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Lophotoxin: A Novel Neuromuscular Toxin from

Pacific Sea Whips of the Genus Lophogorgia

Abstract. A new neuromuscular toxin, lophotoxin, has been isolated from several
Pacific gorgonians of the genus Lophogorgia. The structure of lophotoxin was
deduced by combined spectrochemical methods, and belongs to the well-known
cembrene class of diterpenoid molecules. Lophotoxin contains furanoaldehyde and
o,B-epoxy-y-lactone functional groups, in sharp contrast to the cationic ammonium
functional groups of the established neurotoxins.

As part of a program to explore the
chemical defense adaptations of marine
organisms, we have investigated numer-
ous representatives of the horny corals
or gorgonians (sea fans and whips; phy-
lum Cnidaria, order Gorgonaceae),
fourid mainly in tropical and subtropical
waters. In contrast to the hard corals,
gorgonians possess no skeletal protec-
tion, and hence their survival appears
dependent on alternative strategies
based certainly, in part, on the produc-

tion of noxious and toxic chemicals (/).

During May and June 1978, a coliabo-
rative chemical and pharmacological in-
vestigation of the abundant gorgonian
fauna of Pacific Mexico was undertaken
onboard the research vessel Alpha Helix.
Ori-site bioassays indicated that alcohol
extracts of several gotrgonians from this
locale possessed considerable cytotoxic,
ichthyotoxic, and antibacterial activity
(2). In particular, extracts of the colorful
sea whips of the genus Lophogorgia

Table 1. 'H and "C nuclear magnetic resonance data for lophotoxin (1); recorded in CDCl;
solution at 220 MHz (*H) and 20 MHz ('3C), with internal trimethylsilyl as standards.
Abbreviations: s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; bs, broad singlet; gem,

geminal; and J, coupling constant.

Assign- BC chem-

mente* ical shift g Proton chemical shift
18 184.5 (d) 38.0 9.87 (s)
20 170.2 (s)
21 (CH,CO0) 168.1 (s)
3 161.8 (s)
6 149.8 (s)
15 148.3 (s)
4 123.0 (s)
16 111.0 (1) 23.9 4.93 (bs)
4.91 (bs)
5 105.6 (d) 31.6 6.57 (s)
10 76.7 (d) 23.4 4.81 (dd,J15,95=4, J10.9¢=3)
13 70.3 (d) 22.2 4.99 (d,J13,14=7)
11 64.1 (d) 28.1 4.17 (s)
12 61.3 (s)
8 56.1 (s)
7 55.3 (d) 26.1 4.09 (s)
9 39.0 (t) 15.4 2.49 (dd,Jgem=—16, Jop.10=4)
. 2.05 (dd J gom=—16, Jou 10=3)
1 36.5 (d) 16.4 3.99 (ddd,Jy 25=11, J; 14=11,J; 5, =4)
2 32.9 (1) 16.6 3.07 (dd Jyem=—18, J20.1=4)
2.95 (dd Jpom=—18, J2.1=11)
14 317 @ 14.3 2.50 (M germ=—15, Jrag1=11, Jrap13=7)
170 (d,Jpom=—15)
17 21.1 (q) 14.4 1.90 (s)
22 (CH5CO0) 20.4 (g) 14.9 2.05 (s)
19 20.2 (9) 12.4 1.14 (s)

*Assignments are made based on spin-decoupling measurements ¢ H) and proton single frequency decoupling
experiments (>C). Residual coupling constants (J,) (13) became useful in interrelating proton and carbon

resonances.
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showed consistent ichthyotoxicity, and
in nature these animals showed little
evidence of predation. Subsequent

- chemical and pharmacological studies

have now resulted in the isolation and
structure assignment of a potent new
neuromuscular toxin, lophotoxin (1),
from four speciés of Lophogorgia. Re-
ported herein are the structural chemis-
try and fundamental pharmocological
properties of this toxin.

Chloroform extracts of three Mexican
Lophogorgia species, L. alba (Duch.
and Mich.), L. cuspidata (Verrill), and
L. rigida (Verrill), were each recognized
to contain various concentrations of
lophotoxin. The California gorgonian,
Lophogorgia chilensis Verrill (L. pana-
mensis), has subsequently also been
found to produce lophotoxin. Therefore,
the distribution of toxin-producing gor-
gonians extends from Panama Bay
northward to Point Conception, Califor-
nia (3).

