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SUMMARY

Marine sponges are synthesizing a wide variety of peptidic and
organic molecules with biological activities. Multiple-step puri-
fication of Cliona vastifica extract led to a new dimeric peptide
(mapacalcine; M, = 19,064) that is composed of two homolo-
gous chains, each containing nine cysteins. This protein has
been found to selectively block a new calcium conductance
characterized in mouse duodenal myocytes with an ICg, value
of ~0.2 um. The mapacalcine-sensitive current was a non-L-
type calcium current activated from a holding potential of —80
mV that persisted during stimulation of the cell at high frequen-
cies (0.1-0.2 Hz) within 5-10 min. Time constants of inactiva-
tion were similar for both L-type and non-L-type calcium cur-
rents. The non-L-type calcium current of duodenal myocytes

was not blocked by the pharmacological agents specific for N-,
L-, P-, or Q-type calcium channels. Mapacalcine was unable to
block T-type calcium current in portal vein myocytes as well as
voltage-dependent potassium currents and calcium-activated
chloride currents in duodenal and portal vein cells. Mapacalcine
did not affect caffeine-induced calcium responses, indicating
that it did not interfere with intracellular calcium stores. Com-
petition experiments on mouse intestinal membranes showed
that mapacalcine did not interact with dihydropyridines recep-
tors. These data suggest that mapacalcine may be a specific
inhibitor of a new type of calcium current, first identified in
duodenal myocytes.

Natural peptides have been invaluable tools for pharma-
cological and biochemical investigations of a wide range of
physiological functions (1). Calcium channels have been in-
vestigated in large part because of the existence of a great
number of molecules acting on these channels. They have
been classified according to their electrophysiological and
pharmacological properties (2, 3) and represent an important
family of ionic channels because they are directly acting on
calcium homeostasis of the cell. Biological functions such as
muscle contraction, hormone secretion, or neurotransmitter
release are directly dependent on intracellular calcium vari-
ations. These channels are involved in a wide range of pa-
thologies, including cardiovascular system diseases (4, 5).
Different types of calcium channels can be expressed in the
same cellular type (6—8). L- and T-type calcium channels are,
for example, found in most excitable cells, although the phys-
iological role of the T-type channel remains unclear. The
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L-type channel is mainly involved in excitation/contraction or
excitation/secretion couplings and is sensitive to dihydropy-
ridines, a class of calcium antagonists widely used in the
treatment of cardiovascular pathologies. L- and T-type cal-
cium channels are also present in smooth muscle cells (6, 7).
Interestingly, several types of voltage-dependent calcium
channels have been described in gastrointestinal smooth
muscles (9, 10). P-type channels are mainly found in Purkinje
cells and are sensitive to a spider toxin, the w-agatoxin IVA
(11, 12). N-type channels are present on a wide variety of
neurons and are blocked by w-conotoxin GVIA (13). Both P-
and N-type calcium channels play an important role in the
control of neurotransmitters release (12, 14). Another type of
calcium channel that presents with similarities to the P-type
channel is the Q-type; it has been described in the granular
layer of cerebellum. It could be involved in synaptic trans-
mission between neurons from CA3 and CA1l layers in hip-
pocampus and is sensitive to w-conotoxin MVII C (15). Ge-
netic investigations demonstrated the existence of several
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genes encoding for a same a1 subunit (16). This phenomenon
could be responsible for the functional differences observed
for a same channel type expressed in different cell types. The
actual situation seems to be complex because there are many
calcium channel subtypes for which functional and biological
properties remain unclear, in part because of the absence of
a consequent pharmacology (3). Marine sponges are known to
synthesize many organic and peptidic molecules with inter-
esting biological properties; for example, latrunculin A inter-
acts with actin polymerization (17). Peptides from Bahamian
sponge, discobahamin A and B, or halicylindramides from
Halichondria cylindrata have antifungal properties (18, 19).
Protease inhibitory peptides are also found in marine sponge
(20). Many other peptides with biological activity have been
isolated from sponges, but as far as we know, no calcium
channel effectors have been described until now. A previous
report has shown that sponge extracts are able to block
carbachol-induced contractions in intestinal smooth muscle,
which are insensitive to dihydropyridines (21). These obser-
vations suggest that these organisms could synthesize cal-
cium channel effectors. In this work, we describe, on the one
hand, the existence of both L-type and non-L-type calcium
currents in mouse duodenal smooth muscle cells. The non-L-
type calcium current is insensitive to a variety of calcium
channel blockers. On the other hand, we describe the purifi-
cation and sequence of a dimeric protein (mapacalcine) iso-
lated from C. vastifica sponge that is able to specifically block
the duodenal non-L-type calcium current, suggesting the ex-
istence of a new class of calcium channels.

Materials and Methods

C. vastifica extraction and purification. The sponges (C. vas-
tifica) were collected from the Red Sea or obtained from Latoxan
(Rosans, France). The entire sponge and its stony substrate were
ground and soaked in 50% ethanol for 24 hr. The ethanol was then
evaporated in a Rota Vapor concentrator (Bioblock, Illkirsh, France)
and the aqueous phase was lyophilized. The powder obtained was
stored at —20° until use.

Gel filtration chromatography. Typical purification was per-
formed using 2 g of powder that was resuspended in 15 ml of 1%
acetic acid and centrifuged for 1 hr at 140,000 X g. The supernatant
was loaded onto a Sephadex G50 (fine) column (2.5 X 100 cm)
equilibrated with 1% acetic acid. The column was then eluted at a
rate of 0.7 ml/min for 12 hr. Then, 15-ml fractions were collected, and
the elution was monitored by absorbance measurement at 280 nm.
All subsequent purification steps were performed with HPLC.

Ion exchange chromatography. The active fractions obtained
from gel filtration were loaded onto a TSK gel SP-5PW column (2.1 X
15 ¢cm; Toyo Soda, Tokyo, Japan) equilibrated with 1% acetic acid
(buffer A). The column was then washed at a rate of 8 ml/min for 10
min with buffer A and eluted by a gradient of 0-100% 1 M ammonium
acetate (buffer B) during 100 min. Fractions were collected every 2
min. Elution was followed by on-line absorbance recording at 280
nm.

