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Abstract Functional evidence indicates that voltage-dependent
Ca®" (Ca,) channels participate in sea urchin sperm motility
and the acrosome reaction (AR), however, their molecular iden-
tity remains unknown. We have identified transcripts for two
Ca”* channel o1 subunits in sea urchin testis similar in sequence
to Ca,1.2 and Ca,2.3. Antibodies against rat Ca,1.2 and Ca,2.3
channels differentially label proteins in the flagella and acrosome
of mature sea urchin sperm. The Ca, channel antagonists nifed-
ipine and nimodipine, which inhibit the AR, diminish the intracel-
lular Ca* elevation induced by a K*-induced depolarization in
valinomycin-treated sperm. These findings reveal that Ca,1.2
and Ca,2.3 channels could participate in motility and/or the
AR in sea urchin sperm.

© 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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1. Introduction

Tonic flux regulates and controls sperm motility and the
acrosome reaction (AR), two essential processes for fertiliza-
tion in many species [1]. In sea urchins, the metabolic state
and motility of sperm are modulated by small peptides called
sperm-activating peptides (SAPs), which are released from
the egg investments. These peptides facilitate gamete encounter
and possibly the AR, acting in concert with other factors in the
egg coat [2-4].

Speract, a 10 amino acid SAP from the egg jelly coat of
Strongylocentrotus purpuratus and Lytechinus pictus [5,6], elic-
its a series of ion permeability changes which include a fast de-
crease in intracellular calcium concentration ([Ca**li) [7]
followed by a transient increase that involves at least two
Ca®" transport systems. The molecular identity of the trans-
port mechanisms underlying these multi-phasic [Ca"]i changes
is unknown, but they possibly include voltage-dependent Ca*
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Abbreviations: ASW, artificial sea water; [Ca2+]i, intracellular calcium
concentration; AR, acrosome reaction; Ca,, voltage-dependent Ca®;
SAP, sperm-activating peptide; HVA, high voltage-activated; LVA,
low voltage-activated

(Ca,) channels and Ca®" transporters [7—12]. Furthermore, the
AR, an exocytotic reaction necessary for sperm to fuse with
the egg, is also dependent on regulated changes in [Ca**]i. Dur-
ing this reaction, the acrosome vesicle on the tip of the sea
urchin sperm head fuses with the plasma membrane. The
egg-coat component that induces the AR is a fucose sulfated
glycoconjugate (FSG) [13]. Upon its binding to the sperm,
FSG transiently opens a Ca**-selective channel that is blocked
by the Ca, channel inhibitors verapamil and dihydropyridines
[14]. Seconds later, a second channel, possibly a store-operated
Ca’* channel insensitive to the latter blockers, activates and
leads to vesicular fusion [15,16].

Because certain [Ca®']i changes triggered by speract [7,11]
and FSG [16,17] are influenced by dihydropyridines and other
Ca, channel blockers, it has been proposed that Ca, channels
participate in these sperm processes. However, to date no Ca,
channel from sea urchin sperm has been unequivocally identi-
fied. Only two sea urchin sperm ion channels have been cloned
and both are hyperpolarization and cyclic nucleotide gated
channels, SpHCNI [18] and SpHCN2 [19].

The major function of Ca, channels is to convert membrane
potential changes into intracellular Ca?' signals. The Ca,
channel permeation pathway is formed by its o; subunit, which
is encoded by a family of at least 10 genes in mammals. Each
o,; subunit is composed of four repeated domains (I-1V), each
containing six transmembrane alpha helices (S1-S6) surround-
ing a central pore [20,21]. Ca, channels fall into two major
functional classes: high voltage-activated (HVA) and low volt-
age-activated (LVA) channels. HVA channels open following
strong depolarizations and have been classified according to
the biophysical and pharmacological characteristics of their
currents into L-, N-, P/Q- and R-type. This class of channels
is encoded by 7 members of the o, family: Ca,1.1 to 1.4 and
Ca,2.1 to 2.3 [20,21]. The current through HVA channels
may be modulated by alternative splicing of the o; subunit
mRNA, by the presence of auxiliary subunits (B, y and 9)
and by post-translational modifications [20,22]. LVA Ca,
channels, also known as T-type, include Ca,3.1 to 3.3.

