Chapter 8

Long-Term Evolution of Histone Families:
Old Notions and New Insights into Their
Mechanisms of Diversification Across
Eukaryotes

José M. Eirin-Lopez, Rodrigo Gonzalez-Romero, Deanna Dryhurst,
Josefina Méndez, and Juan Ausio

Abstract In eukaryotes and some archaebacteria, DNA is found associated with
histones in a nucleoprotein complex called chromatin, which allows for a high
extent of compaction of genomic DNA within the limited space of the nucleus.
Early studies led to the notion that histones exhibit a conserved structural gene
organization and limited protein diversity. However, research has been progres-
sively accumulating to demonstrate that the structure, configuration and copy
number of histone genes varies widely across organisms as a result of a long-term
evolutionary process that promotes genetic variation. This genetic diversity is
mirrored by the structural and functional diversity exhibited by the protein mem-
bers of the different histone families that is, in most instances, concomitant with the
complexity of the organism. The present chapter is aimed at providing a compre-
hensive review of the most recent information on the origin of eukaryotic histone
multigene families. Particular attention is paid to the structural and functional
constraints acting on histones and their relevance for the progressive diversification
of histone variants during evolution, especially as it pertains to histone gene
organization and expression.
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8.1 Introduction

In eukaryotes and some archaebacteria, DNA is found associated with histones
in a nucleoprotein complex called chromatin. Chromatin allows for a high extent
of compaction of genomic DNA within the limited space of the nucleus and
also provides the support on which most DNA metabolic functions (i.e., replica-
tion, transcription and repair) take place. The repetitive subunit of chromatin,
the nucleosome, consists of an octamer of core histones (two of each H2A, H2B,
H3 and H4) around which two left handed superhelical turns of DNA are
wrapped (van Holde 1988). The nucleosome core particles (NCPs) are joined
together in the chromatin fiber by short stretches of linker DNA that, interact
with linker H1 histones, resulting in an additional folding of the chromatin fiber.
Although all the domains in eukaryotic chromatin share a common nucleosomal
structure, the dynamic processes responsible for the local heterogeneity
observed across the genome are regulated by three principal mechanisms: the
replacement of canonical histones with specialized variants that have dedicated
functions (Malik and Henikoff 2003), the occurrence of histone posttranslational
modifications (Jenuwein and Allis 2001) and the association with remodeling
complexes responsible for nucleosome mobilization (Owen-Hughes 2003). The
wide range of possible configurations that facilitate different chromatin meta-
bolic processes are the result of the synergistic action of the aforementioned
mechanisms.

Early studies on histone genes led to the formulation of several general dogmas
about their structure: (a) histone genes were considered to be intronless, encoding
highly conserved proteins; (b) they existed in multiple copies closely clustered in
the genome and organized into tandemly repeated blocks; (c) except for the case of
relatively few replacement histone variants, the mRNAs transcribed from the genes
of the canonical histones were not polyadenylated and their expression was largely
coupled to S phase of the cell cycle; and (d) the evolution of the histone gene
families was thought to be subject to a process of concerted evolution through rapid
interlocus recombination or gene conversion (Hentschel and Birnstiel 1981; Kedes
1979; Maxson et al. 1983a; Ohta 1983). However, research has been progressively
accumulating to demonstrate that the organization and copy number of eukaryotic
histone genes varies widely across organisms. Additional evidence that argues
against the assumptions made by these dogmas was found in the case of specialized
histone variants. These proteins are encoded by intron-containing genes and are
expressed constantly at basal levels throughout the cell cycle (Ausié 2006). These
diverse patterns of organization and expression differ even among closely related
organisms and most likely reflect the presence of different regulatory mechanisms
and a complex mode of gene family evolution (Doenecke et al. 1997; Khochbin
2001; Wells and Kedes 1985). The high degree of structural and functional diversi-
fication observed across different histone types provides a compelling argument
against the notion of concerted evolution (homogenization) as the major force
guiding long-term histone evolution.
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The present chapter is aimed at providing a comprehensive review of the most
recent information on the origin of eukaryotic histone multigene families and the
subsequent mechanisms guiding their long-term evolution. Special attention is paid to
the structural and functional constraints acting on histone proteins and their relevance
to the progressive diversification of histone variants during evolution, especially as
they pertain to histone gene organization and expression. Finally, a model summariz-
ing the process of histone diversification and differentiation from their archael origin to
the wide diversity of specialized variants in eukaryotes is presented.

