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Abstract

Histone chaperones can be broadly defined as histone-binding proteins that influence chromatin
dynamics in an ATP-independent manner. Their existence reflects the importance of chromatin
homeostasis and the unique and unusual biochemistry of the histone proteins. Histone supply and
demand at chromatin is regulated by a network of structurally and functionally diverse histone
chaperones. At the core of this network is a mechanistic variability that is only beginning to be
appreciated. In this review, we highlight the challenges in determining histone chaperone
mechanism and discuss possible mechanisms in the context of nucleosome thermodynamics. We
discuss how histone chaperones prevent promiscuous histone interactions, and consider if this
activity represents the full extent of histone chaperone function in governing chromatin dynamics.
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1.0 Introduction

1.1 Features of the histone protein family

The histone protein family provides a set of components essential for the packaging and
homeostasis of the eukaryotic genome. Histone proteins modulate virtually all DNA
metabolic events by forming non-random interactions with the DNA. These interactions
ultimately influence local and global genome accessibility, regulating the activity of nuclear
enzymes such as DNA and RNA polymerases. Core histone protein family members include
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major-type (also described as canonical or replicative) histones H2A, H2B, H3 and H4, as
well as variants thereof such as H2A.Z and centromeric H3 (cenH3). Two copies of the four
major-type histone form a histone octamer, which wraps 146 base pairs of DNA to form the
nucleosome (Figure 1A) [1]. Variant histones replace major-type histones in combinations
to form variant-containing nucleosomes for specific biological contexts.

Histone protein family members are defined by the presence of a core histone fold,
composed of approximately 65 amino acids [2]. These amino acids adopt a three a-helix
structure in the presence of a partner histone (Figure 1B, C), with the structural paralogues
H3-H4 and H2A-H2B having quite distinct primary sequence. This contrasts to major-type
histone orthologues, which are potentially the most conserved proteins identified to date.
Conservation of H2A, H2B, H3 and H4 spans a vast evolutionary distance (including
animals, plants and yeast), and extends beyond the core histone fold to peripheral a-helices
and disordered N-terminal tails (also C-terminal in H2A). Higher eukaryotes have evolved
variants of major-type H3 and H2A, while their hetero-dimerization partners H4 and H2B
are invariant with few exceptions (reviewed in [3]). Yeast, for example, has a single major-
type H3 (H3.3-like), while metazoans have one or two major-type H3 (H3.1 and H3.2 in
mammals), as well as a replacement variant (H3.3) [4]. Present in all eukaryotes is a cenH3
variant that epigenetically defines the centromere [5]. These variants, as well as those of
H2A, have high sequence similarity to their major-type counterpart, containing few amino
acid substitutions or short insertions confined to specific histone surfaces. Conservation of
histone protein family members alludes to heavy structural constraints imposed by
nucleosome formation, and is evidence that histone sequence, structure and function are
highly inter-dependent and major contributors to organism fitness.

The expression pattern of major-type histone genes is also conserved, although it is achieved
through distinct mechanisms in different species [6]. Major-type histone genes, of which
there are many isoforms in higher eukaryotes, are typically clustered, with expression
peaking during S-phase of the cell cycle [7]. Stoichiometric and equal amounts of major-
type histones are required to package the replicated DNA into nucleosomes. A conserved
and highly regulated expression pattern testifies to the potential detriment of an unpackaged
genome, even transiently. Variant histone genes, on the other hand, do not necessarily
cluster with major-type histone genes and have varied expression patterns throughout the
cell cycle [8]. Newly synthesized histones, particularly H3, H4 and their associated variants,
can be discerned from old histones through a post-translational modification signature [9,
10].

Both major-type and variant histones are extensively post-translationally modified by
diverse enzymatic activities including phosphorylation, acetylation, methylation and
ubiquitination [11]. Histones can be a substrate as part of the nucleosome or when in a non-
nucleosomal complex, depending on the enzyme and the location of the modified residue
[12]. Post-translational modifications (ptms) occur predominantly in the lysine/arginine-rich
histone tails, but also in the core histone fold [13]. A number of specific lysine acetylations
directly influence histone biochemistry, particularly in the context of nucleosome assembly
and stability [14, 15]. Many studies have been dedicated to identifying the enzymes involved
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in histone ptm and ptm-removal, as well as to deciphering the function of histone ptms alone
and in combinations [16-18].

A third type of protein closely associated with chromatin metabolism is the linker histones.
Despite their name, linker histones do not contain the core histone fold. They can however,
associate stoichiometrically with nucleosomes and facilitate inter-nucleosome interactions
and higher-order chromatin folding traditionally associated with gene silencing. Compared
to major-type histones, little is known about the function and mechanism of linker histones
(reviewed in [19]).

1.2 Prerequisites of nucleosome formation

The critical functions of major-type and variant histones in DNA metabolism rely on their
ability to form a nucleosome. Numerous crystal structures have revealed that the histones in
major-type and variant-containing nucleosomes adopt a similar, octameric arrangement (e.g.
[1, 20]). Despite the lack of high-resolution structural evidence, deviant species of variant
nucleosomes may be found in vivo [21]. The canonical nucleosome arrangement (Figure
1A) involves head-to-tail hetero-dimerization of the core histone folds of H2A and H2B, as
well as H3 and H4. Two H3-H4 dimers further associate via a four a-helix bundle to form a
(H3-H4), tetramer (Figure 1B). In the nucleosome, this (H3-H4), tetramer is flanked by a
H2A-H2B dimer on either side. DNA is held around this histone octamer through multiple
direct contacts [22]. These include at least one salt-bridge between a backbone phosphate of
each DNA strand and each histone [22]. The histone disordered tails protrude between or in
close proximity to the DNA gyres from the somewhat circular nucleosome core.

