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Abstract The pseudopterosins are a family of diterpene
glycosides isolated from the gorgonian coral Pseudo-
pterogorgia elisabethae. These metabolites exhibit potent
anti-inflammatory activity, and this review describes our
efforts to elucidate their biosynthetic origin. A radioac-
tivity-guided isolation was used to identify the terpene
cyclase product. In addition, a detailed NMR-guided
search for potential biosynthetic intermediates identified
metabolites which were tested by incubating 3H-labeled
analogues with a cell-free extract of the coral. All labeled
metabolites were generated biosynthetically, and radio-
chemical purity was established by a combination
of HPLC purification and derivatization. In summary,
pseudopterosins are produced by a cyclization of
geranylgeranyl diphosphate to elisabethatriene, aroma-
tization to erogorgiaene, two successive oxidations to
7,8-dihydroxyerogorgiaene and a glycosylation to afford
a seco-pseudopterosin as a key intermediate. A dehy-
drogenation leads to amphilectosins which undergo ring
closures to yield the pseudopterosins.
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Anti-inflammatory Æ Pseudopterosin

Introduction

The field of marine natural products chemistry has
enjoyed sustained growth over the past 20 years or more
[1]; however, our understanding of the biosynthetic
origin of these compounds has not developed at the
same pace. The biosynthesis of two classes of marine
natural products, polyketides and non-ribosomal pep-
tides, are being examined in a number of marine

organisms. This is due to the existence of a high degree
of homology of polyketide synthases (PKSs) and non-
ribosomal peptide synthases (NRPSs) and is leading to
an understanding of the mechanism of production
of these compounds. This research is also leading to
answers concerning the source of the biosynthetic
pathway in the complex assemblages of an invertebrate
and its microbial symbionts.

Terpenes represent the largest group of natural
products with many notable examples from the marine
environment. There has been a very limited amount of
experimental work addressing fundamental biosynthetic
questions with this group of marine natural products. In
1970, Anderson and coworkers [2] demonstrated the de
novo biosynthesis of crassin acetate in the gorgonian,
Pseudoplexaura porosa. Other examples of terpene
biosynthetic investigations in marine organisms include
studies on the Dendrodoris sp. nudibranchs [3–7]. These
experiments revealed that the drimane sesquiterpenes
were produced de novo from mevalonate. Additionally,
the isonitrile metabolites isolated from various sponges
are a family of terpenes that have been extensively
investigated. This work confirmed the role of inorganic
cyanide in the biosynthesis and showed that the incor-
poration of cyanide into the compounds is an enzymatic
process [8–11].

Gorgonians, also known as sea whips, sea fans or sea
plumes, are prominent members of tropical and sub-
tropical habitats world-wide. In the Bahamas and
Florida, gorgonians represent an estimated 38% of the
known fauna with over 195 species documented from
the families Briareidae, Plexauridae and Gorgoniidae
[12]. These organisms have proven to be a prolific source
of novel bioactive natural products, particularly terp-
enes which exhibit a range of biomedical activities
[13, 14].

