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In the eukaryotic cell, DNA compaction is achieved
through its interaction with histones, constituting a
nucleoprotein complex called chromatin. During meta-
zoan evolution, the different structural and functional
constraints imposed on the somatic and germinal cell
lines led to a unique process of specialization of the
sperm nuclear basic proteins (SNBPs) associated with
chromatin in male germ cells. SNBPs encompass a het-
erogeneous group of proteins which, since their discov-
ery in the nineteenth century, have been studied
extensively in different organisms. However, the origin
and controversial mechanisms driving the evolution
of this group of proteins has only recently started
to be understood. Here, we analyze in detail the
histone hypothesis for the vertical parallel evolution
of SNBPs, involving a ‘“vertical” transition from a
histone to a protamine-like and finally protamine types
(H— PL— P), the last one of which is present in the
sperm of organisms at the uppermost tips of the phylo-
genetic tree. In particular, the common ancestry shared
by the protamine-like (PL)- and protamine (P)-types with
histone H1 is discussed within the context of the diverse
structural and functional constraints acting upon these
proteins during bilaterian evolution.

Keywords: arginine; chromatin; evolution; histones; me-
tazoans; sperm nuclear basic proteins; spermatozoa

Sperm nuclear basic proteins (SNBPs)
and chromatin organization

Classification and fundamental types of sperm
nuclear basic proteins

The main chromosomal proteins that are found associated
with DNA in sperm chromatin are called SNBPs.") In contrast
to the proteins of somatic chromatin (histones), SNBPs
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helix fold domain.
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exhibit a greater compositional heterogeneity. Although
several classification systems have been proposed for
SNBPs in the past based on the compositional features
of these proteins,(z"” a more recent classification which
also takes into account additional structural considera-
tions has grouped these proteins into three major types:
histone (H)-type, protamine (P)-type, and protamine-like (PL)-
type.®

The H-type encompasses chromosomal proteins that are
compositionally and structurally very similar to the histones
that are found in somatic tissues. Somatic histones can be
classified into core (H2A, H2B, H3, H4) and linker (H1/H5)
histones. Core histones contain a histone-fold domain‘® that
is flanked by intrinsically disordered N- (DND) and C-terminal
domains (DCD). In contrast to core histones, linker histones
exhibit a larger degree of micro-heterogeneity”® and their
tertiary structure organization consists of a winged-helix
motif® domain [winged-helix fold domain (WHD)] that is
flanked by DND and DCDs (see Fig. 1A). On the other hand,
the P-type encompasses a group of compositionally and
structurally heterogeneous small arginine-rich (Arg>30%
mol/mol) (Fig. 1B) proteins (relative molecular mass between
4,000 and 10,000). In addition to arginine, these proteins may
also contain cysteine,'® an amino acid not usually found in
other chromosomal proteins. Organisms whose sperm
contains P-type SNBPs have the most complex spermato-
genic pattern, which involves important histone and prota-
mine post-translational modifications (such as acetylation and
phosphorylation) designed to facilitate the histone displace-
ment and protamine assembly processes during the final
spermiogenic transitions."%1"

The term “protamine-like” was first described by Sub-
irana.('® The PL-type of SNBPs represent a structurally and
functionally intermediate group between the H- and P-type
SNBPs that are related to histone H1("'3' (Fig. 1A, B).
There are basically two main subtypes of PLs: those
whose structure consists of a WHD and who are referred
to as PL-lI (Fig. 1A), and those that lack this domain, like
Mytilus (bivalve mollusc) PL-II"® or Branchiostoma (tuni-
cate) PL."® The latter are smaller in size, exhibit a higher
electrophoretic mobility"” and are evolutionarily related to
histone H1 N-terminal domain/C-terminal domains('®
(see Fig. 1A and Box 1).
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Figure 1. Structural organization of histone H1, PL-I-type, and P-
type SNBPs. A: Metazoan histone H1 and PL-I proteins exhibit a
tripartite organization including a central globular core with a char-
acteristic WHD that is flanked by DND and DCD. Smaller proteins of
the SNBP PL-type and protamines (P-type) consist only of either the
DND or DCD in the later instance. B: The proteins shown in A are
structurally and evolutionarily related. During the process of evolution
the amount of lysine in the H1 histones increased, which was
accompanied by a substantial increase in arginine of PL-type SNBPs.
The transition to arginine-rich P-type SNBPs involved a further
increase in arginine with a substantial decrease in the lysine content.
C: The compositional and structural differences between these chro-
mosomal proteins result in different chromatin structures, which all
lead to the formation of intermediate fibers with an average diameter
of 300-500A. In the sperm nuclei (blue section), the three types of
300 A fibers shown can be present depending on the organism and its
SNBP type composition. In somatic cells (yellow section) only the H/
H1 type is present. In both sperm and somatic cells, the folding of the
300 A fiber is mediated and stabilized by the binding of histone H1 to
the linker linear DNA connecting adjacent nucleosomes. Figure
adapted and modified from.®%