Reverse-phase purification step. Selected fractions from ion
exchange chromatography underwent a purification step on a re-
verse-phase C 8 column (Lichrosorb 100 RP 8, Merck, Nogent sur
Marne, France; 10 X 250 mm) equilibrated with water containing
0.1% TFA (buffer A) at 3 ml/min. The column was washed 10 min
with buffer A; then, elution was performed by a gradient of 0-80%
acetonitrile containing 0.1% TFA over 40 min. One-minute fractions
were collected, and the chromatogram was recorded at 280 nm.

Desalting operation. Before being tested by electrophysiological
techniques, fractions obtained from gel filtration or ion exchange
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steps were desalted using SepPak cartridges (Waters, Milford, MA).
The cartridge was previously washed by 5 ml of acetonitrile and then
rinsed with 10 ml of 0.1% TFA in water. Samples to be desalted were
mixed with TFA (final concentration, 0.1%) and loaded onto the
cartridge. After washing with 10 ml of 0.1% TFA in water, the
retained material was eluted by 1 ml of water/acetonitrile (50:50)
and 1 ml of acetonitrile, both containing 0.1% TFA. The elutates
were evaporated using a Christ concentrator (Bioblock), and the
desalted material obtained was used for electrophysiology.

Sequence analysis. The purity of the toxin obtained after re-
verse-phase HPLC purification was assessed by the use of capillary
electrophoresis (270A-HT Capillary Electrophoresis System; Applied
Biosystems, Norwalk, CT) in 20 mM sodium citrate buffer, pH 2.5, at
30 kV and 30° for 10 min with a 50-cm, 50-um-diameter capillary.
UV detection was performed at 200 nm.

Amino acid analysis. Amino acid analyses were performed with
a Beckman Instruments (Palo Alto, CA) 6300 amino acid analyzer
after hydrolysis in 6 M HC] (Pierce Chemical, Rockford, IL) in the
presence of 0.25% phenol at 110° in sealed/evacuated tubes for 24,
48, and 72 hr.

Reduction and carboxamidoethylation. The toxin (0.4 mg,
~20 nmol) was dissolved in 100 ul of 0.1 M ammonium bicarbonate
buffer, pH 8.0, containing 6 M guanidium chloride and 0.1 M dithio-
threitol and maintained at 70° for 30 min. The mixture was then
brought to room temperature, and alkylation of the reduced toxin
was performed for 45 min by the addition of 50 ul of 6 M acrylamide
in water. The carboxamidoethylated toxin was desalted by reverse-
phase HPLC on a C18 Vydac column (200 X 2.1 mm, 5-um particle
size, 300-A pore diameter) at a flow rate of 100 ul/min. After washing
out the salts with 0.05% TFA, the protein was eluted with 80%
acetonitrile in 0.05% TFA. The elution was monitored at 210 nm. The
carboxamidoethylated toxin (0.1 mg, ~10 nmol) dissolved in 100 ul of
0.1 M ammonium bicarbonate, pH 8.0, was then hydrolyzed for 2 hr
at 37° with TosPheCH,Cl-treated trypsin using an enzyme-to-sub-
strate ratio of 1:100 (w/w).

Peptide separation. The tryptic peptides were separated by
reverse-phase HPLC on a C18 Vydac column (200 X 2.1 mm, 5-um
particle size, 300-A pore diameter) using a gradient of acetonitrile of
8-40% in 0.05% TFA for 90 min at a flow rate of 100 ul/min. Elution
of peptides was monitored by UV absorption at 210 nm.

Ion spray mass spectrometry. The molecular mass of the na-
tive toxin and that of its carboxamidoethylated derivative were de-
termined by ion spray mass spectrometry. Samples (10-20 pmol/ul)
were dissolved in 20% acetonitrile in water/formic 0.1% acid. Ion
spray mass spectra were recorded on a simple quadrupole mass
spectrometer (API I; Perkin-Elmer Cetus, Norwalk, CT) equipped
with an ion-spray (nebulizer-assisted electrospray) source (Sciex,
Toronto, Ontario, Canada). The solutions were continuously infused
with a medical infusion pump (model 11; Harward Apparatus, South
Natick, MA) at a flow rate of 5 ul/min.

Polypropylene glycol was used to calibrate the quadrupole. Ion
spray mass spectra were acquired at unit resolution by scanning m/z
1200-2400 with a step size of 0.1 Da and a dwell time of 2 msec. Five
to 10 spectra were summed. The potential of the spray needle was
held at +5 kV. Spectra were recorded at an orifice voltage of +90 V.

We used Mac BIO Spec software (Sciex) for calculation of the
molecular masses of the samples.

Sequence analysis. Sequencing of protein in native form or after
reduction and carboxamidoethylation of cysteines and of tryptic pep-
tides was carried out on a gas-phase sequencer (model 470A, Applied
Biosystems) using the 03RPTH program. Phenylthiohydantoin de-
rivatives of amino acids were identified with an on-line phenylthio-
hydantoin amino acid analyzer (model 120A, Applied Biosystems).

Cell preparation. Swiss mice (20-25 g) and Wistar rats (150-160
g) were stunned and then killed by cervical dislocation. The longitu-
dinal layer of the mouse duodenal smooth muscle (or the rat portal
vein) was cut into several pieces and incubated for 10 min in a
low-Ca®* (40 uMm) physiological solution. Then, 0.8 mg/ml collage-
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nase, 0.2 mg/ml pronase E, and 1 mg/ml bovine serum albumin were
added, and the mixture was maintained at 37° for 20 min. The
solution was then renewed, and the pieces of mouse duodenum (or
rat portal vein) were incubated under the same conditions for an
additional 20-min period. Tissues were then placed in enzyme-free
solution and dissociated using a fire-polished Pasteur pipette to
release cells. Cells were maintained in short term primary culture in
Medium 199 containing 10% fetal calf serum (duodenum) or 5% fetal
calf serum (portal vein), 1 mM glutamine, 1 mM pyruvate, 20 units/ml
penicillin, and 20 ug/ml streptomycin. Cells were maintained in
culture at 37° in an incubator under controlled atmosphere (5% CO,)
and used for electrophysiology within 36 hr.