The known invertebrate Ca, channels may be classified into
similar Ca, subclasses as in mammals, based on pharmacolog-
ical sensitivities to organic and inorganic antagonists and
channel kinetics [23]. Cloning of Ca** channel subunits from
various invertebrate species has helped to clarify the organiza-
tion and evolution of metazoan Ca>* channel genes [24].

The present report describes for the first time the presence of
two Ca* channel o subunits related to the mammalian HVA
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Ca,1.2 and Ca,2.3 in sea urchin testes. These transcripts were
detected by Northern blot and RT PCR. Mammalian antibod-
ies to these two Ca®* channel o, subunits differentially recog-
nized proteins along mature sea urchin sperm. Nifedipine
and nimodipine, which influence motility and/or inhibit the
AR, diminish the [Ca®*]i increase induced by a K*-induced
depolarization in valinomycin-treated sperm, corroborating
the presence of Ca, channels in these cells.

2. Materials and methods

2.1. Gametes and reagents

Strongylocentrotus purpuratus and Lytechinus pictus sea urchins were
obtained from Marinus (Long Beach, CA, USA) and from Pamanes
Inc. (Ensenada, Baja California, Mexico). Spawning was induced by
an intracoelomic injection of 0.5 M KCI. Dry sperm were collected
and kept on ice until used. Artificial seawater (ASW) contained
(mM): 450 Nacl, 10 KCl, 10 CaCl,, 26 MgCl,, 30 MgSOy,, 2.5 NaH-
COs, 10 HEPES, 0.1 EDTA (pH 8.0, 950-1000 mOsm). Low Ca**
ASW pH 7.0 =ASW at pH 7.0 but with 1 mM instead of 10 mM
CaCl,. Nimodipine was from Tocris Cookson Inc. Nifedipine was
from Sigma-Aldrich. 2-(2-(4-Nitrobenzyloxy) phenyl) isothiourea
methanosulphonate (KB-R7943) was a gift from Dr. Vacquier (Uni-
versity of California, San Diego, CA, USA). Antibodies anti-Ca,2.1,
2.2,2.3, 2.4; anti-Ca, 1.2, 1.3; anti-Ca,3.1, 3.3 and anti-Pan were from
Alomone Labs (Jerusalem Israel). Alexa 488, Alexa 594 and Fluo4-
AM were from Molecular Probes Inc. (Eugene, OR, USA). The rest
of the reagents were of the highest quality available.

2.2. RT PCR experiments and cloning

RNA from S. purpuratus testes was extracted using TRIzol Reagent
(Sigma) according to the manufacturer’s instructions. cDNA was syn-
thesized from total RNA by random hexamer-primer reverse transcrip-
tion (Superscript II RNase H-Reverse transcriptase, Invitrogen).
cDNA was then subjected to PCR amplification using Titanium Taq
DNA Polymerase (Clontech). The primers used to amplify PCR frag-
ments for the Ca,l.2 and Ca,2.3 (A1C forward: 5-ATG CTG ACC
GTG TTC CA-3', AIC reverse: 5'-ATC CTC CTC TAT CTG TTG
CTT-3’; AlEb forward: 5-GCC CAG CAG ACA CCT AAC-3,
AL1EDb reverse: 5'-AAC ACG CAG TCA AAC ACG-3’) were designed
using as template those sequences from the sea urchin genome data-
base (http://www.hgsc.bcm.tmc.edu/projects/seaurchin/) that aligned
with rat Ca,1.2 and 2.3 sequences.

2.3. Sequence analysis

Amplified products were sequenced and blasted (tBLASTx) against
the non-redundant GenBank database (http://www.ncbi.nlm.nih.gov/
BLASTY/) in order to confirm their identity. The cDNA sequences were
translated into the corresponding peptide sequences, and then analyzed
by means of several computational bioinformatics tools: CLUSTALW
in the BioEdit program was used for alignments; transmembrane
regions and domains were predicted with SMART (http://smart.
embl-heidelberg.de/) and TMHMM (http://www.cbs.dtu.dk/services/
TMHMM-2.0/) programs.