Box 1

Many species from different bilaterian taxonomic
groups retain histones during the entire spermatogenic
process!’"'® and in some instances these histones are
compositionally and structurally indistinguishable from the
somatic counterpart.'® This represents the most simple
type of chromosomal protein transition during spermio-
genesis. However, the changes in post-translational
modifications of histones during this process are as yet
undetermined. Mammals, which all contain protamines in
their sperm, provide an example of the highest spermato-
genic complexity, requiring the presence of highly
specialized testes histones that are replaced by transition
proteins®® before their final replacement by protamines.
Like protamines, PL SNBPs partially replace the histones
that are present at the onset of spermiogenesis. However,
as in the case of the H-type, the detailed molecular
mechanisms involved in the process are still unclear.

BioEssays 31:1062-1070, © 2009 Wiley Periodicals, Inc.

The organization of sperm chromatin

Sperm chromatin is unique in that most, if not all of it, is
homogeneously heterochromatinized. Genomic DNA is
tightly packed within the highly compacted sperm nuclei
irrespective of the SNBP type it is associated with. However, in
the early stages of the transition toward this quiescent state,
chromatin fibers of ~300-500A can be clearly visualized.
Figure 1C shows a schematic representation of the different
elementary chromatin fibers resulting from the interaction of
the three main types of SNBPs with DNA.

Chromatin fibers containing H-type SNBPs exhibit an
identical organization to that observed in somatic cell nuclei,
in which ~200 bp of DNA are wrapped around a protein core,
resulting in a nucleoprotein particle that is called the
nucleosome (see Fig. 1C, yellow area). Histones of the H1
family bind to the linker DNA connecting adjacent nucleo-
somes and further fold and stabilize the DNA into 300 A
chromatin fibers,®" which can further fold onto themselves
and/or produce highly condensed structures in the highly
compacted sperm nucleus.®® In contrast, P-type SNBPs bind
to linear DNA at the major groove® and extensively
neutralize the negative charge of the phosphate backbone
allowing for the coalescence of the resulting nucleoprotamine
complexes into fibers of 300-500 A.The presence of cysteine
in some of these proteins can provide further structural
compaction and stability to the chromatin fibers.

In comparison to the chromatin complexes arising from the
interaction of H- and P-type SNBPs with DNA, less
information is available on the chromatin assemblies resulting
from the interaction of PL-type SNBPs with DNA. Studies
carried out in both protostomes®*2® and deuteros-
tomes®®®2”) indicate that, like with the P-type, these proteins
interact with linear DNA. Nevertheless, the presence of a
WHD in some of these proteins, as in the case of PL-| of the
fish Mullus surmuletus, appears to confer an enhanced ability
for binding to intertwisting DNA resulting in a regularly
intertwined organization of DNA®”) (Fig. 1C). As shown in
Fig. 1C, the chromatin fibers resulting from the association of
the different SNBP types with DNA all exhibit a fairly constant
diameter in the range of 300-500A independently of the
extent of protein folding of the SNBP type involved, which
decreases in going from the H- to the P-type.

