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Abstract. Calciseptine is a natural peptide consisting of
60 amino acids with four disulfide bonds. The peptide is
a natural L-type Ca2+-channel blocker in heart and other
systems, but its actions in skeletal muscle have not been
previously described. The aim of this study is to char-
acterize the effects of calciseptine on L-type Ca2+ chan-
nels of skeletal muscle and on contraction. Whole-cell,
patch-clamp experiments were performed to record Ca2+

currents (ICa) from mouse myotubes, whereas Vaseline-
gap voltage-clamp experiments were carried out to re-
cord ICa from frog skeletal muscle fibers. We found that
calciseptine acts as a channel agonist in skeletal muscle,
increasing peakICa by 37% and 49% in these two prepa-
rations. Likewise, the peptide increased intramembrane
charge movement, though it had little effect on contrac-
tion. The molecular analysis of the peptide indicated the
presence of a local, electrostatic potential that resembles
that of the 1,4-dihydropyridine agonist Bay K 8644.
These observations suggest that calciseptine shares the
properties of 1,4-dihydropyridine derivatives in modu-
lating the permeation of divalent cations through L-type
channels.
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Introduction

Ca2+ channels are especially relevant to the physiology
of cells where Ca2+ acts as a second messenger. In skel-
etal muscle, the L-type calcium channel is a complex of

five subunits:a1s, b, g anda2-d. Thea1s subunit alone
can function as a voltage-gated calcium channel and con-
tains the receptor for dihydropyridines (DHP) and other
calcium channel antagonists (for a review,seeCatterall
et al., 1993). L-type channels in muscle have two dis-
tinct functions: as voltage sensors, they play an essential
role in skeletal muscle, regulating the release of Ca2+ by
the sarcoplasmic reticulum (for reviewsseeLamb, 1992;
Melzer, Hermann-Frank & Lu¨ttgau, 1995); in addition,
the channels are permeant to Ca2+, giving rise to very
slowly activated Ca2+ currents (Sa´nchez & Stefani, 1983;
for a reviewseeMelzer et al., 1995). Similar to their
action on other excitable cells, DHP antagonists block
muscle Ca2+ channels (Almers & McCleskey, 1984;
Dirksen & Beam, 1995), whereas DHP agonists have the
opposite effect (Ildefonse et al., 1985).

In recent years, the actions of calciseptine, a natural
peptidic L-type Ca2+ channel blocker, have been de-
scribed (De Weille et al., 1991). Calciseptine blocks L-
type currents in heart in a way that resembles that of
1,4-dihydropyridines. In the present experiments, we
have described the effects of calciseptine on Ca2+ chan-
nels of skeletal muscle and have found that in this prepa-
ration, the peptide acts as an agonist of Ca2+ currents, but
has little effect on contraction.

Materials and Methods

MECHANICAL RECORDINGS

Isometric tension was measured in two different preparations: twitch
frog muscle fibers and rat skeletal muscle fibers. Single twitch muscle
fibers were dissected from the tibialis anterior muscle of adult speci-
mens ofRana montezumaeand small bundles of muscle fibers (1–2 mg
wet weight) were dissected from flexor digitorum brevis muscles of
adult rats (Wistar). The animals were sacrificed by decapitation. Intact
fibers were prepared with short tabs of tendon in which pin holes wereCorrespondence to:J.A. Sánchez; email: jsanchez@mail.cinvestav.mx
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made for the insertion of hooks. Isometric tension was measured with
a mechanoelectronic transducer (Cambridge Technology, Watertown,
MA) in fibers bathed in standard frog Ringer’s (solutionA) or in rodent
Ringer’s (solutionB) bubbled with oxygen. The transducer was
mounted on a micrometer slide which was used to adjust the fiber
length. The fibers were suspended between two stainless-steel hooks,
one of which was attached to the recording bath chamber and the other
to the force transducer whose output was sampled by a Pentium-based
microcomputer. The fiber rest length was adjusted to produce the
maximum twitch, which corresponded to a sarcomere length of be-
tween 2.0 and 2.2mm, as measured by a high-magnification water-
immersion objective. Muscle cells were stimulated extracellularly with
rectangular pulses of 1.5-msec duration, passed through two platinum
electrodes placed on each side of the fibers. The amplitude of the
pulses was 1.5 times the threshold for mechanical activation.