Patch-clamp measurements. Voltage-clamp and membrane
current recordings were made with a standard patch-clamp tech-
nique using a List EPC-7 patch-clamp amplifier (List Electronics,
Darmstadt, Germany). The whole-cell recording mode was per-
formed with patch pipettes of 1-3 M() resistance. Membrane poten-
tial and current records were stored and analyzed using an IBM-PC
computer (pClamp system).

Fluorescence measurements. Whole-cell membrane currents
and intracellular calcium concentration were measured simulta-
neously as previously reported (22). Briefly, 50 uM Indo-1 was added
to the pipette solution and entered into the cells after establishment
of the whole-cell recording mode. Indo-1 repartition was usually
homogeneous over the cytoplasm, and no compartmentalization of
the dye was observed. Cells were mounted in a perfusion chamber
and placed on the stage of an inverted microscope (Nikon Diaphot).
The cell studied was illuminated at 360 nm. Emitted light from a
window slightly larger than the cell was counted simultaneously at
405 and 480 nm by two photomultipliers (P;, Nikon). Intracellular
calcium concentration was estimated on the basis of the 405 nm/480
nm ratio using a calibration for Indo-1 determined within cells. Some
experiments were carried out in the presence of 1 uM oxodipine (a
light-stable dihydropyridine derivative) to inhibit L-type voltage-
dependent calcium channels. All measurements were made at
25 + 1°.

Solutions. The normal physiological solution contained 30 mm
NaCl, 5.6 mm KCl, 1 mm MgCl,, 2 mm CaCl,, 11 mm glucose, and 10
mM HEPES/NaOH, pH 7.4. The basic pipette solution contained 130
mM CsCl and 10 mMm HEPES/CsOH, pH 7.3. For calcium current
recordings, CsCl was used instead of KCl in the pipette and external
solutions to block outward potassium currents. In addition, 10 mm
EGTA, 5 mM Na,ATP, and 1 mM MgCl, were added to the basic
pipette solution. For potassium channel current recordings, KCl was
used in the external and pipette solutions. Caffeine, C. vastifica
toxin, and all pharmacological agents were applied to the recorded
cell by pressure ejection from a glass pipette for the period indicated
on the records. Before each experiment, an application of physiolog-
ical solution alone was tested, and cells with movement artifacts
were excluded. In addition, C. vastifica toxin and all pharmacological
agents were tested by their addition to the perfusion solution.

Intestinal membrane preparation. Mice were killed by cervical
dislocation. Small intestines were removed and rinsed with ice-cold
buffer containing 140 mm NaCl, 20 mM Tris-HCI, pH 7.4, and 0.1 mm
phenylmethylsulfonyl fluoride (washing buffer). The intestines were
then opened and scraped to remove the epithelial cell layer. Intesti-
nal smooth muscles were diluted 10-fold (w/v) with the washing
buffer at 4° and homogenized 30 sec in a Warring Blender and then
twice at 30 sec with a Polytron homogenizer. Homogenate was cen-
trifuged at 4000 X g for 7 min, and the supernatant was centrifuged
for 45 min at 140,000 X g. All centrifugation steps were performed at
4°, The pellets were resuspended in the washing buffer and frozen at
—80° until use. Proteins were measured using BioRad (Hercules, CA)
protein assay reagent and lysozyme as standard.

Binding of [®H]-(+)-isradipine. Intestinal membranes (0.5 mg
of protein/ml) were incubated at 25° in 0.1% bovine serum albumin
and 20 mM HEPES/NaOH, pH 7.4, in the presence of 100 pM labeled
(+)-isradipine and increasing concentrations of unlabeled isradipine,

oxodipine, and mapacalcine. After a 1-hr incubation, 0.8-ml aliquots
were filtered through Whatman GF/C filters and washed three times
with 0.1 M ice-cold Tris/Cl buffer, pH 7.4. Radioactivity retained on
the filters was estimated with a Packard scintillation counter (Me-
riden, CT).

Chemicals and drugs. All reagents and solvents were of the
highest purity available. Collagenase (E.C. 3.4.24.3) and trypsin
(E.C. 3.4.21.4) treated with TosPheCH,Cl were from Worthington
(Freehold, NJ). Carboxypeptidase P sequencing grade (E.C. 3.4.16.1)
was purchased from Boehringer-Mannheim Biochemica (Mannheim,
Germany). Pronase (E.C. 3.4.24.31), bovine serum albumin, tetrodo-
toxin, and amiloride were from Sigma Chemical (St. Louis, MO).
w-Conotoxin GVIA, w-agatoxin IVA, and w-conotoxin MVII C were
from Latoxan (Rosans, France). Fenoverine was from Delalande
(Paris, France). Diltiazem was from Synthelabo (Paris, France). Des-
methoxyverapamil was from Knoll (Ludwigshafen, Germany). Isra-
dipine was from Sandoz (Rueil-Malmaison, France). Medium 199
was from Flow Laboratories (Puteaux, France). Fetal bovine serum
was from Flobio (Courbevoie, France). Streptomycin, penicillin, glu-
tamine, and pyruvate were from GIBCO (Paisley, UK). Oxodipine
was a gift from Dr. A. Galiano (IQB, Madrid, Spain). Caffeine and
HEPES were from Merck. Indo-1 was from Calbiochem (Meudon,
France).

Data analysis. The results are expressed as mean * standard
error. Significance was tested with the Student’s ¢ test. Values of p <
0.05 were considered statistically significant. Inhibition and concen-
tration-response curves were analyzed by a nonlinear least-squares
fitting program according to models involving one or two binding
sites.

