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ABSTRACT  1In this paper, we present a review of sperm nuclear basic proteins (SNBPs) in
teleost fish. The distribution of the three basic groups of SNBPs [histone (H)-type, protamine-like
(PL)-type and protamine (P)-typel, their evolution and possible relation to the mode of fertilization
are described. In this regard, we have characterized the SNBPs from two closely related species of
Scorpaeniform fish: internally fertilizing Sebastes maliger and externally fertilizing Sebastolobus sp.,
both in the family Scorpaenidae. Despite the different reproductive behavior of these two closely
related rockfish species, in both instances the SNBP consists of protamines. However, there is a
significant increase in the arginine content of the protamine in the internally fertilizing rockfish.
The relevance of this observation is discussed within the context of the P-type SNBP in teleosts. The
rapid evolution of teleost protamines, including those in rockfish, has also allowed us to obtain a
molecular phylogeny for this group of bony fish that is almost indistinguishable from that currently
available from the use of conventional anatomical/paleontological markers. J. Exp. Zool.

305A:277-287, 2006. © 2006 Wiley-Liss, Inc.

SPERM NUCLEAR BASIC PROTEINS
FROM FISH

From the very early attempts of chemical
characterization of the chromosomal components,
it became clear that the chromatin associated
proteins could be mainly grouped into two differ-
ent types: histones and protamines (Miescher,
1874; Kossel, 1884; Kossel, ’28). Indeed it was
from salmon (Salmo salar) sperm that the first
evidence for the existence of protamines was
obtained (Miescher, 1874).

The meaning of these two terms, histones and
protamines, has evolved over the years and they
now both describe two well-defined groups of
chromosomal proteins. Histones are the major
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protein components of somatic chromatin. They
consist generically of two main families, core
histones and linker histones. Core histones (his-
tones H2A, H2B, H3 and H4) are responsible for
the arrangement of genomic DNA into discrete
chromatin globular structures. Approximately
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146bp are wrapped about a histone octamer
“core’” resulting in structures known as
nucleosome core particles. Linker histones of
the H1 family bind to the “linker’’ DNA connect-
ing adjacent nucleosomes and contribute to
stabilizing the folding of the resulting chromatin
fiber (van Holde, ’88). In contrast, protamines
(Felix, ’60; Ando et al., ’73; Oliva and Dixon, ’91)
are only found in the sperm chromatin of certain
organisms. These are highly arginine-rich proteins
of relatively small size (usually smaller than 100
amino acids) (Ausi6, '99). These proteins bind to
DNA with high affinity and a strong electrostatic
component that leads to the almost complete
neutralization of the genomic DNA charge and
results in a heterogeneous variety of molecular
structures (Lewis et al., 2003).

From the early studies on fish (Miescher,
1874; Kossel, ’28; Felix, ’60), it has been clear
that the sperm nuclear basic protein (SNBP)
composition of this group is very heterogeneous.
Whereas some fish species contain protamines
in their sperm nucleus, others contain somatic-
like histones.

Further analysis of the SNBPs over a
larger variety of metazoans showed that this
SNBP heterogeneity could be extended to other
groups of organisms, including plants, and led
to the realization that this protein composition
could indeed be more complex (Bloch, ’69; Kasins-
ky et al., ’85). The comprehensive study by
David Bloch led him to the classification of SNBPs
into four major groups (Bloch, ’62, ’69; Kasinsky,
’89): protamines, stable protamines (containing
cysteine), intermediate sperm basic proteins (di-
and tri-protamines), and somatic-like histones.
The detailed molecular characterization of
these proteins carried out more recently
has allowed us to simplify the classification to
three main SNBP types: histone (H)-type, prota-
mine (P)-type, and protamine-like (PL)-type
(Ausio, ’95, ’99).

