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Three marine alkaloids, purified fro@lavelina moluccensiswere structurally identified as lepadiformines A, B, and

C and studied on frog atrial myocytég, using the patch-clamp technique. Lepadiformine A (0.4 to3/3 blocked

lk; dose-dependently with an apparent dissociation conskg)tgqual to 1.42:M and a stoichiometry of 0.77. The

block is voltage-dependent, suggesting that lepadiformine A occupies a receptor site located at about two-thirds of the
membrane depth. The shortening of the aliphatic chain at position C13 of lepadiformine B decreased the potency of the

molecule to blocKk; but not the affinity Kp = 1.56u4M) and

stoichiometry (0.72). Additional deletion of the oxygenated

side chain at C2 in lepadiformine C markedly decreased the inhibitory effect of the molecule. In conclusion, lepadiformine

modulatedy; response in cardiac muscle. The oxygenate
which behaved as an amine, for a receptor located near
C13 is involved in the degree of; blockage.

In our continuing search for novel bioactive metabolites from
marine natural organismlavelina lepadiformisMuller from

d side chain in C2 is implicated in the affinity of lepadiformine,
or insidg there, and the aliphatic chain length at position

further insight into the structures of lepadiformines A, B, and C,
and we analyzed the mechanism by which these molecules block

Tunisia has provided the alkaloid lepadiformine. This alkaloid has cardiac muscle Kchannel.

a moderate cytotoxic activity on KB cells and non-small-cell lung
carcinoma (NSCLC-N6).Among tunicatesClazelina are prolific
alkaloid-producing organisms, e.g., clavepictifesjakayin?
pictamine? piclaviness cylindricines? villatamide? and lepadine$®
More recently, we have isolated lepadiformine and two other
derivatives fronC. moluccensis$luiter collected in Djibouti waters,

and we proposed the names lepadiformines A, B, and C, respec-
tively. At the same time, success in total synthesis of lepadiformine

A indicates that the configuration proposed by Biard étraeded
revision.

Biological studies of lepadiformines showed that intravenous
injection of lepadiformine A isolated fror®. moluccensihiad a

marked effect on the cardiovascular system. The substance (6 mg

kg™1) produced a transient decrease of arterial blood pressure i
the rat and exerted a vasoconstrictor effect in the perfused rabb

ear? Lepadiformine A also caused bradycardia and modified the

electrocardiogram by prolonging the-Q interval?® Our micro-

electrode measurements indicated that, in both rat left ventricular

papillary muscle and frog auricle, micromolar concentrations of
lepadiformine A prolonged the action potential (AP) duration (APD)
and mimicked the effect of B4, a blocker of this background
inward rectifying K" current (k1), indicating that the substance
inhibited the current.The cardiac inward rectifying K channel
(Ki) is important in maintaining the maximum diastolic potential.
Ki2.1, K2.2, and K2.3 are coexpresstdand probably coas-
sembled in cardiac muscle cells. Until now only a fewdhannel
inhibitors have been discovered. The channel is sensitive to th
barbiturate thiopent&ll and blocked by tertiapid and rLq23

isolated from bee and scorpion venoms, respectively. Therefore,
the study of the mode of action of lepadiformines on cardiac muscle

Ix1 is of physiological interest. In the present work, we sought
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Results and Discussion

The EtOH extract of wet ascidians was partitioned betwees CH
Cl, and HO. After evaporation, the organic residue was suspended
in aqueous HCI. This suspension was filtered, washed wi® Et
and then extracted with GiI, without any change of pH. Low-
pressure chromatography (silica, &H,—MeOH from 100:0 to 70:

30) gave product C and a mixture of compounds A and B, which
were finally separated by HPLC (f2—dioxane, 50:50). Chro-
matographic, mass, and NMR data indicated obvious similarities
between these products and lepadiformine previously purified from
C. lepadiformis

For compound A (lepadiformine A) (Figure la), complete
matching oftH and3C NMR spectra (Table 1) and a protonated
molecular peakwz = 294 [M + H] " by LSI-MS corresponding to

a molecular weight oM = 293 (GgH3sNO) indicated that botie.
moluccensiand C. lepadiformissynthesize lepadiformine A.