Results

Calcium currents in duodenal myocytes. With CsCl in
the pipette and bathing solutions to inhibit potassium cur-
rents, depolarizing pulses were applied from two holding
potentials (—80 or —60 mV) to 0 mV for 150 msec at 0.05 Hz.
With 2 mm CaCl,, the inward current obtained from a hold-
ing potential of —80 mV was larger than that obtained from
a holding potential of —60 mV (Fig. 1A). Decay of the calcium
currents elicited from —60 and —80 mV was well fitted with
a two-exponential function. For inward currents evoked by
depolarizations to 0 mV, the time constants of inactivation
were 18 * 5 and 96 *= 29 msec for the current elicited from
—60 mV (12 experiments) and 12 = 2 and 81 = 21 msec for
the current elicited from —80 mV (18 experiments). The
effects of several compounds that inhibit calcium channels
were tested on the maximal calcium currents elicited from
the two holding potentials. As shown in Table 1, the maximal
calcium current elicited from —60 mV was suppressed by
isradipine, oxodipine, fenoverine, diltiazem, and desme-
thoxyverapamil. In contrast, when the cells were held at —80
mV, high concentrations of these compounds inhibited the
calcium current by only 40-50%, suggesting that a compo-
nent of inward current resistant to calcium channel antago-
nists was unmasked by negative holding potentials.

A common method of separating L-type calcium current
from other calcium currents is to dialyze the cell sufficiently
long to obtain the removal of the L-type calcium current. At
high stimulation frequency (0.1 Hz), the L-type calcium cur-
rent elicited from —60 mV subsided quickly within 5-6 min
(Fig. 1B). When the holding potential was returned to —80
mV, inward currents were recorded for 10—15 min at the
same stimulation frequency without significant modification
of their time course (Fig. 1C). In addition, this current was
insensitive to high concentrations of isradipine (10-50 um, 21
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A B 12
0mVv )
- 60 1 Aapadban a gy, . ) )
-80 0.8+ Fig. 1. Calcium  currents in
) 0.05Hz mouse duodenal myocytes. A,
L 0.6 Currents elicited from holding po-
= tentials of (@) —60 mV and (b) —80
a 0.4 mV to 0 mV with 2 mm CaCl, in
the external solution. B, Time
b 200pA | 0.2+ 0.1 Hz course of calcium currents elic-
0 ited from a holding potential of
100ms T —60 to 0 mV at stimulation fre-
0 : 5 ) 10 quencies of (A) 0.05 Hz and (W)
time (min) 0.1 Hz. C, Effect of 10 um israd-
ipine on the calcium current elic-
C D ited by depolarizing steps from
1.2 isradipine 10uM 1.2 Cd?* 0.1mM —80 to 0 mV at a stimulation fre-
1 T 1 l quencyzof 0.1 Hz. D, Effect of 0.1
1 mm Cd?* on the calcium current
% elicited by depolarization steps
0.8+ 0.8+ ‘... from —80 to 0 mV at a stimulation
L 0.6+ L 0.6+ ° frequency of 0.1 Hz. Calcium cur-
~ ~ . rent was expressed as a fraction
= 0.4+ = 0.4+ * of control current (I/1.) obtained 3
'S min after the membrane was rup-
0.2+ 0.2 . tured under the pipette.
0 0 M
1 1 1
0 5 10 0 5 10
time (min) time (min)
TABLE 1 dependent inactivation of both calcium currents was exam-

Inhibition of maximal Ca2* currents evoked by depolarizing
pulses from holding potentials (h) of —60 or —80 mV

Value represents the inhibition percentage of Ca2™* current [(I/I,) — 1 X 100], in
which |, is the control current in the absence of drug and | is the current in the
presence of drug for 5 min. Values are mean *+ standard error of n experiments.

Depolarization (holding

potential/pulse) —60/+10 mV —80/0 mV
Isradipine (10 um) —94 £ 6% (n= 7) —43 = 9% (n=13)
Oxodipine (10 um) —96 = 3% (n=12) -36 6% (n=9)
Fenoverine (10 um) —90 £ 7% (n=9) —43 6% (n=11)
Diltiazem (10 um) —-90 = 7% (n= 6) =54 = 11% (n=7)
Desmethoxyverapamil  —93 = 6% (n= 6) —53 = 10% (n=10)

(5 pm)

experiments), w-conotoxin GVIA (0.1-3 uM, nine experi-
ments), w-agatoxin IVA (0.1 uM, seven experiments), w-cono-
toxin MVIIC (10 uM, 10 experiments), amiloride (10 um, five
experiments), and tetrodotoxin (0.1-10 uM, nine experi-
ments). However, this current was blocked by 0.1 mm Cd?*
(Fig. 1D) or 1 mM Ni?* (data not shown). Fig. 2 illustrates the
current-voltage relationships of the two types of currents.
The calcium current elicited from a holding potential of —60
mV, at a stimulation frequency of 0.05 Hz, had a threshold
for activation of ~—35 mV and generated a maximal current
at +10 mV (Fig. 2A). The calcium current elicited from a
holding potential of —80 mV, at a stimulation frequency of
0.1 Hz for 10 min (A) or in the presence of 10 um oxodipine
(W), was activated from a more negative threshold of ~—45
mV and reached a maximum value at 0 mV (Fig. 2B). Both
currents had an apparent reversal potential of ~+80 mV.
The inactivation time constants of the oxodipine-resistant
calcium current were estimated at various depolarizations.
The fast time constants were steeply voltage dependent,
whereas the slow time constants showed little variation with
membrane potential (data not shown). Finally, the voltage-

ined with the two-pulse voltage-clamp protocol (Fig. 2C, in-
set). In this protocol, inactivation induced during a
conditioning pulse (V;) of 20-sec duration and a variable
amplitude was estimated by the reduction in peak current
associated with a test depolarization to 0 mV (V). The de-
crease of the test current was taken as an index of inactiva-
tion of the calcium current. Relative inactivation was ex-
pressed by plotting the test current versus the prepulse
potential value. The amplitude of the test current was nor-
malized to its value at the most negative prepulse (I/1,,,,).
Fig. 2C shows that the relative inactivation of calcium cur-
rent was progressively enhanced in the voltage range from
—90 to —50 mV when obtained in the presence of 10 um
oxodipine or after 10 min of stimulation at 0.1 Hz. Half-
maximal and complete inactivations of the non-L-type cal-
cium current were obtained at membrane potentials of
—70 * 2 and —45 * 5 mV (eight experiments), respectively.
In contrast, the relative inactivation of the oxodipine-sensi-
tive calcium current obtained from a holding potential of —60
mV was progressively enhanced in the voltage range from
—60 to 0 mV. Half-maximal and complete inactivations of the
L-type calcium current were obtained at membrane poten-
tials of —40 * 2 and —10 = 3 mV (six experiments), respec-
tively. Taken together, these results suggest that duodenal
myocytes show two types of calcium currents, which can be
separated by several experimental protocols.