To isolate the toxin for structure anal-
ysis, an extract of L. rigida was chromat-
ographed over Florisil and eluted with
increasing amounts of ethyl acetate in
isooctane. Pure ethyl acetate eluted the
toxin in a mixture which was further
purified by high performance liquid
chromatography (p.-Porasil column; with
60 percent ethyl acetate and isooctane)
(4). Lophotoxin crystallized from one
liquid-chromatography fraction as white
needles [melting point, 164° to 166°C;
[l +14.2°C (¢ = 1.7, CHCI5) (0.2 per-
cent dry weight)].

The structure of lophotoxin was deter-
mined by spectral and chemical meth-
ods. Along with lophotoxin, we isolated
a minor amount of the cembrenolide,
pukalide (2), a metabolite earlier de-
scribed by Scheuer and co-workers from
the Hawaiian alcyonacean soft coral Sin-
ularia abrupta (5). The similarity in
structure and in spectral features of
lophotoxin and pukalide strongly sup-
ported our initial structural assignment.
A molecular formula of C,H;405 was
established for 1 by mass spectral analy-
sis and by interpretation of '*C nuclear
magnetic resonance (NMR) data (Table
1), and this composition indicated 11
degrees of unsaturation. Infrared absorp-
tions at 2850 and 1689 cm™, coupled with
BC NMR bands at 184.5 (d), 161.8 (s),
149.8 (s), 123.0 (s), and 105.6 (d) allowed
the formulation of a furanoaldehyde
group. An additional absorption at 1792
cm~ initially suggested the presence of a
saturated +v-lactone functional group.
However, after recognizing that two tri-
substituted epoxides' were present by
analysis of *C NMR data [64.1 (d),
61.3 (s), 56.1(s), and 55.3 (d)] the -
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lactone was revised to an o,B-epoxy-vy-
lactone group. This rare functional group
has been observed in several terrestrial
natural products, including micromelin
(6) and linderane (7). A further infrared
absorption at 1735 cm™, coupled with
3C NMR bands at 168.1 (s), 70.3 (d),
and 20.4 (q), confirmed the presence of
the secondary acetate ester.

Treatment of lophotoxin with manga-
nese dioxide and sodium cyanide in
methanol (8) smoothly converted the fu-
ranoaldehyde to the corresponding
methyl ester, 3. This compound was also
isolated as a natural product from L.
rigida.

To confirm the existence of the epoxy-
lactone in 1 and 3, compound 3 was
deoxygenated with chromous chloride in
a mixture of acetone and acetic acid to
yield the o,B-unsaturated lactone 4. The
unsaturated +y-lactone carbonyl group
produced gave rise to an infrared absorp-
tion at 1760 cm™, reflecting the 30 cm™!
shift also observed in the deoxygenation
of linderane (7). Final confirmation of
the basic cembrenolide structure of
lophotoxin, including several centers of
stereochemistry, was obtained via cata-
lytic hydrogenation of 4 (Pd and ethyl
acetate) to yield the hydrogenolysis
product 5, [a]lp +33.5°C (¢ = 0.3,
CHCl,). Under similar conditions, puka-
lide was reported to yield 5 as the major
product (5). Hydrogenation of pukalide
under our conditions indeed gave 5, [alp
+34.0°C (¢ = 0.9, CHCl;), as a major
product which was identical to the prod-
uct from 4. Since hydrogenation would
not influence the stereochemistry of sub-
stituents at C-1, C-8, and C-10, both
lophotoxin and pukalide must have the
same absolute stereochemistry at these
centers. Only the placement of the ace-
toxyl group and the stereochemistry of
the epoxide at C-11, C-12 remained to
fully define lophotoxin. Fortunately,
proton decoupling experiments at 220
MHz established these structural fea-
tures. Two sets of mutually coupled pro-
tons were observed, the C-9, C-10 set
and the C-13, C-14, C-1, C-2 array. As in
pukalide, the C-9 methylene protons ap-
peared at different shifts (8 2.49 and
2.05), and each was coupled to the C-10
lactone methine proton which appeared
at 3 4.81. This proton was not coupled to
the epoxide proton at C-11, suggesting a
dihedral angle between these atoms ap-
proaching 90°. Recent 'H NMR data for
some synthetic 1,3-dialkylated o,B-ep-
oxy-vy-lactones showed less than 1-Hz
couplings in the trans arrangement of the
B-epoxy and v-lactone methine protons,
and 2- to 3-Hz couplings in the cis orien-
tation (9). Our assignment of the substit-
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uents at C-10, C-11 as trans in lopho-
toxin is based on these observations and
on conformational analysis of both epox-
ide isomers (10).

