identify proteins that are specific to H2A.B enriched
chromatin, revealing a number of RNA processing factors and
spliceosome components. By depleting H2A B, the frequency of exons
included in mature transcript was elevated and the intronic read density
was increased, which are consistent with a decrease in splicing
efficiency >!. Similarly, mouse H2A.B was found to be enriched at
actively transcribed genes and associated with mRNA splicing 2 33-%,
In particular, one study demonstrated by using RNA-pull down assays
that unlike canonical H2A or H2A.Z, the H2A.B N-terminal tail
possesses RNA binding affinity and confirmed a direct interaction in
vivo through cross-linking and immune-precipitation assays . Further
support for involvement in RNA splicing comes from H2A.B knock-
out mouse study, showing loss of proper RNA Pol II localization and
changes in pre-mRNA splicing 7. Altogether there is substantial
evidence for a role of H2A.B in RNA splicing, although the precise
molecular details are still to be elucidated. In addition, H2A.B is also
suggested to function in cell memory>® and DNA repair>°.

H2A.B-like H2A variants: H2A.L, H2A.P and H2A.Q

In recent years, several other H2A variants have been identified within
the mammalian lineage that like H2A.B have a shortened C-terminus
with a truncated docking domain. These variants H2A.L, H2A.Q,
H2A.P are closely related to H2A.B and supposed to share a common
ancestor, H2A.R . These short histone variants reside on the X-
chromosome in most species °-%! . As H2A.B, these short H2A variants
lack the acidic patch that is characteristic for canonical H2A. Other
features of H2A.B are mirrored also in the other members of the short
H2A histone variant family. Indeed, H2A.L incorporated nucleosomes
have been reported to associate with 130 bp DNA and its nucleosome
array shows a beads on the string conformation %2. Even more dramatic
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than in H2A.B, extensive charge-altering substitutions in H2A.P
reduce the theoretical isoelectric point below 5, where it is 11 for
canonical H2A . Two conserved arginine residues in H2A that
contact the DNA minor-groove are lost in H2A.P and H2A.Q proteins,
similar to the altered position of one of these in H2A.B. Finally, these
short H2A variants do not appear in all mammals, suggesting they are
functionally non-essential or redundant with each other and they may
have different functions between different mammals .

Perspective and outline of this thesis

To summarize, H2A.B is one of the most divergent histone variants,
which induces an open structure in its nucleosome and is involved in
active gene transcription and mRNA splicing. While the functional role
of H2A.B is slowly emerging, high-resolution structural
characterization of the H2A.B nucleosome is still lacking. Yet, detailed
knowledge on the structure and dynamics of the variant dimer and
nucleosomes is essential for understanding its functional properties.
While the crystal structure of the H2A.B-H2B heterodimer was solved
very recently %, a structure for the H2A.B nucleosome is still
unavailable and unlikely to be solved at high resolution by
crystallography or cryo-electron microscopy, due to the reduced DNA
organization, higher dynamics and lower stability. In this work, we
aimed to investigate the structure and dynamics of the H2A.B-H2B
dimer and nucleosome at atomic resolution using NMR spectroscopy.
Over the course of this decade, and in particular thanks to the
introduction of NMR and isotope labeling techniques suitable for high
molecular weight systems, nucleosomes have become amenable to
NMR studies (for a recent review see reference ). Chapter 2 reviews
the state-of-the-art isotope labeling methods that have extended the
capability of solution state NMR to study macromolecular complexes.
Chapter 3 describes the solution structure of the H2A.B-H2B as well
as a mutational study correlating surface charge of the heterodimer to
its thermostability. The structural and dynamics properties of the
H2A.B nucleosome are reported in Chapter 4, highlighting the impact
of a position change at a minor groove anchoring arginine in the variant
nucleosome. Next, the acidity of the canonical acidic patch is
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investigated in Chapter 5 to provide experimental mapping of the
electrostatics. The thesis is concluded with a general discussion of the
findings in Chapter 6 followed by a summary.
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