2.4. Phylogenetic analysis

Complete sequences from various organisms were used to generate a
neighbor-joining phylogenetic tree (Fig. 2) of Ca, channels. Ca,3.1
from human was used as outgroup. The tree was made using the pro-
gram MEGA3 [25] with 3000 replications and Poisson correction.
GenBank Accession Nos. were: Q13698, human Ca,1.1; 057483, frog
Ca,l.1; P22316, carp Ca,l.1; NP_000710, human Ca,l1.2; QO01815,
mouse Ca,l1.2; NP_571975, zebrafish Ca,1.2; NP_000711, human
Ca,1.3; AAS20586, zebrafish Ca,1; P27732, rat Ca,1.3; NP_005174,
human Ca,l1.4; NP_062528, mouse Ca,l.4; NP_000059, human
Ca,2.1; NP_037050, rat Ca,2.1; CAIl11858, zebrafish Ca,2.1;
NP_000709, human Ca,2.2; NP_671482, rat Ca,2.2; P56698, electric
ray Ca,2.2; NP_000712, human Ca,2.3; Q07652, rat Ca,2.3; P56699,
electric ray Ca,2.3; AADI11470, coral; AAC63050, jelly fish;
BAA13136 squid and BAA34927, ascidian. The Ca, channel cDNA
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fragments access numbers are: DQ185022 for suCa,L and DQ185022
for suCa,NL. The predicted sea urchin Ca, sequences are:
XP_780220 for suCa,NL and XP_783410 for suCa,L.

2.5. Immunolocalization

Sea urchin sperm were diluted (1:900) in ASW and the coelomocytes
were removed. Sperm were bound onto glass slides coated with a bio-
adhesive (Electron Microscopy Sciences, Ft. Washington, PA, USA)
and allowed to settle for 60 min. Samples were immediately fixed with
4% paraformaldehyde in ASW pH 8.0 for 10 min, rinsed with PBS (3
times, 5 min), permeabilized with 0.1% Triton X-100 for 10 min, and
blocked with 2% BSA for 1-2 h. Thereafter, samples were incubated
overnight at 4 °C in a 1:50 dilution of primary antibodies and 2%
BSA-PBS. After rinsing with PBS (3 times, 5 min), samples were incu-
bated 1 h at RT with Alexa Fluor 594 or 488 goat anti-rabbit IgG, and
rinsed again with PBS (3 times, 5 min) before they were examined with
a confocal laser-scanning microscope (BioRad 600, Zeiss LSM 510
Meta). Control experiments were performed by pre-incubation of the
primary antibodies with their respective antigenic peptides. Images
shown are representative of at least three separate experiments under
each condition.

2.6. Western immunoblotting

Sperm plasma membranes were isolated as in Garcia-Soto et al. [26].
They were dissolved in loading buffer and subjected to SDS-PAGE
and Western blotting. Ca, antibodies anti-Ca,l1.2, anti-Ca,2.3 and
anti-Pan were diluted 1:200. Control experiments were performed incu-
bating the primary antibody with a fivefold excess of the antigenic pep-
tide. Signals were detected with the ECL system (Amersham).

2.7. [Ca®* Ji measurements

Sperm population [Ca"]i measurements were performed on a SLM
8000 Aminco spectrofluorometer with a temperature-controlled cell
holder equipped with a magnetic stirrer, at 16 °C. Sea urchin sperm
were loaded with Fluo-4 (excitation 505 nm and emission 525 nm) as
previously reported [27]. 10 pl of the sperm suspension were added
to a round cuvette containing 1.6 ml ASW, pH 8.0 at 16 °C. The sus-
pension was stirred constantly and left to equilibrate for 1 min before
proceeding to the assay.

