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Abstract We have characterized the major protamine-like pro-
tein (PL-III) from the sperm of the mussel Mytilus trossulus. The
molecular mass of the main protein component of PL-III, deter-
mined by mass spectrometry using fast atom bombardment and
matrix-assisted laser desorption ionization was 11304 £ 6 Da.
The complete protein sequence was established by Edman degra-
dation and the molecular mass derived from this sequence coin-
cides with that experimentally determined. The protein has a
sedimentation coefficient s,,,, = 1.15 * 0.5 S which is consistent
with a random coil of radius of gyration 34.3 £ 1.4 A.
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1. Introduction

In 1969, David Bloch published the first thorough classifica-
tion of the sperm nuclear basic proteins (SNBP) {1]. In this early
classification, SNBPs were arranged in five major types:
Crab type, consisting of relatively non-basic proteins (such as
those found in the sperm of several crustaceans), Rana type,
consisting of somatic-like sperm histones, Salmon type
(Monoprotamines), consisting of protamines lacking cysteine,
Mouse type (Stable protamines), consisting of the cysteine con-
taining protamines found in the sperm of eutherian mammals
and Mytilus type, consisting of sperm proteins with an amino
acid composition intermediate between protamines and his-
tones.

Although an extensive sequence analysis has been carried out
on both the monoprotamine and stable protamine groups and
to lesser extent on the sperm-specific histone group, there is still
very little information available on the primary structure of the
compositionally intermediate SNBPs of the Mytilus type.

In 1973 Subirana and co-workers [2] carried out a rather
comprehensive analysis of the SNBPs from different molluscs
including Mytilus. The nuclear sperm protein composition of
this later organism was shown to consist of three major pro-
teins: ¢2B, ¢1, and ¢3. The nomenclature of these proteins was
adopted following that of somatic histones and based on their
similar extractability with the organic solvents used at that time
to fractionate histones [3]. The letter H of histones was replaced
by ¢ to indicate the sperm origin of these proteins. A few years
ago, based on a more thorough biochemical and structural
characterization, we adopted a protamine-like (PL) nomencla-
ture for these proteins PL-II* (¢2B), PL-III (¢1), and PL-IV
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(#3) [4]. Recently we have published the complete sequence of
PL-IT* and PL-IV [5,6]. In the present paper, we report the
complete sequence of the PL-III component which is the most
abundant chromosomal protein of the sperm of Mytilus [7].

2. Materials and methods

2.1. Living organisms
Specimens of Mytilus trossulus, Gould, 1850, were collected at
Esquimalt Lagoon (Victoria, BC).

2.2. Gel electrophoresis
Acetic acid-urea-Triton (AUT) polyacrylamide gels were prepared
as described elsewhere [6].

2.3. Sperm collection and protein isolation

Sperm collection, nuclei isolation and HCI extraction of SNBPs was
carried out as described previously [4]. The crude HCI protein compo-
nents were fractionated into their individual PL protein components by
conventional ionic exchange chromatography on CM-Sephadex C-25
[5] or using reverse phase HPLC ona VYDAC C 4 (5 gm)(15 x 0.46 cm)
column (see Fig. 1) [5].

2.4. Proteolytic digestions

Protein PL-III at a concentration of =2 mg/ml in 100 mM ammonium
bicarbonate pH 8.0 was digested at room temperature with Astacus
fuviatilis protease(EC 3.4.99.6) (Serva) (E/S = 1/500, 30 min) or Elas-
tase (EC 3.4.21.36) (Worthington) (E/S = 1/100, 7 min). The protein
was also digested with endoproteinase Lys-C (EC 3.4.21.50) (Boehrin-
ger) at 1.5 mg/ml in 35 mM Tris-HCI (pH 8.0) (E/S = 1/100, 20 min)
at room temperature. Cleavage at Valine was achieved by digestion
with thermolysin (EC 3.4.24.4) (type X, Sigma) (E/S = 1/200) in 100
mM Ammonium bicarbonate pH 8.0 buffer at a protein concentration
of 1.4 mg/ml for 60 min at room temperature.

Immediately after digestion the resulting peptide mixtures were in-
jected directly onto a Vydac C,g column and the peptides were fraction-
ated using a linear 0-20% (120 min) acetonitrile gradient in 0.1% tri-
fluoroacetic acid, at a flow rate of 1 ml/min.

2.5. Amino acid analysis and protein sequencing

Amino acid analyses were carried out on an ABI Model 420A deriva-
tizer analyzer system, and the peptide sequencing was performed on an
ABI Model 470A gas-phase protein sequenator as described elsewhere
[5]. Both types of analyses were carried out at the Protein Microchem-
istry Center of the University of Victoria, BC.