Protamine-like proteins are an intermediate
group of sperm chromosomal proteins that, “like
protamines’, can displace somatic histones from
the nucleus at the end of spermiogenesis. They
exhibit an amino acid composition rich in both
lysine and arginine and have an enormous
structural variability. All the proteins of this
group appear to be evolutionarily related to the
histone H1 family of chromosomal proteins (Ausio,
'99; Lewis et al.,, 2004). This SNBP type also
occurs in fish (Saperas et al., ’93b; Ausid, '95;
Watson and Davies, ’98; Watson et al., ’99).
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SNBP EVOLUTION IN FISH: VERTICAL
VERSUS HORIZONTAL

The SNBPs from fish have now been extensively
characterized (Ando et al., ’73; Kasinsky, ’89; Oliva
and Dixon, ’91; Chiva et al., ’95; Saperas et al., ’97).
While all the chondrichthyan (cartilaginous fish)
SNBPs appear to belong to the P-type (Sautiere
et al., ’81; Saperas et al., ’96; Wouters-Tyrou et al.,
’98), amongst the bony fish, representative species
belong to the three types (Daisley and Davies, ’82;
Kasinsky, ’89; Saperas et al., ’94a).

The question thus arising is whether such
sporadic distribution of SNBP types across fish
species (Saperas et al., ’93a) is random or is
the result of careful adaptation under physio-
logical constraints. Based on the findings that
the genes from the rainbow trout are flanked
by DNA sequences which are reminiscent of
the long terminal repeats of avian retroviruses
(Jankowski et al., ’86), it was proposed that the
appearance of protamines in fish could be the result
of horizontal transmission, by which species,
originally containing the H-type SNBP, would have
randomly acquired the protamine genes. Indeed,
viruses contain many arginine-rich proteins. How-
ever, as we shall describe next, there are other
more likely alternatives to this hypothesis (Saperas
et al.,, ’94a).

The horizontal transmission hypothesis assumes
that, in their evolutionary origin, the ancestors of
teleost fish had the H-type SNBP (Jankowski
et al.,, ’86; Krawetz and Dixon, ’88; Moir and
Dixon, ’88a, b; Oliva and Dixon, ’91). While this is
the case for agnathans (Chiva et al., ’95; Saperas
et al., ’97), this is in contrast to the presence of
protamines in the more primitive cartilaginous
fish (Chiva et al., ’95). Moreover, an exhaustive
analysis of the occurrence of the different SNBP
types in teleosts (Saperas et al., ’94a) conclusively
showed that the divergence amongst the SNBPs
into H- and P-type has occurred repeatedly in
different evolutionary lines. The relative fre-
quency of this phenomenon is almost negligible
during the differentiation of genera and species.
It is very small during the differentiation of
families, while being very noticeable among
different orders (Saperas et al., ’94a).

Based on these data, a more likely alternative is
that protamines, which are prevalent in teleost
fish, were already present in the bony fish
ancestor, and histones occurred as a result of a
reversion to the H-type found in more primitive
organisms, such as echinoderms (Poccia et al., ’87).
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In other words, the acquisition of the H-type would
be viewed under this proposal as a reversion of the
P-type (Ausio, ’99) that obviously has repeated
itself several times in the course of fish evolution
and is also present in other vertebrate groups, such
as amphibians (Kasinsky et al., 2005).

Although the determinants for the selection of
one SNBP type over the other are still not clear, it
appears that the mode of fertilization is a
physiological adaptation that can constrain this
selection almost exclusively to the P-type prevent-
ing the reversions to the H-type, as will be
discussed next.

DOES INTERNAL FERTILIZATION
CONSTRAIN THE RANGE OF SNBP
DIVERSITY IN TELEOST FISH?

An analysis of SNBP distribution in animals
(Kasinsky et al., ’85; Kasinsky, ’89, '95) suggests
that the mode of fertilization might serve as a
constraint on SNBP diversity. For example,
amongst the chordates, externally fertilizing fish
show a diversity of SNBP types from somatic-like
histones (H) in lamprey (Fig. 1A, lane 1),
to protamine-like proteins (PL) in yellow goatfish
(Fig. 1A, lane 2), to arginine-rich protamines
(P) in chum salmon (Fig. 1A, lane 3). On the
other hand, internally fertilizing cartilaginous
fish, urodeles and amniotes (reptiles, birds and
mammals) have either protamines (P) or kerati-
nous protamines with disulfide bonds in their
sperm nuclei.