Compound B (lepadiformine B) (Figure 1b) gave a molecular
peakm/z 265.2399 in the EIMS corresponding teAH3;NO (calcd
value 265.24055). The fragmentation pattern showed peaké&at
234.2224 (calcd value 234.2221) for'M- CH,OH, 208 for M*

— C4Hy, and 178 for M — CH,OH — C4Hg. In comparison with

product A,13C and'H NMR data (Table 1) showed the disappear-

ance of two CH groups ¢ 26.11 and 31.36 in lepadiformine A)

and the persistence of the NH10.10) and the oxygenated GH

e group at C2{§c 59.94, two diastereotopic H's at; 3.61 and 4.15).

Therefore, the core of lepadiformine A is conserved in lepadiform-

ine B, but the aliphatic side chain at position C13 is shortened from

C6 to C4. Such a shortening of the aliphatic side chain from hexyl

to butyl has already been reported for the structurally related marine

alkaloid cylindricines,

7 Compound C (lepadiformine C) (Figure 1c) gave a peak{M

. H]* at m/z 236.2371 in the HRESIMS, which corresponded to a
molecular formula of GHygN (calcd for M+ H 236.2378). The
fragmentation pattern showed peaks#t 221.3, 207.3, 192.3, and
178.3 (M" — C4Ho), indicating the progressive loss of a butyl side
chain. Neither a peak at 204 (M— CH,OH) nor at 147 (M —
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Table 1. 13C and'H NMR Data for Lepadiformines A, B, and C (in Cd{l
lepadiformine A

lepadiformine B lepadiformine C

CdCk atoms 13C (ppm) H (ppm) 13C (ppm) H (ppm) 13C (ppm) H (ppm)

1 59.70 3.56 59.94 3.61
4.10 4.15

2 63.23 3.61 63.50 3.63 46.86 2.85

3.68

3 24.12 1.95 24.27 1.93 22.37 1.96
2.32 2.35 2.10

4 26.20 1.75 26.42 1.75 27.64 1.71
2.00 2.00 1.99

5 77.26 77.23 74.61

6 33.60 2.10 33.75 2.13 35.46 2.03

2.22

7 23.03 1.251.35 23.22 1.251.35 23.72 1.48
1.75 1.75 1.85

8 24.71 1.251.35 24.88 1.251.35 25.14 1.251.35
1.63 1.65 1.72

9 30.44 1.00 30.71 1.00 29.86 1.07
1.63 1.65 1.61

10 36.00 2.00 36.19 2.00 37.82 1.95

11 22.27 1.36-1.40 22.52 1.361.40 20.96 1.52
1.75 1.75 1.68

12 18.87 1.48 19.17 1.48 20.01 1:30.40
1.89 1.90 1.87

13 58.47 3.61 58.67 3.63 55.29 3.52

14 29.64 1.261.30 29.52 1.261.30 30.80 1.22
2.42 2.47 2.04

15 26.11 1.251.35 28.42 1.251.35 28.33 1.26

16 28.76 1.36-1.40 22.37 1.361.40 22.37 1.361.35

17 31.36 1.261.30 13.82 0.88 13.86 0.90

18 22.20 1.261.30

19 13.73 0.82

NH 10.10 10.10 n.s.

an.o.: not observed.

CH,OH — C4Hg) was observed, indicating the disappearance of
the oxygenated side chain at position C2 (as in lepadiformine A or
B). NMR data (Table 1) confirmed that the oxygenated,@Qkbup

at position C2 §c 59.70,0y 3.56 and 4.10 in lepadiformine A)
has disappeared and that the CH was converted tpatig2. No

NH signal was observed in the proton NMR spectrum, while all
the remaining signals were similar to those of lepadiformine B
(Table 1). Thus, on the basis of thd and'3C NMR data mainly,
lepadiformine C bears the same framework as lepadiformine B

Cr

R/ R

without the oxygenated side chain at C2. The absolute configuration Figure 1. Structural formulas of lepadiformines (as hydrochloric

of lepadiformine A was recently established by synth&sis. salts): (1a) lepadiformine A (R CHOH, Ryt CeHig); (1b)
Lepadiformines B and C result most probably from the same lépadiformine B (R CH;OH, R,: CsHo); (1c) lepadiformine C
biosynthetic pathway. Because of their matching NMR data, we (Ri: H, Ret CaHo).
propose the same absolute configuration for the new derivatives B
and C. Such an assumption may be strengthened by referring to
the observedd]p values for lepadiformines A, B, and C, which
are very close. In addition, the NMR data and the use of HCl in
the isolation process suggest that all three alkaloids were present,
as HCI salts.