8.2 Histone Genes Display Highly Heterogeneous Organization
Patterns Across Eukaryotic Genomes

Histone gene organization has been studied for more than 30 years (Hentschel and
Birnstiel 1981; Isenberg 1979; Kedes 1979; Maxson et al. 1983a) and during most
of this early period, the concept of a homogeneous gene organization was believed
to be the normal arrangement in the genomes of most model organisms studied at
the time, especially Drosophila and sea urchin (Lifton et al. 1977; Maxson et al.
1983b). However, with the progressive characterization of histone genes in a
broader range of organisms, a more complex picture started to emerge showing a
dispersal and diversification of the genes that was apparently concomitant with the
position of the different organisms on the phylogenetic tree (Doenecke et al. 1997).
A great diversity of histone gene organization patterns was observed, however, it
was not until histone variants were first identified and their specific functions
progressively deciphered that such an extensive heterogeneity was definitively
determined to be an intrinsic feature of the different histone families. In sharp
contrast to canonical histones, the histone variants have a unique genomic organi-
zation (solitary genes), copy number (single-copy), gene structure (presence of
introns) and regulation (basal continuous expression throughout the cell cycle)
(Ausi6 2006). Clearly there is no doubt that the diversification process experienced
by histone genes has allowed for the progressive differentiation of histone variants
with dedicated functions and this has shaped the complex, efficient and tightly
controlled mechanisms of DNA packaging and regulation of chromatin dynamics in
the cell nucleus. In order to illustrate the relevance of such diversity, we will next
summarize the major modes of histone gene organization across representative
groups of eukaryotes.

8.2.1 Prokaryotic Chromatin and the Origin of Histones

Most studies on prokaryotic chromatin have initially focused on the eubacteria
Escherichia coli, which has a 4.6 Mb circular chromosome organized into



142 J.M. Eirin-Lépez et al.

supercoiled domains (Worcel and Burgi 1972). The HU proteins are the most
abundant proteins in the nucleoid of this organism (Murphy and Zimmerman
1997) and DNA compaction is achieved as a result of the exogenous pressure of
macromolecular crowding from the nucleoplasm and from supercoiling introduced
by architectural proteins and topoisomerase activity (Sandman et al. 1998). The
absence of a nucleosome-based organization of bacterial chromatin contrasts with
that observed in archaebateria, which contain histones as well as other chromatin
associated proteins (Grayling et al. 1996; Sandman and Reeve 2005). The phylum
Euryarchaea (Fig. 8.1) is characteristic among Archaea in having histone-like
proteins that are relatively small in size, do not have N- or C-terminal unstructured
tails comprising only a histone-fold domain (Arents and Moudrianakis 1995) and
appear to form analogous or perhaps homologous structures to those formed by the
eukaryotic (H3 + H4), histone tetramers (Pereira et al. 1997). These proteins bind
and wrap DNA into nucleosomal-like structures protecting about 60 bp of DNA and
can induce DNA supercoiling (Sandman et al. 1998). Histone-encoding genes have
also been identified in marine Crenarchaea, giving strong support for the argument
that histones evolved very early, after the divergence of Bacteria-Archaea but
before the separation of the archaeal and eukaryotic lineages (Cubonova et al.
2005). The ancestry shared by archaeal and eukaryotic core histones is indeed
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Fig. 8.1 Universal tree of life based on rRNA sequences of selected Archaea (Sandman and Reeve
2006). Different domains as well as archaeal phyla are indicated in the diagram. Thick fancy lines
account for those lineages in which histone-fold sequences have been identified while dashed lines
indicate uncertainty regarding the time of histone-fold origin
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manifested in their conserved histone-fold region as well as in the amino acid
residues that are important for histone—-DNA and histone dimer—dimer interactions.
Furthermore, archaeal histone sequences exhibit a degree of variation that provides
clues to the molecular requirements of the evolutionary transition from prokaryotic
to eukaryotic chromatin (Sandman and Reeve 2006; Zlatanova 1997).

8.2.2 The Transition Toward the Eukaryotic Cell and the
Appearance of Pluricellularity in Light of Histone
Diversification

Histones have been extensively characterized in eukaryotic genomes where, with
the only exception of some protozoa such as dinoflagellates (Herzog and Soyer
1981), they organize chromatin into a repetitive nucleosome structure. Among
lower eukaryotes, yeast is unique in its small number of histone genes, having
only two gene copies of each of the four core histones. The H2A and H2B genes are
adjacent to one another, they are divergently transcribed and they exist as two
genetically unlinked copies encoding two structural variants. This is in contrast to
the H3 and H4 genes that encode identical products (van Holde 1988). There is also
a candidate yeast linker histone (Hholp) encoded by a gene that is co-expressed
with the core histone genes in S phase (Landsman 1996). This protein has an
unusual tertiary structure with two regions (GI and GII) homologous to the single
globular domain of the linker histone of higher eukaryotes (Ali and Thomas 2004).
The organization of histone genes is also known in other lower eukaryotes such as
the ciliates Stylonychia lemnae, Tetrahymena thermophila and closely related
species, where the histone genes are unclustered in the genome and the H1 genes
are apparently absent in the micronucleus (Allis et al. 1979; Prescott 1994). Also,
single-copy HI1 genes independently organized from core histone genes were
described in Volvox (Lindauer et al. 1993).