Internally fertilizing sperm tend to be elongated
with a more condensed nucleus (Franzen, ’77;
Baccetti, ’82; Wirth, ’84; Jamieson, '91). Kasinsky
and others (Kasinsky et al., ’85; Kasinsky, ’89, 95)
have hypothesized that SNBPs in internally
fertilizing animals tend to be more protamine-like
than histone-like. This may be due to the fact that
during internal fertilization, the sperm have to
move through the more viscous reproductive tract
of the female rather than seawater. This requires
the chromatin in the sperm head to be more
compacted in order to resist drag forces and
thereby increase the efficiency of movement.
Protamines are smaller structural proteins than
histones and richer in arginine side chains. Since
arginine residues can bind strongly to the phos-
phodiester backbone of DNA with more hydrogen
bonds than lysine residues, as well as by electro-
static interaction (Helene and Lancelot, ’82; Ausio
et al.,, ’84), the SNBPs of internally fertilizing
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animals should be enriched in arginine over lysine
residues with respect to SNBPs in externally
fertilizing animals. This will enhance the compac-
tion of chromatin.

To test this hypothesis, we have examined the
electrophoretic patterns (Fig. 1B, C) from three of
the six orders of teleost fish with internal
fertilization (Fig. 1D); (Wourms, ’81): order
Perciformes (Nelson, ’94), family Embiotocidae,
Cymatogaster aggregata (shiner perch; Fig. 1C,
lane 12); order Scorpaeniformes, family Scorpae-
nidae, subfamily Sebastinae, Sebastes maliger
(quillback rockfish; Fig. 1B, lanes 6, 7); order
Cyprinodontiformes, family Poeciliidae, subfamily
Poeciliinae, tribe Poeciliini, Poecilia reticulata
(black-banded guppy; Fig. 1C, lane 8), Poecilia
picta (guppy; Fig. 1C, lane 9), Xiphophorus hellert
guentheri (swordtail; Fig. 1C, lane 10), Xipho-
phorus maculatus (platyfish; Fig. 1C, lane 11).

Figure 1C indicates that each of the internally
fertilizing teleosts in the orders Perciformes and
Cyprinodontiformes have protamine as their
SNBP type. This is supported (Table 1) by an
arginine content of 66.7 mol% for the shiner perch
C. aggregata. The presence of electrophoretic
bands in the histone region of the gel in Fig. 1C
may be due to somatic cells of the testes in these
preparations. In C. aggregata (order Perciformes),
sperm are produced in spermatophores with about
600 sperm bundled together with an extracellular
capsule (Jamieson, '91). This differs from the
loosely bundled sperm of poeciliids called sperma-
tozeugmata (Jamieson, ’91); for example, in
X. helleri, where the sperm are not encapsulated
(Wourms, ’81) and the sperm heads are located at
the periphery of a ‘“‘sperm ball”’ with a core of
spirally coiled flagellae. According to Jamieson
(’91), this indicates clearly that internal fertiliza-
tion has evolved independently in these two
orders. This, in turn, suggests that the presence
of protamines in internally fertilizing fish in the
orders Perciformes and Cyprinodontiformes is due
to convergent evolution, and that protamines
must play a similar functional role in these
divergent species.

In the order Scorpaeniformes, family Scorpaeni-
dae, after the quillback rockfish, Sebastes maliger
(subfamily Sebastinae) displays matrotrophic
viviparity (Love et al.,, 2002); that is, internal
fertilization, the embryo receives some nutrition
from the mother, and is born as a larval form.
On the other hand, the externally fertilizing rock-
fish Sebastolobus sp. (subfamily Sebastolobinae) is
oviparous. Figure 1B indicates that both species