At the functional level, the tight packing of sperm chromatin
results in a significant decrease in the nuclear metabolic
activity regardless of the SNBP type involved. However, recent
proteomic studies (see® for a review) carried out with sperm
from different organisms have provided evidence for the
presence of functional proteins such as GTPases as well as
histone acetyltransferases and deacetylases, among others,
which suggests the presence of transcriptional activity. Also, it
has been shown that DNA repair can take place late in
mammalian spermiogenesis.(zg’ How these processes can
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proceed in the highly condensed chromatin states described
above is a very timely and interesting issue that remains
unclear.®® Comparative proteomic analysis cartied out with
sperm from organisms belonging to different SNBP types may
provide important insightful information in this regard as well
as in regard to the evolution of the functional sperm proteins.

Sperm chromosomal proteins share a
common evolutionary ancestry with
histone H1

From a general evolutionary perspective, replication-inde-
pendent (RI) genes of somatic histones became replication-
dependent (RD) during eukaryotic evolution. While RD genes
underwent a large increase in their copy number, Rl genes
became isolated at different chromosomal locations, exhibit-
ing an “orphon origin”.®® The highly expressed RD histones
are often referred to as canonical histones (e.g., H2A.1,
H2A.2, mammalian H1.1-H1.5), whereas the RI histones
include most of the developmentally regulated and
replacement histone variants that replace the canonical ones
during different stages of the cell cycle®" (ie., avian
erythrocyte H5, H2A.Z, H2A.Bbd, H3.3, and the sperm-
specific histones).

The selective pressure behind the transition from lysine to
arginine associated with the process of SNBP evolution
(Fig. 1B) appears to be specifically geared toward the
preservation of high levels of arginine in P-type SNBPs
resulting in (i) increased binding affinity of a protein for
DNA®233) and tighter chromatin condensation in the sperm
nucleus, (ii) additional functional advantage at the time of
sperm-egg fertilization (activation of the regulatory pathways
in fertilized eggs by way of polyarginine clusters®#), and (iii)
effects on different sperm traits (head shape and sperm
motility) with relevant implications for fertility, sperm competi-
tion,"'"® as well as for the adaptation for internal fertiliza-
tion,®® as documented in fish.®

SNBPs of the PL-type exhibit structural and
functional similarities with specialized variants of the
histone H1

The histone H1 family contains one of the largest numbers of
variants among histone families. This is especially evident in
mammals where 11 different linker histones have been
identified (see!'® for review). In contrast to core histones,
whose origin can be traced back to archaebacteria,®” the
evolutionary origin of histone H1 appears to have occurred
early in eubacteria.®®® However, it seems that, as with core
histones, the evolution of the histone H1 family has been
driven by a process of “birth-and-death” DNA duplication
instead of concerted evolution (see Box 2), allowing for the
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appearance of the genetic diversity required for the

progressive functional specialization of these pro-
teins. (30:39:40)

Box 2

Concerted evolution represents a form of multigene
family evolution in which all the member genes are
assumed to evolve as a unit in concert. In this process, a
mutation occurring in a repeat spreads through the entire
cluster of genes by recurrence of unequal crossover or
gene conversion (a form of nonreciprocal recombination in
which a DNA segment of a recipient gene is copied from a
donor gene). In contrast, the genetic diversity arising from
birth-and-death evolution is assumed to result from the
creation of new genes by gene duplication. In some
instances, the duplicated genes are maintained in the
genome for a long period of time, while others are deleted
or inactivated through deleterious mutations.“®

Similar to somatic H1 histones, PLs represent the most
structurally heterogeneous group of proteins among SNBPs
and exhibit an intermediate amino acid composition between
histones and protamines.‘z) One such PL, PL-I from the surf
clam Spisula solidissima (mollusc), was the first PL shown to
contain a trypsin-resistant globular core arising from the
presence of a WHD with a high sequence similarity (51%) to
that of vertebrate histone H5.“4" The intriguing structural
similarity of molluscan PL-Is to specialized members of the
vertebrate histone H1 family such as H5 is not surprising
considering the RI nature of their genes and that they both
participate in heterochromatinization in terminally differen-
tiated cell systems (erythrocyte/sperm). Indeed, studies on
SNBP evolution reveal that, like H1 histones, PLs are also
subject to purifying selection and their presence in both
diploblastic and triploblastic animals indicates that their
complete differentiation from the somatic H1 took place
before the differentiation of these lineages very early in
metazoan evolution.!"®

