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ABSTRACT

Histones are the fundamental constituents of the eukaryotic chromatin, facilitating the physical
organization of DNA in chromosomes and participating in the regulation of its metabolism. The H2A
family displays the largest number of variants among core histones, including the renowned H2A.X,
macroH2A, H2A.B (Bbd) and H2A.Z. This latter variant is especially interesting due to its regulatory
role and its differentiation into two functionally divergent variants (H2A.Z.1 and H2A.Z.2), further
specializing the structure and function of vertebrate chromatin. In the present work we describe, for
the first time, the presence of a second H2A.Z variant (H2A.Z.2) in the genome of a non-vertebrate
animal, the mussel Mytilus. The molecular and evolutionary characterization of mussel H2A.Z.1 and
H2A.Z.2 histones is consistent with their functional specialization, supported on sequence
divergence at promoter and coding regions as well as on varying gene expression patterns. More
precisely, the expression of H2A.Z.2 transcripts in gonadal tissue and its potential upregulation in
response to genotoxic stress might be mirroring the specialization of this variant in DNA repair.
Overall, the findings presented in this work complement recent reports describing the widespread
presence of other histone variants across eukaryotes, supporting an ancestral origin and conserved

role for histone variants in chromatin.

Key words: Histone variants, chromatin, H2A.Z, gene expression, evolution.

Abbreviations: DSB, Double Strand Break; EST, Expressed Sequence Tag; HFD, Histone Fold

Domain; OA, okadaic acid; PTM, Post-Translational Modification; TSA, Transcriptome Shotgun

Assembly; UTR, UnTranslated Region.
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INTRODUCTION

Histones are small basic proteins mediating the organization of eukaryotic DNA into the chromatin
fiber within the cell nucleus (Luger et al. 1997; van Holde 1988). However, the role of these proteins
goes beyond structure, participating in the dynamic regulation of chromatin during transcription,
replication and repair, among other DNA metabolic processes (Ausio 2006; Henikoff and Smith
2015; Talbert and Henikoff 2010). The mechanisms underlying the functional role of histones
include the post-translational modifications of their N-terminal tails and the recruitment of
specialized variants at specific chromatin regions. Among histones, the H2A family stands out due
to the high number of specialized variants it displays (Gonzalez-Romero et al. 2008), including
some of the most studied histones so far such as H2A.X [involved in DNA repair (Li et al. 2005)]
and H2A.Z [essential for the survival of most eukaryotic organisms (Eirin-Lopez and Ausio 2007;
Talbert and Henikoff 2010)]. Although H2A.Z is substantially divergent from its canonical H2A
counterpart [60% sequence similarity in most species (Zlatanova and Thakar 2008)], this variant is
highly conserved across eukaryotes, further supporting its functional relevance throughout evolution
(Eirin-Lopez et al. 2009; Gonzalez-Romero et al. 2008). Among its multiple roles, it is the
participation of H2A.Z in the regulation of gene expression the one that has attracted more
attention; in this regard, the presence of this variant at the promoters of genes is often associated
with a highly dynamic chromatin state, facilitating the rapid regulation of the expression of specific

genes (Dryhurst and Ausio 2014).

During the course of evolution, H2A.Z has experienced additional rounds of functional
specialization, giving rise to new H2A.Z isoforms and/or variants refining the transcriptional
regulatory mechanisms within the cell nucleus of certain groups of organisms (Eirin-Lopez et al.
2009; Simonet et al. 2013; Yi et al. 2006). Indeed, most vertebrates exhibit two non-allelic H2A.Z
variants encoded by independent genes (H2A.Z.1 and H2A.Z.2). However, while their protein
products differ only in three residues, their promoter regions are highly divergent, suggesting the
presence of functionally independent roles (Eirin-Lopez et al. 2009). That is additionally sustained

by the regulatory control that these variants exert over different genes in chicken cells (Matsuda et
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al. 2010), the differences in their mRNA expression levels in human tissues (Dryhurst et al. 2009),
the presence of embryonic lethality in mice lacking H2A.Z.1 (Faast et al. 2001), and the specific role
of H2A.Z.2 in metastatic melanomas (Vardabasso et al. 2015). Additionally, the alternative splicing
of H2A.Z.2 in certain primate species results in a protein predominantly expressed in brain cells
known as H2A.Z.2.2, resulting in an additional layer of functional complexity (Bonisch et al. 2012).
Additional H2A.Z histones have been described in other organisms, including up to four different
H2A.Z variants in the teleost fish Cyprinus carpio (Simonet et al. 2013) and at least three different
H2A.Z variants in plants (Yi et al. 2006). Based on the differences observed between H2A.Z.1 and
H2A.Z.2 promoter regions, it seems likely that the functional specialization provided by these two
variants is at least in part determined by differences in their expression patterns (Eirin-Lopez et al.
2009; Simonet et al. 2013; Yi et al. 2006), as well as by nucleotide differences between their coding
regions causing slight amino acid variation (Dryhurst et al. 2009; Horikoshi et al. 2013; Nishibuchi et

al. 2014).