3. Results

3.1. Sequence analysis

Transcripts from both Ca, L-type and Ca, non-L-type could
be amplified by RT PCR using S. purpuratus testes cDNA
(Fig. 1A). The sequenced transcripts were blasted (tBLASTx)
against the non-redundant database at NCBI and both have
a high similarity with Ca, channels. One fragment, corre-
sponding to Ca, L-type channels and named suCa,L, had
the expected length (243 bp) and encodes a fragment of 81 ami-
no acids (aa) that shows 78% identity with a 81 aa fragment
(aa 354-434) from rat Ca, 1.2 (NP_058994) (Fig. 1B). The other
non-L-type fragment, named suCa,NL, is 651 bp long and is
shorter than the corresponding fragment in rat Cav2.3 (1580
bp), NP_037050. However, the translated sequence has a high
similarity with rat Ca,2.3 in two segments flanking the ampli-
fied region (similarity of 59% and 74%, respectively) (Fig. 1C).
suCa,L shows the highest similarity (92%) with human Ca, L-
type (A45290) and suCa,NL (57%) with Ca, non-L-type from
snail AAO83841 (not shown).

Fragment suCa,L corresponds to the S6 of domain I from
rat Ca,1.2 and fragment suCa,NL to the S1, S2 and S3 of do-
main II from rat Ca,2.3 (Fig. 1). With the use of the contigs
from the sea urchin genome database, we predicted partial se-
quences for suCa,L and suCa,NL (data not shown). While the
paper was in revision, the first annotation of the Sea Urchin
Genome Project appeared at the NCBI site and we used our
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Fig. 1. suCa,L and suCa,NL are expressed in S. purpuratus sperm. (A) RT PCR using S. purpuratus testes cDNA. The amplified fragment for suCa,L is
243 bp long and the fragment for suCa,NL is 651 bp long. Their identity was confirmed by sequencing as L-type and non-L-type Ca, channels,
respectively. (B) Alignment of suCa,L and rat Cavl.2, the transmembranal segment IS6 is underlined. This alignment gives a residue identity of 78%. (C)
Alignment of suCa,NL and rat Ca,2.3, transmembrane regions IIS1, IIS2 and IIS3 are underlined. In this case, the amino acid sequence of suCa,NL
aligns with the flanking regions of the intended region to be amplified; then, there are 352 residues in between. The sequence corresponding to the 5’
flanking region (rat Ca,2.3, 1-778aa) is 44% identical and the 3’ region (rat Ca,2.3, 1139-1280aa) has an identity of 59%. Black shaded amino acids are
identical, grey shaded residues are similar according to matrix BLOSUM 62. Percentage of similarity and identity is shown for each alignment.

partial sequences to pull out the predicted sequences. This
information will now make it easier to obtain the complete
clones of these two channels in order to do functional assays
by heterologous expression.

3.2. Phylogenetic analysis

The neighbor-joining phylogenetic tree originated with rep-
resentative Ca, channel sequences (Fig. 2) shows that the su-
Ca,L fragment falls into the L-type family and the suCa,NL
is member of the non-L-type Ca, family. In addition, using
the predicted sequences instead of the fragments, the topology
of the tree remains identical (Fig. 2). These sea urchin Ca,
channels do not belong to any of the groups already con-
formed by mammals, they seem to belong to different sub-
groups which diverged earlier than their mammal partners did.

3.3. suCa,s expression is detected in S. purpuratus testes

Northern blot analysis with total RNA from S. purpuratus
testes from both suCa,s was performed. Two bands of around
7.0 and 3.2 Kb were obtained for suCa,L. The 7.0 Kb band is
consistent with the length from most L-type Ca,s. With su-
Ca,NL, we obtained three bands of around 6.0, 3.2 and 1.5
Kb; the 6.0 Kb band is consistent with the length from most
non-L-type Cays (not shown).