C. vastifica extract purification and effects on cal-
cium current. A gel filtration (Sephadex G50) chromato-
gram is shown in Fig. 3A. Four pools were made with the
fractions that were collected (P1-4). The different pools were
desalted as described above and tested by the patch-clamp
technique. Pool P3 (arrows) was found to inhibit the non-L-
type calcium current elicited by depolarizations from —80 to
0 mV at a stimulation frequency of 0.1 Hz for 10 min and in
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A
-80 -40 0 40

80 mV

~200 4

V1 V2
HP

1/ Imax

0030 30 70 80 50 40 30 20 10 9
(mV)

Fig. 2. Current-voltage relationships and steady state inactivation
curves for the two types of calcium currents. A, Calcium currents
elicited from a holding potential of —60 mV at a stimulation frequency
of 0.05 Hz. B, Calcium currents elicited from a holding potential of —80
mV, (A) at a stimulation frequency of 0.1 Hz for 10 min or (H) in the
continuous presence of 10 um oxodipine. Currents were expressed as
a fraction of the peak current. C, Steady state inactivation curve ob-
tained with the two-pulse protocol (inset) for the L-type calcium current
from a holding potential of —60 mV (@) and for the non-L-type calcium
current from a holding potential of —90 mV, after a 10-min period of
stimulation frequency at 0.1 Hz (H). Data were fitted by curves of form
1/1[1 + exp(V,, — VW)/K], in which V,, is the potential at which half of
current was inactivated, V,, is the membrane potential, and k is the
slope factor. Calcium current was expressed as a fraction of maximal
current (//1.,.). Points, mean response of 5-15 cells with the standard
error (vertical lines).

the continuous presence of 10 uM oxodipine with an ICj,
value of ~27 ug/ml. No variation of leak current and holding
current was detected in the presence of C. vastifica extracts.
Measurements were made only when the cell reached a
steady state within 5-6 min. Pool P3 was loaded onto the
TSK gel SP-5PW ion exchange column. The chromatogram
that was obtained (Fig. 3B) shows, as expected, a multiple
peak pattern. Different pools were collected and tested for
calcium channel current inhibition after a desalting step.
Inhibition of the calcium current was found under the peak
eluted between 21 and 23 min under conditions used in Fig.
3B. No activity was detectable in the other fractions. The
active fraction was named P3 C and loaded onto a C8 reverse-
phase column. After elution of the C8 column, as described
Materials and Methods, the chromatogram that was ob-
tained (Fig. 3C) demonstrated the presence of a single sym-

e ‘ '
1
o T T T 1
0 60 180 300
1.5
° ' l
E |10]
o
-]
N
a
o 0.5 1
O T T
0 10 20 30
1 C
0.5 4
A
0 — T T T
0 20 40 60
time (min)

Fig. 3. Purification procedure of mapacalcine. A, The crude extract
was centrifuged and loaded onto a Sephadex G50 (2.5 X 100 cm)
column. Elution was performed at 0.7 ml/min with 1% acetic acid. The
material shown eluting between the arrows contained the calcium
channel-blocking activity. B, lon exchange chromatography of the ac-
tive material obtained from the Sephadex G50 purification step. The
TSK gel SP-5PW column was eluted using a gradient from 0 to 1 ™
ammonium acetate over 100 min. The active material was eluted at
21-23 min (arrows). C, Reverse-phase chromatography of the active
fraction obtained from the ion exchange step. Elution was performed at
3 ml/min on a reverse-phase C8 column (Lichrosorb 100 RP 8, Merck;
10 X 250 mm) by a gradient of 0-80% acetonitrile containing 0.1%
TFA over 40 min. One symmetrical peak was eluted. and all the calcium
channel-blocking activity was obtained under this peak. C, Material
was sequenced and submitted to mass spectroscopy analysis before
and after reduction and alkylation to demonstrate its dimeric structure.
Data obtained demonstrated the presence of an homodimer (see Re-
sults).

metrical peak. The IC;, values obtained on the non-L-type
calcium current varied from 5 = 1 (5-12 experiments) to
3.6 = 0.7 (5-15 experiments) ug/ml among the tested frac-
tions. Electrophysiological experiments showed that all the
calcium-blocking activity was eluted in this fraction; this
peak was named P3 C3. At this stage, we submitted the
material contained in P3 C3 to capillary electrophoresis anal-
ysis, and data showed that P3 C3 was homogeneous. The
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TABLE 2
Amino acid composition of mapacalcine monomer

Results are expressed as number of residues/molecule of monomer and are the
mean values from 24-, 48-, and 72-hr hydrolysates. Calculated mass (Da),
9,541.7; measured mass (Da), 19,063.9 + 0.9.

Deduced value from

Amino acid Experimental value established sequence
Asp 9.9 10
Thr 4.6 5
Ser 8.9 7
Glu 9.4 9
Pro 4.9 6
Gly 11.0 1
Ala 43 4
Cys 8.0 9
Val 4.0 4
Met 1.0 1
lle 7.2 8
Leu 32 3
Phe 2.1 2
His 1.7 2
Lys 1.2 1
Trp N.D. 1
Total 89

peptide (mapacalcine) was then submitted to sequence anal-
ysis.

Mapacalcine 3 primary structure. The amino acid com-
position of mapacalcine was mainly characterized by large
amounts of dicarboxylic residues (21%), a significantly high
content of glycine (12%) and cysteine (10%), and a low con-
tent of basic residues (5%; Table 2).