The regulatory role played by H2A.Z puts this histone variant at the center stage during
environmental epigenetic responses (Talbert and Henikoff 2014). Unfortunately, the role of histone
variants is still largely unknown in ecologically and environmentally relevant organisms (Suarez-
Ulloa et al. 2015; Talbert and Henikoff 2010, 2014), as such responses have been predominantly
studied from the perspective of DNA methylation (Chinnusamy and Zhu 2009; Dimond and Roberts
2015; Gavery and Roberts 2014; Palumbi et al. 2014; Shen et al. 2014). Among these organisms,
molluscs are remarkable candidates to study environmental responses and adaptation due to their
ubiquitous distribution, easy accessibility and diverse lifestyles including sessile filter-feeding
organisms (Gosling 2003). Indeed, bivalve molluscs constitute emerging models in epigenetics, as
illustrated by recent studies examining the role of DNA methylation in the Pacific oyster (Gavery and
Roberts 2010; Gavery and Roberts 2012; Suarez-Ulloa et al. 2015). Nonetheless, the knowledge
about other epigenetic mechanisms (most notably those involving structural chromatin components
such as histone variants and their PTMs) and their role during environmental adaptive responses is

still lacking (Santoro and Dulac 2015; Suarez-Ulloa et al. 2015; Talbert and Henikoff 2014). In this
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work, we build on this knowledge to describe a new H2A.Z variant (H2A.Z.2) in bivalve molluscs.
The obtained results support the functional differentiation of this variant (referred to as H2A.Z.2)
from the main variant (H2A.Z.1) previously described in mussels (Gonzalez-Romero et al. 2012),
based on differences in promoter and coding regions as well as on expression profiles. Overall, this
work helps consolidate the notion suggesting that histone variants, instead of deviants, have been
present in chromatin structure since very early in eukaryotic evolution, constituting the bedrock

eukaryotic chromatin.
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MATERIALS AND METHODS

Identification of histone H2A.Z.2 in the mussel Mytilus

BLAST data mining experiments were conducted in the ChromevaloaDB (Suarez-Ulloa et al. 2013),
a database containing the chromatin-associated transcriptome of the mussel Mytilus after exposure
to the marine biotoxin okadaic acid (OA). For that purpose, the histone H2A.Z.1 protein previously
identified in Mytilus galloprovincialis was used as query sequence [GenBank accession number
AEH58058.1 (Gonzalez-Romero et al. 2012)]. Searches retrieved two slightly different sequences
displaying a high degree of homology with H2A.Z (98% in both cases, ChromevaloaDB accession
numbers: NORM_MGT_c9321 and NORM_MGC_c7942), as well as several other transcripts
displaying partial homology with this variant. The identity, presence and functionality of these
sequences were subsequently corroborated in the mussel genome using PCR amplifications.
Accordingly, specific primers were designed for each H2A.Z variant (Table 1) and used in
amplifications from total genomic DNA and from cDNA. Genomic DNA was isolated from muscle of
M. galloprovincialis, M. trossulus and M. edulis as described elsewhere (Fernandez-Tajes and
Mendez 2007). Additionally, since H2A.Z candidate sequences were retrieved in silico from the OA-
specific transcriptome characterized in the mussel M. galloprovincialis, the cDNA studied in the
present work was synthesized from RNA extracted from the original mussel samples on which the
OA-specific transcriptome was characterized (Suarez-Ulloa et al. 2013). More precisely, RNA was
extracted from digestive gland using Trizol (Invitrogen, Carlsbad, CA) and cDNA was synthetized
from 1 pg of total RNA in the presence of 100 U of the enzyme SMARTScribe Reverse

Transcriptase (Clontech, Mountain View, CA).

Genomic DNA and cDNA were used as templates in standard PCR reactions treated as follows.
Briefly, 40 ng of DNA were incubated with a mix containing: 0.2 yM primers, 1.5 mM MgCl, and 0.4
mM dNTPs, in presence of 1 U of Tag DNA polymerase enzyme (Roche Applied Science,
Penzberg, Germany). The agarose gel-purified PCR products were ligated into yT&AT'\’I Cloning

Vector and transformed into ECOS 9-5'" competent cells (Yeastern Biotech Co., Taiwan, China).

Page 6 of 34



Page 7 of 34

] Biochem, Cell Biol. Downloaded from www.nrcresearchpress.com by UNIV VICTORIA on 07/25/16 ) o )
For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

Plasmid DNA was obtained from these cells using the QlAprep Spin Kit (Qiagen, Hilden, Germany)
and subsequently sequenced in a 3130xl sequencer (Applied Biosystems, Foster City, CA). The
obtained sequence (mussel H2A.Z.2) was deposited in the GenBank database under the accession
number KU350311. Additional H2A.Z sequences corresponding to other organisms were obtained
from the histone database (Marino-Ramirez et al. 2011) and GenBank. Multiple sequence
alignments were performed using the software CLUSTAL W (Larkin et al. 2007) included in the

BIOEDIT program (Hall 1999).

In silico analysis of mussel H2A.Z.1 and H2A.Z.2 promoters and 3’'UTR regions

Sequences from promoters and 5’UTR regions from mussel H2A.Z variants were completed
through additional BLAST searches against the M. galloprovincialis draft genome sequence
available in the WSG database (GenBank accession number: APJB0O00000000.1). Mussel H2A.Z
intron sequences were obtained following the same strategy. Promoter sequences were
subsequently analyzed for transcription factor binding sites using the Alibaba2 software (Grabe
2002) based on data from the TRANSFAC® 7.0 database (Wingender 2008). In addition, the
presence of general core promoter elements was completed with the identification of consensus
sequences using the software Matlnspector (Genomatix Software GmbH, Munich, Germany) as
follows: for TATA-box searches, the metazoan consensus 5-TATAWAWR-3' was first employed,
followed by the more relaxed consensus 5-TAWWWW-3’; for CCAAT-box, the 5-CCAAT-3
sequence was used; for the initiator elements (Itr), the consensus 5-YYANWYY-3’ was employed.

The 3'UTR regions were examined for the polyadenylation signal site 5’-AATAAA-3’.