CELL CULTURE

Primary cultures were prepared from fore- and hindlimbs of 2- to 3-day
old mice. The limb muscles were finely minced and then incubated at
37°C for 1 hr in rodent Ringer’s (solutionB in the Table), which also
contained glucose (11 mM), trypsin (0.3%) and DNAase (0.01%), buff-
ered with HEPES at pH4 7.4. After filtration and centrifugation to
remove large debris, the cell suspension was preplated for 2 hr in glass
to remove rapidly adhering cells and then plated onto 1.8-cm cover
slips in plating medium containing (vol/vol) 80% Dulbecco’s modified
Eagle’s medium with 4.5 g/liter glucose (DMEM), 10% horse serum,
and 10% calf serum. After 3 days, the plating medium was replaced
with maintenance medium: 98% DMEM, 2% horse serum and cytosine
arabinoside (10−5 M). All culture media contained penicillin (100
U/ml) and streptomycin (100mg/ml). Cultures were maintained at
37°C in a 95% air, 5% CO2, water-saturated atmosphere.

Membrane currents were recorded from myotubes 4–7 days after
the initial plating. The myotubes selected had a compact, nonbranch-
ing geometry. Cell diameters were typically 30mm and lengths were
100 mm.

VOLTAGE-CLAMP EXPERIMENTS

Membrane currents were measured in two different preparations: single
frog skeletal muscle fibers and mouse myotubes. The triple-Vaseline-
gap voltage-clamp technique developed by Hille and Campbell (1976)
was used to measure membrane currents in cut frog skeletal muscle
fibers. Minor modifications to the technique were made as described

elsewhere (Arreola et al., 1987). A long segment of a single muscle
fiber was dissected in frog Ringer’s solution (solutionA in the Table)
and was tested for contractility with a high-K+ solution (solutionF).
The fiber was pinned down at a sarcomere length of about 2mm and
allowed to contract and then relax spontaneously. The fiber was then
laid in a chamber across three Vaseline seals, which divided the cham-
ber into four pools. The ends of the fiber were cut while they lay in the
end pools that contained an internal solution. The segment of the fiber
lying in one particular inner pool was voltage-clamped; the renewal of
the external solution for this segment was ensured by a steady flow of
new solution, effectively exchanging the pool volume at least 40 times.
Movement artifacts consequent to stimulation were suppressed by a
high concentration of intracellular EGTA (solutionG).

The patch-clamp technique in the whole-cell configuration
(Hamill et al., 1981) was used to measure membrane currents in myo-
tubes. Pipettes were double-pulled from hard glass (KIMAX-51,
Kimble Glass, Toledo, OH) using a David Kopf 700 D (Tujunga, CA)
vertical puller. 70–90% of the series resistance was compensated.
Membrane currents were measured with an Axopatch 200A amplifier
(Axon Instruments, Foster City, CA).

DATA COLLECTION AND PULSE PROTOCOL

Twitch and tetanic tension were elicited with the following stimulation
protocol: first, a single stimulus was applied to produce one twitch and
after that, tetanic tension was elicited by stimulation at 30 Hz during
300 msec. This cycle was applied every 15 sec. In another set of
experiments, only twitches were elicited at intervals of 14 sec.

Ca2+ currents were elicited by delivering ten command pulses of
either 400 msec or 500 msec duration and of increasing amplitude in
10-mV steps. The whole sequence was bracketed by four consecutive
hyperpolarizing control pulses, −20 mV from the holding potential
(Eh). Linear currents were subtracted ‘off line’ after the appropriate
scaling of membrane currents generated by the −20 mV hyperpolariz-
ing pulses. The holding potential was set at −80 mV. In charge move-
ment experiments, the holding potential was set to −100 mV or to −80
mV and 13 command pulses of 50 msec duration and of increasing
amplitude in 10 mV steps were delivered. Linear membrane currents
were subtracted off-line by appropriate scaling of membrane currents
generated by control pulses.

Analog signals were sampled by a Pentium-based microcomputer
and were amplified and filtered with an active four-pole, low-pass
Bessel filter with a corner frequency of no more than half the sampling
frequency. Data were analyzed by a combination of pCLAMP 6.0
(Axon Instruments, Foster City, CA) and in-house software.