The pseudopterosins are a family of diterpene gly-
cosides produced by the gorgonian Pseudopterogorgia
elisabethae which is found in only a few areas of
the Caribbean. Interestingly, different members of
the pseudopterosin family are found in P. elisabethae
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collected in distinct geographic locations. There are 26
derivatives, pseudopterosins A–Z (PsA–PsZ) and in
most cases, the pseudopterosins are present in 2–5% of
the crude extract. In spite of the relatively large number
of pseudopterosins, there are only minor changes in the
structures within this family. All pseudopterosins pos-
sess the amphilectane diterpene skeleton; the carbohy-
drate moiety can be located at either C-9 or C-10, the
identity and degree of acetylation can vary and the
isobutenyl group at C-1 can be either a or b. Selected
pseudopterosins discussed in this review are shown in
Fig. 1. Pseudopterosins A–D (1–4) have been isolated
from P. elisabethae collected from Grand Bahama
Island and the central Bahamas [15], Ps E–J were iso-
lated from collections in Bermuda, and Ps K and L were
the sole pseudopterosins of collections from Great
Abaco Island [16]. Collections of the closely related
P. kallos from Cosgrove Shoal near the Marquesas Keys
in Florida revealed the presence of seco-pseudopterosins
A–D (7–10, Fig. 1) [17] which possess the serrulatane
ring system. The pseudopterosins and seco-pseudo-
pterosins are anti-inflammatory and analgesic agents
with potencies superior to that of existing drugs such as
indomethacin in mouse ear models [18, 19]. Further, one
of the pseudopterosins has a commercial market as a
skin care product. They are not active against phos-
pholipase A2, cyclooxygenase and cytokine release or as
regulators of adhesion molecules. Evidence suggests
the pseudopterosins block eicosanoid release rather
than biosynthesis in murine macrophages [20]. A simple
derivative of pseudopterosin A, methopterosin, has
successfully completed Phase II clinical trials as a topical
anti-inflammatory agent.

Strategy for pathway elucidation

As described in a review by Garson [21], the primary
problem in pathway elucidation work is the very low
levels of incorporation of labeled metabolites thus
‘‘forcing’’ researchers to use radioisotopes rather than
stable isotope methodology. In an effort to identify
plausible intermediates involved in pseudopterosin bio-
synthesis, our strategy was to examine the terpene
chemistry of P. elisabethae from various geographic
locations. Collections of this gorgonian from the Florida
Keys indicated that such populations contain a low
concentration of pseudopterosins but have a great
variety of serrulatane diterpenes. Conversely, extracts of
P. elisabethae from the Bahamas have higher concen-
trations of pseudopterosins, but a much lower diversity
of diterpenes. LC-MS was used to evaluate extracts for
general terpene diversity and GC-MS was the instru-
ment of choice for examining hydrocarbon fractions for
potential terpene cyclase products.

As discussed above, in order to complete the pathway
elucidation of the pseudopterosins, radiolabeled pre-
cursors were necessary to provide sufficient sensitivity.
[C1–

3H]-Geranylgeranyl diphosphate (GGPP) is com-
mercially available and, through incubations with cell-
free extracts (CFEs) allowed us to produce 3H-labeled
intermediates by employing biosynthetic methods. In
order to provide a high level of confidence in our
labeling studies, radiochemical purity of precursors and
products was rigorously established by (1) HPLC puri-
fication of the natural product, (2) derivatization, and
(3) HPLC purification of the derivative. If the specific
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activity of the natural product and the derivative were
similar then the recovered metabolite was judged to be
radiochemically pure.

In 2003, we presented a proposed biosynthetic origin
of the pseudopterosins based on a number of structur-
ally related molecules isolated from P. elisabethae [22].
Since then, we have conducted numerous biosynthetic
experiments with labeled precursors and rigorously
demonstrated radiochemical purity in each instance.
This review will summarize these experiments and pro-
vide an overview of our revised pathway leading to the
pseudopterosins.

Development of conditions to evaluate potential
biosynthetic intermediates

Given the paucity of literature discussing biosynthetic
experiments of natural products from gorgonian corals,
the first task in elucidating the biosynthesis of the
pseudopterosins was to establish conditions in which
to evaluate potential intermediates. A viable CFE of
P. elisabethae was generated using conditions derived
from the plant biosynthesis literature [23]. The CFE was
prepared by homogenizing flash frozen gorgonian tissue
in a phosphate buffer containing EDTA and b-mercap-
toethanol at the pH of the organism (7.7) with liquid
nitrogen. Cellular debris was removed by centrifugation
and the supernatant stored in aliquots at �80 �C for use
in biosynthetic experiments. The addition of protease
inhibitors did not improve biosynthetic activity. In a
typical experiment, ca. 35,000 dpm 3H-labeled pseudo-
pterosins was recovered from an incubation of 1 lCi
3H-GGPP with 25 mL CFE.