Gene expression profiles of mussel H2A.Z.1 and H2A.Z.2

Expression analyses were developed by means of quantitative PCR (qPCR) experiments. For that
purpose, primers specific for mussel H2A.Z.1 and H2A.Z.2 histone genes were designed based on
sequences retrieved from ChromevaloaDB and GenBank databases (Table 2). Primers were also
designed for cytochrome b (cyt-b) and elongation factor 1 (ef1), used here as reference genes for

normalization purposes. The expression profiles of these genes were examined in somatic and
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germinal tissues from the mussel M. californianus including gland, hemolymph, muscle, gill and
gonad. cDNA samples were obtained from 1 ug of total RNA as described above, with each cDNA
sample constituting a pool of four mussel individuals. Gene expression was initially estimated by
means of conventional PCR and then complemented with qPCR analyses. Mussel H2A.Z.1 and
H2A.Z.2 transcript levels were analyzed in this latter case by measuring SYBR Green incorporation
using a Stratagene Mx3005p thermocycler and MxPro Mx3005p v4.10 software (Stratagene,
Agilent Technologies, Santa Clara, CA). Each qPCR reaction consisted of 1x KAPA SYBR Fast
gPCR Master Mix Universal (mix containing dNTPs, 2.5 mM MgCl,, SYBR Green and KAPA SYBR
DNA Polymerase), 1x ROX High (KAPA Biosystems, Wilmington, MA), 0.15 uM of each primer and
2 uL of diluted cDNA (corresponding to 12.5 ng of starting amount of RNA). PCR reactions were
performed under the following conditions: 3 min at 95 °C followed by 40 cycles of 3 s at 95 °C, 30 s
at 60 °C and 25 s at 72 °C. Specificity of PCR reactions was verified by melting curve analysis of
each amplicon. Each real-time PCR reaction was performed in triplicate and No-Template (NTC)

and No-Amplification (NAC) controls were added in each experiment.

The relative expression of mussel H2A.Z.1 and H2A.Z.2 transcripts was calculated using the Pfaffl
method (Pfaffl 2001). Standard curves (1:2 dilution series, from 1:5 to 1:160, for each cDNA) were
performed for each pair of primers and tissue under study in order to estimate the efficiency of the
reactions. The PCR efficiency of each sample was calculated from the slope of the regression line
resulting by plotting the Ct versus log of cDNA dilutions, according to the formula:

E= 10 —1/3I0pe_ 1

Statistical analyses were performed using the software package IBM SPSS Statistics v. 20 (IBM,
Armonk, NY). Sample distribution was examined by Shapiro-Wilk test (Shapiro and Wilk 1965).
After verifying data normality, the statistical significance of the results was analyzed using the
parametric t-student test for independent samples. Results were considered statistically significant

when p < 0.05.

Recombinant expression and purification of mussel H2A.Z histones
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The coding regions of mussel H2A.Z.1 and H2A.Z.2 histones were independently cloned in the
pOPTH expression vector and subsequently introduced into Rosetta (DE3) Escherichia coli cells
(Novagen, Darmstadt, Germany). Transformed bacteria were grown in LB medium and isopropyl-
beta-D-thiogalactoside (IPTG) was added to a final concentration of 1 mM (inducing the expression
of the recombinant histones) when the Agy of the culture reached a value of 0.8. Recombinant
histones contained an N-terminal Hisg-peptide introduced during primer design (Table 3), allowing
their purification by affinity chromatography and the removal of the His-tag with the protease TEV.
Cells were harvested after 3 h incubation by centrifugation at 5,000 g for 7 min at 4 °C, and cell
pellets were resuspended in 50 mM Tris-HCI (pH 8), 5% glycerol, 0.5 M NaCl, 1 mM B-
mercaptoethanol buffer. Cells were lysed by sonication for 5 min (cycles of 2 s ON/ 8 s OFF) and
amplitude of 100%. The cell lysate was centrifuged at 14,000 g for 1 h at 4 °C and subsequently
resuspended in 6 M urea, 50 mM Tris-HCI (pH 8), 5% glycerol, 0.5 M NaCl, 1 mM (-
mercaptoethanol buffer overnight at 4 °C with constant shaking. Cell extract was centrifuged at
14,000 g for 1 h at 4 °C and the recombinant protein (contained in the soluble fraction) was purified
using a HisTrap HP column, 5 mL (GE Healthcare Life Sciences, Piscataway, NJ). The
chromatography was performed with the column coupled to a protein purification system AKTA
Prime Plus (GE Healthcare Life Sciences, Piscataway, NJ) monitoring data using the software
included in the package Prime View 5.0 (GE Healthcare Life Sciences, Piscataway, NJ). Protein
renaturation was performed by a 6 to 0 M urea gradient at 0.3 mL/min flow. Protein was eluted with
a 0 to 500 mM imidazol gradient verifying the presence of the recombinant protein by
polyacrylamide gel electrophoresis (PAGE) of each selected fraction. Protein fractions were
centrifuged at 14,000 g for 1 h at 4 °C and His-tag was removed by TEV protease digestion (1:100
w/w) dialyzing against 20 mM Tris-HCI (pH 8), 250 mM NaCl, 1 mM DTT, 0.5 mM EDTA buffer
overnight at 10 °C. Finally, mussel H2A.Z recombinant proteins were lyophilized and further purified

by reversed-phase HPLC using a Vydac C18 as described elsewhere (Ausio and Moore 1998).

Electrophoretic analysis of mussel H2A.Z proteins and protein structure prediction
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Proteins were analyzed, as described elsewhere, by four different types of Polyacrylamide Gel
Electrophoresis (PAGE), namely SDS-PAGE (15% acrylamide, 0.4 bis-acrylamide) (Laemmli et al.
1976), AU-PAGE (15% acrylamide, 0.1% bis-acrylamide, 2.5 M urea) (Kasinsky et al. 2005),
AUT[10%]-PAGE (10% acrylamide, 0.5% bis-acrylamide, 5% acetic acid, 5.25 M urea, 5 mM Triton
X-100) and AUT[15%]-PAGE (15% acrylamide, 0.4% bis-acrylamide, 5% acetic acid, 5.25 M urea, 5
mM Triton X-100) (Frehlick et al. 2006). Gels were stained with 0.2% (w/v) Coomassie blue in 25%
(v/v) 2-propanol, 10% (v/v) acetic acid, and destained in 10% (v/v) 2-propanol, 10% (v/v) acetic
acid. Histone Fold Domain (HFD) structures of mussel H2A.Z.1 and H2A.Z.2 proteins were

predicted using the Phyre2 server (Kelley and Sternberg 2009).