Despite the classical notion of histone genes being clustered and tandemly repeated,
many arrangements are observed in metazoan genomes as indicated in Fig. 8.2. For
instance, in the cnidarian Acropora formosa (coral) histone genes consist in clusters of
the four core histones (quartets) that are reiterated about 150 times (Miller et al. 1993).
A similar organization has also been described in the nematode Caenorhabditis
elegans that has independently organized single-copy H1 genes (Sanicola et al.
1990). Similarly, the histone genes of annelids are organized into clusters containing
HI and the four core histone genes (quintets) but quartets of core histones that are
reiterated about 600—650 times in the genome are also present (del Gaudio et al. 1998;
Sellos et al. 1990). However, molluscs represent the paradigm of diversity among
metazoans showing up to three different arrangements of histone genes even within a
single species. This is the case with the mussel Mytilus galloprovincialis (Eirin-Lopez
et al. 2004b), which displays clustered quintets linked to 5S rRNA genes, quartets of
core histones and independent clusters containing replication independent H1 genes
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(Drabent et al. 1999; Eirin-Lopez et al. 2002). In insects, the clustered quintets
containing H1 genes are present in Drosophila (Kremer and Henning 1990; Lifton
et al. 1977; Tsunemoto and Matsuo 2001) and in the midge Chironomus (Hankeln and
Schmidt 1991). However, clustered quartets of core histones and independent H1
histone genes are present in Drosophila virilis (Domier et al. 1986; Schienman et al.
1998) and Chironomus thummi (Hankeln and Schmidt 1993).

Echinoderms are probably one of the groups that have been more extensively
analyzed among deuterostomes. The sea urchins Strongylocentrotus purpuratus
and Psammechinus miliaris display around 700 repetitions of quintets tandemly
arranged and expressed at early embryonic stages (Sures et al. 1978), which coexist
in the genome with additional clusters without any regular organization that are
expressed later on during development (Maxson et al. 1983b). However, only
clustered quartets with variable arrangements have been reported in the starfish
species Pisaster ochraceus, P. brevispinus and Dermasterias imbricata (Cool et al.
1988). Although histone genes still remain organized in clusters in many vertebrate
genomes, such regular organization appears to be gradually lost during the course
of evolution. For instance, amphibians display histone genes organized either in
clustered quartets (newts) or quintets (Xenopus) with variable copy number
(Ruberti et al. 1982; Stephenson et al. 1981; Turner and Woodland 1983; Turner
et al. 1983; van Dongen et al. 1981), as do fishes such as Salmo gairdnerii, which
have quintets repeated about 150 times in their genome (Connor et al. 1984).
Although chickens also contain clustered histone quintets repeated about 10
times, they also have solitary and replication independent H1-type genes encoding
the specialized HS histone typical of nucleated erythrocytes (D’ Andrea et al. 1985;
Scott and Wells 1976). The tandem arrangement of histone genes is definitively lost
in mammals. Histones are organized in either a single cluster (located on chromo-
some 17 in the rat [Walter et al. 1996]) or in two physically independent major and
minor clusters on chromosomes 6 and 3 and chromosomes 13 and 3 in humans and
mice, respectively (Albig et al. 1997a, b; Wang et al. 1997). In addition, solitary
single-copy replication independent H1-type genes are also present in both human
and murine genomes, encoding histone H1° that has dedicated functions in termi-
nally differentiated cellular systems (Doenecke and Alonso 1996).

8.3 Histone Variants Impart Specific Functions to Nucleosomes

8.3.1 Linker Histones

The histone H1 family encompasses one of the largest numbers of isoforms among
histones. This diversity is especially evident in mammals where 11 different linker
histones have been identified: 7 somatic (H1.1-H1.5, H1° [Ausi6 and Abbott 2004;
Parseghian and Hamkalo 2001], and H1x [Happel et al. 2005]), 3 sperm-specific
(H1t [Seyedin and Kistler 1979], H1t2 [Martianov et al. 2005] and HILS1 [Iguchi et al.
2003; Yan et al. 2003]); and the oocyte-specific variant Hloo (Tanaka et al. 2001).
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Other cleavage-specific H1 variants homologous to Hloo have also been described in
amphibians (embryonic linker histone HIM or B4 from Xenopus [Cho and Wolffe
1994]) and echinoderms (histone CS from sea urchin [Mandl et al. 1997]).

The evolution of HI has favored the differentiation of other highly specialized
isoforms such as histone H5 (Ruiz-Carrillo et al. 1983), a replication-independent
HI1 variant restricted to the nucleated erythrocytes of birds, which also appears to be
present in amphibians (Khochbin 2001) and reptiles. Therefore, HS is structurally
related to Hlo, a histone that replaces somatic H1 isoforms in terminally differ-
entiated cells of many vertebrates (Panyim and Chalkey 1969). These variants have
been extensively studied and they share characteristic conserved elements in their
promoter regions, which are involved in their replication-independent pattern of
expression. These include a UCE element (Upstream Conserved Element), an H1
box followed by a G/C rich segment and an H4 box (Eirin-Lopez et al. 2005;
Schulze and Schulze 1995). Although both the H1® and H5 genes encode poly-
adenylated mRNAs, the HS transcript contains two additional stem-loop signals in
the 3’ UTR region (Doenecke and Alonso 1996). Until recently, the occurrence of
replication independent H1 variants had been restricted exclusively to deuteros-
tomes. Although different studies postulated the existence of H1 histone variants
in several protostomes (Ausié 1999; Barzotti et al. 2000; del Gaudio et al. 1998;
Eirin-Lopez et al. 2002, 2004b; Hankeln and Schmidt 1993) the presence of
replication-independent H1 forms has only been studied in detail in molluscs
(Eirin-Lopez et al. 2005).