Table 1. Composition of solutions (mM)

Na+ K+ TEA+ Ca2+ Mg2+ CH3SO3
− SO4

2− Cl− Cs+ EGTA− Mg2+ Aspartate Cl−

Extracellular solutions
A 117 2.5 — 1.8 — — — 123.1 — — — — —
B 146 5 — 2 1 — — 152 — — — — —
C — — 106 10 — 126 — — — — — — —
D — — 106 — 10 126 — — — — — — —
E — — 110 10 — 110 — 20 — — — — —
F — 160 — — — — 80 — — — — — —

Intracellular solutions
G — — — — — — — — 118 20 1 100 —
H — — — — — — — — 140 10 5 140 10

Solutions C–E also contained 3 × 10−7 M tetrodotoxin
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Parameter values given in the text are expressed as mean ± stan-
dard error of the mean (SEM). The fitting of numerical formulas to
experimental data employed a nonlinear least-squares algorithm.
When calculating statistical significance, Student’s pairedt-test was
used with significance at the levelp < 0.05.

SOLUTIONS

The solution employed for measurements ofICa in Vaseline-gap ex-
periments contained impermeant ions with the exception of Ca2+ (so-
lution C). In charge movement experiments, Ca2+ ions were replaced
by Mg2+ (solution D) to preserve the electrical properties of muscle
membranes (Arreola et al., 1987). Both ends of the muscle fibers were
bathed in an ‘internal’ solution containing impermeant ions (solution
G). Extracellular and intracellular solutions were buffered with 3-N-
morpholino propanesulphonic acid (MOPS, 4 mM) at pH 4 7.2 and
7.1, respectively.

Patch-clamp experiments were performed with the extracellular
and intracellular solutions shown in the Table (solutionsE and H,
respectively). Intracellular and extracellular solutions were buffered
with 5 mM HEPES at pH 7.2.

Calciseptine (Alomone Labs, Israel) was diluted in external so-
lution to the final concentration of 1mM from a concentrated stock in
water, and it was directly perfused onto the cell. Control recordings
were obtained prior to testing the effects of calciseptine. This concen-
tration was used because 1mM calciseptine, obtained from the same
source, stops spontaneous contractions of dissociated rat ventricular
myocytes and blocks 80% of the Na+ movements through the L-type
Ca2+ channel in the absence of Ca2+ (De Weille et al., 1991).

MOLECULAR MODELING

All computations were carried out on a Dell OptiPlex GX1 computer
using the molecular modeling package Chem-X (Oxford Molecular
Group, Oxford, UK). Structures of (-)-S-Bay K 8644 (Ca2+ channel
agonist), nifedipine (Ca2+ channel antagonist) and tetra-peptideN-
acetyl-Met-Trp-Pro-Tyr-methylamine (a fragment of FS2,seebelow)
were built and the geometry of molecules was optimized. The structure
of toxin FS2, a homologous 60-amino-acid polypeptide of calciseptine
(Kini et al., 1998), was obtained from the Molecular Modeling Data-
base (entry code 2288: coordinates of 20 conformers elucidated by
NMR; Albrand et al., 1995). The FS2 structure (conformer 10) was
used as a template to define the correct conformation of the tetra-
peptide. This was performed by the superposition of tetra-peptide on
the toxin residues Met45, Trp46, Pro47 and Tyr48 (at loop III), which is
a region deemed as critical for the interaction with the L-type calcium
channels (Kini et al., 1998; Schleifer, 1997). Furthermore, Kini et al.
(1998) proposed that the Ca2+-channel binding site in the toxin contains
these residues and synthesized an eight-residue peptide that exhibits the
L-type Ca2+ channel blocking properties of calciseptin, but with a
lower potency, suggesting that these residues interact with the channel
directly. The tetra-peptide backbone was fixed and a minimization
procedure was carried out to find the best orientation for the side
chains. Molecular electrostatic potential (MEP) of the tetra-peptide,
nifedipine and (-)-S-Bay K 8644 were computed by using the semiem-
pirical method AM1 (Dewar et al., 1985). The superposition of (-)-S-
Bay K 8644 and residues Tyr and Pro of the tetra-peptide was per-
formed to identify their common features on the MEPs; the Tyr indol
NH was fitted on the DHP NH and the Pro pirrolidine ring was fitted
alongside the 28-trifluoromethylphenyl ring.