The structure of the nucleosome is in keeping with the many biochemical studies on
recombinant histone proteins. Major-type histones, for example, cannot hetero-dimerize in
any combination, with H2A-H2B and H3-H4 pairs being exclusive and obligate at low and
high ionic strengths [23]. The H3-H4 dimer also exists in equilibrium with a (H3-H4),
tetramer at physiological ionic strength in the absence of other protein or DNA factors [24,
25]. Contacts between the H2A-H2B dimer and (H3-H4), tetramer to form a stoichiometric
octamer also occur in solution, albeit only at high ionic strength. High ionic strength, like
the vicinity of polyanionic DNA, neutralizes some of the positive charges of the histones.
Perhaps the integral observation in histone biochemistry is that salt gradients (high to low)
of equimolar histone-DNA mixtures, induce nucleosome formation (Figure 2) [26]. Salt
gradients circumvent the observed precipitation of histone-containing mixtures at
physiological ionic strength [27]. This precipitation may be due to promiscuous ionic
interactions between the highly basic histones and acidic DNA, histones and nucleosomes
[28], or a result of histone conformational flexibility (S. D’Arcy, unpublished observation).

Analysis of salt-dependent in vitro nucleosome reconstitution ultimately leads to a model of
sequential nucleosome assembly (Figure 2). The sequential model postulates that the (H3-
H4), tetramer (or two H3-H4 dimers) is first deposited onto DNA, followed by the addition
of two H2A-H2B dimers. The ability of (H3-H4), tetramer to bind DNA at higher ionic
strength than H2A-H2B dimer supports this model [29, 30]. While this model has been
confirmed in vitro and is likely reversible [31, 32], evidence for its relevance in vivo is
somewhat indirect [33, 34]. The distinct exchange rates of H2A-H2B (fast) and H3-H4
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(slow) in chromatin are consistent with the model, although these may be a result of specific
cellular variables and not generally applicable [35, 36]. It can also be argued that the path of
the DNA makes it difficult to envision deposition of an intact histone octamer, the only
other stable histone complex detected in vitro [37]. Cross-linked octamers, however, do
assembly into nucleosomes with the same efficiency as uncross-linked histones in vitro [28,
38]. In the context of the sequential model, exchange of the central (H3-H4), tetramer, for
example for incorporation of replication-independent H3 variants, would require the
complete disassembly of the nucleosome.

In the cell, multiple steps have to precede the productive formation of nucleosomes (Figure
3). In particular, the histones must be synthesized and folded in the cytoplasm, before being
imported into the nucleus and recruited to sites of deposition at the DNA. This flow of
histones has to be highly facilitated and regulated to meet the supply and demand of DNA-
templated processes. In detail, these prerequisites of nucleosome formation include:

V.

VI.

Dimerization of newly synthesized H2A and H2B, as well as H3 and H4, in the
cytoplasm. Folding of H2A-H2B and H3-H4 hetero-dimers likely involves
traditional protein-folding chaperones such as Hsp70 and Hsp90 [39].

Nuclear import of H2A-H2B and H3-H4 (either as a dimer or a tetramer). While
nuclear translocation makes use of standard import pathways, other proteins are
likely to be involved and essential (see Pemberton et al., this issue).

. Recruitment of H2A-H2B and H3-H4 to specific sites where nucleosomes can and

are desired to form.

. Prevention of non-specific interactions with other cellular proteins, DNA or RNA,

as observed in vitro at physiological ionic strength [27, 40]. This is thought to be
particularly important if histones are in excess compared to DNA and thus require
storage.

Positioning of H2A-H2B and H3-H4 into a nucleosome configuration.

Eviction and exchange of nucleosomal histones. This pertains to the incorporation
or removal of a variant histone from a pre-existing nucleosome.

An important functional class of proteins involved in many of these processes, especially
IV-VI, are the histone chaperones.

2.0 Histone Chaperones

2.1 A framework of histone chaperone function

The term ‘chaperone’ was first applied to a protein involved in nucleosome formation in the
late seventies [27]. Studies by Laskey and colleagues identified the acidic protein NPM in
Xenopus laevis egg extracts able to bind histones and facilitate nucleosome formation in an
ATP-independent manner [27, 41]. It is remarkable that these two properties remain the only
shared and thus defining characteristics of histone chaperones today. It should be reinforced
that histone chaperones possess both histone-binding and ATP-independent nucleosome
assembly, but are not stable constituents of the final nucleosome product. This distinguishes
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them from proteins with histone ptm-recognition domains, such as bromodomains, as well
as from ATP-dependent nucleosome remodelers. Histone association is routinely assayed
both in vitro and in vivo using standard techniques, while nucleosome assembly is
frequently only assessed by in vitro experiments on linear or circular DNA. A protein
involved in any one of the aforementioned prerequisites 11-V1 is likely to have in vitro
nucleosome assembly activity (Figure 3). Experiments involving yeast genetics or cell-free
extracts are more stringent tests of so-called direct nucleosome assembly in vivo.

Efforts by many laboratories employing diverse experimental strategies have identified
conserved histone chaperones involved in some or all of I-V1 in yeast and metazoans (see
[42] for a review of the functions of specific histone chaperones). Cytosolic H2A-H2B and
H3-H4, for example, are bound by Napl and NASP, Asf1 respectively, and might remain
bound during translocation to the nucleus [39, 43-46]. Napl and Asf1 also function in the
nucleus, where the histones are channeled into distinct pathways associated with DNA
metabolic events. These events are typically classified as DNA replication-dependent or
independent. CAF1 is thought to be a replication-dependent chaperone, while HIRA activity
is replication-independent [45, 47, 48]. Many chaperones are functionally linked to
transcriptional regulation, such as FACT, which facilitates eviction of H2A-H2B from the
nucleosome [49-52]. NPM represents a storage chaperone insofar as it binds the large pool
of histones that will be used for packaging newly replicated DNA in the X. laevisegg [41].
Homologous NPM chaperones also act as sinks for histones removed during sperm
development and fertilization [53, 54]. Linker histone chaperone activity has been described
as an addition feature of Napl, NASP and NPM1, potentially regulating higher order
chromatin structure [55-58]. Histone chaperones thus function in an array of cellular events,
broadly categorized by the aforementioned I-VI (Figure 3).