Phylogenetic inference

Phylogenetic trees were reconstructed using nucleotide and protein H2A.Z sequences from the
spider Stegodyphus tentoriicola (H2A.Z.1, H2A.Z.2, H2A.Z.3 and H2A.Z.4), from the mussel Mytilus
galloprovincialis (H2A.Z.1 and H2A.Z.2), and from human (H2A.Z.1 and H2A.Z.2.1). Sequences
were aligned using the BioEdit program (Hall 1999) and subsequently used in the reconstruction of
neighbor-joining phylogenetic trees based on p-distances using the program MEGA version 6
(Tamura et al. 2013). The reliability of the tree topology was contrasted using bootstrap analysis

(1,000 replicates) and human and mussel canonical H2A sequences were used as the outgroup.

10
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RESULTS AND DISCUSSION

Identification of H2A.Z.2, a novel H2A.Z variant in the mussel Mytilus

The characterization of mussel H2A.Z.2 began with the in silico analysis of histone variants in
ChromevaloaDB (chromevaloa.com), a database containing the chromatin-associated
transcriptome of the mussel Mytilus after exposure to the marine biotoxin okadaic acid (Suarez-
Ulloa et al. 2013). Accordingly, BLAST searches using the previously described mussel H2A.Z.1
(Gonzalez-Romero et al. 2012) revealed the presence of two different H2A.Z genes coding different
protein products (Fig. 1). This result was corroborated experimentally using PCR, unveiling at least
one additional H2A.Z variant in the mussel genome that is properly transcribed into RNA (GenBank
accession number: AEH58058). Interestingly, while partial coding mRNAs for this novel variant
were also identified in other Mytilus species including M. edulis and M. trossulus (GenBank
accession numbers: KU737536 and KU737537), as well as in M. californianus ESTs (accession
numbers: ES391335.1 and ES395220.1), this variant was not found in other bivalve molluscs such
as the clam Ruditapes decussatus or the variegated scallop Chlamys varia. Similarly, exhaustive
data mining of complete genomes, TSA and EST databases also failed to identify its presence in
other invertebrate taxa. Oppositely to the existence of different H2A.Z variants in vertebrates
(Bonisch et al. 2012; Dryhurst et al. 2009; Eirin-Lopez et al. 2009; Simonet et al. 2013) and plants
(Yi et al. 2006), this is the first report describing multiple H2A.Z variants in non-vertebrate animals.
Following histone variant nomenclature guidelines (Talbert et al. 2012) we will refer to this novel
variant as mussel H2A.Z.2, and to the histone H2A.Z previously described in mussel (Gonzalez-
Romero et al. 2012) as mussel H2A.Z.1. It should be noted that this nomenclature does not imply
that they are homologous to vertebrate H2A.Z.1 and H2A.Z.2 [see (Talbert et al. 2012) for further
details about histone variant nomenclature]. The evolutionary relationship between mussel and

vertebrate H2A.Z variants will be discussed later in the manuscript.

The identification of mussel H2A.Z.2 raises very interesting questions concerning the origin and

function of this histone variant, as well as its apparent restriction to the genus Mytilus. On one hand,

11
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such results reinforce the status of bivalve molluscs (and most precisely mussels) as an
invertebrate “hot spot” for the evolutionary differentiation of chromosomal proteins, including
histones and sperm nuclear basic proteins (Eirin-Lopez and Ausio 2009; Eirin-Lopez et al. 2006a;
Eirin-Lopez et al. 2006b). On the other, these results suggest that mussel H2A.Z variants probably
originated from an independent gene duplication event restricted to the genus Mytilus, resulting in
the differentiation of H2A.Z.1 and H2A.Z.2 paralogs. This notion contrasts with the case of
vertebrates, where H2A.Z.1 and H2A.Z.2 constitute orthologs sharing a common evolutionary origin
quite early during chordate evolution (Dryhurst et al. 2009; Eirin-Lopez et al. 2009). The comparison
of both mussel H2A.Z variants revealed a high degree of nucleotide divergence in their coding
regions (total of 72 nucleotide differences). Yet, most of these differences are synonymous
[common in histones (Eirin-Lopez et al. 2009)] resulting in only four amino acid replacements (Fig.
1A). Three of those result from nucleotide changes in first codon positions (residues 39, 124 and
128 in mussel H2A.Z.2), with the remainder corresponding to a codon insertion (residue 126 in
mussel H2A.Z.2) causing the difference in length between both variants. Based on the high number
of synonymous substitutions, it is likely that both H2A.Z variants are subject to strong purifying
selection preserving their protein structures (Eirin-Lopez et al. 2009; Gonzalez-Romero et al. 2008;
Gonzalez-Romero et al. 2012). Interestingly, the amino acid replacement in position 39 occurs in
the histone fold region next to the Loop L1 (interaction of the H2A/H2B dimers), at exactly the same
position as one of the three amino acid differences observed between vertebrate H2A.Z.1 and
H2A.Z.2 variants (Fig. 1A). This replacement has been shown to modify the structure and function
of both histones (Dryhurst et al. 2009; Horikoshi et al. 2013), with this residue being partly
responsible for the different exchange dynamics in H2A.Z.1- and H2A.Z.2-nucleosomes (Horikoshi
et al. 2013). The remaining differences are located at the C-terminal end (124SQKT 27 in H2A.Z.1,
124PQGKA 2g in H2A.Z.2), the point of entry and exit of DNA in the nucleosome as well as the area

of interaction with histone H1 (Usachenko et al. 1994).