The readily resolved allylic methine
proton at C-1, which is observed as an
identical multiplet in both lophotoxin
and pukalide, served as a cornerstone to
establish the four-carbon unit C-13,
C-14, C-1, and C-2. As in pukalide the
C-1 methine proton was coupled only
to three of the four proximate protons.
Both C-2 protons were coupled to C-1
(/ = 11 Hz, J = 4 Hz), and only one of
the C-14 methylene protons showed cou-
pling to C-1 (J/ = 11 Hz). The C-14 meth-
ylene proton, which was coupled to the
C-1 proton, was also coupled (J = 11
Hz) to an acetoxyl-bearing methine,
therefore placed at C-13. The geminal
coupling of the C-14 protons was easily
established since their chemical shifts
were widely separated (see Table 1).

Subcutaneous injection of lophotoxin
in mice was lethal (the 50 percent lethal
dose being 8.0 pg/g). Death was preced-
ed by ataxia, paralysis, and severe respi-
ratory depression. Experiments in the in
vitro rat phrenic nerve-hemidiaphram
preparation demonstrated that lopho-
toxin irreversibly inhibits nerve-stimu-
lated contraction without affecting con-
traction evoked by direct electrical stim-
ulation of the muscle. Such findings are
usually indicative of an action at the
neuromuscular junction. Neuromuscular
blockade was observed with bath con-
centrations of lophotoxin as low as
8 x 107* M. Both the kinetics and irre-
versibility of lophotoxin resemble those
of a-bungarotoxin, a paralytic component
of the venom of the Southeast Asian
snake Bungarus multicinctus.

The epoxylactone and furanocaldehyde
functionalities of lophotoxin are found
separately only in a few other natural
products, and these groups have not

COpCH3

CO2CHg

previously been observed in marine nat-
ural products. Both functional groups
may be important for the pharmacologi-
cal activity of lophotoxin. The carbo-
methoxy derivative 3 shows only weak
to moderate toxicity, and pukalide (2),
which lacks the epoxylactone functional-
ity, shows almost no activity. Other
a,B-epoxy-y-lactone—containing natural
products possess important biological
activities. The previously mentioned lac-
tone micromelin, isolated from the Asian
evergreens Micromelum integerrium and
M. minutum, for example, demonstrates
significant activity against P-388 lympho-
cytic leukemia and Lewis lung carcino-
ma. The corresponding synthetic o,B-
unsaturated vy-lactone derivative of mi-
cromelin showed no such activity (6).
Picrotoxinin, an ichthyotoxin from the
poisonous plant genus Menispermum,
also possesses the epoxylactone func-
tionality, and apparently acts by block-
ing y-aminobutyric acid to produce cen-
tral nervous system stimulation and con-
vulsions (11).

The inference that epoxylactone and
furanoaldehyde groups may be responsi-
ble for the potent biological properties of
lophotoxin leads to speculation concern-
ing their respective modes of action. It is
clear that both functionalities could react
with biological nucleophiles providing a
site for highly selective alkylation.
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Metastatic Potential Is Positively Correlated with Cell Surface
Sialylation of Cultured Murine Tumor Cell Lines

Abstract. The ability of murine tumor cells to metastasize spontaneously from
subcutaneous sites is positively correlated with the total sialic acid content of the
cells in culture, the degree to which the sialic acid is exposed on the tumor cell
surface, and, most strongly, with the degree of sialylation of galactosyl and N-
acetylgalactosaminyl residues in cell surface glycoconjugates. These findings sug-
gest that sialic acid on the cell surface may play a role in tumor cell metastasis.