Common evolutionary origin of somatic histone H1
lineages and PL-/P-type SNBPs

The work carried out in molluscs has proven to be very useful
for understanding the overall SNBP evolution as this
taxonomic group includes organisms whose sperm contains
SNBPs representative of the three main types (H, PL, P) in
addition to Rl and RD somatic histone H1 proteins. Molecular
evolutionary studies comparing different SNBP types
revealed the presence of regions of homology to different
H1/PL-l structural domains as a result of either the

BioEssays 31:1062-1070, © 2009 Wiley Periodicals, Inc.
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post-translational cleavage of PL-l precursors“? or the
segregation of the PL components into autonomous genes.!'®
The presence of these autonomous genes suggests that the
appearance of the smaller PLs with a marked increase in their
arginine content is the result of a gene segregation process
that occurred early on in evolution."®

A joint phylogenetic analysis of SNBPs and H1 histones
revealed a close relationship between PL proteins and the Rl
histone H1 lineage, which were shown to constitute a single
monophyletic group.'® These two groups of proteins also
have solitary locations in the genome, are present in
terminally differentiated cells and have RI expression. The
complete functional differentiation of the three lineages
(somatic H1 RD, H1 RI, and SNBPs) would have arisen
before the split between protostomes and deuterostomes,
resulting in a process of parallel evolution. Thus, whereas
birth-and-death evolution remained the major mechanism
responsible for the functional diversification of Rl and RD H1
lineages, PL-I proteins were subject to a purifying selection
process that led to the appearance of highly specialized PL
proteins. The subsequent transition to protamines (P-type)
undergone by PLs in organisms at the uppermost tips of the
phylogenetic branches of bilaterian evolution resulted in a
shift toward a positive sex-driven selection,*® which is
responsible for the rapid rate of evolution exhibited by these
proteins.

Mechanisms of long-term evolution of
sperm nuclear basic proteins

Vertical versus horizontal hypotheses for the
evolution of chromosomal sperm proteins

The notion that protamine (P-type) chromosomal sperm
proteins have evolved from a primitive somatic-like histone
precursor dates back to 1973 based on comparative amino
acid composition analyses.“z) Other alternative hypotheses
to this vertical model of SNBP evolution have also been
considered. A process of horizontal evolution was put forward
based on the apparent random distribution of protamines
observed in different taxonomic groups of fish, which
suggested that these proteins had a retroviral origin.('"44
However, detailed systematic analysis on the phylogenetic
distribution of SNBP types across different fish taxa
conclusively showed that such an apparent sporadic
distribution of protamines is not random and could be
phylogenetically traced. The study of fish SNBPs®® has
also been very useful in providing potential clues for
understanding the putative reversions of the H—-PL—P
transition®® and has also provided important information on
the constraints imposed on this transition by the different
types of fertilization (external vs. internal).®®®

BioEssays 31:1062-1070, © 2009 Wiley Periodicals, Inc.

Further evidence for the vertical evolution of SNBPs can
be obtained from the exclusive presence of H-type SNBPs in
sponges® and the presence of RI histone H1i-related PL
proteins (PL-l) in the sperm of different cnidarians.64")
Furthermore, SNBPs of the PL- and P-types are more
prevalent in the sperm of taxonomic groups located on the
upper phylogenetic branches of bilaterian evolution,'**®) as
shown in Fig. 2. These findings are in very good agreement
with the predictions made by the vertical model of SNBP
evolution. Accordingly, only H-type or PL precursor SNBPs
should be present in taxonomic groups that differentiated
very early during metazoan evolution with the more specialized
protamines being restricted to higher phylogenetic groups.('®

Different constraints and common trends in the long-
term evolution of SNBPs and histone H1

The protein lineage encompassing the different SNBP types
represents a highly specialized set of proteins that arose from
an ancestral Rl H1 precursor® (Fig. 2). However, in the
course of this evolutionary process, there appears to have
been a progressive reduction in the structural protein
complexity as illustrated by the segregation of the different
domains of the ancestral PL-I proteins.'®*® In contrast, the
somatic Rl and RD histone H1 lineages have experienced a
genetic diversification without drastic changes in their overall
protein structure using birth-and-death under strong purifying
selection as a primary mechanism (Fig. 2). The differences
between these two strategies are most likely a reflection of
the different structural and functional constraints imposed by
the packaging of DNA within the sperm and the somatic
nucleus (Fig. 1).