3.4. Protein analysis of suCa,L and suCa,NL in S. purpuratus
and L. pictus sperm
The high homology of suCa,L with rat L-type Ca,1.2 and
suCa,NL with rat non-L-type Ca,2.3 encouraged us to test
the commercially available rat antibodies against different
Ca, channels, by immunolocalization and Western blot in
sea urchin sperm. The set of antibodies included a general anti-

body that detects a domain present in all HVA Ca, channels
(anti-Pan). Immunofluorescence was detected in sea urchin
sperm flagella, acrosomes and mitochondria with anti-
Ca,l1.2, Ca,2.3 and Pan antibodies (Fig. 3). Anti-Pan stained
the base of the head where the mitochondrion is located, the
acrosome (fluorescent dot) and the flagella with a weak and
punctuated fluorescent pattern. Ca,1.2 staining was more pro-
nounced and evenly distributed in the tail, and almost imper-
ceptible in the tail-head connection. In contrast, Ca,2.3
displayed a very strong signal in the mitochondrial area and
an intense fluorescent dot in the acrosome. Flagellar labelling
with this antibody was sparse. The discrete staining patterns
revealed by the different Ca, ol subunit antibodies in sea urch-
in sperm suggest the expressed channels may be separately in-
volved in different functions such as motility and the AR.

The antibodies employed were raised against rat Ca, chan-
nels. To test their specificity in sea urchin sperm we performed
immunolocalization controls by incubating the antibodies with
their corresponding antigenic peptide for anti-Ca,l1.2, anti-
Ca,2.3 and anti-Pan. Under these conditions none of the three
antibodies gave a signal (not shown), confirming their specific-
ity. Furthermore, antigenic peptides from Ca,2.1, Ca,2.3,
Ca,3.1 and TRPC6 could not block labelling by anti-Ca,1.2
or Ca,2.3 (except its corresponding peptide), thus, demonstrat-
ing the specificity of their inhibitory action. We then searched
for the sequences of the corresponding antigenic peptides with-
in the partial and the predicted sequences for suCa,L1 and su-
Ca,NL1 we had found. The only antigenic peptide present in
both suCa,s sequences was that of anti-Pan, which corrobo-
rates the presence of Ca, channels in sea urchin sperm. We
cannot conclude that the other peptide sequences are absent,
as the suCa, sequences are predicted but not confirmed and
the cDNA sequences we found are still incomplete.
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Fig. 2. Phylogenetic analysis of Ca>* channel al subunits. Neighbor-joining tree made with the alignment of 26 full length sequences from different
species. Ca,3.2 from human was used as out group. The two sea urchin sequences are in bold. Numbers at interior nodes are bootstrap percentages

from 3000 replications. Accession numbers for sequences are enlisted in Section 2.
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Fig. 3. Ca, channels immunolocalization in sea urchin sperm. Representative confocal micrograph sperm stained with Pan (A), Ca, 1.2 (B) and Ca,
2.3 (C) specific antibodies showing the immunofluorescence localization of the proteins. Inbox represents the corresponding phase contrast images.
(D) Western blots demonstrating the expression of Ca, proteins in sea urchin sperm, sperm flagellar membranes blotted with anti-Pan (1), anti-Ca,

1.2 (2) and anti-Ca, 2.3 (3) specific antibodies.
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To further test the specificity of the Ca, antibodies, Western
blot analyses were performed with sea urchin flagellar mem-
branes. The results are consistent with our immunofluores-
cence findings. All antibodies mentioned above (Section 2)
were tested, but bands were only obtained with anti-Ca,1.2,
anti-Ca,2.3 and anti-Pan. Anti-Ca,1.2 revealed two bands of
approximately 181 and 108 kDa (Fig. 3D2). Anti-Ca,2.3
stained one band of about 138 kDa (Fig. 3D3). Using anti-
Pan, we observed two bands of 172 and 129 kDa (Fig. 3D1).
All the bands detected, several of which are reported by the
Ca, antibody supplier, were completely blocked when the anti-
bodies were incubated with their corresponding antigenic pep-
tides (PEP). As before, the antigenic peptides from the other
Ca, channels could not compete with anti-Ca,1.2 staining. It
is worth noting that similar results (not shown) were obtained
when the Ca, antibodies were tested in L. pictus sperm.