Under voltage clamp conditions, the currégt recorded in the

lepadiformine A was dose-dependent (Figure 3). The half-maximal
response was reached at a drug concentration ofi@dizand the

Hill plot of the data gives a stoichiometric parameter value of 0.77.
The currentvoltage curves of Figure 2C suggest that the
padiformine A-inducedy; blockade is potential-dependent, a
situation that shares some similarities with the voltage-dependent

A . . . block of Na" and K" channels produced by external acidification
control solution is inward directed in response to hyperpolarizing

. ) M at the node of Ranviéf Without making any specific assumption
clamp steps and ouward directed in response to depolarizing Clampabout the molecular events, the potential-dependent block of the
steps applied from the HP (Figure 2Aa). Subsequent addition of j

lepadiformine A (1.64M) to th trol solution d th current by lepadiformine A can formally be described by assuming
r(ralggnlitﬂgglgsboﬂg (inctv ar) d Zn d (e;u(;\c/)vgrrdo) csz)omupl(?:enggr)((algizzsre € thatthe equilibrium dissociation constal & ko/k;) of the reaction

t the ion (X the ch | tor (R) ch ith
2AD). The blockade of the current induced by lepadiformine A is between the fon (X) and the channel receptor (R) changes wi

not time-dependent. The current remaining after lepadiformine A depolarization.
(1.6 uM) treatment is suppressed by subsequent addition &f Ba

(2 mM) to the solution containing the alkaloid (Figure 2Ac). Total

replacement of K by Cs" in both control and pipet solutions

preventdy; development, and subsequent addition of lepadiformine  From the voltage-dependence of the inhibitory effect of lepadi-

A (1.6 uM) to the K*-free solution containing Csdoes not modify formine A on Ik, the voltage-dependence of the equilibrium
the amplitude of the current (Figure 2B). Currembltage relation- dissociation constank() was calculated from the equatitty =

ships plotted foix; show that lepadiformine A (1,6M) decreases ko/ky = (a/(1 — a)) x [X]) (eq 2). In this equatiora is the current

the amplitude of the current and that the remaining current is ratio (liepaditormine Alcontro) between the net currents, which were
suppressed by subsequent addition of'B2 mM) to the solution measured by subtracting the current recorded at the end of the clamp
containing lepadiformine A (Figure 2C). The blockadelgf by steps before and after total blockade byB@ mM) in the presence

Ky
X+ R=X-R
ka
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Figure 2. Effect of lepadiformine A on the background inward
rectifying K™ current. (A) Superimposed current traces recorded,
in response to a120 mV (lower traces) and-60 mV (upper
traces) clamp step (V) applied from HP—100 mV (d): (a) control
Ringer solution, containing (b) lepadiformine A (1.61) and (c)
lepadiformine A and B& (2 mM). (B) Current traces recorded, in
a in K*-free control solution containing €sin response to a120
mV (lower traces) and-60 mV (upper taces) clamp step (V)
applied from HP= —100 mV (c), (a) before and (b) 5 min after
lepadiformine A (1.6uM) application. (C) Currentvoltage rela-

-30

tionships plotted for the current measured at the end (500 ms) of §
the clamp steps in the control Ringer solution before (open circles) —

and after (solid circles) 5 min lepadiformine A (1u81) addition;
(open triangles) subsequent addition oFBE mM) to the solution
containing lepadiformine A; HR= —100 mV.
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Figure 3. Dose-response curves for the inhibition of the back-
ground inward rectifying K current by lepadiformines: (open
circles) lepadiformine Arf = 4); (solid squares) lepadiformine B
(n = 4); (solid triangles) lepadiformine (= 4). Curves were
drawn according to eq 1: lepadiformine A€ 0.77,Kp = 1.42
uM); lepadiformine B p = 0.72,Kp = 1.56 uM); lepadiformine

C (regression line drawn according to the equaien x + 2.54;
correlation coefficient= 0.98). Mean valuest SEM of n cells.