Results

EFFECTS OFCALCISEPTINE ONICa

The major effect of calciseptine was to increase the am-
plitude of Ca2+ currents. Figures 1A and 1B show su-
perimposed records of membrane currents from a mouse
myotube. The currents were generated by the pulse pro-
tocol described in Methods. Figure 1A illustrates inward
currents under control conditions and Fig. 1B shows rec-
ords obtained from the same experiment after incubation
in calciseptine (1mM). The amplitude ofICa was larger
for all voltage steps. Figure 1C shows the relationship
between peakICa and membrane potential from the same
experiment. Open symbols represent results obtained
under control conditions and filled symbols, results after
the fiber was incubated in calciseptine. The peak ampli-
tude of ICa increased at all positive potentials by the
peptide. This increase was also observed in unsubtracted
records and therefore does not depend on changes on the
leakage current. There was a distinct increase of about
+20 mV in the apparent reversal potential by calcisep-
tine. The relative increase in peakICa averaged 1.37 ±
0.09 (n 4 21). The effect of calciseptine onICadevelops
with a relatively fast time course. Figure 1D shows the
relative increase in peakICa that was observed after the
application of calciseptine. Filled symbols represent av-
erage results from cells treated with calciseptine, whose
application is indicated by the arrow. Each symbol rep-
resents the mean increase (±SEM) in the value of peak
current from at least four determinations. Open symbols
represent the average results from two control experi-
ments. The increase in the amplitude ofICa fully devel-
oped within 5 min and was maintained throughout the
duration of the experiment.

Calciseptine also increasesICa in adult frog skeletal
muscle fibers. The increase is similar to that observed in
mammalian myotubes. Figure 2A shows superimposed
records from a fiber incubated under control conditions
and panelB, after the application of the peptide. Figure
2C shows the current-voltage relation from the same ex-
periment. Similar to the effects of calciseptine on mam-
malian muscle illustrated in Fig. 1C, the major effect of
calciseptine on frog L-type Ca2+ channels was to in-
crease the amplitude ofICa at all potentials. The mean
relative increase was 1.49 ± 0.21 (n 4 7). However,
unlike the results observed in mouse myotubes, calcisep-
tine did not change the reversal potential ofICa.

EFFECTS OFCALCISEPTINE ON CHARGE MOVEMENT

To assess the effects of calciseptine on charge move-
ment, we measured nonlinear currents in fibers bathed in
solutions containing impermeant ions. Figure 3A shows
traces of nonlinear membrane currents recorded from a
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single frog skeletal muscle fiber. The currents were ob-
tained under control conditions at the potentials indi-
cated. Nonlinear currents were small at low depolariza-
tions and became larger when the amplitude of the de-
polarizing pulse increased. PanelB shows currents
recorded from the same experiment after the application
of calciseptine to the bath solution. The amplitude of the
currents increased when compared to those recorded un-
der control conditions. The total charge that was moved
following the onset of the voltage clamp steps (‘on’
charge) and the charge moved immediately after the
pulse (‘off’ charge) were obtained by the integration of
the areas under the control traces. ‘On’ and ‘off’ charges
reach very similar values at any given potential under
these experimental solutions (Delay, Garcia & Sanchez,
1990). In agreement with this report, we found that ‘on’
and ‘off’ values varied less than 10% relative to each
other. For this reason, ‘on’ and ‘off’ values were aver-
aged. Figure 3C shows the relationship between the mo-
bilized charge by the depolarizing pulses as a function of

the membrane potential. Open symbols represent results
from the control experiment and filled symbols, results
after the application of calciseptine. The points were fit-
ted to a two-state Boltzmann distribution (Chandler, Ra-
kowski & Schneider, 1976):

Q 4 Qmax/[1 + exp((−Vm + V)/k)]

WhereQmax is the maximum charge per unit linear ca-
pacitance,V is the mid point andk is a measure of the
steepness. The continuous lines represent the best fit of
the Boltzmann function to the experimental values.
Charge saturated at large depolarizations, reaching the
values indicated in the legend. We observed a shift in
the midpoint of activation of about −7 mV in the pres-
ence of calciseptine. There was also an increase in the
value of maximum charge of about 60%. In six similar
experiments, the ratio between the maximum charge af-
ter application of calciseptine and that under control con-
ditions, averaged 1.53 ± 0.15 (n 4 6).