8.3.2 Core Histones

Since histones must be synthesized in stoichiometric amounts for the assembly of
chromatin onto newly replicated DNA, transcription of histone genes is tightly
regulated during the cell cycle and the bulk of their translation is coordinated with
DNA replication during S phase (Marzluff 1992). A unique feature of these
replication-dependent histone mRNAs is their lack of polyadenylated tails
(replaced by a stem-loop signal) and the regulation of their expression at three
different levels including transcriptional, mRNA processing and mRNA stability
(Doenecke et al. 1997). Although these regulatory mechanisms are characteristic of
most histone genes, there is a small fraction of histones encoded by solitary single-
copy genes whose expression prevails in nonproliferating cells, the so-called
replacement histones or histone variants (Henikoff and Ahmad 2005; Smith et al.
1984). Histone variant genes exhibit constant basal replication-independent expres-
sion throughout the cell cycle, their mRNAs contain long 3’ UTR regions as well as
polyadenylated tails that bind the poly(A) binding protein that increases their
stability (Marzluff 1992).

Although core histones are far more conserved than HI histones (Isenberg
1979), this does not preclude the existence of a marked functional differentiation
among their variants. This is particularly noticeable in the case of the H2A family
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(Ausi6 and Abbott 2002), which includes the heavily studied variants H2A.X and
H2A.Z. These two variants are involved in the maintenance of genome integrity and
in the regulation of chromatin dynamics. Histone H2A.X is present in almost all
eukaryotes and is particularly expressed in germinal cells where it has functions
related to DNA repair and chromosome condensation (Li et al. 2005). This variant
is encoded by intron-less genes that are expressed as two different types of
transcripts: a short replication-dependent type with a stem-loop signal and a longer
replication-independent type that is polyadenylated (Alvelo-Ceron et al. 2000).
Histone H2A.Z has been ascribed multiple functions that may differ among species.
A growing body of evidence suggests that it participates in regulation of gene
expression (Barski et al. 2007; Bruce et al. 2005) but it also plays an important
role in the heterochromatin structure of the centromere (Greaves et al. 2007).
In vertebrates, H2A.Z exists as a mixture of two protein forms H2A.Z-1
(previously H2A.Z) and H2A.Z-2 (previously H2A.F/Z or H2A.V) that differ by
three amino acids (Coon et al. 2005). These two proteins are encoded by separate
genes that contain four introns in humans and are expressed through polyadenylated
mRNAs (Hatch and Bonner 1988, 1990). The H2A family also includes another
highly specialized variant, macroH2A. This variant is characterized by a long non-
histone C-terminal tail and has been shown to be involved in female X chromosome
inactivation in mammals and birds (Costanzi and Pehrson 1998; Ellegren 2002).
In contrast, histone H2A.Bbd is a highly variable quickly evolving mammalian
H2A variant (Eirin-Lopez et al. 2008), which is markedly deficient in the inactive
X-chromosome and participates in the destabilization of nucleosomes and in the
unfolding of the chromatin fiber (Gonzalez-Romero et al. 2008b).

Other core histone variants include histone H3.3, CENPA and H3.t of the H3
family. In mammals, H3.3 differs from canonical replication-dependent H3.1 by
only four amino acids and is enriched in actively transcribed regions of the genome
in somatic cells (Mito et al. 2005). Two identical proteins, H3.3A and H3.3B, which
are encoded by two different solitary genes, participate in the transition from
histones to protamines during spermiogenesis in mammals (Henning 2003; Doe-
necke et al. 1997; Wells and Kedes 1985). Centromeric protein A (CENPA) is
involved in the packaging of chromatin at eukaryotic centromeres (Govin et al.
2005; Palmer et al. 1987) and a testis-specific H3 histone (H3t) has been described
in humans (Witt et al. 1996). With regard to the other histone families, the human
H2B.1 gene represents the only replication-independent H2B isoform known and
encodes transcripts alternatively processed at 3’ UTR regions, yielding replication-
dependent and replication-independent mRNAs (Collart et al. 1992). Although no
replacement subtypes have been described for the most highly conserved family of
histones, the H4 family, an H4 protein with replication-independent properties has
been described in Drosophila (Akhmanova et al. 1996).

In striking contrast to the animal kingdom, plant histones provide a very
different example of histone gene structure and regulation (Kanazin et al. 1996).
This is demonstrated by the existence of an intron containing H3 genes in soybean,
barley and wheat, which were found to be expressed in different plant organs in a
relatively replication-independent fashion. Plant histones do not have stem-loop
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signals and are transcribed into polyadenylated mRNAs (reviewed by Chabouté
et al. [1993]) suggesting that the mechanisms regulating histone expression are very
different between the plant and animal kingdoms. The regulation of histone pro-
duction in plants would essentially occur at the transcriptional level.