(liepadiformine A @nd in the absencécfnio) Of lepadiformine A (1.6
uM) in the control solution, and [X] is the concentration of
lepadiformine A. The lepadiformine A-induced voltage-dependence
is described in more detail by plottingy against membrane
potential values (Figure 4). Experimental data were best fit by a
straight regression line, which indicated thif depends on
membrane potential. In the WoodHé&iterived barrier model for
voltage-dependent ionic channel block, voltage-deperiigsiare
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Figure 4. Voltage-dependence of the apparent dissociation constant
Kq for the background inward rectifying ® current blockade
induced by lepadiformine A (1.6M). Kq values obtained from eq

2 are plotted against membrane potential. The regression line was
drawn according to the equatigr= — 0.01% + 0.043 (correlation
coefficient= 0.98). (arrow)Ky = 0.3 uM at 0 mV. Mean values

+ SEM of 6 cells.
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Figure 5. Effect of lepadiformine B on the background inward
rectifying Kt current. (A) Superimposed current traces elicited by
—120 mV (lower traces) ané-50 mV (upper traces) clamp steps
applied from HP= —100 mV (d): (a) control Ringer solution
containing (b) lepadiformine B (4.2M); (c) subsequent addition

of Ba&2* (2 mM) to the solution containing lepadiformine B. (B)
Current-voltage relationships plotted for the current measured at
the end (400 ms) of the clamp steps in the control Ringer solution
before (open circles) and after (solid squares) 5 min lepadiformine
B (4.1 uM) application; (open triangles) subsequent addition of
Ba?t (2 mM) to the solution containing lepadiformine B; HP
—100 mV.

that the alkaloid may reach a site lying at an electrical dist#hce
from the inside of the membrane. Assuming that lepadiformine A
bears at least one positive charge, as its chemical structure suggests,
6 might be calculated according to the equatkin= ko/k; exp-
(z6FE/RT) (eq 3)8 with zthe valence of the moleculE,the Farad,

Rthe gas constant, affdthe absolute temperature. Since the slope

of the regression line is 35 mV per e fold chang&i andzF/RT

= 0.04159 mV! at 20°C, 6 is 0.69.

The addition of lepadiformine B (4 4M) to the control solution
mainly inhibits the inward components &f; (Figure 5Aa,b).
Subsequent addition of Ba (2 mM) to the solution containing
lepadiformine B suppressed the remaining current (Figure 5Ac).
Ik1 blockade is a function of lepadiformine B concentration (Figure
2). Compared to lepadiformine A, lepadiformine B (2.5/)
significantly (P < 0.05) inhibitslk; by only 54%. The half-maximal
response was reached at a drug concentration ofidVb& he Hill
plot of the data gives a stoichiometric parameter value of 0.72.
The currentvoltage relationships of Figure 5B plotted for the
blockade oflx, show that lepadiformine B (4.4M) blocked Ik,

used to determine the relative energy profile of ion channels at the in the membrane potential range70 to —30 mV in a voltage-

site of blockage by determining the fractiofi) (of the applied

transmembrane voltage field sensed by the ions. The voltage-

dependent blockade df; induced by lepadiformine A suggests

dependent manner (Figure 5B).
The addition of lepadiformine C (3/8M) to the control solution
does not markedly alter any of the two components of the current
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A Shortening the length of the lateral aliphatic chain at position
B C13 in lepadiformine B reduced the inhibition lf by about one-
a L half but does not modify th&p value and the stoichiometry. This
[ 100 - reveals that the affinity of lepadiformines A and B for the channel

receptor is the same. The saturationlgf inhibition induced by
lepadiformine B reveals that the length of the aliphatic chain plays
100 - an important role in the blockage of the pore, suggesting that it
may penetrate into the channel. This mode of action shares some
similarity with the effects of NMDA and AMPA receptor antago-
nists® or of the K,1.3 channel blocker 5-alkoxypsoraletisyhose

(o
membrane current (pA)
N
8

cl.. l

r \ r" |ﬂ“ a0} activity depends on the length of the chain linker. Therefore, our
e o o data reveal that the length of the aliphatic chain at position C13 is
V= 50 my 200ms membrane potential (mV) involved in K; channel blockage by lepadiformines A and B.
d_ P =-100mv Our data show that lepadiformine C poorly blockigg. The
V=-120 mv chemical structure of lepadiformine C is similar to that of