J. Exp. Zool. DOI 10.1002/jez.a
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Fig. 1. Acetic acid (5%)—-urea (2.5 M) (AU)-polyacrylamide
gel electrophoresis (PAGE) analysis of sperm nuclear basic
proteins (SNBPs) from internally and externally fertilizing
fish: (A) (1), Petromyzon marinus (lamprey; E.F.); (2), Mullus
surmuletus (yellow goatfish; E.F.); (3), Oncorhynchus keta
(chum salmon; E.F.). CE is a chicken erythrocyte histone
marker. H1/H5: linker histones; H2A, H2B, H3, H4: core
histones; PL: protamine-like SNBPs; (B) (4), Sebastolobus sp.
(thornhead rockfish: E.F., sperm fraction); (5) Sebastolobus
sp. (testes fraction); (6%) Sebastes maliger (quillback rockfish;
LF., sperm fraction); (7%), S. maliger (testes fraction).
(C) (8%), Poecilia reticulata (black-banded guppy; L.F.);
(9%), Poecilia picta (guppy; I.F.); (10%), Xiphophorus helleri

contain an electrophoretically fast protein compo-

nent that runs in the region corresponding to a
SNBP of the P-type.
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Order Perciformes
G_Flmafagasfsr aggregata
(shiner perch)

Order Scorpaeniformes
Sebastes maliger
(quillback rockfish)

Helicolenus dactylopterus dactylopterus
{blackbelly rosefish)

Order Cyprinodontiformes
Poecilia reticulata
{(black-banded guppy)

Poecilia picta
(auppy)

Xiphopharus helleri guentheri
{swordtail)

Xi]’.!.h horus maculatus
(platyfish)

Order Ophidiiformes
Cataetyx laticeps
(brotula)

(swordtail; LF.); (11%), Xiphophorus maculatus (platyfish;
LF.); (12%) Cymatogaster aggregata (shiner perch; LF.).
SNBPs from all these organisms were prepared as described
in Gimenez-Bonafe et al. (2000) and the AU-PAGE were
carried out as described elsewhere (Kasinsky et al., 2005). (D)
Phylogeny of internally fertilizing teleost fish examined for
SNBPs in this paper (six species) and in the literature (two
species; Saperas et al., ’93b, ’94a; Chiva et al., ’95). Phylogeny
adapted from Nelson ('94), frontispiece. Electrophoresis is
from top to bottom. I.F. and E.F. denote an internally and
externally fertilizing fish species, respectively. *L.F. species.
P: protamine.

The most striking difference between the elec-
trophoretic patterns of these two rockfish, besides
the difference in mobility of their major protamine
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TABLE 1. Amino acid composition (mol% ) of SNBPs from testes of internally and externally fertilizing fish

Cymatogaster Sebastes maliger® Sebastolobus sp.” Oncorhynchus Mullus Petromyzon
aggregata® (quillback (thorny head keta® (chum surmuletus® marinus®
(shiner perch) rockfish)® rockfish) salmon) (yellow goatfish) (lamprey)

P P P P PL H1
Lys 0.1 — 3.7 — 24.2 27.6
His 0.6 — — — — —
Arg 66.7 65.1 481 67.2 22.1 2.2
Asx 0.2 — 1.9 — 5.1 3.9
Thr 2.9 47 1.1 — 4.5 3.6
Ser 4.5 47 5.6 9.9 9.2 7.3
Glx 04 — 1.9 — t 47
Pro 3.3 41 5.6 9.1 6.8 97
Gly 9.5 47 3.7 6.5 54 40
Ala 3.2 7.0 9.3 1.3 11.9 21.8
1/2 Cys — — — — — —
Val 0.3 7.0 74 47 49 6.8
Met 0.3 — — — t —
Ile 0.1 — 1.3 t 11
Leu 2.0 — 1.9 — 5.8 5.3
Tyr 0.3 2.3 — — t 0.8
Phe 7.5 — — t 11
Trp — — — — — —

IAfter high performance liquid chromatography, amino acid analysis was carried out as described by Kasinsky et al. (2005).

2Calculated from primary structure.
3Denotes an internally fertilizing fish species.
“Data from Ando et al. (73).

®Data from Chiva et al. ('95).

5Data from Saperas et al. ('94b).

P, protamine; PL, protamine-like SNBP; H1, very lysine-rich H1; t, trace; SNBP, sperm nuclear basic protein.

components, is the coexistence with these proteins
of a substantially larger amount of SNBP of the
H-type in externally fertilizing Sebastolobus sp.
(Fig. 1B, lanes 4, 5) when compared to internally
fertilizing S. maliger (Fig. 1B, lanes 6, 7). While
this difference could, in principle, be ascribed to
differences in the extent of sexual maturity of the
gonadal tissue, with the presence of histones
indicating the occurrence of immature spermato-
genic cells, it could also be the result of an
incomplete replacement of histones by protamines
during the spermatogenic process (Oliva and
Dixon, ’91). Hence, it could be taken as an
indication of the more primitive nature of the
sperm of externally fertilizing Sebastolobus.