8.4 Eukaryotic Histones Arose from Archaeal Histones
Following a Recurrent Gene Duplication Process

The evolutionary origin of eukaryotic histones can be traced back to prokaryotes.
Histones resembling H2A and H4, as well as the DNA topoisomerase V
(a prokaryotic counterpart of eukaryotic topoisomerase I) were found in the
hyperthermophilic archaebacteria Methanopyrus kandleri (Slerasev et al. 1984)
and also archaeal RNA polymerases show common features with eukaryotic
RNA polymerases (Reeve et al. 1997). In addition, archaeal histones exhibit
some similarities with the central domain of the CBF-A eukaryotic transcription
factor subunit (CCAAT-binding factor subunit A), suggesting that the eukaryotic
modes of transcription and DNA packaging may have originated before the eukar-
yotes themselves (Ouzounis and Kyrpides 1996). Consistent with this observation,
phylogenetic trees reconstructed from rRNA data place Archaea and Eukarya on
the same branch, indicating the existence of a common ancestor shared by both
groups after the divergence of Archaea and Eubacteria (Sandman and Reeve 1998,
2006).

The presence of histone-like genes in Euryarchaeota was explained by Sandman
and Reeve (1998) in terms of the ‘hydrogen hypothesis for the first eukaryote’
(Martin and Miiller 1998). Accordingly, the origin of the eukaryotic cell was
proposed to have been derived from a symbiotic association between a methanogen
archaebacterium and a proteobacterium. Thus, while the eukaryotic nucleus would
have been derived from the archaebacterium (including the proteins involved in
DNA packaging), most of the cellular metabolism would have been contributed by
the proteobacterium. Consequently, the evolution of histones and DNA condensa-
tion into nucleosomes apparently occurred in the euryarchaeotal lineage, before the
archaeal-eukaryal divergence, facilitating the genome expansion and the develop-
ment of Eukarya (Sandman and Reeve 2005, 2006).

It appears that DNA duplication has been the basis underlying the evolutionary
mechanisms driving histone evolution from the early appearance of these proteins
in Archaea and the evolutionary process shaping this variability can be summarized
in three major stages as indicated in Fig. 8.3. Firstly, the evolution of histones in
Archaea would have been based on their generic role in packaging the genomic
DNA. In this context, the first important event of gene duplication would have
resulted in at least two histone-like genes in Archaea (such as HMfA and HMfB
genes identified in Methanothermus fervidus, Fig. 8.3a) capable of forming tetra-
meric complexes to efficiently compact DNA (Sandman et al. 1990; Starich et al.
1996). The next critical duplication event would be represented by the intragenic
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Fig. 8.3 Schematic representation of histone evolution since their origin in archaebacteria through
recurrent gene duplication steps, which represent the underlying mechanisms driving histone
evolution and the selective mechanisms shaping histone variability. Transitions in histone gene
structure were immediately mirrored by the configuration of the nucleosome core particle (NCP)
regarding its ability to package DNA. The progressive evolutionary diversification and specializa-
tion of core histones is indicated in the right margin, concomitantly with the incorporation of linker
histones into the chromatin structure

duplication giving rise to the doublet histones (Fig. 8.3b) such as those identified in
M. kandleri (Malik and Henikoff 2003). In this scenario it would be plausible that
while one of the two histone folds retained its critical role in DNA packaging, the
additional one would have been available to provide a substrate for selection
experiments, eventually resulting in the further functionalization of the histone
N- and C- terminal tails (Fig. 8.3c).

In the second stage, the histone doublet structure resulted in the formation of an
asymmetric dimer that would have been the direct predecessor of the cannonical
H3-H4 dimers. The evolutionary constraints generated in the transition towards a
eukaryotic-specific mitosis would have been strong enough to force the shift
towards an octamer structure by incorporating additional H2A-H2B dimers
(Fig. 8.3d), a process that may have facilitated the genome expansion and the
development of Eukarya (Malik and Henikoff 2003). Linker histones were
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likely the last component to join this structure, providing the maximum level of
compaction of DNA. However, it is still not clear how this process took place. The
C-terminal tail of eukaryotic H1 histones is able to compact chromatin by itself and
this domain constitutes the whole protein in the case of early ancestral eukaryotes
such as trypanosomes (Griiter and Betschart 2001). This supports the hypothesis
that, in contrast to core histones, ancestral H1 histones were composed of only a
C-terminal region (Fig. 8.3e) and the core domain containing the winged-helix
motif would have been acquired later in evolution as indicated in Fig. 8.3f
(Kasinsky et al. 2001).