Native mapacalcine had a molecular mass of 19,063.9 +
0.9 Da as measured by electrospray mass spectrometry,
whereas the reduced and carboxamidoethylated mapacalcine
had a molecular mass of 10,182.1 = 0.9 Da. However, the
mass calculated from the amino acid composition and se-
quence was 9,541.7 Da. These data clearly indicate that
mapacalcine is indeed a homodimer with nine disulfide
bridges. Furthermore, the carboxypeptidase P digestion of
the reduced and carboxamidoethylated mapacalcine did not
release any amino acid, leading us to conclude that the glu-
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%41LQ I 6 P € N R Y
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Fig. 4. Sequence of one chain of the dimer of mapacalcine. Methods
used for the determination of the sequence are indicated as follows:
single letters, residues identified by automated Edman degradation;
boxed letters, peptide generated from cleavage of the reduced and
carboxyethylated monomer with trypsin; striped boxes, residues iden-
tified by both direct Edman degradation and tryptic peptide sequenc-

ing.
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Fig. 5. Effects of mapacalcine on the L-type calcium current and [°H]-
(+)-isradipine binding. A, Calcium currents elicited from a holding po-
tential of —60 mV at a stimulation frequency of 0.05 Hz in the (H)
absence or (A) presence of 5 um mapacalcine for 5 min. a, Maximal
calcium current. b, Current-voltage relationships. Points, mean of three
to seven experiments, with the standard error shown (vertical lines). B,
Competition experiments between [*H]-(+)-isradipine, isradipine (@),
oxodipine (M), and mapacalcine (A). Points, mean response of four
experiments, each carried out in duplicate, with the standard error
shown (vertical lines). Nonspecific binding was not changed in the
presence of the drugs.

tamine residue at the carboxyl terminus had an a-carbox-
amido group rather than an a-carboxylic group. This result
was also supported by the mass spectrometry data, which
showed a difference of two mass units between the measured
mass and the calculated mass.

The data obtained from automated Edman degradation of
the carboxamidoethylated protein allowed the positive iden-
tification of the first 64 residues of the monomer. The remain-
der of the sequence was established by automated Edman
degradation of the carboxyl-terminal tryptic peptide (resi-
dues 56-89) obtained by cleavage of the Arg—Asp bond with
trypsin. The complete amino-acid sequence of the mapacal-
cine monomer is shown in Fig. 4.
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Effects of mapacalcine on calcium currents. As shown
in Fig. 5A, mapacalcine (1-5 uM) had no effect on the maxi-
mal L-type calcium current elicited by a depolarization from
—60 to 0 mV, at a stimulation frequency of 0.05 Hz, in
duodenal myocytes. There was no change in the voltage
threshold, potential for the maximal current, or apparent
reversal potential, as shown by the current-voltage relation-
ships. The absence of effect of mapacalcine on L-type calcium
channels was confirmed by study of the binding of [*H]-(+)-
isradipine to intestinal membranes (Fig. 5B). Inhibition of
the high affinity [®*H]-(+)-isradipine binding was obtained
with isradipine (K; = 0.44 * 0.04 nM, four experiments) and
oxodipine (K; = 12 = 0.9 nM, four experiments). In contrast,
mapacalcine (0.1 nM to 10 um) had no effect on [*H]-(+)-
isradipine binding (four experiments).

Mapacalcine inhibited the calcium current elicited from
—80 mV at a stimulation frequency of 0.1 Hz for 10 min and
in the presence of 10 uM oxodipine (Fig. 6A). The inhibitory
action of mapacalcine on this calcium current was observed
in all the tested cells and was measured when the cells
reached a steady state (i.e., within 5-6 min) (34 experi-
ments). Typical inhibitory effects of 0.3 uM mapacalcine on

A
-80 -40 0 40 somvV
B 0omVv
L

-10 -9 -8 -7 -6 -5 -4
log[mapacalcine] (M)

Fig. 6. Inhibitory effects of mapacalcine on the non-L-type calcium
current in duodenal myocytes. Calcium currents were elicited from a
holding potential of —80 mV at a stimulation frequency of 0.1 Hz and in
the presence of 10 um oxodipine. A, Current-voltage relationships in the
(W) absence and (A) presence of 0.3 um mapacalcine for 5 min. B,
Concentration-response relationship of the inhibitory action of mapac-
alcine. Calcium current was expressed as a fraction of control current
in the absence of mapacalcine (I/l;) and plotted against mapacalcine
concentration. Continuous line, nonlinear regression of the data points
assuming a Hill coefficient of 0.8. Points, mean response of 5-15 cells
with the standard error shown (vertical lines). Inset, calcium current
traces from three cells illustrating inhibition induced by (b) 10 nwm, (c) 0.3
uM, or (d) 3 um mapacalcine. a, Control calcium current before toxin
application.

the current-voltage relationship are shown in Fig. 6A. The
maximal current was inhibited by 55 * 7% (12 experiments)
without any change in the voltage threshold, potential for the
maximal current, and apparent reversal potential. The con-
centration-response curve shows that the concentration of
mapacalcine required to reduce the non-L-type calcium cur-
rent by 50% (IC;,) was 0.20 = 0.03 um (Fig. 6B). The Hill
coefficient was estimated to be 0.8. The kinetics of calcium
current inhibition by mapacalcine were obtained from three
different concentrations (5, 0.5, and 0.05 um). According to
the equation of Weiland and Molinoff (23), both on- and
off-rate constants were estimated, leading to an apparent
dissociation constant of 0.4 um. This value is in good agree-
ment with the IC;, value (0.2 uMm) obtained from the steady
state concentration-response curve.

A
a
+20 mV

- 50 I L

(m, A) L 100pA I__

100ms

-80 -40 0 40 80mv

-250
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Fig. 7. Effects of mapacalcine on the L-type and T-type calcium cur-
rents in portal vein myocytes. A, L-type calcium currents elicited from
a holding potential of —50 mV at a stimulation frequency of 0.05 Hz. a,
Maximal calcium current in the (l) absence or (A) presence of 3 um
mapacalcine. b, Current-voltage relationships obtained in the (H) ab-
sence or (A) presence of 3 um mapacalcine for 5 min. B, T-type calcium
currents elicited from a holding potential of —80 mV at a stimulation
frequency of 0.1 Hz for 10 min. a, Maximal calcium current in the (H)
absence or (A) presence of 3 uMm mapacalcine. b, Current-voltage
relationships obtained in the (M) absence or (A) presence of 3 um
mapacalcine for 5 min.
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In portal vein myocytes, L- and T-type calcium channels
have been identified by using both electrophysiological and
pharmacological experiments (7). Mapacalcine had no effect
on both L-type calcium current (elicited from —50 mV at a
stimulation frequency of 0.05 Hz) and T-type calcium current
(elicited from —70 mV at a stimulation frequency of 0.1 Hz
for 10 min), as shown in Fig. 7. These results indicate that
mapacalcine selectively inhibits the non-L-type calcium cur-
rent of duodenal myocytes.