Fig. 1. The increase in the amplitude of Ca2+

currents in mammalian myotubes by calciseptine.
PanelA shows superimposed control current
records during voltage steps fromEh 4 −80 mV,
to −60 mV and up to +60 mV. PanelB shows the
effects of calciseptine (1mM) on ICa under the
same pulse protocol. PanelC shows the
current-voltage relation of the experiment shown
in panelsA andB. (s) peak values ofICa of the
control records; (d) the corresponding values in
calciseptine in the same experiment. PanelD
shows the relative values of peakICa during pulses
to +20 mV as a function of time. The arrow
indicates the application of calciseptine. (d), mean
± SEM of at least four determinations; (s), mean
of two control experiments.
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EFFECTS OFCALCISEPTINE ON TWITCH AND

TETANIC TENSION

To determine whether the increase in maximum charge
by calciseptine potentiates twitch tension, we performed
mechanical experiments in intact fibers but found that
the peptide had very little effect on contraction. This is
shown in Fig. 4A–C,which illustrates twitches generated
by a small bundle of rat muscle fibers, under control
conditions (panelA) and 1.9 min (panelB) and 3.7 min
(panelC) after the application of calciseptine (1mM) to
the bath solution. There were very slight changes in
twitch tension by calciseptine. Figure 4D illustrates,
from the same experiment, the values of peak tension as
a function of time, relative to the control value. Tension
remained within 16% from its control value. In two
separate experiments performed in rat-muscle fibers, the
average increase in twitch tension was 1.11. Likewise,
calciseptine had little effect on twitch frog-muscle fibers.
The ratio between twitch tension after application of the
peptide and tension under control conditions averaged
1.12 ± 0.06 (n 4 6, data not shown).

To test the possibility that calciseptine might influ-
ence contraction during a series of repetitive stimuli that
generate tetanus, we measured tension generated by
trains of action potentials (see Methods). Figure 5A
shows recordings of the mechanical activity produced by
a single stimulus followed by repetitive stimuli that pro-
duced tetanus. Records are displayed on a very slow
time scale. Calciseptine increased tetanic tension, albeit
the effect was relatively small. Figures 5B andC show

representative traces from panelA, displayed on a faster
time scale. The average tetanic tension after the appli-
cation of calciseptine, relative to its control value, was
1.12 ± 0.01 (n 4 3). These results indicate that, even
during tetanus, the increase in charge movement or the
increase in the influx of Ca2+ through the L-type chan-
nels caused by calciseptine does not greatly affect con-
traction.

Discussion

COMPARISON WITH PREVIOUS WORK

The electrical activity of excitable cells is greatly influ-
enced by second messengers and other modulators that
act within a period of seconds or minutes. In many
cases, ion channels change their unitary behavior as a
result of the interaction with modulatory influences. L-
type calcium channels are targets of dihydropyridines,
highly potent and selective compounds, that have been
used to probe these channels in a variety of cell types.
In skeletal muscle, nifedipine, a 1,4-dihydropyridine an-
tagonist, blocks the Ca2+ current completely (Lamb &
Walsh, 1987) and it suppresses in part the asymmetric
charge movement in normally polarized cells (Lamb &
Walsh, 1987; Rios & Brum, 1987). In contrast to the
effects on Ca2+ currents and charge movement, the ef-
fects of dihydropyridines on tension are controversial
(Gallant & Goettl, 1985; Lamb, 1986; Dulhunty & Gage,
1988).