In the third stage, the differentiation of the five metazoan histones (H1, H2A,
H2B, H3 and H4) would have marked the beginning of the final stage in histone
evolution. Although gene duplication has prevailed as the major mechanism in
providing the eukaryotic cell with the required amounts and diversity of histones
(Malik and Henikoff 2003), it has been shown that concerted evolution does not
play a major role in their evolution (Eirin-Lopez et al. 2004a; Eirin-Lopez et al.
2005; Piontkivska et al. 2002; Rooney et al. 2002). Crucial to this stage is the
diversification as a result of recurrent gene duplications followed by a strong
purifying selection process acting at the protein level. This process is known as
birth-and-death evolution (Nei and Hughes 1992; Nei et al. 1997) and represents the
major mode of long-term evolution in eukaryote histone families as well as in many
other gene families (Nei and Rooney 2006), as discussed in detail in the following
section. The evolutionary refinement resulting from such diversification would
have been determined by the cellular specialization associated with the appearance
of multicellular organisms. Histone variability in these organisms is required in
order to accommodate the different packing needs and regulation of gene expres-
sion in different cell types and developmental stages.

8.5 The Long-Term Evolution of Histone Genes Is Guided
by a Birth-and-Death Process That Promotes
Genetic Diversity

In contrast to the notion of divergent evolution, until around 1990 most multigene
families were thought to be subject to concerted evolution (Fig. 8.4). Concerted
evolution involves a process where a mutation occurring in a repeat spreads all
through the gene family members by repeated occurrence of unequal crossover or
gene conversion (Arnheim 1983; Smith 1974). The validity of this model, in the
case of histones, was further reinforced by the general view that a gene family that
produces a large amount of gene products is subject to concerted evolution in order
to maintain the homogeneity of the protein product (Baldo et al. 1999; Coen et al.
1982; Kedes 1979; Liao 1999; Matsuo and Yamazaki 1989; Thatcher and Gorovsky
1994). However, as more amino acid and DNA sequence information became
available, some serious conceptual concerns arose when trying to apply the
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Fig. 8.4 Schematic representation of the three major models of multigene family evolution
proposed for histone gene families since their discovery (Nei and Rooney 2006). Divergent
evolution was the first mechanism proposed in order to explain the long-term evolution of
hemoglobin a, B, v and & chains and myoglobin, whose encoding genes have diverged gradually
as the duplicate genes acquired new functions. However, the close intraspecific relationship among
ribosomal RNA genes was very difficult to reconcile with the aforementioned mechanism, leading
to an idea based on a process of unequal crossover or gene conversion responsible for the
homogenization of the family members, known as concerted evolution. Later on, the availability
of DNA and protein sequences allowed to revisit the mechanisms guiding the evolution of some
gene families such as histones, questioning the applicability of concerted evolution and suggesting
a model called birth-and-death, based on recurrent gene duplications (open and solid circles
indicate active genes and pseudogenes in this model, respectively)

concepts of concerted evolution to some gene families. These include genes involved
in immune systems and disease-resistance (Hughes and Nei 1990; Ota and Nei 1994;
Zhang et al. 2000), as well as highly conserved gene families such as ubiquitins and
histones (Eirin-Lopez et al. 2004a, 2005; Gonzalez-Romero et al. 2008a; Nei et al.
2000; Piontkivska et al. 2002; Rooney et al. 2002).

As mentioned in the previous section, the differentiation of the five eukaryotic
histone families, together with the subsequent specialization of the histone variants,
represented an evolutionary breakthrough that allowed for a maximal level of
chromatin compaction and structural and functional diversification. The broad
gene and protein diversity of histones is seemingly contradictory to what would
be expected from a concerted evolution model since such a model would predict
close intraspecific relationships among histone genes. Several studies have dealt
with this paradigm during recent years by analyzing protein and nucleotide varia-
tion levels within the different histone gene families across different groupings of
eukaryotes. However, none of these studies found any support for a process of
homogenization being involved in histone evolution and there are at least three
major lines of evidence that argue against such a process. Firstly, phylogenetic
inference of the evolutionary history of histone genes revealed that different histone
isoforms cluster by type instead of by species in the phylogenetic trees. Further-
more, the analyses of nucleotide sequences failed to detect any signal of homoge-
nization among histone genes. For instance, comparisons between human and
mouse H1 genes showed that paralogous genes are not more closely related
than orthologous H1 genes from both species, indicating that the functional
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differentiation of these genes is most likely due to a process involving selection
rather than homogenization (Eirin-Lopez et al. 2004a). A second line of evidence
arose from the analyses of the nature of nucleotide variation occurring among
histone genes, which indicated that the synonymous nucleotide divergence was
always significantly larger than the nonsynonymous variation (Eirin-Lopez et al.
2004a; Gonzalez-Romero et al. 2008a; Piontkivska et al. 2002; Rooney et al. 2002).
This suggests the absence of a concerted evolution process and is again consistent
with a selective process acting at the protein level. Finally, pseudogene evolution
provides a powerful tool for examining the presence of homogenization across
histone repeats, given that they are expected to have a lower level of divergence
compared to active genes. In this regard, all the studies focused on the long-term
evolution of histone families have detected significant levels of divergence in
pseudogenes (Eirin-Lopez et al. 2004a; Gonzalez-Romero et al. 2008a; Piontkivska
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Fig. 8.5 Phylogenetic relationships among protein sequences of members of the H1 family in
chordates showing a functional clustering pattern in which orthologs are more closely related
among them than to their respective paralogs (Eirin-Lopez et al. 2004a). Although histone
H1 somatic types from mammals (H1.1-H1.5) were thought to be functionally redundant, the
topology depicts a process of functional differentiation leading to different H1 identities. This
notion has been indeed supported by experiments revealing a nonrandom distribution of H1
subtypes in the chromatin fiber, related to different transcriptional states (Parseghian et al.
2000). Numbers in internal nodes indicate confidence intervals calculated as bootstrap and internal
brach-test, respectively
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et al. 2002; Rooney et al. 2002), discarding any significant effect resulting from
concerted evolution.