Unlike coding regions (81% similarity), the analysis of 5’ and 3'UTR regions revealed high levels of

divergence between both variants (Fig. 1B). Such observation agrees with analyses revealing
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significant differences between vertebrate H2A.Z.1 and H2A.Z.2 genes, mirroring specialized
developmental and tissue-specific regulatory roles of both variants (Dryhurst et al. 2009; Eirin-
Lopez et al. 2009; Horikoshi et al. 2013; Matsuda et al. 2010). Nonetheless, promoter comparisons
between vertebrate and mussel H2A.Z.1 and H2A.Z.2 variants reveal a lack of conservation in most
regulatory elements. The in silico analysis of promoters revealed compositional differences between
mussel H2A.Z.1 and H2A.Z.2 genes in the position of elements such as TATA-boxes, CCAAT-box
and potential binding sites for transcription factors. Interestingly, two sites potentially binding
estrogen receptors (ER) were identified in the promoter of mussel H2A.Z.2, opening the possibility
of a gonad-specific expression for this variant (Nagasawa et al. 2015). Similarly, several potential
binding sites for factors involved in immune response [e.g., interferon consensus sequence-binding
protein (ICSBP)] were identified in mussel H2A.Z.1. In addition to providing the basis for
experiments validating their functionality, the divergence observed in promoter regions suggests a
functional differentiation between mussel H2A.Z.1 and H2A.Z.2 variants. Such notion is further

reinforced by the amino acid variation detected, especially in the region close to the L1 Loop.

Gene expression analysis of mussel H2A.Z.1 and H2A.Z.2 histones

So far, the analyses of coding and UTR gene regions suggest a conspicuous differentiation
between mussel H2A.Z variants. In order to assess the functional implications of these
modifications, the present work analyzed the expression profiles of mussel H2A.Z.1 and H2A.Z.2
genes in somatic and germinal tissues from mussel including: digestive gland, hemolymph, muscle,
gill and male gonad (and female gonad, results not shown). For that purpose, mussel H2A.Z.1 and
H2A.Z.2 transcripts were specifically amplified by means of qualitative and quantitative PCR, using
primers targeting divergent promoter regions (Fig 2A). Results from qualitative PCR experiments
revealed clear differences in the transcriptional profile of both histone genes. More precisely, while
mussel H2A.Z.1 transcripts were identified in all tissues analyzed, mussel H2A.Z.2 transcripts were
restricted to gonadal tissue (Fig. 2B). This finding is consistent with the identification of two estrogen
receptor binding sites in the promoter region of mussel H2A.Z.2, supporting a potential tissue-

specific role of this histone variant (Nagasawa et al. 2015). Quantitative PCR analyses corroborated
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the absence or extremely low levels of H2A.Z.2 mRNAs in tissues other than gonad as well as the
expression of H2A.Z.1 in all tissues analyzed, revealing higher transcript levels of this latter variant
in hemolymph, digestive gland and gonad. Interestingly, the expression of mussel H2A.Z.2 mRNA

in male gonad is up to 4.73 + 0.0033 times higher than mussel H2A.Z.1 (Fig. 2C).

Based on the obtained results, it is tempting to hypothesize that mussel H2A.Z.2 might have
emerged to fulfill specialized roles in the chromatin of gonad cells, complementing a more generic
function for H2A.Z.1. Yet, in silico analysis of sequence databases do not seem to support such
notion due to: a) ChromevaloaDB (where the H2A.Z.2 sequence was identified in silico) consists of
transcripts specifically expressed in the digestive gland (not gonad) of mussels exposed to marine
biotoxins; b) the ESTs databases where H2A.Z.2 was also identified in silico were obtained from
muscle and gill tissues from mussels exposed to adverse environmental conditions (e.g., heavy
metal exposure, hypoxia). Consequently, the role of mussel H2A.Z.2 could extend beyond the germ
line, participating in environmental responses to external aggressions. In this regard, the presence
of two potential estrogen receptor binding sites in the promoter of mussel H2A.Z.2 could account for
the involvement of this histone in the response to endocrine disruptors in the marine environment
(Goksoyr 2006). In addition, many of these environmental stressors (i.e., heavy metals and marine
biotoxins) convey genotoxic effects requiring the activation DNA repair mechanisms in the cell
(Suarez-Ulloa et al. 2015). Since these mechanisms (and the implicit remodeling of chromatin) is
also shared by germ cells during meiotic recombination, the participation of mussel H2A.Z.2 in

these processes could account for its presence in both cell types (Rathke et al. 2014).

Recombinant expression of mussel H2A.Z variants and analysis of electrophoretic mobility
patterns

The gene/protein structure and expression analyses developed in the present work suggest the
existence of two functionally differentiated H2A.Z variants in the mussel. However, the structural
determinants of such divergence are still unknown. In order to fill this gap, the present work

examined the structural consequences resulting from the protein differences displayed by mussel
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H2A.Z.1 and H2A.Z.2 proteins. Both proteins were therefore cloned, expressed and purified to
analyze their electrophoretic mobility patterns in different types of polyacrylamide gels. These
experiments were carried out in an attempt to physically separate both proteins (based on the
potential structural differences arising from the observed amino acid variability), so they could be
differentially immunodetected using western blot analyses (otherwise not possible due to the lack of
antibodies discriminating between both variants). Unfortunately, none of the protein separations
performed were successful (see Supplementary Fig. 1), suggesting that amino acid differences
between mussel H2A.Z.1 and H2A.Z.2 proteins do not result in significant alterations of their
electrostatic properties. This is in sharp contrast with the case of chicken H2A.Z variants, which can

be separated using long (approx. 30 cm) SDS-PAGE gels (Matsuda et al. 2010).