However, and despite the striking differences between the
long-term evolutionary mechanisms to which somatic H1s
and SNBPs are subject, a common trend is evident in both
instances as depicted by their progressive differentiation
early in metazoans and their parallel segregation across
protostomes and deuterostomes. This extends the concept of
parallel vertical evolution of SNBPs and H1 histones in
metazoans to a higher level that also involves the parallel
evolution of male germinal and somatic proteins.

The transition toward arginine-rich
protamines: biological reasons and
evolutionary consequences

The replacement of lysine-rich proteins with arginine-
rich protamines occurred by a selective sweep

For many years, one of the main conceptual barriers to
validating the histone hypothesis for the vertical evolution
of SNBPs has been the lack of a mechanism that explains
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Figure 2. Evolution of histone H1 and SNBPs within the metazoan
phylogeny.5259 A: Common origin and evolution of histone H1 and
SNBPs within the context of parallel vertical evolution starting from a
histone H1 precursor (H, light blue). The RD histone H1 lineage
(purple), the RI histone H1 lineage (gray/black), and the PL-I/P
lineages (orange/red) are indicated. The mechanisms acting on
somatic RD and RI histone H1 lineages (birth-and-death) and on
the PL-type (purifying selection) as well as the positive sex-driven
adaptive selection that resulted in the P-type SNBPs are detailed in
the diagram. B: Schematic representation highlighting how the exclu-
sion of a histone H1 precursor from the main histone gene clusters to
a solitary location in the genome resulted in an orphon lineage which
initially led to the differentiation of the RD H1 lineage, followed by the
RI ' H1 and SNBP lineages. In this process, PL-I (N-terminal region,
light blue; globular domain, dark blue; and C-terminal lysine-rich
domain, yellow) experienced different gene segregation events lead-
ing to highly specialized PL fractions as well as to the appearance of
protamines (red) corresponding to the C-terminal end of an argini-
nine-rich PL-I. C: The complete functional differentiation of the three
lineages would have had its origin early in the evolution of triploblastic
animals before the split between protostomes and deuterostomes.
This resulted in a process of parallel evolution across protostomes
(indicated in green) and deuterostomes (indicated in blue), in which
the arginine-rich SNBPs of the P-type are present in the sperm of
organisms at the furthermost tips of the bilaterian phylogenetic
branches."®
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the transition from the lysine-rich composition, which is
characteristic of histone H1 molecules to the arginine-rich
composition of protamines. In contrast to the progressive
evolution from an H1-type into a PL-I precursor (and into
specific PL proteins later on), the transition toward arginine-
rich protamines involved a further replacement of lysine
residues by arginines. In this regard, the analysis of the
SNBPs from different related basal metazoans (especially
tunicates) revealed the presence of members whose sperm
contains lysine-rich PL-Is (such as Ciona intestinalis) and
arginine-rich PL-Is (such as Styela plicata and Styela
montereyensis).*¥ Interestingly, Styela’s PL-| has arginines
at the very same positions occupied by lysines in the C-
terminal tail of Ciona’s PL-I, suggesting that a quick PL— P
transition had taken place in this group of tunicates (Fig. 3A).
This was taken as evidence supporting the origin of the
chordate arginine-rich protamines in tunicates® that sub-
sequently led to the differentiation of highly specialized
protamines in vertebrates (see Box 3 for details).