The sheer number of histone chaperones and histone-binding proteins identified to date
supports the long-held view of there being little or no free histones at any given time or
locus in the cell. Implicit in the idea that most histones are nucleosomal or chaperone-bound,
is the transfer of histones from one chaperone to another (a *hand-off’). This would allow a
specific chaperone to perform a subset of I-VI (Figure 3). The recent description of distinct,
ordered, complexes associated with newly synthesized histones suggests that this notion is
applicable to H3-H4 [39]. Biochemical analysis of H3-H4 purified from either the cytoplasm
or nucleus, failed to detect free or unbound histones [39, 44, 45, 59, 60]. Rather, H3-H4 was
found in different histone chaperone-containing complexes. Details of the temporal
hierarchy of these complexes, as well as a similar study for H2A-H2B, are eagerly awaited.
The localization of bona fide chaperones in both the nucleus and the cytoplasm (e.g. [46]),
as well as the often stoichiometric amounts of histone chaperones and histones [45, 59], also
attest to a small or absent population of free histones in the cell.

2.2 Histone chaperone structural diversity

Given the common task, a surprising number of unrelated structural motifs are found
throughout known histone chaperones. While many full-length or multimeric histone
chaperone structures are outstanding, several have been solved (e.g. [61-65]). Structures of
Napl, Asfl and NPM are illustrative examples. Napl adopts a homo-dimeric earmuff fold
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that is characterized by a non-coiled coil motif and two composite a/f domains [61]. Asfl
and NPM, however, have B-sandwich architectures with immunoglobulin-like and jelly roll
topologies respectively [62, 63]. The Nap1l fold has only been found in functionally similar
homologues such as VVps75 and SET [66, 67], while Asf1 and NPM folds have been
observed in proteins with varied functions. Further, in both solution and in the crystal, Napl
is an obligate homo-dimer, while Asfl is a monomer and NPM is a homo-pentamer or
decamer [62, 63]. These oligomeric states are thought to persist in vivo. Hetero-oligomeric
chaperones also exist with examples including FACT, composed of SSRP1 and SPT16; and
CAF1, composed of p150, p60 and RbAp48, in humans. The latter two subunits adopt yet
another structural motif, a B-propeller fold [68, 69]. This diversity in basic structure and
oligomeric state suggests that each histone chaperone evolved independently to serve a
specialized function in the cell. Different folds may facilitate particular facets of histone
chaperone activity (such as I-1V, Figure 3), with each facet being achieved in multiple ways.

Although histone chaperone structure is varied, one commonality somewhat widespread is
the presence of regions rich in glutamic and aspartic acids. These acidic stretches are often
found near the chaperones C-terminus and are presumably disordered, at least in the absence
of a binding partner. A shortlist of chaperones containing such acidic regions includes Nap1,
Asfl, Rtt106, Chzl, NPM, DAXX (not at the C-terminus) and the SPT16 subunit of FACT
[70]. Unlike the folded domains of histone chaperones, these acidic stretches aren’t
necessarily conserved. Fungal Asfl, for example, contains these stretches, while human
Asfl does not [62]. Similarly, the length and composition of these stretches varies between
the many Nap1-like proteins in humans, as well as between yeast and Drosophila
melanogaster Napl. The latter is intriguing as the acidic stretches in D. melanogaster Napl
contain sites of polyglutamylation [71]. This ptm may compensate for a less acidic
composition.

2.3 Perspective

An important principle emerges from these introductory remarks; histone chaperones are
mechanistically diverse. Mechanistic diversity reflects the many types of histone proteins
(major-type, variant and linker), the many contexts of ‘chaperoning’ activity, and the
structural heterogeneity of histone chaperone proteins. These physical and contextual
variances ultimately make it extremely difficult to define histone chaperones from a
mechanistic standpoint. In fact, the most apt and encompassing mechanistic description
remains unchanged since the founding article by Laskey and colleagues over 30 years ago
[27]. Laskey recognized that the complete instruction manual for nucleosome assembly in
vitro is contained in the histones and DNA. He thus proposed that histone chaperones
function by preventing promiscuous histone-DNA interactions. The challenge is to
determine precisely how histone chaperones prevent these interactions and if this is the true
extent of histone chaperone activity in vivo. The histone chaperone family contains
mechanistically-defined, as well as contextually-defined, sub-groups. The remainder of this
article will identify key obstacles in determining histone chaperone mechanism and will
propose potential mechanisms based on the thermodynamic properties of nucleosome
assembly and disassembly, and histone chaperone-histone interactions.
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For many histone chaperones, a missing link in the elucidation of mechanism is the absence
of structural detail regarding their interaction with histones. While numerous chaperone-only
structures are available, they often lend little insight into the mode of histone-binding.
Major-type co-structures solved to date include human and yeast Asfl with H3-H4 [72-74],
and the homologous p46/p55 subunits of human and D. melanogaster CAF1 respectively
with a H4 peptide [68, 75]. Even though p46 paralogue p48 assembles cenH3 nucleosomes
in vitro [21], the significance of the latter in terms of histone chaperone mechanism is vague.
This is because p46/p55 is a member of several complexes involved in histone biochemistry
[76]. 1t is interesting to note however that the insertion of the H4 histone fold a-helix into
the binding groove of p46/p55 requires a conformational rearrangement in the H3-H4
heterodimer. In the Asf1-H3-H4 co-structure, Asfl binds at the H3 interface required for
(H3-H4), tetramer formation (Figure 4B). The C-terminal -strand of H4 also extends away
from the H3-H4 dimer and inserts into a hydrophobic pocket in Asfl. In the nucleosome or
histone octamer, this strand folds back and aligns with the C-terminal B-strand of H2A
(Figure 1). Both large and small conformational differences in the co-structures attest to a
degree of plasticity in the arrangement of histone protein secondary structures, particularly
when the histones are non-nucleosomal. Such plasticity, as well as the involvement of
intrinsically unstructured regions, may account for the lack of co-structures available for the
many other histone chaperones.