Conditions were also established to examine the
metabolism of labeled precursors with live specimens of
P. elisabethae [23]. Freshly collected gorgonians were
placed in separate plastic bins with the minimal amount
of sea water to cover the organism and aerated. To help
ensure that water-soluble precursors would be ingested
by the filter feeding gorgonian, labeled precursors were
adsorbed onto a small amount of invertebrate food
before addition to the seawater. The organisms were
maintained in the minimal amount of seawater for 24 h
to maximize uptake of the precursor. They were then
returned to the ocean for an additional 72 h to allow for
the metabolism of the precursors in their natural envi-
ronment. Under these conditions, both 3H-GGPP and
14C-xylose were efficiently transformed to the pseudo-
pterosins [23].

Identification of elisabethatriene, the diterpene cyclase
product with a serrulatane skeleton

One of the key intermediates in terpene biosynthesis is
the cyclase product. In terrestrial systems, numerous
such intermediates have been characterized and, in
general, these compounds are unsaturated hydrocar-

bons. Terpene synthases (= terpene cyclases) catalyze
intramolecular, electrophillic reactions with acyclic
intermediates at various metabolic branch points in
isoprenoid metabolism [24]. A typical cyclization reac-
tion initiates when the prenyl diphosphate substrate is
ionized, and subsequently an intramolecular attack by a
double bond of the prenyl chain at C-1 occurs to gen-
erate a cyclic carbocationic intermediate. Following this,
succeeding steps may involve ring formation by internal
additions via other double bonds, hydride shifts, methyl
migrations, and Wagner-Meerwein rearrangements
before termination of the reaction by capture of a
nucleophile (such as water) to yield an alcohol or
deprotonation to yield a hydrocarbon [25]. A growing
number of terpene synthases in the monoterpene, ses-
quiterpene and diterpene series have been isolated and
cloned from plant and, more recently, microbial sources
[e.g., 26–30]. The lack of sequence homology in terpene
synthases precludes the direct molecular approach
to investigations of this fundamental step in terpene
biosynthesis [31].

In 2000, we reported the structure of the diterpene
cyclase product leading to the pseudopterosins which
represented the first such intermediate identified from
any marine organism [32]. A radioactivity-guided isola-
tion strategy was employed as a direct method of iden-
tifying the cyclase product. We reasoned that we could
gain rapid access to the diterpene cyclase product by
isolating the least polar radioactive intermediate fol-
lowing an incubation of a CFE with 3H-GGPP. This
proved to be a worthwhile approach. The hexane frac-
tion from the quenched incubation mixture was sub-
jected to normal phase HPLC and the first radioactive
peak collected and further purified by reversed phase
HPLC with monitoring of radioactivity. Elisabethatri-
ene (12) was shown to be the only radioactive compound
in this HPLC analysis. Elisabethatriene was found to be
an unsaturated C-20 hydrocarbon as expected, however,
NMR analysis indicated that this cyclase product pos-
sessed the serrulatane skeleton rather than the antici-
pated amphilectane skeleton of the pseudopterosins.
This is surprising, as in most cases the terpene cyclase
product has the same carbon skeleton as the fully
functionalized terpene. This added an element of novelty
to this first pathway elucidation project of a marine
terpene, and clearly a key feature of the pathway would
be the nature of the formation of the third ring of the
pseudopterosins. Radiochemical purity of elisabethatri-
ene was established by rigorous purification by HPLC,
derivatization to an endocyclic diene, and subsequent
HPLC purification of the derivative with comparison of
specific activity [32].

