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Novel diterpenoid diacylglycerols from marine molluscs: potent morphogens and protein

kinase C activators
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Abstract. Five novel 1,2-sn-diacylglycerols with diterpenoid acyl moieties in the sn-1 position were isolated and
characterized, together with the corresponding 1,3-sn-diacylglycerols, from three species of dorid nudibranchs
molluscs. Their potent activity as morphogens in vivo in the Hydra tentacle regeneration assay and their parallel
activity as activators of rat brain protein kinase C (PKC) in vitro are reported here. Our findings promote the use
of these compounds as useful molecular probes for both in vivo and in vitro studies on the participation of PKC

in cell development.

Key words. Protein kinase C; diacylglycerols; Hydra; marine natural products.

Among the enzymes leading to the phosphorylation/
dephosphorylation cascades essential to intracellular
signal amplification and transduction, PKC undoubt-
edly participates in the widest range of both short- and
long-term biological responses (for review see [1]). In
particular, all the biochemical events underlying biolog-
ical processes such as cell differentiation, proliferation
and development involve, at one or more stages, the
participation of one or more proteins whose functional-
ity can be regulated through PKC-catalysed phosphory-
lation (for review see [2]), hence the increasingly higher
quest for new drugs to be used as pharmacological tools
for the study of this enzyme.

Although several PKC inhibitors have been developed
so far (see [3] and references cited therein), only a few
PKC activators are used in pharmacological investiga-
tions, e.g. linear, long-chain 1,2-sn-diacylglycerols, such
as 1,2-sn-dioleoylglycerol, and the phorbol esters. How-
ever, the use of the latter compounds, which are much
more potent PKC activators than are linear diacylglyc-
erols in vivo, has sometimes been limited by their pow-
erful tumor-promoting activity [4]. Ideally, PKC
activators to be used for in vivo studies should be
non-tumor promoting, easily partitioned into the
plasma membrane, in order to interact more efficiently
with their intramembrane target, and not easily de-
graded by lipases.

Some years ago, the isolation of diterpenoid 1,2-sn-dia-
cylglycerols from dorid nudibranch molluscs, and in
particular of verrucosin B (table 1, structure 1) from the
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mantle of Doris verrucosa, was reported [5, 10]. Follow-
ing its chemical characterization, the finding of the
powerful PKC stimulatory effects of this natural
product, which was devoid of tumor-promoting activity
(H. Fujiki, pers. commun.), as well as of its PKC-medi-
ated morphogenic properties in vivo in the Hydra tenta-
cle regeneration assay [6, 7], prompted the use of
verrucosin B in other studies on the participation of
PKC in biological responses [7, 8]. These pharmacolog-
ical properties have recently promoted new investiga-
tions aimed, on the one hand, at finding new
structurally related 1,2-sn-diacylglycerols from marine
sources and, on the other, at designing a strategy for
their chemical synthesis [9]. Here we report the pharma-
cological characterization, as well as a preliminary
study of the structure activity relationships, of five novel
diterpenoid 1,2-sn-diacylglycerols and of the corre-
sponding 1,3-sn-diacylglycerols (table 1, structures 2—
11), recently isolated from D. verrucosa and other dorid
nudibranch molluscs (Gavagnin, Castelluccio, Ungur
and Cimino, unpubl. data).

Materials and methods

All compounds under investigation were isolated from
D. verrucosa as described elsewhere (Gavagnin, Castel-
luccio, Ungur and Cimino, unpubl. data) with the exce-
ption of 5 and 10, which were extracted from Archidoris
tubercolata (and, in a previous study, from A. mon-
tereyensis [10]), and of 3 and 8, which were found in
both D. verrucosa and A. carvi. Structure elucidation of
the new metabolites (2, 4, 6, 7, 9, 11) was carried out by
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Table 1. The effect of 1,2-sn- and 1,3-sn-diacylglycerols from dorid nudibranch molluscs on PKC and H. vuigaris tentacle regeneration.

Substance Fold potentiation Effect on Hydra ATN
of protein kinase
C activity EC,, EC, 0 ATN RI
100 nM 6 UM uM uM MAX
None 1.0 1.0 - - 5.9 0
2R,=Ac, R,=H 6 52 0.16 0.25 9.5 244
7R,=H, R, = Ac 1.2 4.0 0.82 2.5 7.6 12
1 verrucosin B 3.6 5.0 0.08 0.25 9.0 210
3R,=Ac, R,=H 2 5.0 0.50 1.0 114 93
8 R,=H, R;=Ac 1.1 4.2 1.40 2.5 9.3 23
4R,=Ac,R;=H 3.0 54 0.70 1.0 9.3 58
9 R,=H, R;=Ac 1.2 3.8 2.90 5.0 11.5 19
5R,=Ac, R;=H 2.3 4.4 0.80 1.0 9.0 53
10 R,=H, Ry=Ac 0.9 39 3.20 5.0 9.3 12
6 R,=Ac,R,=H 2.0 5.1 0.65 2.6 8.7 18
11 R,=H, R;=Ac 1.0 4.4 2.70 5.0 8.3 8

means of spectroscopic (mostly two-dimensional nu-
clear magnetic resonance [2D NMR]) and mass spectro-
metric methods. Relative stereochemistry of chiral cen-
ters was obtained by nuclear Overhouse effect difference
NMR experiments and by analysis of 'H-coupling con-
stant analyses. Absolute stereochemistry was suggested
circular dicroism by comparison of profiles with those
of known compounds, e.g. verrucosin B, whose configu-
ration had been previously determined by chemical
methods [11].