The insight provided by the Asf1-H3-H4 structure is testimony to the information that may
be gleaned from co-structures. Asfl binding to an obligate H3-H4 dimer has implications for
the sequential model of nucleosome assembly both in vivo and in vitro, mechanisms of
nucleosome disassembly, histone ptm (as Asfl, like Vps75, activates histone
acetyltransferase Rtt109 [77]) and a potential H3-H4 hand-off (see [42] for a more complete
discussion). Overall, however, the Asf1-H3-H4 co-structure clearly indicates that binding to
histone chaperones and nucleosome formation, are mutually exclusive. This idea is echoed
in other co-structures available involving variant histones. These include Chz1 with H2A.Z-
H2B [64], and HIURP/Scm3 with cenH3-H4 [78-80]. HIURP and Scm3 are cenH3-H4-
specific chaperones in human and yeast respectively. Histone-binding by HIURP/Scm3 is
incompatible with the histone-DNA interactions observed in the nucleosome (Figure 4C).
Like Asfl, HIURP and Scm3 preclude (cenH3-H4), tetramer formation, albeit through a
different mechanism. In HIJURP-cenH3-H4, the interface required for (cenH3-H4), tetramer
formation is sterically occluded, while in Scm3-cenH3-H4 it is also distorted. Another
common feature of these co-structures is the presence of extensive hydrophobic interactions
at the histone interface. This reinforces that histone chaperones are likely to be doing more
than just mimicking salt.

The co-structures of HJURP and Scm3 with cenH3-H4 have also yielded insight into histone
chaperone discrimination of H3 variants. Both HJURP and Scm3 contain a long a-helix that
runs anti-parallel to the central a-helix of the cenH3 histone fold. Overall affinity is

achieved through interlinking hydrophobic residues flanked by salt bridges, reminiscent of a
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coiled-coil interaction. Variant-specificity is conferred through small highly conserved
alterations in the hydrophobic surface, and also through neighboring loop-loop contacts,
spanning the region of cenH3 disparate in sequence to major-type H3. It is interesting to
note that variations in the same hydrophobic surface occur in mammalian variants H3.1,
H3.2 and H3.3. As this region does not make crucial contacts in the histone octamer, it may
have evolved novel functions more easily. In metazoans, H3.1 is specifically chaperoned by
CAF1, while H3.3 is specifically chaperoned by HIRA and DAXX [44, 45, 60]. It remains
an exciting field of study to determine how structurally and mechanistically histone
chaperones combine the discrimination of histone variants with their cognate nucleosome
assembly activity (see Hamiche et al., this issue).

In the absence of other co-structures, a lot of emphasis has also been placed on the fact that
Asfl binds H3-H4 via the exposed edge of a B-sheet. Such B-sheets have been proposed to
be primary histone-binding sites as numerous other histone chaperones contain them (e.g.
Napl and NPM) [72]. Based on biochemical and biophysical approaches, however, this
hypothesis has not held up in all cases. Mutagenesis of a Nap1-like protein, for example,
confirms that the B-sheets are not likely involved in H2A-H2B recognition [66]. The histone
chaperone family likely employs a variety of histone-recognition motifs and the lack of co-
structures currently hinders the determination of mechanism. Co-structures are required to
identify any commonalities among histone chaperones, as well as to explain the molecular
basis (or lack thereof) of specificity for a particular histone (major-type, variant or linker).
Co-structures may also reveal if the widespread acidic stretches can adopt ordered structures
in the presence of histones.

3.2 Applicability of in vitro results in vivo

Another challenge in determining histone chaperone mechanism is the interpretation of
factor-dependent in vitro nucleosome reconstitution assays. These assays determine if a
particular factor promotes nucleosome formation in histone-DNA mixtures at less than 350
mM salt and pH 7.5 to 8.0. These ionic and pH conditions allow recapitulation of general
chromatin properties observed in vivo. If precipitation is avoided and nucleosomes are
formed, then the factor is said to have nucleosome assembly activity and consequently
thought to deposit histones in vivo. Such assembly activity is often assumed to stem from
direct deposition of histones onto DNA by the histone chaperone. A recent thermodynamic
study of Napl-mediated nucleosome assembly however, reinforces that such a direct
mechanism is not required in vitro or in vivo (see also section 4.3) [14]. The results of this
study and others (e.g. [32]) indicate that any histone-binding protein (or other chemical
factor) with an affinity in the range of the respective histone-DNA complex product can
potentially facilitate nucleosome assembly in vitro. In vivo these histone-binding proteins
may function in any of the aforementioned processes (I-1V) (Figure 3). Asfl is an example
of a histone chaperone with nucleosome assembly activity only under certain in vitro
conditions [24, 81, 82] that does not directly assemble nucleosomes in a X. laevis extract
system [42, 83]. Thus the ability to assemble nucleosomes in vitro may simply reflect an
ability to bind histones tightly and avoid non-nucleosomal interactions.
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The somewhat artificial scenario of the vitro reconstitution assay is further indicated by
experiments showing that poly-glutamic acid or poly-aspartic acid successfully assembly
nucleosomes [84]. Unlike Nap1, however, they do this by stabilizing the histone octamer
even in the absence of DNA [84]. This alludes to a purpose for the acidic stretches often
found in histone chaperones and highlights that in vitro nucleosome reconstitution can in
fact be informative. In particular, it is useful to identify potential pathways of nucleosome
formation and how they are biased by particular factors.