Although the amino acid differences between mussel H2A.Z.1 and H2A.Z.2 are limited, they are
enough to result in slight structural differences, as determined by the modeling of the histone-fold
domain of both proteins using the Phyre2 server (Kelley and Sternberg 2009). Accordingly,
structural changes are predicted in the secondary and tertiary structures corresponding to the Loop
L1 region, as a consequence of an amino acid replacement in position 39 (see boxes in Fig. 3).
Indeed, the modification of this very same residue in human H2A.Z variants is responsible for the
modification of the nucleosome structure, potentially altering nucleosome exchange dynamics and
giving rise to important functional consequences (Horikoshi et al. 2013). The functional impact of
single amino acid polymorphisms has been also reported in other histone families, notably H3. For
instance, modifications at each of the three amino acids responsible for the differentiation between
the histone fold domains of H3.1/H3.2 and H3.3 histones in most eukaryotes modify the way in
which these histones are incorporated into chromatin (Ahmad and Henikoff 2002). More precisely,
H3.1/H3.2 are incorporated during the S phase of cell cycle by the chromatin-assembly factor 1
(CAF-1) (Tagami et al. 2004), while H3.3 is incorporated outside the S phase by at least two
different chaperone complexes including HIRA and ATRX/Daxx (Frank et al. 2003; Szenker et al.
2011). More recently, it has been shown that the exchange of a single amino acid located at the

union of the globular domain and the C-terminal region of mice H1.1 and H1.5, results in very
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different binding affinities of these two variants (Flanagan et al. 2016). Lastly, it should be noted
that, although changes in the C-terminal region of histones (such as those observed between
mussel H2A.Z variants) are not likely to produce variations in nucleosomal stability, they still have
the ability to modify the epigenetic profile of chromatin. For example, monoubiquitination at one of
the three C-terminal Lysines of H2A.Z (H2A.Zub) constitutes a heterochromatic mark in some
mammals (Sarcinella et al. 2007), and in some teleost fishes is associated with the seasonal
regulation of rRNA transcription (Simonet et al. 2013). Similarly, K126 and K133 sumoylation in
Htz1 (yeast H2A.Z) is related with DNA-DSB repair (Kalocsay et al. 2009). Interestingly, despite the
high variability observed at the very last residues of mussel H2A.Z.1 and H2A.Z.2 histones, the
three C-terminal Lysines are conserved in both variants. This result would support the potential
relevance of these residues for the regulation of H2A.Z functions through their post-translational
modification, as it has been demonstrated in the case of mammal cells (Ku et al. 2012). Obviously,
experimental data will be necessary in order to corroborate such hypothesis in the case of mussel

H2A.Z.1 and H2A.Z.2 histones.

Evolutionary analysis of H2A.Z gene structure across eukaryotes

The evolutionary origin of histone H2A.Z dates back to primitive eukaryotes, undergoing a split into
two different variants concomitantly with the emergence of vertebrates (Eirin-Lopez et al. 2009).
The current work, with the characterization of mussel H2A.Z.1 and H2A.Z.2, challenges this notion
and suggests that such specialization could be older than previously thought. Yet, while it is
tempting to speculate that mussel and human H2A.Z.1 and H2A.Z.2 variants could represent
ortholog genes, the differences observed in coding/UTR regions and gene expression patterns
between both species does not support this notion (Dryhurst et al. 2009). Furthermore, the close
within-species relationship revealed by the phylogenetic analysis of mussel H2A.Z variants is
consistent with their paralog relationship (Fig. 4). Surprisingly, the detailed analysis of molecular
databases (including EST and TSA) for H2A.Z.2 representatives in other non-vertebrate organisms
was mostly unsuccessful, revealing a single H2A.Z variant in most cases as expected based on

previous analyses (Eirin-Lopez et al. 2009). Still, there was some room for surprise as
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demonstrated by the identification of different H2A.Z transcripts in two spider (order Araneae)
species, including the Mediterranean black widow Latrodectus tredecimguttatus (two H2A.Z
transcripts) and the social spider Stegodyphus tentoriicola (four different H2A.Z transcripts, see
Supplementary Fig. 2). Similar to the case of the mussel, the presence of these transcripts opens
the floor for speculation about the role of H2A.Z diversity in the refinement chromatin structure and
regulation in these species. While further studies are necessary to assess this possibility, the
conservation of C-terminal Lysines in spider H2A.Z transcripts (similarly to mussel H2A.Z variants)
is certainly exciting, reinforcing the notion suggesting that these residues are relevant for the
functional regulation of H2A.Z histones. The same is true in the N-terminal Lysines that are key for
the regulation of H2A.Z functions through the acetylation of these residues (Kusakabe et al. 2016)

and are maintained in all H2A.Z transcripts of S. tentoriicola supporting their functional relevance.

The quest for the identification of additional H2A.Z variants in other non-vertebrates was expanded
into draft genome sequences available in databases, trying to reveal the presence of variants
restricted to certain tissues or developmental stages. Still, no further genomes harboring more than
a single H2A.Z variant were identified. However, if not for anything else, these analyses served to
reveal striking differences in intron-exon composition between mussel H2A.Z variants. Accordingly,
while the mussel H2A.Z.1 gene consists of five exons separated by four introns, the mussel
H2A.Z.2 contains two exons separated by a single intron (Fig. 5). In order to evaluate the
significance of such differences in a wider evolutionary context, the H2A.Z gene structure was
further examined across major eukaryotic groups (see Supplementary Table), revealing that the
intron-exon composition of this variant is extraordinarily preserved across metazoan animals (Fig.
5). With the noted exception of mussel H2A.Z.2, all metazoan H2A.Z genes identified consist of five
exons showing, in most cases, conserved sizes: 3 bp (exon 1 from start codon), 78 bp (exon 2), 114
bp (exon 3), 130 bp (exon 4) and 62 bp (exon 5 until stop codon). As expected, H2A.Z genes from
protists Capsaspora owczarzaki and Dictyostelium discoideum are the most divergent, consisting of

3 exons with lengths: 3 bp (exon 1); 78 and 87 bp (exon 2, respectively); and 327 and 351 bp (exon
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3, respectively). Based on the observed sizes, it seems likely that the last three exons of metazoan

H2A.Z originated from the third exon observed in protists (Fig. 5).