2.6. Mass spectrometry

The molecular mass of PL-III was determined by matrix-assisted
laser desorption ionization using a Kratos Kompact MALDI ITI V2.0.1
(Kratos Analytical) time of flight spectrometer with a cyano-4-hy-
droxyciannamic acid matrix [8]. The molecular mass was also deter-
mined by fast atom bombardment using a Profile Kratos (Kratos Ana-
lytical). In the latter case the sample was dissolved in a solution contain-
ing 50% acetonitrile 1% acetic acid in water.

2.7. Sedimentation analysis

Analytical ultracentrifuge analysis was carried out in either a Beck-
man Model E or a Beckman XL-A analytical ultracentrifuge.

In some instances, sedimentation velocity analysis was carried out on
the model E using Schlieren optics and double sector synthetic bound-
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ary (Aluminum-filled epon) centerpieces in an An E rotor. Alterna-
tively, the analysis was carried out in the XL-A ultracentrifuge and the
sedimenting boundaries were scanned at 230nm. In this later instance
double sector (aluminum-filled epon) centerpieces were used in an An-
60 Ti rotor. The scans were analyzed by the method of Van Holde and
Weischet [9] using the Ultrascan data analysis software (Borries
Demeler, San Antonio, TX). Apparent sedimentation coefficients were
converted to standard conditions s, as described elsewhere {8]. Partial
specific volumes were estimated from the amino acid composition [10].
The scans were analysed using the Ultrascan software described above.
Conformational analysis was carried out according to Tanford [11].
The buffer used in all these experiments was 150 mM NaCl 10 mM
Tris-HCI (pH 7.5).

2.8. Secondary structure prediction

Secondary structure prediction from the primary structure of PL-III
was carried out according to Chou and Fasman [12,13] and to Garnier
et al. [14] using a MacVector programme (IBI).

3. Results

Fig. 1 shows the electrophoretic pattern and an HPLC profile
of the nuclear basic proteins of the sperm from Mytilus tros-
sulus. Three major sperm-specific components can be distin-
guished, PL-IT*, PL-III and PL-IV which coexist with a limited
amount (ca.10-15%) of somatic-like histones [4]. As it can be
seen in this figure, PL-IIT is the most abundant PL in the genus
Mpytilus and it represents about 60-70% of the PL protein
complement [7]. Despite being the most abundant of the three
PLs the primary structure of this protein has remained elusive.
To date, only partial sequence information was available on
PL-HI from different Mytilus species [5,15].

Fig. 2 shows the proteolytic-cleavage strategy followed to
ascertain the sequence of the protein. Several of the peptides
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Fig. 1. (A) Acetic acid—urea—Triton polyacrylamide gel electrophoresis,
and (B) HPLC fractionation of the sperm nuclear basic proteins of
Mpytilus trossulus. H = histones.
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Fig. 2. (A) Complete amino acid sequence of PL-III. AF = peptides
obtained by digestion with Astacus fluviatilis protease. KE = peptides
obtained by digestion with endoproteinase Lys-C. EL = peptides ob-
tained by digestion with elastase. TH = peptides obtained by digestion
with thermolysin. (B) Sequence comparison of the N-terminal region
of PL-IIT from: MC = M. californianus from reference [5] (partial se-
quence), ME = M. edulis from reference [15] (incomplete sequence) and
MT = M. trossulus.

generated in this way were then subjected to automated
Edman-degradation sequence analysis to generate the complete
sequence of the proteins shown in Fig. 2A.

The average molecular mass deduced form this sequence
11305 (11299 monoisotopic) is in very good agreement with
that of 11304 * 6 experimentally determined by mass spectrom-
etry for the main protein component of PL-III (see Fig. 3).
Refined fast atom bombardment analysis of the PL-III from
M. trossulus (data not shown) indicated the presence, in addi-
tion, of a minor protein component of molecular mass 11333
+ 4. This molecular mass is also in good agreement with the
experimental values previously reported using sedimentation
equilibrium and electrophoretic techniques. In fact the number
of amino acids of the sequence (101) agrees very well with the
number established (100) with these experimental techniques
[16].

PL-III has been shown to exhibit some interspecific variabil-
ity [17]. Indeed, mass spectroscopy analysis revealed that the
molecular mass of the major PL-III component of M. trossu-
lus is smaller than that of M. californianus (11350 = 10) or
M. edulis (11580 % 10).

Fig. 2B shows the partial N-terminal sequence of this protein
for the three species. As it can be seen there this region is
extremely variable, with most of the variability arising form
either deletion or conserved amino acid replacements. Indeed
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most of the mass difference between PL-III from M. trossulus
and M. edulis can be accounted for by the compositional differ-
ences observed in this region. As a matter of fact comparison
of the incomplete amino acid sequence available for M. edulis
[15] with that of M. trossulus presented here shows an identical
sequence beyond the first 20 N-terminal amino acids with only
one K—R substitution at position 39 (from the N terminus).

Secondary structure prediction analyses [12-14] show con-
siderable discrepancies (especially on the o helix assignment)
depending on the algorithm used. This most likely reflects the
difficulties encountered by the prediction methods [12-14] (but
see discussion) with arginine rich proteins such as PL-III [18].