Another difficulty in applying in vitro mechanistic data in vivo relates to the specificity of a
histone chaperone for particular histones. Nap1, for example, binds H2A-H2B and H3-H4
equally well in vitro [85]. Chz1 is also thought to be H2A.Z-H2B-specifc, and yet the co-
structure fails to identify any H2A.Z-specific contacts [64]. It is thus more likely that
specificity is achieved through direct competition or temporal and spatial regulation of
histone chaperone activity in vivo. The fact that histone chaperones are often found in
complex with other factors suggests that spatial and temporal regulation could be achieved
by accessory subunits. Furthermore, it is still uncertain to what extent activities from
biochemically independent, non-homologous histone chaperones are redundant in the cell.

3.3 Substrate and product remain obscure

The third major obstacle in identifying the mechanism of a histone chaperone is pinpointing
the biological context of activity. The previously described prerequisites of nucleosome
formation (1-V1) are examples of possible contexts (Figure 3). Layered upon these somewhat
generic components of nucleosome assembly, there are also DNA-templated events such as
replication, repair (of which there are many types) and transcription. Activities of histone
chaperones may be regulated by specific contexts or DNA-templated events. CAF1, for
example, readily associates with histones, but only exhibits nucleosome assembly during
active DNA replication [45, 48]. It is unclear if this functional coupling results from specific
association with the replication machinery, an allosteric activation mechanism or
replication-specific features of the acceptor DNA or chromatin. Histone ptms and alternative
nucleosome conformations have been hypothesized to influence histone chaperone activity
[37]. To determine histone chaperone mechanism, the precise biological context of activity
must to be defined.

Moreover, precisely how nucleosome structure is affected during DNA replication, repair
and transcription is the subject of much debate and ongoing research (see [86] for a thorough
review). The lack of evidence for a biochemical or genetic link between chaperoning of H3-
H4 and H2A-H2B raises the question; are octameric, left-handed nucleosomes the universal
substrate and product of histone chaperone-mediated chromatin assembly and disassembly?
It will be difficult to determine histone chaperone mechanism as long as the constituents and
features of the relevant forms of chromatin remain obscure. It is the thermodynamics of
assembly and disassembly of these nucleosomal substrates and products, which allows
histone chaperone mechanisms to be postulated. Overcoming this hurdle is a challenge not
only restricted to those interested in histone chaperone mechanism, but DNA biology in
general.
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4.0 Models of Histone Chaperone Function
4.1 Preface

In spite of the many challenges in studying histone chaperones, several hypotheses regarding
their mechanism once in the nucleus can be generated. These hypotheses deal with the
following important questions:

=

How do histone chaperones prevent promiscuous histone interactions?
2. Do histone chaperones do more than just prevent histone aggregation?
3. Are nucleosome assembly and disassembly distinct processes?
4

How are histone chaperone pathways regulated?

4.2 Mechanistic implications of distinct histone-binding modes

Based on in vitro biochemistry, unbound or free H3-H4 and H2A-H2B units are presumed to
be ‘sticky’ in the cell. The excess positive surface charges of free histones limit the
formation of the histone octamer, as well as the (H3-H4), tetramer at physiological
conditions [84]. As a consequence, normally protected, hydrophobic histone-histone
interfaces become solvent-exposed outside of the nucleosomal octameric arrangement [23,
25, 87-89]. In this state of high potential energy, the histones readily engage in non-specific
interactions, electrostatic or hydrophobic in nature, with nucleic acids, proteins or other
cellular components [14, 28]. The putative detriment of these non-nucleosomal complexes to
nucleosome formation has been illustrated by a study with Napl [14]. The histone
chaperone activity of Nap1 can be attributed to its ability to inhibit H2A-H2B binding to
DNA through contacts between Napl and H2A-H2B. The lack of structural or mutational
data, however, means the molecular determinants of the Nap1-H2A-H2B complex are
unknown. The available thermodynamic parameters therefore cannot be readily interpreted
on a molecular level. Based on available structural and biochemical data, we propose that
histone chaperones exhibit two alternative histone-binding modes (Figure 4). Both modes
prevent promiscuous histone interactions. It remains to be seen if both modes can be
employed by a single histone chaperone.

The first mode involves neutralizing excess positive charge by providing acidic residues to
alleviate charge repulsion. This mode seems to provide little selectivity for H2A-H2B or
H3-H4 (and in some cases the linker histones), and alludes to a purpose of the large
negatively charged surfaces found in numerous histone chaperones. The acidic residues may
be structured or unstructured in the apo-histone chaperone, and may form either tight or
transient interactions with the histones. Phosphorylation of non-acidic residues will also
contribute to this mode, as observed for NPM [90, 91]. The involvement of ptms that
regulate chaperone-histone affinity might be crucial to ensure chaperone activity occurs in
the applicable biological context. While counteracting electrostatic repulsion favors self-
association of histone hetero-dimers into (H3-H4), tetramers and potentially histone
octamers, steric constraints imposed by chaperone architecture would confer additional
specificity. For example, the symmetric geometry of Napl and Vps75 facilitates binding of
an obligate (H3-H4), tetramer [92]. The mechanistic benefits of electrostatic shielding stem
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from the histone chaperones ability to directly compete with non-specific electrostatic
interactions, particularly with DNA. Under favorable thermodynamic conditions, pre-formed
(H3-H4), tetramers, H2A-H2B dimers or histone octamers can be ‘presented’ to the
recipient DNA or other histone chaperones.