While detailed mechanistic studies to elucidate the
precise mechanism of cyclization of GGPP to elisa-
bethatriene have not been conducted, the formation of
12 presumably proceeds either as shown in Scheme 1 or
in Scheme 2. In Scheme 1, the allylic cation 13 derived
from GGPP undergoes an E–Z isomerization (common
in terpene cyclizations) followed by a ring closure to

534



generate a six-membered ring. Rearrangement of the
tertiary carbocation to an allylic cation facilitates the
second ring closure. Proton abstraction and subsequent
rearrangement then leads to elisabethatriene (12).
Scheme 2 provides an alternative route to elisabethatri-
ene starting with intermediate 14. In this case, rather
than the six-membered ring being produced first, a ten-
membered ring is initially constructed. Hydride migra-
tions then lead to the bicyclic ring system which
undergoes proton abstraction and rearrangement as
above to afford elisabethatriene (12).

Oxidations of elisabethatriene

It was evident that the transformation of elisabethatri-
ene (12) to pseudopterosins required a dehydrogenation/
aromatization process. Erogorgiaene (15) was initially
reported from a collection of P. elisabethae from
Columbia [33] and thus seemed like a plausible inter-
mediate in pseudopterosin biosynthesis. We isolated 15

from our collections of P. elisabethae from the Florida
Keys, however it was not present in isolable quanti-
ties in our Bahamian collections of this coral. Both

elisabethatriene (12) and erogorgiaene (15) were pro-
duced in 3H-labeled form using incubations of a CFE
with 3H-GGPP [34]. Incubation of 12 (300,000 dpm)
with a CFE resulted in the production of 3H-labeled 15

(2,060 dpm). Radiochemical purity of erogorgiaene
was established by HPLC purification, derivatization to
its epoxide and subsequent HPLC purification of
the derivative. There was no significant change in the
specific activity of the derivative, thus confirming
the conversion of elisabethatriene to erogorgiaene. To
test for the conversion of 15 to the pseudopterosins,
3H-labeled 15 (5,130 dpm) was incubated with a CFE of
P. elisabethae and pseudopterosins A–D purified by
HPLC. Liquid scintillation counting indicated that the
pseudopterosins were radioactive and, in fact, there was
a 5.7% radiochemical yield for this transformation [34].

It was clear from the structures of elisabethatriene
(12) and its aromatized product erogorgiaene (15) that
mono- and dihydroxy derivatives of 15 were likely
intermediates in pseudopterosin biosynthesis [35]. We
examined our P. elisabethae collections from the Florida
Keys as a potential source of such compounds as we had
found this to be the source of much greater diterpene
diversity than collections from other sites. 7-Hydroxy
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erogorgiaene (16) was isolated as a minor component of
this extract and the 8-hydroxy isomer was not found,
suggesting that the first oxidation occurs at C-7 of
erogorgiaene. 7,8-Dihydroxyerogorgiaene (17) initially
proved difficult to isolate and thus a standard sample
was synthesized by a hydrolysis of seco-pseudopterosin J
(11) with methanolic HCl. Using this authentic standard
to guide the isolation, catechol 17 was purified from the
P. elisabethae extract by TLC followed by repeated
reversed phase HPLC.

The presence of 7-hydroxyerogorgiaene (16) and
7,8-dihydroxyerogorgiaene (17) from an extract of
P. elisabethae suggested that these were intermediates in
pseudopterosin biosynthesis. To experimentally test this
hypothesis, radiolabeled 15, 16 and 17 were prepared,
incubated with a CFE of P. elisabethae and the pro-
duction of labeled pseudopterosins monitored by scin-
tillation counting. From an incubation with 3H-GGPP,
erogorgiaene and 7-hydroxyerogorgiaene were both
isolated with sufficient radioactivity for subsequent
incubations [35]. Due to the low natural abundance of
7,8-dihydroxyerogorgiaene (17) and the relatively high
abundance of seco-pseudopterosin J (11) in the cell free
extract, 3H-labeled diol 17 was produced from the
hydrolysis of the glycoside (11).