The effect of different concentrations of compounds
1-11 on PKC activity was evaluated by measuring
histone H1 phosphorylation in the presence of the en-
zyme purified from rat brain (Boehringer Mannheim,
Germany), y-[**P]-adenosine triphosphate (ATP), 1,2-
sn-dioleoylphosphatidylserine (PS, Sigma, 200 pg/ml)
and CaCl, (200 pM), thus exploiting a widely used
methodology [12]. Histone H1 was purified from calf
thymus as previously described [13]. Rat brain PKC is
known to be a mixture of the o, § and y isoforms of the
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enzyme [12]. The assay was conducted in triplicates. The
results from at least three separate experiments, expressed
as fold potentiation of Ca2*/PS-induced PKC activity,
were used to calculate means + standard deviation (SD)
(only means are shown for the sake of clarity; SD was
always lower than 5% of the means).

The effect of different concentrations of compounds 1-11
on an in vivo response induced by PKC activation, i.e. the
enhancement of average tentacle number in excised
polyps of the hydrozoan Hydra vulgaris, known as the
Hydra tentacle regeneration assay, was studied as de-
scribed previously [6, 7] on at least 10 excised polyps for
cach of the doses tested. After 24 h incubation with drugs,
polyps were washed and left to regenerate their head and
tentacles. After 10 days the average tentacle number was
measured and compared with that of control polyps.
Results are reported as EC,y,, and EC,, (ie. the uM
concentration causing, respectively, maximal and half-
maximal enhancement of ATN), highest average tentacle
number observed (ATN MAX) and regeneration index
(RI), i.e. the maximal percent increase of ATN divided by
the uM concentration at which this maximal increase is
observed. ATN values used for evaluation were the means
of those observed in the 10 polyps used for the experi-
ment.

Results and discussion

The PKC preparation used in the present study is known
to be composed mainly of the Ca®>*/PS-dependent o, f8
and y isoforms of the enzyme [ 12]. Therefore, the effect of
diacylglycerols on PKC was studied in the presence of
Ca** and PS. As summarized in table 1, both 1,2- and
1,3-sn-diacylglycerols significantly enhanced Ca>*/PS-in-
duced PKC activity in a dose-dependent manner, the
effect being maximal at a 2—-6 uM concentration. At this
dose, 1,3-sn-diacylglycerols were almost equipotent to
1,2-sn-diacylglycerols, while being completely inactive at
100 nM. At this latter concentration 1,2-sn-diacylglyc-
erols caused a 2-3.6-fold potentiation of PKC activity.
The most active compound was 2, whose EC,, was at least
five times lower than that of the widely used PKC
activator 1,2-sn-dioleoylglycerol (20 nM vs 100 nM, fig.
1), in analogy with data reported here and previously [6,
7] for verrucosin B. Interestingly, compound 2, unlike
verrucosin B and the other compounds under study,
possesses an isoprene acyl chain with only two rings and a
2-methyl-pent-2-enyl chain as the substituent of the
cycloesenyl ring, thus suggesting that integrity of all three
rings is not required for enhanced PKC stimulatory
activity. Conversely, the two less active 1,2-sn-diacylglyc-
erols (6, 5) possess either of two chemical moieties absent
both in verrucosin B (1) and in the two most active
metabolites (2, 3), i.e. a chlorine substitutent or a com-
pletely inverted stereochemistry at all chiral centers of the
tricyclic isoprene acyl chain, respectively, thus showing
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Figure 1. Dose-response curve for the effect of 1,2-sn-dioleoyl-
glycerol and compound 2 on Ca?*/PS-induced rat brain PKC
activation. The effect was measured as radioactivity (*?P) incor-
porated into histone H1.

that these structural modifications negatively influence
PKC stimulatory activity. The effect of 1,3-sn-diacylglyc-
erols 7-11 on PKC activity, which was observed only at
high concentrations, may be due to their partial conver-
sion to the corresponding 1,2-sn-diacylglycerols during
the assay [14]. No experiments were carried out with
purified PKC isoforms, nor with the Ca?*-independent e,
£and 6 PKC isoenzymes, since these were not commer-
cially available when the present study was undertaken.
Thus, none of the compounds were tested for PKC
isoenzyme selectivity.

As shown in table 1, the order of potency of the
metabolites in the Hydra regeneration assay (measured
by using the RI) parallels that observed in the PKC assay,
with compound 2 being the most active and compound 6
the less active among the 1,2-sn-diacylgly-cerols, and the
1,3-analogs being less active than 1,2-sn-diacylglycerols.
Also in this case, the effect of 1,3-sn-diacylglycerols might
be due, in part, to acetyl migration from the sn-3 to the
sn-2 position during the 24 h of the incubation with Hydra
[14].

The findings presented in this paper clearly demonstrate
that diterpenoid 1,2-sn-diacylglycerols isolated from
dorid nudibranch molluscs may be used as pharmacologi-
cal tools for PKC activation in some in vivo studies since
a good correlation exists between their activation of PKC
in vitro and their effect on a typical PKC-mediated
biological response such as the enhancement of ATN in
H. vulgaris. Moreover, diterpenoid 1,2-sn-diacylglycerols
are not likely to be tumor promoters or good substrates
for enzymatic hydrolysis since they are structurally very
similar to verrucosin B, which is not significantly hy-
drolysed by Hydra homogenates (De Petrocellis and Di
Marzo, unpubl. data) and was found not to induce tumors
in mouse skin (H. Fujiki pers. commun.). This would



Research Articles

make these natural products ideal pharmacological
tools for in vivo experiments- on PKC-mediated short-
and long-term responses such as those concerned with
cell differentiation, proliferation and motility. As new
strategies for their chemical synthesis become available
(like the one described in a separate paper [9]), an
ever-increasing use in pharmacological studies, as
molecular probes for PKC activation, can be predicted
for diterpenoid 1,2-sn-diacylglycerols.
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