The second, fundamentally different mode is to block histone hydrophobic surfaces. This
mode is evident in the co-structures of Asf1-H3-H4 (Figure 4B), HIURP-cenH3-H4 (Figure
4C), Scm3-cenH3-H4 and Chz1-H2A.Z-H2B [64, 72, 74, 78, 79]. This mode is likely to be
more specific as surface-exposed amino acids are divergent between H2A-H2B and H3-H4.
In fact, subtle variations in the hydrophobic surfaces of the H3-H4 dimer may form the basis
of the histone variant specificity observed for a number of histone chaperones. Histone
chaperones that employ this mode are expected to retain histone-binding at high ionic
strength. Indeed, Asfl, DAXX, HIURP and Scm3 histone complexes are stable at high salt,
with hydrophobic contacts outweighing salt bridges and hydrogen bonds [44, 60, 74, 78,
79]. While the most immediate effect of this mode counteracts aggregation via hydrophobic
histone surfaces, the chaperone can also prevent nucleosome formation through steric
occlusion. As described previously, Asfl and HIURP/Scm3 prevent (H3-H4), tetramer
formation and occlude part of the DNA-binding site of the H3-H4 dimer (Figure 4) [72, 74,
78, 79]. Promiscuous histone interactions are thus efficiently prevented, despite retaining
some of the excess positive charge in the chaperone-histone complex.

The use of diverse and somewhat complementary histone-binding modes reinforces the
variety of mechanisms employed by histone chaperones to accomplish the seemingly simple
task of preventing aggregation. This diversity, however, sets the stage for the formation of
multi-chaperone complexes. Histones may be passed between chaperones within these
complexes before eventually being made available for nucleosome assembly. Other
components of these complexes may be integral in fine-tuning histone-binding and release
onto DNA or other pre-nucleosomal complexes. This resolves the conundrum of histone
chaperones essentially rendering the histones inert for any (specific or non-specific)
interactions with other histones or DNA.

4.3 Thermodynamic and kinetic components of histone chaperone activity

Potential mechanisms of histone chaperones can be illustrated using simplified reaction
diagrams such as those shown in figure 5. These diagrams are based on thermodynamic
constants of complexes involving histone chaperones, histones and/or DNA. As described in
section 4.2, free histones readily engage in electrostatic interactions with DNA. These
interactions can be specific and associated with nucleosome formation (Figure 5, right) or
so-called non-specific resulting in irreversible precipitation in vitro (Figure 5, left). The
specific complexes may be (H3-H4), tetramer bound to DNA (tetrasome), tetrasome plus
one copy of H2A-H2B dimer (hexasome), or the nucleosome. In the absence of a histone
chaperone, the predominant reaction product will be the non-specific complexes because the
specific complexes involve only a small subset of all potential histone-DNA interactions
(Figure 5A).

A histone chaperone may promote specific complex formation by lowering the free energy
of the histones (Figure 5B). Free energy is lowered by the formation of a chaperone-histone
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complex that is thermodynamically favored over non-specific histone-DNA complexes. This
mechanism has been proposed for Nap1l [14, 32], which binds either H3-H4 or H2A-H2B
with nano-molar affinity in vitro [76]. Through these interactions, Nap1 assembles
nucleosomes via tetrasome and hexasome intermediates (Figure 2) [32]. The two key
measurements are the affinities of H2A-H2B for DNA (non-specific), and H2A-H2B for the
tetrasome (specific) [14]. The absolute numbers vary depending on the DNA sequence, with
the well-positioned 601 sequence [77] measuring 44 + 5 nM and 13 £ 3 nM correspondingly
[14]. These numbers fit well with the Nap1 affinity for H2A-H2B of 7.8 + 0.4 nM insofar as
H2A-H2B will prefer to bind Nap1 over DNA (7.8 < 44 nM), but equally likes being bound
to Napl or tetrasome (7.8 ~ 13 nM). When generalized to other histone chaperones with
nano-molar histone affinities, it seems that chaperones may make histones available for
nucleosome formation (Figure 5B, right) by disfavoring non-specific histone-DNA
complexes (Figure 5B, left). Unfortunately, as little is known about the kinetics of
chaperone-histone complexes, it is unclear if the substrates of nucleosome assembly are the
chaperone-histone complexes or the small proportion of free histones in dynamic
equilibrium.

Histone chaperones may also guide nucleosome assembly in a more directed fashion by
presenting the histones in the “correct’ orientation (Figure 5C). In contrast to the case above
(Figure 5B), the chaperone does not necessarily lower the free energy of the histones.
Instead, it is involved in a transient chaperone-histone-DNA complex that is resolved by
DNA wrapping and chaperone dissociation. By increasing the likelihood of specific
interactions between histone and DNA, the chaperone skews the reaction kinetics towards a
specific histone-DNA complex (ie. tetrasome, hexasome or nucleosome) (Figure 5C, right).
The formation of a transient ternary complex causes an apparent decrease in activation
energy to be surmounted for nucleosome formation, favoring it over non-specific histone-
DNA interactions (Figure 5C, left). While such ternary complexes have not been observed
directly, as expected by their transient nature, they can be inferred in a few in vitro cases.
Asfl, for example, facilitates formation of a disome [(H3-H4);-DNA] opposed to the
tetrasome formed in the absence of chaperone [24]. Similarly, for the reverse, nucleosome
disassembly reaction, chaperone-nucleosome complexes may occur for FACT [52] and
Napl [93]. It should also be noted that a transient, ternary complex may also be involved in
preventing non-specific histone-DNA interactions. If histone chaperones do directly deposit
histones, how is the transition made kinetically and thermodynamically more favorable? A
possible answer is that histone chaperones exploit the conformational flexibility of the
histone fold. Co-structures involving p46/p55 and Scm3 suggest that the histone fold can be
distorted upon chaperone binding [68, 75, 79]. These conformational changes may represent
high-energy ‘transition’ states resolved by nucleosome formation upon encounter of DNA.