Gene structure analyses revealed a remarkably conserved H2A.Z gene structure, probably imposed
by strong functional constraints. Therefore, based on the gene structure observed in cnidarian and
placozoan H2A.Z genes, it seems plausible that the 5+4 organization (five exons separated by four
introns) was already present in the common ancestor of all metazoans, underscoring its functional
importance. Nonetheless, this makes the gene structure observed in mussel H2A.Z.2 (2+1) even
more surprising and unique. Unfortunately, this work was unsuccessful in finding H2A.Z genes
displaying identical or related intron-exon organizations in other metazoans, leaving the
evolutionary process responsible for the emergence of mussel H2A.Z.2 obscure. Overall, it seems
feasible that H2A.Z.2 originated from a duplication of the H2A.Z.1 gene. The loss of introns (from
four to one) could have been favored in the present scenario due to the faster processing of the
H2A.Z.2 transcript and translation into protein (Heyn et al. 2015; Vinogradov 2004). This hypothesis

would be consistent with the participation of this variant in the response to genotoxic stress.
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CONCLUSIONS

The results reported in this work reveal for the first time the existence of two H2A.Z variants in
mussels (H2A.Z.1 and H2A.Z.2). Gene/protein structure and expression analyses reveal
conspicuous differences among them, suggesting a functional specialization in both variants.
Although the observed amino acid differences do not involve major structural changes in mussel
H2A.Z.1 and H2A.Z.2 proteins, it is likely that at least some of those (notably at residue 39 within
the histone fold domain) might impart slight conformational specializations to the nucleosome,
similarly to the case of vertebrate H2A.Z variants. Further analyses of genome information available
for other invertebrate clades suggest that the diversification of H2A.Z into several isoforms and/or
variants has occurred repeatedly and sporadically in different groups in the course of evolution.
Very interestingly, though, such diversification appears to consistently affect the domains of the
protein within the ,KAKAKA;; N-terminal tail, the L1 domain of the histone fold, as well as the very
last residues of the C-terminal tail. Overall, these results provide additional evidence illustrating the
high diversity and refinement of the players involved in the regulation of chromatin structure and
dynamics. Additionally, the growing diversity of histone variants currently being unveiled across
eukaryotes might be indicative of their ancestral nature as the “bedrock” of eukaryotic chromatin,

reinforcing their role in environmental epigenetic responses and adaptation.
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FIGURE CAPTIONS

Fig. 1. Nucleotide and protein sequences of mussel H2A.Z.1 and H2A.Z.2 variants. A)
Nucleotide and amino acid sequence alignments comparing mussel H2A.Z.1 and H2A.Z.2 from
mussel. Matches in sequence comparisons (respect to the reference sequence, mussel H2A.Z.2)
are indicated by dots, nucleotide substitutions are indicated with the replaced nucleotide, and indels
are indicated by dashes. Proximal promoter and 3'UTR regions are represented in lowercase
(except for TATA-box sequences). Residues are represented above the corresponding codons.
Amino acid differences between mussel H2A.Z.1 and H2A.Z.2 proteins are indicated by an asterisk
(the replaced residues in H2A.Z.1 are indicated in red below the corresponding codon). Predicted
promoter elements are indicated as follows: TATA-boxes are indicated in capital letters, boldface
and underlined; CCAAT-boxes are indicated in boldface and underlined; initiator elements are
indicated in italics, boldface and underlined. Polyadenylation sites are indicated in boldface and
underlined at 3'UTR regions. Residues encompassing potential relevance as targets for post-
translational modifications are indicated in orange boxes (acetylation) and in green boxes
(ubiquitination). Residues with potential impact on the structure of H2A.Z are indicated in a blue
box. B) Representation of the regulatory elements identified in proximal and upstream promoter
regions of mussel H2A.Z.1 and mussel H2A.Z.2 genes. The position relative to the start codon is
indicated in each case. HNF, Hepatocyte nuclear factor; Sp1, Specificity protein 1; ER, Estrogen
Receptor; AP-1, Activator protein 1; ICSBP, Interferon consensus sequence-binding protein; TATA,
TATA-box (x2 and x3 indicate the overlapping of two and three predicted TATA-boxes,

respectively); CCAAT, CCAAT-box.

Fig. 2. Gene expression profiles of mussel H2A.Z.1 and H2A.Z.2 transcripts in somatic and
germinal tissues. A) Location of PCR primers specifically designed to amplify mussel H2A.Z
variants. B) Qualitative PCR amplification of H2A.Z.1 and H2A.Z.2 transcripts from mRNA samples
of mussel tissues including gill (Gi), gonad (Go), hemolymph (Hm), digestive gland (Dg) and muscle

(Mu). Numbers on the left side of gels indicate fragment size of molecular marker (M) 100 bp DNA
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Ladder (New England Biolabs). The cytochrome-b gene (cyt-b) was used as reference to ensure
the homogeneity in the amount of each sample. C) Quantitative PCR amplification of mussel H2A.Z
variants. Gene expression is represented relative to the expression of elongation factor 1 (ef-1) and
cytochrome b (cyt-b) genes, used as reference in five different tissues from mussel. mRNA relative
expression is indicated as the average of the relative expression of three technical replicates +

standard error.