Figure 6. Effect of lepadiformine C on the background inward 'epadiformine B, except that the oxygenated side chain at position
rectifying K+ current. (A) Superimposed current traces recorded C2 is missing, which leads to a decrease of the ammonium charge.
in response to a120 mV (lower traces) ane-50 mV (upper The fact that lepadiformine C poorly blockégd indicates that the
traces) clamp step (V) applied from HP—100 mV (d): (a) control side chain at C2 plays a major role in the binding capacity to the
Ringer solution containing (b) lepadiformine C (3:81) and (c) channel receptor. Ammonium compounds move easily through the
lepadiformine C and B4 (2 mM). (C) Current voltage relationships ~ phospholipid bilayers to reach a receptor site located in the
plotted for the current measured at the end (400 ms) of the clamp proximity of the inactivation gate of the Ngore2” and quaternary
steps. (open circles) Control Ringer solution containing (solid amines compete with the inactivation gate to inhibit the K
squares) lepadiformine C (3/M) and (open triangles) lepadi-  current?® According to Zhou et aP? the hydrophobic central cavity
formine C and B&" (2 mM). and inner pore of K channels form the receptor site for both the
inactivation gate and quaternary ammonium compounds. Lepadi-
(Figure 6A). The currentvoltage relationships of Figure 6B show  formines may interact with one of the negatively charged amino
that the amplitude of the current is not markedly modified in the acids located in the inner vicinity of the narrow iselectivity filter.
presence of lepadiformine C (3;M) in the control solution, Obvious candidate residues would be D172, E224, or E229, which
whatever the membrane potential investigated. Increasing theform a ring at an intracellular site and which are involved in channel
lepadiformine C concentration in the control solution inhibits only blockade by natural polyamines and are critical for their high

weaklyly; (Figure 2); compared to lepadiformine Ky is inhibited affinity.23.30

only by 8.4% P < 0.05) in the presence of lepadiformine C (25  In conclusion, our data reveal that the blockagelgf by

uM) in the control Ringer solution. lepadiformines is of physiological interest in cardiac muscle since
Our present data show that the three marine alkaloids, lepadi-there are not many blockers specific for this current. The results

formines A, B, and C, fronC. moluccencidlock the B&"- and reveal that the oxygenated side chain at C2 favors the binding of

Cs*-sensitive K channels in frog auricle according to the sequence the amine part of the molecule to an intracellular site located inside

lepadiformine A> lepadiformine B> lepadiformine C. the channel and the length of the aliphatic chain at position C13 is

I plays an important role in the modulation of the duration of Involved in the blockage degree.
the repolarizing phase of cardiac APThe molecular structure of

the K, channel consists of two transmembrane domains separated=xPerimental Section

by a pore P loop that contains the signaturedélectivity sequence, General Experimental ProceduresOptical rotations were obtained
as well as extended cytoplasmic¢ &hd C termini. The P loop as on a Perkin-Elmer 341 polarimeter. UV spectra were recorded on a
well as the Ctermini have been implicated in gatifgOur data Beckman DU-64 spectrophotometer. IR spectra were obtained (NaCl

show thatlk; is sensitive to micromolar concentrations of lepadi- disks) on a Perkin-EImer PC 1000 FT-IR spectrophotometer. NMR
formine A. The stoichiometry of the block (0.77) suggests that at studies were performed on a’Bker AMX-500 operating at 500 MHz

least one molecule is involved in the blockage of the channel. In for *Hand 125 MHz fof*C and referenced to the residual nondeuterated
addition, lepadiformine Alx; channel blockage is not time- solvent. HREIMS was recorded on a Varian MAT 311 for lepadiformine

dependent, suggesting that the mode of inhibition of the substanceB- Positive ion, liquid secondary ionization mass spectra (LSIMS, Cs
differs from that of polyamine cations such as spermidine, which 3-nitrobenzyl alcohol as matrix) for lepadiformine A and high-resolution
exert a time-dependent blockade ba. Polyamine cations’ are electrospray ionization mass spectra (HRESIMS) for lepadiformine C
supposed to occupy one or two sites located either in the core of Vere obtained on a ZabSpec TOF Micromass. HPLC was performed

the channel or on the carboxyl lo8bPolyamines are thought to on a Gilson system with a model 115 UV/vis detector and a model