The amino acid sequences of the two main
protamine components in S. maliger and Sebasto-
lobus are remarkably similar (Fig. 2A), as would
be expected for two closely related species. How-
ever, careful comparison of the two sequences
(Fig. 2B) indicates that selection for internal
fertilization has increased the arginine content of
protamine in internally fertilizing S. maliger to

65.1mol% from 48.1mol% in the protamine of
externally fertilizing Sebastolobus sp., (Table 1)
and has also removed two lysine residues. Argi-
nine residues not only bind DNA more tightly
than lysine residues by ionic interactions, but also
display more flexibility in hydrogen bonding
(Cheng et al., 2003). The observation that S.
maliger sperm has a lower histone content than
Sebastolobus sperm, as well as a lower molecular
weight protamine that lacks asparagine and
glutamine residues, suggests that the more ‘““pri-
mitive’” externally fertilizing Sebastolopus sp. also
possesses a ‘‘primitive”’ protamine. By the same
token, the more ‘“advanced’” internally fertilizing
S. maliger has acquired an ‘“‘advanced’ protamine
to cope with tighter binding to DNA.

Thus far, the data provide support for the
hypothesis that the evolution of internal fertiliza-
tion in vertebrate organisms imposes a strong
constraint on the range of SNBP diversity,
selecting for arginine-rich protamines (Kasinsky
et al.,, ’85, Kasinsky, ’89, '95) as a result of
different structural and functional advantages of

J. Exp. Zool. DOI 10.1002/jez.a



282

Sebastolobus

1 5 10 15

L.J. FREHLICK ET AL.

20 25 30

PRARRQATRTARRR&-RKSSNVRRRRRPPKT

31 35 40 45

50 54

LAGRRRRTRRSTTVARRRVVRRRR

Sebastes

1 5 10 15

20 25 30

PRARRRARRRGRRSSRRRRRPRRTTGVRRR

Y 35 40 42
RYRRRRVAVRRRR

B 1 5 10

15 20 25 30

Sh PRARR QATRT ARRRG RKssN vrrrr rrPKr

SSm PRARR ...R. ARRRG RR ss. .Rrrr RPRRT
3 35 40 45 50 55

Sh .LAG. RRRRT .RRST TVARR RV .VR RRR

Sm T«.GV RRRR. YR... ..RR RVAVR RRR

Fig. 2. (A) Primary structures of the main protamine
components of the sperm of the two rockfish analyzed in this
paper. Protein sequencing was performed as described in
Jutglar et al. ("91). (B) Visual alignment of the sequences
shown in (A) highlighting the amino acid similarity and
differences between the two sequences. Externally fertilizing
Sb: Sebastolobus sp. and internally fertilizing S.m.: Sebastes

arginine. This is also indicated by the presence of a
protamine (Saperas et al.,, ’94a) in internally
fertilizing (Wourms, ’81; Wourms and Lombardi,
'92) Helicolenus dactylopterus dactylopterus (order
Scorpaeniformes, family Scorpaenidae, subfamily

Sebastinae; (Nelson, ’94). This is the same
subfamily that includes internally fertilizing
S. maliger.

There is one exception, however. Internally
fertilizing Cataetyx laticeps (order Ophidiiformes,
family Bythitidae) is a benthic, deep-sea vivipar-
ous fish. This is the only internally fertilizing
fish, amongst the eight species from four orders
examined so far, whose sperm contain an arginine-
enriched PL basic protein (Saperas et al., '93a;

J. Exp. Zool. DOI 10.1002/jez.a

maliger. The squares point to amino acid deletions and the
bold letters point to the disappearance of Q, K, N and P from
the Sebastolobus sp. protamine and their partial replacement
by R in the protamine of S. maliger. During this transition,
the arginine content of the protamine increases from
48.1% (mol/mol) in Sebastolobus sp. protamine to 65.1% in
S. maliger protamine (Table 1).