All the above mentioned studies proposed that the results fit better with the birth-
and-death model of evolution (Nei and Hughes 1992) in which the diversification of
the family members is the result of a recurrent process of gene duplication (muta-
tion) followed by the inactivaction of some of the newly generated genes (selection,
see Fig. 8.4 for details). Homogeneity is maintained by the effect of a strong
purifying selection at the protein level and thus, DNA sequences of different gene
family members can be very divergent both within and between species (Nei and
Hughes 1992; Nei et al. 1997). A good example of this mode of long-term evolution
is best illustrated by the histone H1 family, where extensive knockout experiments
have demonstrated the existence of a large amount of functional redundancy among
somatic replication-dependent H1 subtypes. However, there is now evidence indi-
cating that the four histone H1 subtypes that are present in all mammalian somatic
cells are not randomly distributed in chromatin (Fig. 8.5). This provides evidence
for different roles for the different somatic H1 subtypes, in agreement with the
evolutionary picture of the functional differentiation of H1 histones (Eirin-Lopez
et al. 2004a; Parseghian et al. 2000).

The birth-and-death model of evolution, as opposed to the gene homogenization
process that would result from concerted evolution, promotes genetic variation.
Therefore, it provides quite a reasonable mechanism for explaining the long-term
evolution of gene families with high levels of diversity among their members, such
as histones. This does by no means imply that gene conversion or unequal crossover
does not occur but it strongly suggests that their contribution to the diversification
of multigene families is relatively minor.

8.6 Replication-Dependent Histone Variants Are Derived
from a Common Replication- Independent Ancestor

Different histone variants are expressed in a tissue- and developmental stage-
dependent manner. During the course of evolution, the origin of these variants
could have arisen by two different ways: by a gradual process from an ancient
differentiation event, or through multiple independent events. An ‘orphon’ origin
was initially proposed to explain the evolutionary origin of replication-independent
histone variants followed by a process of concerted evolution. The isolation of these
genes from the main histone repeats of replication-dependent variants would
account for the divergent, solitary, single-copy nature of their genes (Drabent
et al. 1999; Eirin-Lopez et al. 2002, 2004b; Schulze and Schulze 1995). The dis-
covery that long-term histone evolution occurs by a birth-and-death mechanism
(Eirin-Lopez et al. 2004a, 2005; Gonzalez-Romero et al. 2008a; Piontkivska et al.
2002; Rooney et al. 2002) forced a revision of the ‘orphon’ hypothesis for the origin
of the replication-independent histone variants. The process of purifying selection
acting at the protein level would have preceded the split between protostomes and



JM. Eirin-Lopez et al.

6’8 "S1] JO 9SBO AU UI SE PIJBIIPUI I8 SIPOU [BUISJUI UT sIequinN “X'VZH
QuoJsIY Jo ased ayy 10y 1deoxa urSuo Jusroue ue Sunordep sarIwey ¢H pue YZH ‘TH QUOISIY oy} UM SaSeaul] JUBLIBA dUOISIY Jofew Y} Jo uonn[oAg 9°§ "SIy

154

sjued [eajuoued gH

PAg'vZH sjueid [eajuoued |4

Z'VZH

juapuadapulj-uonesijdoy
H
VZHo1oew

ayloadg-snsaL

IH

suexa|dwooidy

98/29 sjue|d
16ung '$3W0}$0j0.d [edluoued
LH
66/06
S9W0}s0JaNa( [edluoue)
slewjuy [edjuoued g |edluoued yzH H
Ajjweg ¢H auojsiH Aiwe4 yzH auojsiH Aiwe4 L H sauojsiH



8 Long-Term Evolution of Histone Families 155

deuterostomes allowing for the subsequent transposition of replication-independent
histone variants to solitary locations in the genome, where they would gradually
continue their evolution (Eirin-Lépez et al. 2004a, 2005).