block Iy channels by entering deeply into a long, narrow pore 132 refractometer.
K1 y y . . .
displacing K- to the outside of the membra@e. Animal Material. Samples ofC. moluccensiscollected by one of

the authors (J.-F.B.) at a deptli & m around the Musha Islands
Lepadiformine A causes a voltage-dependent pore block, indicat- (Djibouti), were immediately frozen and maintained frozen until
ing that I, inhibition is more pronounced at more positive extraction. Systematic identification was performed by Dr. C. Monniot
membrane potentials and that at least one molecule or part of theat the Musem National d’'Histoire Naturelle (Paris), where a voucher
molecule can enter the pore. The voltage-dependence of inwardsPecimen is deposited.
rectifier K+ channels results primarily from the movement of K Isolation and Identification of Lepadiformines A, B, and C. The
ions across the transmembrane electric field, which accompaniesffozen ascidians (2 kg) were extracted twice by 95% EtOH to yield a
the binding of a blocke?® From this voltage-dependence, we crude extract, which was partitioned between,CHand HO to yield

calculate that lepadiformine A mav occupy a receptor site. Iving at 6.7 g of organic extract. This extract was then dispersed in aqueous
p Yy Py P Jymgat e (1 N, 2 L). The resulting suspension was filtered, washed b@ Et

about two-thirds (0.69) of the apparent membrane depth, and may 4 . 500 mL), then directly extracted by GBI, (4 x 500 mL) without
be located in close vicinity of or within thig,; channel. This value change of pH to obtain purified extract (2.2 g). This extract was
is close to the one (0.64) reported for the binding of'B® a site chromatographed on silica (glass column, silica-80:m, 65 g, extract
located within the pore of KL.1b channels expressed in oocytes.  sample 1.1 g) with a step-gradient of ghL—MeOH to give raw
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lepadiformine C (94:6, 250 mL, 75 mg) and a mixture of A and B of B&" to the test solution. Doseresponse curves were fitted according
(92:8, 750 mL, 1 g). Pure lepadiformine C was obtained by preparative to the modified Langmuir equationY = YnaXP/(KpP/(KoP + XP) (eq

silica TLC (CH.Cl,—MeOH, 90:10, visualization by sulfuric acid 1), whereY is the percentage of inhibition of the currenX, the
vanillin). A mixture of lepadiformines A and B was resolved by HPLC  concentration of substance, the stoichiometric parameteKp the
(Lichrosorb, 25x 4 mm, 5um, isocratic EfO—dioxane, 50:50, 1 mL/ apparent dissociation constant, arighk a constant value. Numerical
min, sample 10 mg per cycle) to afford pure lepadiformine A (1.4 g) data are expressed as mean vatieEM; n corresponds to the number
and lepadiformine B (150 mg). of preparations tested. The data were analyzed using the paired Student’s

Lepadiformine A (Figure 1a): pale yellow oil; fo]p +4.0 (€ 1.00, t-test. Differences were considered significanPat 0.05.

CHCl); UV (EtOH) Amax (log €) 310 (1,56), 206 (2,74); IR (film, NaCl)
vmax 3316, 2931, 2854, 2690, 2597, 1723, 1630, 1469, 1415, 1379,
1266, 1123, 1086, 953, 856, 728, 589 ¢m‘H and **C NMR data,
see Table 1; LSIMS (Cs nMBA), m/z 294.3 [M + H]*. See also
ref 1.

Lepadiformine B (Figure 1b): pale yellow oil; fo]p +3.0 (€ 1.00,
CHCl); UV (EtOH) Amax (l0g €) 296 (2,55), 215 (2,98); IR (film, NaCl)
vmax 3318, 2933, 2854, 2679, 2587, 1633, 1469, 1333, 1256, 1085
950, 856, 738, 590 cm; 1H and 13C NMR data, see Table 1; HREIMS
m/z 265.2399, calcd for GH3:NO, 265.240554 + 0.65 mu).

Lepadiformine C (Figure 1c): pale yellow oil; fo]p +11.0 € 1.00,
CHCly); UV (EtOH) Amax (log €) 275 (1.63), 205 (2.57); IR (film, NaCl)
vmax 3411, 2934, 2865, 2710, 2638, 1723, 1633, 1469, 1348, 1266,
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