Fig. 3. Analysis of mussel H2A.Z.1 and H2A.Z.2 protein structures. A) Predicted secondary
structure of mussel H2A.Z.1 and H2A.Z.2 globular domains. Alpha helices and the regions
corresponding to the Loops L1 and L2 are represented above each protein sequence. Pink boxes
indicate protein differences between both variants. The single amino acid difference at the Loop L1
(the interaction region of H2A-H2B dimers in the nucleosome) is additionally highlighted in red
boxes (the modification of this very same residue between human H2A.Z variants is responsible for
the modification of the nucleosome structure). B) Tertiary structure of the histone-fold domain in

mussel H2A.Z.1 and H2A.Z.2 inferred with server Phyre2.

Fig. 4. Phylogenetic relationships among histone H2A.Z variants in eukaryotes. The tree
topologies suggest a closer relationship among different H2A.Z variants belonging to the same
species (H2A.Z.1, H2A.Z.2, H2A.Z.3 and H2A.Z.4 from the spider Stegodyphus tentoriicola,
H2A.Z.1 and H2A.Z.2 from the mussel Mytilus galloprovincialis, and H2A.Z.1 and H2A.Z.2.1 from
human). This is most evident in the case of H2A.Z protein sequences, and is consistent with the
notion suggesting that these are paralog genes, rather than orthologs. Numbers on internal nodes
represent confidence values based on 1,000 bootstrap replications. The sequences for the

canonical histone H2A from mussel and human were used as outgroups.

Fig. 5. Major evolutionary transitions in histone H2A.Z gene structure across eukaryotes.

Exon homology was inferred based on sequence length among different groups and represented by

27



] Biochem, Cell Biol. Downloaded from www.nrcresearchpress.com by UNIV VICTORIA on 07/25/16 ) o )
For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

identical colors. Accordingly, it seems plausible that exons 3, 4 and 5 from metazoans have
originated from exon 3 in protists (C. owczarzaki and D. discoideum). Introns are represented with

arbitrary scales for comparative purposes.

Supplementary Fig. 1. Electrophoretic separation of mussel recombinant H2A.Z.1 and
H2A.Z.2 proteins using different types of Polyacrylamide Gel Electrophoresis (PAGE). A)
SDS-PAGE, B) AU-PAGE, C) AUT[10%]-PAGE, and D) AUT[15%]-PAGE. The amount of
recombinant histone loaded in each lane is indicated at the top of the gels. The conditions of the
electrophoretic runs are indicated below the corresponding gels. Z1, recombinant histone H2A.Z.1;
Z2, recombinant histone H2A.Z.2; Z1+Z2, sample containing both mussel recombinant histones;

CM, chicken erythrocyte histones used as molecular marker.

Supplementary Fig. 2. H2A.Z sequences from the spider Stegodyphus tentoriicola. Nucleotide
and amino acid sequence alignments comparing the four H2A.Z histones present in the genome of
the spider Stegodyphus tentoriicola. Promoter and 3'UTR regions are represented in lowercase.
Amino acids are represented above the corresponding codons. In the case of St H2A.Z.2, St
H2A.Z.3 and St H2A.Z.4 protein sequences, we only show the amino acids in which these proteins
differ from St H2A.Z.1. In order to facilitate the visualization of these differences, the divergent
amino acids are highlighted with an asterisk and disposed inside a box. Polyadenylation sites are
indicated in boldface and underlined at 3’'UTR regions. Dots and dashes in the alignments indicate
matches and indels, respectively, respect to the reference sequence (St H2A.Z.1). GenBank
accession numbers are as follows: JT047741 (St H2A.Z.1), JT041627 (St H2A.Z.2), JT047529 (St

H2A.Z.3) and JT041628 (St H2A.Z.4).
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Figure 5. Rivera-Casas et al. 2016
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TABLES

Table 1. PCR primers designed for the amplification of the mussel H2A.Z.2 gene.

Gene Primer Sequence (5' — 3)
mussel H2A.Z.2_Full_Fw AGTGGACACACAAAAGCACAAC
H2A.Z.2 H2A.Z.2_Full_Rv TGAGATGTTTGTAAAAGCTGCC

H2A.Z.2 partial Fw

CACCGCTGCCGTATACAGTGCCGCCATCTT

H2A.Z.2 partial Rv

TCCTTGTGGACCTTTCTTCCCGATAA

Table 2. PCR primers used in mussel H2A.Z expression analyses.

Gene Primer Sequence (5' — 3')
mussel qPCR_H2A.Z.1Fw2 TCGGTTGACCCAGTAATCCT
H2A.Z.1 qPCR_H2A.Z.1Rv2 GCTCCTACTCGTCCATGACTT
mussel qPCR_H2A.Z.2Fw2 AGAGGAGACGAGGAGTTGGA
H2A.Z.2 qPCR_H2A.Z.2Rv2 TGAGCACTGTCAATGAGATGTT
o1 EF1Fw CACCACGAGTCTCTCCCTGA
EF1Rv GCTGTCACCACAGACCATTCC
eyteb CytFw CGGTCTATCCCTCACAAGGC
CytRv TATACGGCTCACGAACTGGG

Table 3. PCR primers used for the recombinant expression of mussel H2A.Z.

Histone Primer Sequence (5' — 3')
H2A.Z.1Fw_Exp CATATGGCAAGCTCTTCTGAAAACCTGTATTTCCAG
m;:szeﬂ1 GGCATGGCTGGCGGTAAAGCG
- H2A.Z.1Rv_Exp GGATCCCTATGTCTTCTGTGATCCCT
H2A.Z.2Fw_Exp CATATGGCAAGCTCTTCTGAAAACCTGTATTTCCAG
m;:sze|2 GGCATGGCTGGCGGTAAAGCAGG

H2A.Z.2Rv_Exp

CGCGGGATCCTTATGCCTTTCCTTGTGGAC
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