3.5. Ca, channels are functionally present in sea urchin sperm
To investigate whether the Ca, channels reported by the
antibodies are functional in sea urchin sperm, we measured
[Ca®*]i increases in sperm populations following depolariza-
tion in the presence and absence of dihydropyridines. These
experiments were performed with L. pictus sperm, in which
the Ca, channel antibody staining patterns are very similar
to those we report in S. purpuratus sperm (not shown). L. pic-
tus sperm were hyperpolarized with 1 uM valinomycin in

A | SW 1mM K* + 0.7mM EDTA + 1uM Valino

20 mM K*

Control

0.5
KB-R
0.4 Nife
£ 03
w
0.2

Nimo

I

] 1
0 10 20 30 40 50

Time (sec)

A FIFo

SW 1mM K* + 0.7mM EDTA pH 8.0

| 30um Nife | 30,M Nimo | 20, KBR

| + 1uM Valinomycin + 20mM K*

Fig. 4. Intracellular Ca®* experiments show the functional presence of
Ca, channels in sea urchin sperm. Sperm loaded with Fluo-4 (see
Section 2) were suspended in SW 1 mM K* 0.7 mM EDTA plus 1 uM
valinomycin to hyperpolarize sperm and remove Ca, channels inac-
tivation. Ca®* channel opening was evaluated by 20 mM K* addition
to depolarize membrane potential in presence of 30 uM Nifedipine,
30 uM nimodipine and 20 pM KB-R7943 (A). The bars represent the
means £ S.E.M. of the increase in F/F,. The difference between
nimodipine and control were significant (* P < 0.05) (n="7) (B).

6671

1 mM KCl ASW to remove Ca, channel voltage-dependent
inactivation [28]. Thereafter, the cells were depolarized by
increasing external K to 20 mM. Fig. 4A illustrates the in-
crease in [Ca*]i induced by the K* addition. Treatment with
the Ca, channel antagonists nifedipine (30 uM) or nimodipine
(30 uM) inhibited 20-30% of the control [Ca?']i increase.
20 pM of KB-R7943, a Na*/Ca®>* exchanger inhibitor, did
not affect [Ca®*]i. Fig. 4B presents a summary of the results.

4. Discussion

Functional studies have implicated the participation of Ca>*
channels in sea urchin sperm physiology [1,16,17]. However,
the identity of the Ca®* channels in sea urchin sperm has not
previously been established. Ca, channel antagonists inhibit
the AR induced by the egg investments and influence the spe-
ract-induced changes in [Ca®*]i, membrane potential and
motility, indicating a relevant role for these channels in these
important sperm functions [7,9,11,14,16,29,30]. Furthermore,
Ca, channel subunits are present in mature mammalian sperm
[31-35] and in many invertebrate species [24].

The S. purpuratus Ca, channels have the general structural
characteristics of the members of the Ca, channel superfamily.
Even though the sequences of suCa,L and suCa,NL are par-
tial, they contain a section of the domains I and II, respec-
tively, and suCa,NL has one of the conserved EEEE motif
required for Ca" selectivity of Ca, channels [36]. It was thus
not entirely unexpected that the antibodies against Ca, chan-
nels generated from rat sequences could detect these proteins
in the sea urchin sperm.

Consistent with the findings above described, we found in S.
purpuratus testis one partial cDNA sequence for a Ca, ol sub-
unit (suCa,L) that shares homology with L-type channels, and
another sequence that is similar to non-L-type Ca, channels
(suCa,NL).

Furthermore, using all the commercially available antibodies
to mammalian Ca, channels, we detected by immunocyto-
chemistry as well as by Western blot, signals in sperm with
anti-Ca,1.2 and anti-Ca,2.3, and as anticipated with anti-
Pan. Ca,l1.2 and Ca,2.3 have previously been detected in
mouse [37] and human sperm [34].

Functional studies using Ca, channels blockers in sea urchin
sperm indicate that Ca, channels participate in motility and/or
the AR. Since the identified Ca, channels suCa,L and su-
Ca,NL are present in the sperm head and flagella of this spe-
cies, we suggest that they may play an important role in
motility and/or the AR.
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