Much attention has been devoted to
studying alterations in cell surface carbo-
hydrates in neoplastic transformation
(1). Particular interest has been focused
on changes in the composition and me-
tabolism of sialic acid (N-acetylneura-
minic acid) in transformed cells (I-8).
No consistent patterns have so far
emerged (7); sialic acid levels (2-4), si-
alylated membrane components (5, 6),
and sialyl transferase enzymes (4, 5, 7, &)
in transformed cells have been found to
be increased in some studies (2, 5~8) and
decreased in others (3, 4).

Several studies have suggested, how-
ever, that cell surface sialic acid might
play a role in determining the metastatic
properties of neoplastic cells. Sialic acid
has been implicated in determining cellu-
lar adhesiveness (9), the ability of intra-
venously injected cells to implant in vari-
ous organs (/0), cellular motility and
invasiveness in vitro (/1), and immuno-
genicity (I/2). Each of these properties
has been linked to the metastatic behav-
ior of cells (13). Previous studies with
variants of the B16 mouse melanoma
that differ in lung implantation properties
after intravenous injection showed high-
er levels of neuraminidase-releasable cell
surface sialic acid on cells from the cell
line with enhanced ability to implant in
lungs (/4, 15). Prompted by these find-
ings, we examined the sialic acid content
and cell surface sialylation of a variety of
murine tumor cell lines of diverse types
which vary in their spontaneous meta-
static properties (16-19).

The cultured cell lines we used include
spontaneously transformed, DNA and
RNA virus-transformed, and chemically
transformed cells derived from (or pro-
ducing in vivo) carcinomas, sarcomas,
and melanomas (Fig. 1, legend). The
metastatic properties of the cell lines
were defined by determining the percent-
age of animals developing spontaneous
metastases to any site after the excision
of a primary subcutaneous tumor (I8,
20). Tumors were excised at sizes rang-
ing from 2 to 6 g for rat tumors and 1 to 3
¢ for mouse tumors; animals were killed
either when obvious metastases devel-
oped or after prolonged observation (5 to
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17 months after excision in rats, 4
months in mice). One to five experi-
ments were performed for each cell line,
with 5 to 65 animals tested per line and
with reproducible results from experi-
ment to experiment (I8, 20). The cell
lines exhibited a wide range of metastatic
behavior, with the overall incidence of
metastasis ranging from 0 to 100 percent
(Fig. 1). Three nontumorigenic cell lines
were also studied.

Using cells that were within several
tissue culture passages of those used in
the in vivo experiments, we examined
three aspects of the sialylation of cul-
tured cells: (i) the total sialic acid content
of the cells (Fig. 1A), (ii) the degree to
which metabolically labeled sialic acid
was exposed to neuraminidase on the
cell surface (Fig. 1B), and (iii) the extent
to which galactosyl (Gal) and N-ace-
tylgalactosaminyl (GalNAc) residues
on cell surface glycoconjugates were
substituted with sialic acid (Fig. 1C). All
three of these parameters correlated pos-
itively with the spontaneous metastatic
potential of the cells. The best correlate
of metastatic potential was the degree of
sialylation of cell surface Gal and Gal-
NAc.

The sialic acid contents of the ganglio-
side and glycoprotein fractions of cul-
tured cells from 23 of the cell lines were
determined separately by resorcinol and
thiobarbituric acid assays (/7), and the
values were combined to give the total
cellular content of sialic acid. The total
sialic acid content of the cultured cells
correlated significantly with their meta-
static potential (Fig. 1A). The average
sialic acid content of high metastatic
cells (> 50 percent of incidence of me-
tastasis) was 1.4-fold greater than the
average sialic acid content of low meta-
static cells (< 50 percent incidence of
metastasis).

The exposure of sialic acid on the
surface of cultured cells from 29 of the
cell lines was determined by metabolical-
ly labeling cells for 48 hours in medium
containing N-acetyl-bp-[6-*H]mannosa-
mine (1 pCi/ml) (29 Ci/mmole; New En-
gland Nuclear), which specifically labels
sialic acid residues (27), and then incu-
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