4.4 Nucleosome assembly versus disassembly

One might wonder if nucleosome disassembly is a direct reversal of a given assembly
pathway. Chaperone-histone affinities range from micromolar to nanomolar and are thus
equivalent of the nanomolar free energy of a nucleosome [14]. As such, it has been
speculated that histone chaperones can directly facilitate histone eviction. This notion is
supported by excess Napl removing H2A-H2B dimers from a preformed nucleosome in
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vitro [93]. As discussed previously, affinities of H2A-H2B for tetrasome and Nap1 are
matched to allow assembly reactions to be driven in both directions. The actual direction
will depend on the abundance of Nap1, histones and DNA. FACT has also been shown to be
competent to remove H2A-H2B from a nucleosome in the context of transcription [70]. It is
important to note however that the energy required to evict H2A-H2B (and in fact H3-H4)
depends on nucleosome conformation and stability, with histone ptms, DNA sequence and
buffer all being influential variables [37]. These variables most likely contribute to the
likelihood of histone chaperone-mediated nucleosome disassembly in vivo.

In contrast to H2A-H2B, the (H3-H4), tetramer has higher dissociation energy and more
potential to be kinetically trapped. In the context of the nucleosome, kinetically trapped
simply means that the DNA does not visit an ‘unwrapped’ conformation for long enough to
allow the histones to dissociate. The relevance of the nucleosome kinetic trap is indicated by
excess Asfl failing to disassemble nucleosomes or tetrasomes at physiological salt [24].
Thermodynamics alone would predict that Asf1 would disassembly nucleosomes, given its
nanomolar affinity that is comparable to the tetrasome energy [24]. Interestingly, thermal
unwinding of the DNA still does not allow Asfl to compete for H3-H4 dimer, likely because
at least half of the tetrasome DNA would need to be unwrapped to uncover its binding site
[24]. In light of nucleosomes being Kinetically trapped, it seems probable that histone
chaperones alone cannot directly disassemble nucleosomes in vivo. However, they may
facilitate disassembly alongside ATP-dependent remodelers, as hydrolysis of two to three
ATP molecules would theroretically provide sufficient energy to completely dissociate all
histone-DNA interactions within the nucleosome [94]. Furthermore, mechanical stress
imposed by DNA-templated processes such as the positive super-coils induced by traveling
RNA polymerase, might destabilize nucleosomes sufficiently to allow direct disassembly
[95]. Therefore, the dynamic environment in vivo will alleviate some of the kinetic barriers
observed in vitro and allow a direct competition of histone chaperones and DNA for
histones. Nucleosome density could therefore be controlled by mass action of histone
chaperones with high histone affinity.

The acidic stretches found in many histone chaperones may also function in nucleosome
disassembly. That is, they may initiate the unwrapping of the nucleosomal DNA (or stabilize
itin an ‘open’ state) to allow ATP-dependent chromatin remodeling activity or histone
eviction [93]. This is consistent with acidic stretches also being found in other chromatin
modifying enzymes, such as the histone methyltransferase SET1, as well as ATP-dependent
remodelers such as SWR1 and ATRX. An accessory function accounts for the fact that these
acidic stretches are sometimes dispensable and not necessarily conserved.

4.5 Channeling histones along a histone chaperone pathway

The regulation of histone chaperone activity is also at the core of their in vivo mechanism.
How do histone chaperones ensure that the thermodynamic flow of histones is regulated in
an ordered fashion? This is particularly important as there is evidence that chromatin
assembly pathways compete for histone supply [60]. A theme emerging from recent
literature is the regulation of histone hand-offs by histone ptms. For example, the acetylation
of H4-lysine 5 and H4-lysine 12 is well-established and promotes histone association with
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nuclear import complexes [96]. First discovered in yeast and later in mammals, H3 is further
acetylated at lysine 56 before chromatin assembly [97-99]. The histone chaperone Asfl is a
required cofactor in the acetylation of H3 at lysine 56 [100, 101]. The multiple acetylation of
H3-H4 in turn facilitates nuclear import and may enhance H3 affinity for CAF1 thereby
promoting chromatin assembly [98, 100, 102, 103]. Following incorporation, H3-lysine 56
is deacetylated, potentially creating a more stable nucleosome [14]. A series of histone hand-
offs regulated by histone ptms can thus be delineated. Such a series would fine-tune histone
chaperone activity in the context of chromatin homeostasis, essentially creating a series of
checkpoints that keep the system ordered [102-106].