In order to confirm radiochemical purity of these
three metabolites, each was derivatized and the deriva-
tives purified by HPLC. Erogorgiaene (15) was trans-
formed to its epoxide which was purified and shown to
have the same specific activity as the isolated erogorgi-
aene. 7-Hydroxyerogorgiaene (16) was transformed to
its 7-methoxy derivative and 7,8-dihydroxyerogorgiaene
(17) transformed to its dimethoxy derivative. In both
cases, the specific activity of the methoxy derivatives
was the same as that of the isolated alcohols [35]. To
confirm the intermediacy of 16 and 17 in pseudopterosin
biosynthesis, a series of incubations was performed.
Firstly, the conversion of 7-hydroxyerogorgiaene (16) to
7,8-dihydroxyerogorgiaene (17) was confirmed by
incubating 16 (297,400 dpm) with a CFE. This resulted
in the production of radioactive 7,8-dihydroxyerogor-
giaene (17, 3,460 dpm) which was shown to be radio-
chemically pure by derivatization. Labeled 16 and 17

were both transformed to pseudopterosins A–D by a
CFE of P. elisabethae. In both cases, radiochemical
purity was established by hydrolyzing a mixture of Ps
A, B, C and D to Ps A and monitoring the specific
activity [35].

Amphilectosins as key biosynthetic intermediates

The confirmation of elisabethatriene (12), erogorgiaene
(15), 7-hydroxyerogorgiaene (16) and 7,8-dihydroxy-
erogorgiaene (17) as intermediates in pseudopterosin
biosynthesis indicated that the ring closure of the serr-
ulatane skeleton to the amphilectane ring system must
occur relatively late in the biosynthetic pathway. We
had observed that seco-pseudopterosins co-occur with

pseudopterosins in many of our collections of P. elis-
abethae. Together with the biosynthetic data discussed
above, this suggested that seco-pseudopterosins may
be biosynthetic precursors of the pseudopterosins.
To experimentally test this hypothesis, 3H-labeled seco-
pseudopterosin J (11) was prepared by biosynthetic
means and radiochemical purity established by deriva-
tization to its dihydro analogue and monitoring of
specific activity [36]. Incubation of 3H-labeled seco-
pseudopterosin J (11) with a CFE resulted in the pro-
duction of radioactive pseudopterosins F (5) and Y (6).
In this case, the derivatization reaction to establish
radiochemical purity was the hydrolysis of the pseudo-
pterosins to their aglycones.

Confirmation of the involvement of seco-pseudo-
pterosins in pseudopterosin biosynthesis implied the
existence of a seco-pseudopterosin derivative with a
functionality at C-13 to facilitate a ring closure. We
therefore conducted an NMR-guided examination of
the mid-polarity extract of P. elisabethae from the
Florida Keys to search for such compounds. This
resulted in the isolation of two new compounds which
we termed amphilectosins A and B (since these provide
the key intermediate in the formation of amphilectane
diterpenes) [36]. These new compounds (18 and 19,
respectively) contained a diene moiety in the side chain
thus suggesting that the ring closure could occur by a
nucleophilic attack of the aromatic ring at C-12–C-13
double bond. The intermediacy of the amphilectosins
was confirmed by incubating radioactive 18 and 19

with CFEs and monitoring for the production of
3H-labeled pseudopterosins. Amphilectosin A (18) was
transformed to pseudopterosin Y (6) and amphilectosin
B (19) was transformed to pseudopterosin F (5).
Radiochemical purity was established by acid catalyzed
ring closure/hydrolysis of the amphilectosins to the
corresponding pseudopterosin aglycones and monitor-
ing specific activity. These biosynthetic experiments
revealed that the origin of the a- and b-isobute-
nyl groups is due to the selective ring closure of the
cis- and trans-amphilectosins.

The acetylation of the carbohydrate moiety of the
pseudopterosins appears to be the final step in this
biosynthetic pathway. In incorporation experiments
with 3H-GGPP, pseudopterosin A had a significantly
higher specific activity that pseudopterosins B–D with
both in vitro and in vivo conditions [23]. This higher
specific activity indicates that this is an earlier interme-
diate in the pathway than ones with lower specific
activity. Thus, the completed biosynthesis of the
pseudopterosins is as outlined in Scheme 3.
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