Hydrodynamic analysis (Table 1) allowed us to model the
protein as a random coil of radius of gyration 34.3+ 1.4 A in
solution (see Table 1).

4. Discussion

Very recently Ruiz-Lara et al. [15], using an oligo(dT)-
primed ¢DNA library from gonadal poly(A)” RNA, published
the sequence of a cDNA for the protein PL-III (¢1) from the
sperm of the mussel Mytilus edulis. The cDNA, obtained in this
way, spanned an open reading frame of 91 amino acids. As
discussed by these authors, this number closely resembled that
of 100 previously determined by electrophoretic and sedimenta-
tion equilibrium analysis [16]. However, the Mass spectroscopy
of PL-III from different species of Mytilus (including edulis)
and Edman degradation sequence analysis of PL-III of M.
trossulus reported in the preceding section, while in good agree-
ment with most of the cDNA sequence, clearly confirm the
early suspicion [19] that the cDNA sequence could have been
incomplete.

The extremely adenine rich region (arising from the lysine
codons) found towards the 3’ end of the cDNA isolated by
Ruiz-Lara et al. [15] (which did not contain termination signal
[19]) and the priming strategy used, most likely account for the
incomplete protein sequence determined by this method. Nev-
ertheless, as we have mentioned earlier the first 87 amino acids
of partial sequence from the cDNA from M. edulis [15] are in
very good agreement with the protein sequence of PL-IIT from
M. trossulus determined by Edman degradation sequencing
(Fig. 2A).

Table |

Conformational parameters of PL-III

Molecular mass® 11,300

D,, cm’/g 0.736
S.w S 1.15+0.05
&,, g H,0O/g protein 0.41

flfo 1.32 + 0.05
R, A 17.3

R, A 28+1
RS’ 343+ 1.4

Molecular mass determined by mass spectrometry

D, partial specific volume (V),) estimated from the amino acid com-
position of the protein as described in [8].

¢, preferential hydration parameter estimated from the amino acid
composition according to Kuntz [25].

fIfy frictional ratio [11].

R, radius of an equivalent sphere [11].

R, Stokes radius.

R." radius of gyration assuming a random coil conformation.

[Rg = RJ0.665] [11].
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Fig. 3. Fast atom bombardment spectrum of PL-III.

One of the most unique features of PL-I1I sequence (see Fig.
2) is the presence of a long N-terminal stretch of alternating
S/R(K) residues which spans over the first 20 N-terminal amino
acids. This sequence has been found in the N-terminal region
of the SNBP of other bivalve molluscs form which partial
sequences are also available [20]. Also, a highly ‘homologous’
N-terminal region is present in PL-IT* (see Fig. 1) (an H1-like
protein) found in the sperm nucleus of Mytilus [5]. At this point
the possibility (not proven) of alternative splicing mechanism
such as it is also observed in some vertebrate protamines [21]
becomes very suggestive. Interestingly enough the repetitive
S/R motif is strongly reminiscent of the S/R domain of the
pre-mRNA splicing and processing regulators from Drosophila
122].

The sequence also contains a unique valine residue which,
from the amino acid analysis composition, seems to be con-
served throughout all the species analyzed thus far [17]. This
valine is found within the sequence ...PKKRRsagkrRV.... This
sequence strongly resembles the bipartite motifs of the nuclear
targeting signals of proteins that follow the model sequence
(PKKKRKY) of the SV40 large T antigen [23].

The secondary structure prediction analysis for PL-II1, based
on the primary structure of PL-I11, varies enormously depend-
ing on the prediction method used. The protein seems to consist
mainly of turns and a helices ~10% (Chou and Fasman [12,13])
or ~40% (Garnier and Robson [14]). The latter value is closer
to the values (26-52%) experimentally determined for this pro-
tein in the presence of helicogenic solvents [18]. None of the
prediction methods used indicate any presence of S-pleated
sheet conformation.

Under the buffer conditions used in the sedimentation veloc-
ity experiments (150 mM NaCl, 10 mM Tris-HCI pH 7.5), the
protein adopts a mainly random coil configuration [16]. The
radius of gyration (34.3 * 1.4 A) determined from the sedimen-
tation coefficient is in good agreement with the radius of gyra-
tion R; = 34.5 A previously determined from viscosity meas-
urements under the assumption of a random coil conformation
{16). These values compare very well with the value of 34 A
established for the radius of gyration of the nonhistone protein
HMG-17 which consists of 89 amino acids and is also devoid
of organized folding [24]. These results do not preclude the
possibility that, upon binding to DNA, PL-III might adopt a
more rigid structure. This could be the result of secondary
structure organization of the molecule induced by the neutral-
ization of the positive charges of the lysine and arginine side
chains by the DNA phosphates [18]. However, as discussed
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above, the exact extent of secondary structure involved remains
yet to be established.
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