5.0 Outlook

Since their discovery, the unusual and unique biochemistry of the histone proteins has
continued to astound and amaze. A wealth of advances over the last decade has transformed
them from static to dynamic modulators of virtually all processes that act or depend on
DNA. Closely associated both figuratively and literally, with the histones, is a network of
histone chaperones. Through structural and functional diversity, the histone chaperones
facilitate nucleosome formation. They are involved in all facets of histone biology, from
folding in the cytoplasm to nuclear import, storage and deposition into chromatin. The
precise mechanisms of histone chaperone function, however, have remained elusive. Figure
6 highlights key questions relevant to histone chaperone mechanism. The lack of chaperone-
histone co-structures, difficulties interpreting in vitro results in an in vivo context, and a
poor understanding of the biologically relevant chaperone substrate and product, have
hindered mechanism determination. Even with these limitations, we can postulate several
models of histone chaperone mechanism by considering the thermodynamics of nucleosome
assembly and disassembly. These models relate to how histone chaperones bind to their
substrates, prevent promiscuous histone interactions and balance nucleosome assembly and
disassembly, the fate of chaperone-bound histones, and the importance of histone hand-offs
between different histone chaperones. Testing these hypotheses will be the seed for future
studies aimed at determining histone chaperone mechanism.
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Abbreviations

ATRX
Asfl
cenH3
Chzl
CAF1
DAXX
FACT
HIRA
HJURP
Napl
NASP
NPM
ptms
Rtt106
Rtt109
RbAp46/48
SET1
SWR1
SSRP1
Scm3
SPT16
Vps75

Alpha Thalassemia/mental retardation syndrome X-linked
Anti-silencing Function 1

centromeric H3

Chaperone for Htz1/H2A-H2B dimer 1
Chromatin Assembly Factor 1
Death-domain Associated protein
Facilitates Chromatin Transcription

HIR histone cell cycle regulation defective homolog A
Holliday Junction Recognition Protein
Nuclear assembly protein 1

Nuclear Autoantigenic Sperm Protein
Nucleosplasmin

post-translational modifications

Regulator of Ty1 Transposition 106
Regulator of Tyl Transposition 109
Retinoblastoma binding protein 7/4 46/48
SET domain-containing 1
SWI/SNF-related protein

Structure Specific Recognition Protein 1
Suppressor of chromosome mis-segregation
Suppressor of Ty 16 homolog

Vacuolar Protein Sorting 75
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Fig. 1.
Structure of the major-type nucleosome (A), (H3-H4), tetramer (B) and H2A-H2B dimer

(C). Cartoons were made using PDB 1KX5. DNA is white, H3 is blue, H4 is green, H2A is
yellow and H2B is red. Missing residues at the N-terminus of H2B are shown by a dotted
line. In Band C, an N indicates the proteins N-terminus, and the representation on the right
shows only the core histone fold. The four a-helix bundle that mediates H3-H4 tetramer
formation and the second a-helix of H3 are indicated.
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Fig. 2.
Model of sequential nucleosome assembly. The (H3-H4), tetramer (or two H3-H4 dimers)

bind to DNA to form the tetrasome. This is followed by the addition of two H2A-H2B
dimers. The intermediate, a tetrasome plus a single H2A-H2B dimer, is described as a
hexasome. This process is reversible in salt gradient experiments as indicated. A similar
sequence of events has been delineated for Napl nucleosome assembly in vitro.
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Fig. 3.
Prerequisites of nucleosome formation and contexts of histone chaperone activity. Histone

chaperones may facilitate nucleosome formation by being involved in some or all of the
processes I-VI indicated. Histones may be transferred between chaperones to complete all
these processes in a regulated manner.
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A

Fig. 4.
Nature of histone-DNA (A) and histone-histone chaperone (B, C) interactions. A shows a

vacuum electrostatic surface charge of (H3-H4), with 72 base pairs of DNA from PDB
1KX5. Basic surfaces occur along the path of DNA. The opposite surface is involved in
inter-histone interactions and is more hydrophobic. The four a-helix bundle of the (H3-H4),
tetramer is buried in A. B shows Asf1 (cartoon) preventing (H3-H4), tetramer formation by
interfering with four a-helix bundle formation (PDB 2HUE). C shows HJURP (cartoon)
binding along a2 of cenH3, disrupting (cenH3-H4), tetramer formation. HIURP also blocks
DNA binding through a C-terminal 3-sheet domain (PDB 3R45). In B and C, the H3-H4
dimers are shown as surface in an identical orientation to A.
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Fig 5.

Models of histone chaperone function illustrated as free-energy reaction diagrams. The
change in free-energy is plotted along the reaction coordinate as the substrate (DNA and
histones, middle) becomes the product (precipitate, left, or tetrasome, right). Analogous to a
standard chemical reaction, substrates are postulated to go through a ‘transition state’ of
highest free-energy (3) before forming the product. The transition state represents a kinetic
barrier for the reaction. A shows that in the absence of histone chaperones, non-specific
interactions of histones (here H3-H4) with DNA are favored (left) over the tetrasome
formation (right). Tetrasome formation requires histones and DNA to encounter in a non-
random orientation. B shows that a Nap1-type chaperone binds histones with a free-energy
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similar to the final tetrasome product. In the chaperone-bound state, non-specific interaction
with DNA (left) is costly, and thus the tetrasome formation (right) is favored. C shows an
alternative mode of chaperone action. The chaperone binds to form a ‘transition state’ that is
competent to directly deposit histones onto DNA. This state might represent a chaperone-
histone-DNA trimeric complex, or a conformationally activated histone moiety that is
primed to form nucleosomal DNA contacts (right).
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Important Questions Relevant to Histone Chaperone Mechanism

Is the sequential model of nucleosome assembly generally applicable in vivo?

Are all histones nucleosomal or histone chaperone-bound?

What are the molecular details of the structurally uncharacterized histone chaperones?
What are the molecular determinants of a particular histone chaperone-histone complex?
What is the purpose of the acidic stretches found in many histone chaperones?

How do histone chaperones prevent non-specific histone interactions?

Do histone chaperones simply prevent non-specific histone interactions in vivo?

What are the relevant substrates and products of histone chaperones?

Is nucleosome disassembly the direct reversal of assembly in vivo?

How is histone chaperone activity regulated?

Are linker histones chaperoned in a similar way to major-type histones?

Fig. 6.
Important questions relevant to histone chaperone mechanism.
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