In spite of the abundant literature on the actions of

Fig. 2. The effect of calciseptine on Ca2+ currents
in frog muscle fibers. PanelA shows
superimposed control current records during
voltage steps fromEh 4 −80 mV, to −70 mV up
to +50 mV. PanelB shows the effects of
calciseptine (1mM) on ICa. PanelC shows the
current-voltage relation of the experiment shown
in panelsA andB. (s), peak values ofICa of the
control experiment; (d) the corresponding values
in calciseptine. Same experiment throughout.
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dihydropyridines and other synthetic compounds on L-
type calcium channels (for a reviewsee Rampe &
Triggle, 1993), it is only recently that a natural blocker of
these channels has been found. Calciseptine is a 60-
amino-acid peptide contained in the venom of the black
mamba (De Weille et al., 1991). Like dihydropyridines,
it is inactive on N-type or T-type channels. Furthermore,
it shares the properties of 1,4-dihydropyridine deriva-
tives in the mechanism of binding (Yasuda et al., 1993).
Calciseptine competitively inhibits the specific binding

of [3H] nitrendipine to thea1 subunit of the calcium
channel and it modulates allosterically the binding of
[3H] diltiazem (Yasuda et al., 1993). The physiological
effects of calciseptine on muscle preparations, other than
skeletal muscle, have been previously characterized.
Thus, calciseptine acts as a smooth muscle relaxant,
blocking spontaneous contractions of rat portal vein,
aorta and uterus (De Weille et al., 1991; Kuroda et al.,
1992; Watanabe et al., 1995) and it also blocks contrac-
tion of rat cardiac preparations (De Weille et al., 1991).
The inhibitory effects of calciseptine on smooth muscle
and heart are most likely related to the blocking of L-
type calcium channels. Thus, calciseptine blocks L-type
calcium currents of aortic cells, cardiac ventricular myo-
cytes and invertebrate muscle fibers (De Weille et al.,
1991; Tsutsui et al., 2000). In this regard, the Ca2+ chan-
nel of skeletal muscle is unique since we found that
calciseptine has agonist-like actions in this preparation.

Although calciseptine increases charge movement,
contraction is only very slightly affected by this peptide.
Several possibilities may help to explain these results.
It is possible that calciseptine increases the movement of
a charge unrelated to DHP receptors. If this is true, it
would indicate a nonspecific action of calciseptine. Al-
ternatively, calciseptine might cause changes in the
charge movement generated by DHP receptors that are

Fig. 3. The effect of calciseptine on charge movement in frog muscle
fibers. (A) Current records during voltage steps to the potentials indi-
cated (in mV) after subtraction of linear membrane components,Eh 4

−80 mV. (B) Effect of calciseptine (1mM) on membrane currents in the
same experiment at the same potentials as inA. Eh 4 −80 mV. (C)
Nonlinear charge movement as a function of voltage. (s) and (d)
represent the average values of charge displaced by ‘on’ and ‘off’
transients from the experiment shown inA and B, respectively. The
continuous lines are the best fit of a Boltzmann function withQmax 4

33.9 nC/mF, V 4 −29.4 mV,k 4 10.0 mV for (s) andQmax 4 54.9
nC/mF, V 4 −36.8 mV,k 4 9.3 mV for (d).

Fig. 4. The effect of calciseptine upon twitch tension in rat muscle. (A)
A single twitch under control conditions. (B) and (C) 1.9 min and 3.7
min after the application of calciseptine (1mM). PanelD shows the
relative values of peak tension as a function of time. The arrow indi-
cates the application of calciseptine.a, bandc indicate the peak values
of the twitches shown inA, B andC, respectively.
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not related to ryanodine-receptor opening. A dual role
for DHP receptor in muscle, as a Ca2+ channel and as the
voltage sensor for E-C coupling, has been proposed (for
a review,seeLamb, 1992). Finally, it should be pointed
out that a considerable amount of charge may be moved
before a significant change in Ca2+ release takes place
(Melzer et al., 1986). This occurs when the charge
moved by a depolarizing pulse is only a fraction of the
available charge during long but small depolarizing
pulses. This subthreshold charge may correspond to
charge moved in preliminary transitions preceding re-
lease (Melzer et al., 1986). The nonlinear charge moved
by an action potential is relatively small because its du-
ration is quite brief. Charge movement during action po-
tentials has been estimated by using a distributed model
of the transverse tubular system of the frog muscle fiber
(Huang & Peachey, 1992). These calculations reveal
that the charge moved by a single action potential is only
25–50% of the available charge, depending on which
charge movement component is considered. In addition,
no significant buildup of charge transfer occurs with
trains of action potentials that would normally cause teta-
nus (Huang & Peachey, 1992). Therefore, it is plausible
that changes in charge movement by calciseptine during
action potentials, beyond the subthreshold charge, are
relatively small, thus producing only minor changes in
Ca2+ release and contraction. The increase in Ca2+ in-
flux through L-type channels by calciseptine is also ex-
pected to have negligible effects on contraction since in

this preparation contraction does not depend on Ca2+

entrance (Melzer et al., 1995).