Different histone families seem to be subject to different rates of ‘birth-and-
death’ evolution as indicated by the high levels of diversity exhibited by members
of the H1 and H2A families in contrast to the H2B, H3 and H4 families. Although
most replication-independent histone variants have an ancient origin, there are
notable exceptions to this rule, such as the case of histone H2A.X (Fig. 8.6). It is
very likely that H2A.X genes arose separately and recurrently during evolution
having totally replaced canonical H2A in organisms such as Saccharomyces cere-
visiae while being completely absent in C. elegans (Thatcher and Gorovsky 1994).
Less is known about the H3 genes, where a replication independent gene was initially
proposed to be the progenitor of all H3 genes through a single differentiation event
that took place early in evolution (Wells et al. 1986). This hypothesis is supported by
a study that suggests that a gene similar to that of histone H3 from the protist
Phreatamoeba, the closest relative to animal and plant H3 genes, may have been
the ancestor of the animal, plant and fungal H3 sequences. Nevertheless, the appear-
ance of H3 variants independently in animals, plants and Tetrahymena was also taken
as evidence for the multiple origin of H3 variants (Thatcher and Gorovsky 1994).

When considering long-term histone evolution it is important to bear in mind the
large differences exhibited by the plant and animal kingdoms, which clearly reflect
the different evolutionary strategies followed by different organisms despite having
all gone through the same histone gene duplication and selection mechanisms.
Plant histones show very unique features that clearly differentiate them from the
replication-dependent histones from animals but they are very closely related to
animal replication-independent histone variants with which they share common
traits such as the presence of introns and expression through polyadenylated
transcripts (Chabouté et al. 1993). The most plausible explanation to account for
this relies on the fact that plant cells exhibit a much longer cell cycle than animal
cells. Therefore, a rapid change in the levels of histone gene expression during
S-phase is no longer needed and transcription control has a predominant role over
posttranscriptional regulation. All this raises the question of whether ancestral
histones were expressed through polyadenylated transcripts. Different authors
have suggested that the major plant histone genes evolved from a common poly-
adenylated ancestor prior to the differentiation between plants and animals (Chabouté
et al. 1993) and that animal histone genes would have acquired specific posttransla-
tional regulatory mechanisms (necessary to ensure the rapid histone biosynthesis in
rapidly dividing cells) later on during evolution. This hypothesis is further supported
by the polyadenylated nature of different histone transcripts in ancestral eukaryotes
preceding the differentiation of the metazoan variants. A good example of this is
provided by the histone H1 from trypanosomes (Griiter and Betschart 2001).

The mechanisms of transcriptional regulation of histone genes play a critical role
in the specialization of histone variants in different tissues and developmental
stages. The bulk of histone mRNA translation is coordinated with DNA replication
during S phase of the cell cycle and this process is mediated by the presence of
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Fig. 8.7 Representation of the evolutionary process followed by an ancestral replication-
independent histone leading to an initial differentiation between plant and animal histones
(replication independent), which was subsequently followed by the segregation of the two animal
histone lineages (replication independent, RI; replication dependent, RD) early in metazoan
evolution. Both RI and RD lineages followed a parallel process of birth-and-death evolution
across protostomes and deuterostomes leading to the differentiation of the canonical histones
(RD) and histone variants (RI) in different taxonomic groups

a stem-loop signal in the 3’ UTR region of the transcript that is unique to replica-
tion-dependent histones in animals. In contrast, the expression of all other histone
types is mediated by a polyadenylation signal that confers stability to the mRNAs,
as is the case for almost any other type of gene in the genome. The fact that
the ‘canonical’ replication-dependent histones in animals represent the only exam-
ples of genes lacking polyadenylated transcripts and given the early differentiation
exhibited by the replication-independent histone variants, the notion that the
primordial genes of eukaryotic histones were also transcribed through polyadeny-
lated transcripts is supported (Fig. 8.7).

8.7 Conclusions

The old idea of histones being small basic proteins that provide a scaffold for DNA
in the chromatin fiber and whose genes evolve through concerted evolution is only
accurate in describing histones as small and basic proteins. As discussed throughout
this work, histones have an evolutionary origin that can be traced back to archae-
bateria. It involves a progressive diversification and differentiation of the four core
histone families through a mechanism of recurrent gene duplication, which eventu-
ally facilitated DNA compaction in the transition towards the eukaryotic cell.
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The extraordinary structural and functional diversity observed among members of
the different histone families is, in most instances, concomitant with the complexity
of the organism, owing to the critical role histones play in the evolution of
biological systems. Such diversity provides compelling evidence in support of a
mechanism directing the long-term evolution of histone families that is geared
towards the generation of genetic diversity (birth-and-death), rather than one that
induces gene homogenization (concerted evolution). Two major histone lineages
must have already been differentiated very early in eukaryotic evolution, one
leading to the canonical replication-dependent histones and the other to the repli-
cation-independent histone variants. Both lineages appear to share a common
replication-independent ancestor containing introns, which most likely was the
preferred histone choice in plants. It is important to bear in mind that the loss of
introns and the appearance of a replication-dependent expression must have had
critical consequences for the evolutionary constraints acting upon the proteins. It
probably involved a dramatic temporal switch towards strong positive selection of
the replication-dependent histone genes that would result in an oddly similar
signature to that arising from purifying selection. The current availability of
genome sequences for a broad range of eukaryotic organisms opens a door to
further examine the implications of such an intriguing phenomenon, especially as
it pertains to the distribution and evolution of introns in early eukaryotes and early
metazoans in relation to the selective pressures acting on histones.
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