Mechanisms of mapacalcine inhibition. A standard-
ized protocol was used to assess the relative contribution of
initial, conditioned, and tonic blockade of non-L-type calcium
current by mapacalcine. As shown in Fig. 8A, the steady
state inhibitory effect of 0.3 uM mapacalcine on the calcium
current elicited by depolarizations from —80 mV to 0 mV, at
a stimulation frequency of 0.1 Hz and in the presence of 10
uM oxodipine, was obtained within 4-6 min. The effects of
mapacalcine was partially reversed after a 8—10-min return
to reference solution. In Fig. 8B, a train of depolarizing
pulses at 0.1 Hz was applied for 10 min, followed by a rest
period of 4 min during which mapacalcine (0.5 um) was
perfused. A second identical voltage-clamp depolarization
train was then applied. Blockade was estimated by measur-
ing the difference in peak calcium current between control
and test drug conditions when steady state blockade was
obtained. The initial blockade, assessed as the difference in
peak calcium current between the control and the first pulse
after drug exposure, was 62 + 5% (five experiments). Condi-
tioned blockade was the difference between the peak calcium
current for the first and the last pulses after drug exposure
without rest period (Fig. 8C). The calcium current inhibition
was 65 = 8% (five experiments) and not different from that
observed after a 4-min rest period (p > 0.05). Increasing the
stimulation frequency from 0.1 to 0.2 Hz had no significant
effect on the time course and steady state inhibition of cal-
cium current in the presence of mapacalcine (67 *+ 12%, six
experiments; Fig. 8C). Tonic blockade was defined as the
blockade of calcium current that could not be removed during
a 2-min hyperpolarization at —100 mV. Because hyperpolar-
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ization of the membrane did not restore the calcium current
(six experiments), we can postulate that the mapacalcine-
induced blockade was largely tonic.

The next possibility was that membrane depolarization
could alter the effectiveness of calcium current blockade by
mapacalcine. The influence of mapacalcine on the voltage-
dependent inactivation of the non-L-type calcium current
was examined with the two-pulse protocol. In the presence of
0.3 uM mapacalcine, the inactivation curve was not modified
(Fig. 8D), indicating no detectable voltage-dependent block-
ade of mapacalcine on this calcium current.

Effects of mapacalcine on other ionic channels. Volt-
age-activated potassium currents of duodenal and portal vein
myocytes were obtained during depolarizations elicited from
a holding potential of —80 mV. The cells were incubated for
20 min in 5 mMm BaCl,, and the pipette solution contained 130
mM KCL. In the presence of 3 uM mapacalcine for 5 min, no
significant effect was observed on the voltage-dependent po-
tassium current at any potentials tested (Fig. 9).

Calcium-activated chloride current can be induced via cal-
cium influx through voltage-dependent calcium channels or
calcium release from intracellular stores in response to caf-
feine or norepinephrine applications, as previously shown in
portal vein myocytes (24). At a holding potential of —50 mV,
the normal response to external microejections of 10 mm
caffeine, in both duodenal and portal vein myocytes, was a
transient chloride current depending on a transient increase
in cytoplasmic calcium concentration. Because several caf-
feine-induced currents and calcium responses that are simi-
lar in amplitude and duration can be obtained with a time
interval between successive caffeine applications of 3 min
(24), it is possible to study the effects of mapacalcine on
chloride current and caffeine-induced calcium response. The
caffeine-evoked chloride currents in portal vein myocytes
were not significantly modified in the presence of 3 uM ma-
pacalcine [—148 *+ 21 pA (nine experiments) versus —132 *+
37 pA (nine experiments), p > 0.05] like the calcium re-
sponses [310 = 76 nM (nine experiments) versus 276 = 37 nM
(nine experiments), p > 0.05; Fig. 10]. Similarly, caffeine-
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0.8 LY -~ Fig. 8. Properties of mapacalcine inhibition. A,
2 0.6 My Time course of inhibition of the calcium current
= v 2 elicited from a holding potential of —80 to 0 mV
0.4+ - at a stimulation frequency of 0.1 Hz for 10 min
0.2 ) — in the presence of 0.25 uM mapacalcine. B,
. 0.2 mapacalcine 0.5pM Effect of frequency of command pulses on the
0 0 é 1'0‘—?5 0 calcium current before and after a rest period of
time (min) (') ;', 1'0 4 min in the presence of 0.5 um mapacalcine. C,
time (min) Command pulses applied at (A) 0.1 Hz and (H)
B D 0.2 Hz before and during application of 0.5 um
1.2 mapacalcine. D, Inactivation curve of the cal-
1.0 cium current in the (l) absence or (A) presence
1 — vi V2 of 3 um mapacalcine The test potential (V,) is O
0.8 HP mV, and the duration of the conditioning pulse
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£ 0.6 % 051 6—12 cells with the standard error shown (ver-
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Fig. 9. Effects of mapacalcine on the voltage-dependent potassium
currents in duodenal and portal vein myocytes. A, In duodenal cells,
potassium currents evoked by a depolarization step to (@) 0 mV and (b)
current-voltage relationships in the (l) absence or (A) presence of 3 um
mapacalcine for 5 min, B, In portal vein cells, potassium currents
evoked by a depolarization step to (@ 0 mV and (b) current-voltage
relationships in the (l) absence or (A) presence of 3 uM mapacalcine for
5 min.

evoked inward currents in mouse duodenal myocytes were
not significantly modified in the presence of 3 uM mapacal-
cine [—108 * 23 pA (10 experiments) versus —119 * 25 pA
(10 experiments), p > 0.05], like the calcium responses
[295 = 57 nMm (12 experiments) versus 272 *= 61 nm (14
experiments), p > 0.05]. These results show that mapacal-
cine has no inhibitory effects on potassium or chloride cur-
rents and does not interact with the intracellular calcium
stores.