CALCISEPTINE AS AN AGONIST OF SKELETAL MUSCLE

CALCIUM CHANNELS

Based on the fact that (-)-S-Bay K 8644 is a dihydropyr-
idine agonist (Franckowiak et al., 1985), we decided on
a theoretical approach aimed at understanding the ago-
nist nature of calciseptine in skeletal muscle. The mo-
lecular properties of the ligands are important for the
interaction with their receptor site. In particular, the
electrostatic field surrounding each molecule plays a
crucial role in the recognition process that precedes the
formation of the final interaction complex (Ho¨ltje &
Folkers, 1996). The display of computed MEPs for
(-)-S-Bay K 8644, tetra-peptideN-acetyl-Met-Trp-Pro-
Tyr-methylamine and nifedipine is shown in Fig.
6. There are several common features between the tetra-
peptide and the 1,4-dihydropyridine derivatives. Nife-
dipine and (-)-S-Bay K 8644 display two negative fields
generated by oxygens of esters (or nitro group) at C3 and
C5 (red cloudsb anda, respectively). Similar negative
fields are displayed by the Trp carbonyl oxygen and
carbonyl oxygens of Pro and Tyr on the tetra-peptide.
Also, there is a positive field in common (blue cloudc)
for the 1,4-dihydropyridines (hydrogen of N1) and the
tetra-peptide (hydrogen of indol nitrogen).

The MEPs displayed by nifedipine and the tetra-
peptide found by us were similar to those obtained by
Schleifer (1997), who used a different approach (theab
initio 6–31G* method) to evaluate MEPs for nifedipine
and the toxin fragmentN-acetyl-Gly-Trp-Pro-Ala-
methylamine. We found that the tetra-peptide fragment
N-acetyl-Gly-Trp-Pro-Ala-methylamine displays a pro-
nounced negative potential induced by Pro and Tyr car-
bonyl oxygens (red clouda, Fig. 6). The corresponding
potential derived by the ester oxygens of nifedipine is
much smaller, whereas the one derived by the nitro group
of the (-)-S-Bay K 8644 molecule is larger than that of
nifedipine and resembles the negative potential of the
tetra-peptide fragment. A distinctive characteristic of
agonist dihydropyridines like (-)-S-Bay K 8644 is the
presence of a pronounced negative potential on the area
of the nitro group, a potential that is smaller in antagonist
dihydropyridines (Goldman & Stoltefuss, 1991; Ho¨ltje,
1992). This potential presumably attracts a positive
charge of the Ca2+ channel and prolongs the time that the
channel spends in the open state (Goldman & Stoltefuss,
1991). Therefore, we propose that the similarity be-
tween the tetra-peptideN-acetyl-Met-Trp-Pro-Tyr-
methylamine and (-)-S-Bay K 8644 explains the agonist
behavior of calciseptine in skeletal muscle. However,
the comparison with Bay K 8644 has to be made with
caution since this dihydropyridine agonist has no action
on charge movement (Lamb & Walsh, 1987), in contrast