Box 3

A close comparative examination of Ciona and
Styela PL-Is revealed that while most lysines are encoded
by the AAG triplet in Cionas PL-l, arginines are
predominantly encoded by the AGA triplet in the PL-I of
Styela. The replacement of lysines with arginines was
shown to be the result of a single mutational event
responsible for a frameshift in one of the nucleotide
sequences (Fig. 3B).*Y The evidence obtained from
these observations filled a very important gap in the
histone hypothesis for the vertical evolution of SNBPs
regarding the transition of lysine-rich PL proteins toward
more specialized arginine-rich SNBPs of the P-type.
Nevertheless, the residues that are found between the
short polyarginine and lysine clusters of Ciona’s and
Styela's PL-Is seem to have not been affected by a
frameshift mutation (Fig. 3B). This indicates that while
such a unique single mutation event certainly may have
played a role in the transition process, additional
mechanisms must have also been involved.'®

The appearance of arginine-rich P-type SNBPs brought
about a switch in the evolutionary mechanism operating on
them where they were subjected to a rapid process of
adaptive selection that led to their establishment in different
tunicate and chordate species. Although the presence of
adaptive selection among reproductive proteins has been well
documented,®® in the case of protamines this process
additionally involves the maintenance of high arginine levels
regardless of the position of these residues within the
molecule.®?

BioEssays 31:1062-1070, © 2009 Wiley Periodicals, Inc.
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The “extinct” PL protein from amphioxus provides
further support for the parallel vertical evolution of
SNBPs from a histone descent

Comprehensive phylogenomic analyses have recently chal-
lenged the phylogenetic position of tunicates and cephalo-

chordates in chordate evolution, placing cephalochordates as
the most “basal” chordates and the tunicates as the sister
group of the vertebrates.®'? The implication of this in terms
of SNBP evolution is that the transition toward arginine-rich
protamines would have had to arise independently in the
tunicate/vertebrate sister lineages. A characterization of the
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Figure 3. Transition toward arginine-rich protamines based on a frameshift mutation in tunicates. A: Amino acid sequence alignment of tunicate
SNBPs including the lysine-rich PL-Is from C. intestinalis, the arginine-rich PL-l from S. montereyensis and the hypothetical arginine-rich mutated
PL-I protein from C. intestinalis (PL-1"). The leading sequence (green box), the WHD (blue box) and the C-terminal region (red box) are
highlighted. Solid red boxes indicate areas containing polyarginine and polylysine tracts, and solid purple boxes highlight unmatching residues
between the arginine-rich hypothetical PL-I* protein from C. intestinalis derived from the frameshift mutation event and the arginine-rich PL-I
protein found in S. montereyensis. The thick red arrows point to the boundaries of the lysine-rich region of Ciona PL-I and the corresponding
arginine-rich region of Styela PL-I. B: Detailed representation of the putative gene frameshift mutation that led to the lysine (PL-I) to arginine (PL-
I*) transition at the C-terminal region of Ciona PL-I. Lysine and arginine codons are indicated in yellow and red, respectively, while codons for other
residues are indicated in purple. A deletion of a nucleotide at postion 342 results in a frameshift mutation that converts 16 lysine codons to arginine
codons. C: Relative codon usage for lysine (yellow) and arginine (red) residues in the PL-I protein of C. intestinalis and in the major PL protein of
B. floridae (amphioxus). The codon usage bias is expressed as the effective number of codons (ENCs). The main SNBP component of
cephalochordates corresponding to a PL-I N-terminal region had no lysine residues encoded by AAG and hence could not have undergone a
similar transition. D: Schematic representation of the evolutionary process leading to the segregation and specialization of SNBPs within the
deuterostome phylogeny.'® A lysine-rich SNBP PL-I at the onset of the diversification between the tunicate and vertebrate lineages was subject
to a process of adaptive selection resulting from the lysine (yellow) to arginine (red) transition (indicated by a red arrow) and giving rise to highly
specialized protamines. The inability of the SNBP component of amphioxus to undergo this transition, together with the rapid evolution of
protamines, led to the extinction of this lineage (blue), which got restricted to cephalochordates and perhaps some echinoderms.
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Figure 4. Representation of the “structural evolutionary cycle” undergone by histone H1, starting from its prokaryotic origin through to its
eukaryotic evolution. The eubacterial lysine-rich ancestor and the early eukaryotic versions of this histone consisted initially of what later on
became the C-terminal domain of metazoan H1. In metazoa, histone H1 evolved to have a more complex tripartite organization resulting from the
acquisition of the winged-helix motif domain that was maintained both in the somatic and germinal variants. The evolutionary preservation of such
structure was possibly due to the critical roles of the individual winged-helix domains and N- and C-terminal domains in the modulation of
chromatin compaction and metabolism. In contrast, the less functionally stringent but greater and more efficient compaction of male germ cell
chromatin resulted in an arginine enrichment and finally in the segregation of the C-terminal domain. This eventually led to the prevalent presence
of arginine-rich protamines in the sperm chromatin of the species at the uppermost phylogenetic branches of bilaterian evolution.