Chiva et al., ’95), along with histones, but no
protamine. This may be related to the particular
reproductive biology of such deep-sea brotulas.
These teleosts have a progenetic tendency (Mar-
shall, ’84) towards relatively short larval stages
(Moyle and Cech, ’88) in order to facilitate the
settling of a small number of young in their
benthic environment.

RAPID EVOLUTION
OF FISH PROTAMINES

In contrast to other SNBP types, the proteins
of the P-type appear to be present in organisms at
the tips of the evolutionary branches of both
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protostome and deuterostome organisms (Ausio,
’95, ’99; Lewis et al., 2003) and are noted for being
among the proteins with the highest rate of
evolution (Oliva and Dixon, ’91; Oliva, ’95). This
trait, which is shared with other reproductive
proteins (Wyckoff et al., 2000; Swanson and
Vacquier, 2002), makes protamines a very valu-
able tool as precise markers for evolution (Hunt
et al., ’96; Ausi6 et al., ’99; Lemke et al., ’99;
Gimenez-Bonafe et al., 2000; Lewis et al., 2003).
The protamine sequences of the two species of
rockfish (Fig. 2), one internal fertilizer (S. maliger)
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Fig. 3. Sequence alignment of protamines from teleost fish
from the orders Perciformes, Scorpaeniformes, Gasterostei-
formes, Salmoniformes, Clupeiformes, and Acipenseriformes
(Nelson, '94). The protamine of the internally fertilizing
chondrichthyan Scyliorhinus canicula (order Carcharhini-
formes) is also included in the analysis as an outgroup.
Sequences were aligned using the default parameters given
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and the other an external fertilizer (Sebastolobus
sp.), represent the first protein sequence informa-
tion on protamines from the order Scorpaeni-
formes. We have included this information within
a broader taxonomic context encompassing other
previously published protamine sequences from
externally fertilizing species of fish in six orders
(Saperas et al.,, '94a) to reconstruct the first
comprehensive phylogenetic tree of teleost fishes
based on protamines (Figs. 3 and 4). The intern-
ally fertilizing chondrichthyan Scyliorhinus cani-
cula, was chosen as the outgroup. The presence of
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|

|

|
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|
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v}

. JGAGFQQT
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. [SVGVQPR TJ. .
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by the program CLUSTAL_X (Thompson et al., ’97) and were
visually inspected for errors. Similar residues are indicated by
squares and new amino acids are indicated by the correspond-
ing amino acid replacements, taking sardaine Z1 protamine as
a reference. Indel events are designated by dashes and regions
of high and low homology are identified by black and gray bars,
respectively. *An internally fertilizing fish species.
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highly conserved homologous regions in teleosts
can easily be ascertained from inspection of the
alignments shown in Fig. 3, which have been used
to reconstruct the maximum parsimony tree
shown in Fig. 4. The phylogeny thus obtained
closely matches the taxonomic relationships ob-
tained from anatomical characters (Nelson, ’94)
and underscores once again the validity and
relevance of protamines as evolutionary markers,
most likely due to their rapid evolution. These
results also provide further support to the theory
of the vertical evolution of protamines (Ausid, ’99).
Although still controversial (Clark and Civetta,
2000), the rapid evolution of protamines has been
ascribed recently to a positive Darwinian (adap-
tive) selection process (Rooney and Zhang, ’99;
Wyckoff et al.,, 2000; Swanson and Vacquier,
2002), rather than to a relaxation in the evolu-
tionary constraints as had been proposed earlier
(Retief and Dixon, ’93). It is very likely that this
adaptive process has been determined by the
functional constraints imposed by chromatin con-
densation in the sperm nucleus. The term positive
selection refers here to selection ‘“in relation

L.J. FREHLICK ET AL.

male reproductive tissues (Eberhard, ’85; Wyckoff
et al., 2000).