Fig. 5. The effect of calciseptine upon twitch and tetanic tension in a
single frog muscle fiber. (A) Consecutive records of a single twitch
followed by a tetanus at 30 Hz under control conditions and in the
presence of calciseptine. (B) and (C) are records from the indicated
segments (arrows) in panelA, displayed with a faster time scale.
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to the effects of calciseptine described here. The fact
that ICa and charge movement show an increase in peak
current and maximum charge values, respectively, along
with a negative shift in the voltage dependence of acti-
vation in frog muscle, might be explained if calciseptine
alters the local transmembrane field near the gating S4
domain and thereby changes the steady-state distribution
of channels between unavailable and available states.
This in turn would promote an increase in functional
DHP receptors. Why calciseptine antagonizesICa in
other tissues remains to be explained. Although we do
not have an explanation for these opposite effects, it is
interesting to note that 1,4-dihydropyridines have mixed
effects on Ca2+ channels. Thus, the well known 1,4-
dihydropyridine antagonist, nitrendipine, also has ago-
nist-like actions in heart cells (Hess, Lansman & Tsien,
1984; Brown, Kunze & Yatani, 1986; Coulombe et al.,
1989), and the Ca2+ channel activating effect of the 1,4-
dihydropyridine derivative 202–791 can turn over into a
blocking effect (Kokubun et al., 1986). In these ex-
amples, the holding potential plays a critical role since
the antagonist effects prevail when cells are maintained
at depolarized potentials. However, in the case of calci-
septine, a more elaborate explanation has to be put for-
ward since the holding potential in our experiments was
the same as that used by De Weille et al. (1991) in heart
muscle where calciseptine blocks cardiacICa. It is con-
ceivable that calciseptine binds to different sites in the
L-type channel of cardiac and skeletal muscle, promoting
different effects on the channel. However, we have no
evidence to support this idea since the binding sites for
the toxin have not been identified yet, though calcisep-
tine may interact with the sites that bind dihydropyri-
dines in the L-type channel. This is because calciseptine

inhibits the binding of nitrendipine (Yasuda et al., 1993).
If the binding site for calciseptine is, indeed, the same as
that for dihydropyridines, then the possibility of different
binding sites is very remote because the amino-acid com-
position of the regions ofa1s anda1c that are essential
for the binding of dihydropyridines is quite similar
(Striessnig et al., 1998; Hockerman et al., 1997).

The fact that calciseptine has opposite effects on the
Ca2+ channel of skeletal muscle (this paper) as compared
to that of heart (De Weille et al., 1991) makes this pep-
tide a potentially useful tool to differentiate the physi-
ological role of the cardiac Ca2+ channel (a1c subunit) in
cells where both channels coexist. For example, in ad-
dition to a1s, slow skeletal muscle and diaphragm ex-
press significant levels of thea1c subunit (Pe´réon et al.,
1997a,b) and thea1c subunit is upregulated when fast
skeletal muscle fibers are chronically stimulated (Pe´réon
et al., 1997c).
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Péréon, Y., Sorrentino, V., Dettbarn, C., Noireaud, J., Palade, P. 1997a.
Dihydropyridine and ryanodine receptor gene expression in long-
term denervated rat muscles.Biochem. Biophys. Res. Commun.
240:612–617

Rampe, D., Triggle, D.J. 1993. New synthetic ligands for L-type volt-
age-gated calcium channels.Prog. Drug Res.40:191–238

Rios, E., Brum, G. 1987. Involvement of dihydropyridine receptors in
excitation-contraction coupling in skeletal muscle.Nature
325:717–720

Sánchez, J.A., Stefani, E. 1983. Kinetic properties of calcium channels
of twitch muscle fibres of the frog.J. Physiol.337:1–17

Schleifer, K.-J. 1997. Comparative molecular modeling study of the
calcium channel blockers nifedipine and black mamba toxin FS2.J.
Computer-Aided Mol. Design.11:491–501

Striessnig, J., Grabner, M., Mitterdorfer, J., Hering, S., Sinneger, M.J.,
Glossmann, H. 1998. Structural basis of drug binding to L Ca2+

channels.Trends Pharmacol. Sci.19:108–115
Tsutsui, I., Inoue, I., Bone, Q., Carre, C. 2000. Activation of locomotor

and grasping spine muscle fibres in chaetognaths: a curious para-
dox. J. Muscle Res. Cell Mot.21:91–97

Watanabe, T.X., Itahara, Y., Kuroda, H., Chen, Y.N., Kimura, T.,
Sakakibara, S. 1995. Smooth muscle relaxing and hypotensive ac-
tivities of synthetic calciseptine and the homologous snake venom
peptide FS2.Jap. J. Pharmacol.68:305–313

Yasuda, O., Morimoto, S., Chen, Y., Jiang, B., Kimura, T., Sakakibara,
S., Koh, E., Fukuo, K., Kitano, S., Ogihara, T. 1993. Calciseptine
binding to a 1,4-dihydropyridine recognition site of the L-type cal-
cium channel of rat synaptosomal membranes.Biochem. Biophys.
Res. Commun.194:587–594.

129M.C. Garcia et al.: Actions of Calciseptine on Muscle