cephalochordate  Branchiostoma floridae  (amphioxus)
SNBPs revealed that they consist of a single lysine-rich PL
fraction with homology to an N-terminal region of histone
H1,(® in which the codon used for lysine residues was
exclusively the AAA triplet (Fig. 3C). This would systematically
preclude a lysine-to-arginine transition based on a frameshift
mutation such as that observed in tunicates*® from being
responsible for a transition toward an arginine-rich protein.
Therefore, the differentiation of arginine-rich protamines must
have been set up a step back from tunicates, immediately
before the differentiation between tunicates and vertebrates,
in order to account for the presence of protamines in both
chordate lineages with a common evolutionary origin (Fig. 3D).

H1 histones and protamines — back and forth from an
intrinsically disordered C-terminal domain.

In considering the processes involved in the evolution of H1
histones and their further specialization into PL-1 proteins that
eventually led to SNBPs of the P-type, it is important to note
the curious evolutionary cycle experienced by their ancestral
precursors (Fig. 4). Early in eukaryotic histone H1 evolution,
the protein consisted of what is now the C-terminal region of
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metazoan H1 (i.e., in trypanosomes). It was initially recruited
to assist with the chromatin compaction processes in these
organisms.‘ss) The subsequent acquisition of the WHD and its
full establishment in metazoans provided H1 with an
enhanced specificity in terms of both chromatin packing
and metabolism.®" The mechanism of recurrent gene
duplication involving this structural gain took place twice in
yeast where two WHDs are present in Hho1p.®¥ The
concomitant differentiation of the somatic histone H1 and
some of the germinal SNBP lineages led to highly specialized
PL-I proteins whose genes underwent a segregation from the
increasingly arginine-rich C-terminal domains. This resulted
in the interesting closing of an evolutionary circle initiated with
a lysine-rich intrinsically disordered C-terminal tail acquired
from eubacteria.®®

Conclusions

For almost a century since their discovery, SNBPs have been
considered a group of small basic and conserved proteins
with little or no interest besides their structural role in DNA
packing in the male germ cells. There is now plenty of
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evidence to suggest that in addition to this role, these proteins
also support important functions that may impinge on critical
biological processes such as sperm fertility.'® The structural
and compositional diversity of SNBPs has also been long
recognized.®3% In recent years, the study of the massive flow
of molecular and structural data obtained from genomic
databases has provided strong support for the “histone
hypothesis for the parallel vertical evolution of SNBPs”.
Accordingly, somatic “histone” H1 and SNBPs shared a
common evolutionary origin very early in metazoan evolution.
This was followed by a “parallel” differentiation birth-and-
death DNA duplication process (rather than concerted
evolution) of the somatic and germinal Rl H1 histones in
both protostomes and deuterostomes. In this way, the SNBP
lineage underwent a “vertical” transition from a histone to a
PL and finally protamine types (H— PL — P), the last one of
which is present in the sperm of organisms at the uppermost
tips of the phylogenetic tree. This transition involved a
purifying (negative selection) of PL-type SNBP and an
adaptive (positive) selection of protamines. In contrast to
somatic H1s that experienced a genetic diversification without
drastic changes in their overall protein structure during the
evolution process, SNBPs have undergone a progressive
reduction in their structural complexity. The structural
commonalities between these proteins are striking, while
the dissimilarity of their lysine/arginine contents may simply
reflect the greater ability of arginine®®=3® to interact with DNA
and achieve the efficient chromatin packing favored by
the sperm of highly evolved organisms with internal fertiliza-
tion.
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