Discussion

We demonstrate the existence of a new type of calcium
channel coexisting along the typical L-type calcium channel
in mouse duodenal smooth muscle cells. We also report the
purification and characterization of a small protein from C.
vastifica sponge that specifically blocks this calcium conduc-
tance.

The presence of several types of calcium channels in a
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Fig. 10. Effects of mapacalcine on both calcium release and chloride
current evoked by 10 mm caffeine in portal vein myocytes. a, Control
conditions. b, In the presence of 3 um mapacalcine for 5 min. The cells
were voltage-clamped at a holding potential of —50 mV. The pipette
solution contained 50 um Indo-1.

same cellular type is a well-known situation (6—8). Even in
visceral smooth muscle, the presence of both L-type and
non-T/non-L-type calcium current has been suggested (9).
Evidence supports that in mouse duodenal myocytes, the
calcium current elicited by a depolarization from —80 mV
(after complete blockade of L-type calcium channels) is a new
type of calcium current, as follows. (a) This current is resis-
tant to high stimulation frequency and to a variety of drugs,
such as dihydropyridines, w-conotoxin GVIA, w-conotoxin
MVIIC, and w-agatoxin IVA, at the high concentrations used,
indicating that it cannot be an L-, an N-, a P- or a Q-type
calcium current. (b) The steady state inactivation curve is
sigmoidal and voltage dependent. Half-maximal and com-
plete inactivations are obtained at more negative potentials
(=70 and —45 mV, respectively) than those of the L-type
calcium current (—40 and —10 mV, respectively). (c¢) T-type
calcium channels have been previously described in cardiac
cells (25) and smooth muscle cells (7, 26). These channels are
also activated when cells are maintained at a low holding
potential, ~—70 mV, and are resistant to high stimulation
frequencies. Although T-type calcium channels were first
described as dihydropyridine-resistant channels (27), recent
studies report a certain sensitivity to dihydropyridines like
isradipine (7, 28) and antispasmodic drugs like fenoverine
(29). The non-L-type calcium current of duodenal myocytes
seems completely insensitive to high concentrations of
fenoverine and isradipine. (d) The new toxin, mapacalcine,
selectively inhibits the non-L-type calcium current of duode-
nal myocytes. Mapacalcine has no effect on L-type calcium
channels, potassium, or chloride channels in duodenal and
portal vein myocytes. (e) Mapacalcine does not affect the
calcium responses induced by caffeine, suggesting that it
does not interact with the intracellular calcium stores. (f) The
time constants of inactivation for the non-L-type calcium
current in duodenal myocytes are slow compared with the
fast inactivation decay of the T-type calcium current in other
cell types (27). This may be due to the fact that the slow time
constants of inactivation are very insensitive to changes in
membrane potential and that only the fast time constants
follow a bell-shaped curve against voltage. Another type of
calcium channels, the R-type channel, has been recently de-
scribed in neuronal tissues as a high voltage-activated cal-
cium channel that is insensitive to the pharmacological drugs
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used in this study (15). However, this calcium current inac-
tivates faster than the non-L-type calcium current of duode-
nal myocytes (30). Until now, R-type calcium channels have
not been found in peripheral excitable tissues, and it is un-
likely that the calcium conductance described in this work
could correspond to a peripheral form of the R-type calcium
channel. According to our data, mapacalcine seems to be very
specific for a new type of calcium current, identified in duo-
denal myocytes. This current is activated at membrane po-
tentials near —60 mV, has a slow inactivation decay, and is
resistant to rundown by a high stimulation frequency and a
variety of calcium channel blockers.

Our structural data show that mapacalcine is a dimeric
protein composed of two identical chains of 9541 Da (corre-
sponding to its reduced monomer with amidated carboxyl
terminus). The amino acid sequence of a mapacalcine mono-
mer does not show significant homologies with protein se-
quences in data banks. The polymeric structure of certain
toxins seems to be associated with membrane insertion and
channel-forming properties. For example, the mechanisms of
action of aerolysin, a peptide secreted by Aeromonas hydro-
phyla, have been described. Aerolysin is secreted as a dimeric
prototoxin able to cross the bacterial membranes; after pro-
teolytic processing, it forms an heptamer that is able to insert
into the cellular membrane and form a voltage-gated anion-
selective channel (31, 32). The ant toxin, ectatomin, a
7928-Da peptide, is formed by two highly homologous
polypeptide chains linked by a disulfide bond. It forms a
bundle of four amphipatic « helices in aqueous solution (33).
In its dimeric state and at concentrations of 10—50 uM, this
toxin is able to form a potential-dependent nonselective cat-
ion channel in cell membranes (33). Although pore-forming
peptides have been isolated from marine sponges (34), the
mechanisms of action of mapacalcine cannot be attributed to
a channel-forming activity, which could be expected with
respect to its dimeric structure comparable to that of ectato-
min. Our data clearly show that no leak current appears in
the presence of mapacalcine. On the contrary, we observed a
specific calcium current blockade. Mapacalcine seems, by the
way, to be the first toxin sharing some structural properties
of the family of channel-forming toxins but does not obviously
act like them. It acts probably like classic channel-blocking
toxins through direct interaction with the ionic channel or
related proteins. Our experimental results are consistent
with the binding of mapacalcine to resting calcium channels.
Increasing the rate at which calcium channels are activated
(=0.2 Hz) as well as the number of inactivated calcium chan-
nels at depolarized holding potentials does not affect the
inhibitory action of mapacalcine (absence of use and poten-
tial dependence). Further experiments using a labeled deriv-
ative of mapacalcine will be performed to investigate the
interactions between the toxin and its receptors. Subunitary
composition of the protein associated to the calcium channel
described here will have to be elucidated, allowing compari-
son with subunitary composition of already described cal-
cium channels. Improvement in the knowledge of the mapac-
alcine-sensitive calcium channel should provide informations
regarding its contribution in the treatment of intestinal dis-
eases associated to perturbations of cellular calcium ho-
meostasis.
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