With regard to the mammalian protamines P1
and P2 from primates and old world monkeys,
positive selection was inferred from the signifi-
cantly greater non-synonymous substitution rates
detected in comparison with rates at neutral
(intron and synonymous positions) sites (Rooney
and Zhang, ’99). From a more general perspective,
the selection of arginine-rich protamines in the
vertebrate lineage may have had its origin through
a frameshift mutation in PL-I, a sperm-specific
lysine-rich histone H1 (PL-I) in a primitive
chordate (Lewis et al., 2004). This mechanism
involves a few rapid changes at the protein level,
which later were positively selected.

It thus appears that the driving force behind
protamine evolution in vertebrates is a selection
process that acts at the amino acid level and favors
a high arginine content. Three structural/func-
tional determinants are possibly responsible for
this selection. First, an increase in arginine
content (probably at the expense of lysine resi-
dues) increases the affinity of a protein for DNA
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confers a greater flexibility in the formation of
hydrogen bonds with the DNA backbone (Cheng
et al., 2003), thus allowing a tighter chromatin
condensation in the sperm nucleus. Second, it has
been shown that arginine plays a special role at
the time of sperm-egg fertilization. For instance,
salmon protamine is able to activate the regula-
tory protein casein kinase II (CK-II) in fertilized
eggs by way of polyarginine clusters (Ohtsuki
et al., ’96). In contrast, polylysine clusters cannot
activate CK-II, suggesting that constraints other
than the basic charge are responsible for the
arginine selection. Finally, the sperm competition
hypothesis has been invoked in hominoid and old
world monkeys in order to account for an arginine-
rich selection in determining different shapes for
the sperm nucleus (Harcourt, ’91; Rooney and
Zhang, ’99).

In the case of the rapidly evolving protamines of
teleost fish (Lemke et al., ’99; Gimenez-Bonafe
et al., 2000), clues for selection favoring arginine
can also be found. In the two species highlighted in
this review, the protamine of the internally
fertilizing rockfish S. maliger exhibits a higher
arginine content (65.1mol%) (Table 1) than that
of the externally fertilizing Sebastolobus
(48.1mol%). In addition, the S. maliger sperm
nucleus has a lower histone content (Fig. 1B) and
the protamines are of lower molecular weight and
lack asparagine and glutamine residues (Fig. 2).
These observations can be interpreted in the light
of the primitive nature of protamines in Sebasto-
lobus. The more advanced protamines of
S. maliger would represent an adaptation to
cope with its more advanced mode of internal
fertilization, as has already been discussed in the
preceding section.

CONCLUDING REMARKS

Despite the protein divergence resulting from
the high rate of evolution, it is important to note
that the relative proportion of arginine residues
remains fairly constant (50-70mol%) in prota-
mines from different taxonomic groups (Rooney
et al., 2000), including both internally and
externally fertilizing teleost fish (Table 1). In
mammalian protamines, both the total number
of amino acids and the positions of arginine
residues have substantially changed during evolu-
tion. This pattern differs from that of most
proteins, where site-specific amino acid conserva-
tion is maintained and the non-synonymous
variation is much lower than the synonymous
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variation (Kimura, ’83; Nei, ’87). This phenomen-
on was analyzed by Rooney et al. (2000) in terms
of nucleotide frequencies and substitutions in
mammalian protamine P1. All six codons for
arginine have G in the second position. Selection
pressure must operate therefore so as to maintain
G at a high frequency in the second position in
order to elevate arginine levels in protamines. In
addition, non-synonymous substitution rates are
not as low as expected under ‘“canonical”’ purify-
ing selection. These results, which were also
verified in the case of several non-mammalian
vertebrate protamine genes and even in an insect
species, led these authors (Rooney et al., 2000) to
suggest that protamines are under an ‘“‘unusual”
form of purifying selection that maintains a high
arginine content at the protein level, rather than
conserving the position of arginine residues.

It seems clear now that in protamine evolution,
both positive Darwinian (adaptive) evolution and
an unusual form of purifying selection are tum-
bling the dice under strict constraints imposed by
structural and functional demands. As a result,
protamines emerge as a valuable marker that
allows us to trace the phylogenetic history of
different vertebrate groups, including teleost fish
(Fig. 4), in a way that mirrors the results obtained
using other more conventional molecular or
anatomical markers.
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