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and Nigulas Samel*§

*Department of Bioorganic Chemistry, Institute of Chemistry at Tallinn Technical University, Akadeemia tee 15, Tallinn 12618, Estonia; †Department of
Pharmacology, Vanderbilt University School of Medicine, Nashville, TN 37232-6602; and ‡National Institute of Chemical Physics and Biophysics,
Akadeemia tee 23, Tallinn 12618, Estonia

Edited by Osamu Hayaishi, Osaka Bioscience Institute, Osaka, Japan, and approved April 17, 2001 (received for review January 12, 2001)

The highest concentrations of prostaglandins in nature are found
in the Caribbean gorgonian Plexaura homomalla. Depending on its
geographical location, this coral contains prostaglandins with
typical mammalian stereochemistry (15S-hydroxy) or the unusual
15R-prostaglandins. Their metabolic origin has remained the sub-
ject of mechanistic speculations for three decades. Here, we report
the structure of a type of cyclooxygenase (COX) that catalyzes
transformation of arachidonic acid into 15R-prostaglandins. Using
a homology-based reverse transcriptase–PCR strategy, we cloned a
cDNA corresponding to a COX protein from the R variety of P.
homomalla. The deduced peptide sequence shows 80% identity
with the 15S-specific coral COX from the Arctic soft coral Gersemia
fruticosa and '50% identity to mammalian COX-1 and COX-2. The
predicted tertiary structure shows high homology with mamma-
lian COX isozymes having all of the characteristic structural units
and the amino acid residues important in catalysis. Some structural
differences are apparent around the peroxidase active site, in the
membrane-binding domain, and in the pattern of glycosylation.
When expressed in Sf9 cells, the P. homomalla enzyme forms a
15R-prostaglandin endoperoxide together with 11R-hydroxyeico-
satetraenoic acid and 15R-hydroxyeicosatetraenoic acid as by-
products. The endoperoxide gives rise to 15R-prostaglandins and
12R-hydroxyheptadecatrienoic acid, identified by comparison to
authentic standards. Evaluation of the structural differences of this
15R-COX isozyme should provide new insights into the substrate
binding and stereospecificity of the dioxygenation reaction of
arachidonic acid in the cyclooxygenase active site.

In 1969, shortly after the chemical structures of the prostaglan-
din (PG) hormones were elucidated, a rich natural source of

prostaglandins was discovered in the Caribbean gorgonian Pl-
exaura homomalla (1). This sea whip coral contains 2–3% of its
dry weight as prostaglandin esters. In the original report, Wein-
heimer and Spraggins analyzed P. homomalla collected in the
Florida Keys, and the main constituents were identified as
15R-PGA2 methyl ester acetate and 15R-PGA2 methyl ester,
products that have the opposite configuration at C-15 to mam-
malian prostaglandins (Fig. 1A) (1). It was subsequently discov-
ered that P. homomalla colonies collected in other Caribbean
locations such as the Cayman Islands and Bahamas contain the
same prostaglandin derivatives but with the normal 15S config-
uration (Fig. 1B) (2, 3). These later studies established that P.
homomalla also contains PGE2 methyl ester (2, 3) as well as
minor constituents, including the methyl ester 15-acetate deriv-
atives of 5,6-trans-PGA2 and 13,14-cis-PGA2 (4). On account of
the huge prostaglandin content, P. homomalla served as a source
of prostaglandins for research until an efficient chemical syn-
thesis was developed in the 1970s (5).

The mechanism of biosynthesis of these prodigious quantities
of prostaglandins has been investigated extensively over the
years. Initial efforts suggested that the coral biosynthesis dif-
fered from the mammalian pathway and that the initial product

was PGA2 (6, 7). Subsequent studies with improved analytical
technology failed to detect any synthesis of prostaglandins
during in vitro incubations of P. homomalla extracts (8). The
biosynthesis in vitro was dominated by the strong 8R-
lipoxygenase activity; this was coupled to allene oxide synthesis
and further nonenzymatic reactions including hydrolysis and
cyclization of the allene epoxide (8, 9). For a time, evidence from
P. homomalla and other corals suggested that prostaglandin
biosynthesis occurred analogously to jasmonic acid synthesis in
plants via the lipoxygenase–allene oxide route (8, 10–12). For-
mation of an intermediate typical to mammalian prostaglandin
synthesis in coral was established through our biochemical
studies on the Arctic soft coral Gersemia fruticosa (13–15). This
prostaglandin-containing coral converts radiolabeled arachi-
donic acid to the endoperoxide intermediate PGG2 in vitro. The
presence of a cyclooxygenase (COX)-like enzyme in coral was
established conclusively by molecular cloning from G. fruticosa
cDNA encoding an enzyme with 50% identity to each of the
mammalian COX isozymes, COX-1 and COX-2 (16). Here, we
describe the molecular cloning and heterologous expression of a
COX protein from P. homomalla. The active enzyme obtained
has unique stereospecificity, catalyzing the transformation of
arachidonic acid into 15R-prostaglandins.

Materials and Methods
PCR Cloning. Total RNA was extracted from 2 g of frozen P.
homomalla coral as previously described (17). The RNA (1 mg)
was reverse transcribed into cDNA by using CLONTECH
Marathon cDNA amplification kit. The PCR strategy used the
same degenerate primers used to clone the COX cDNA from the
coral G. fruticosa (16). The initial PCR fragment was obtained
by using two sets of degenerate primers based on the conserved
COX sequences AQHFTHQFFKT and YHWHP. The initial
559-bp PCR fragment was extended by 39 and 59 rapid amplifi-
cation of cDNA ends (17). The full-length clone was obtained by
using the proofreading Pfu DNA polymerase (Promega). Six
full-length clones were fully sequenced.

Expression of Protein. The coding regions of the COX enzymes (P.
homomalla and G. fruticosa) were subcloned into the pFAST-
BAC1 donor vector, and recombinant baculovirus particles were
isolated by using the Bac-to-Bac baculovirus expression system
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(Life Technologies, Grand Island, NY). Sf9 cells were cultured
at 27°C in Sf-900II serum-free insect cell media. Cells with a
density of 1.5–2 3 106 cellsyml were infected with recombinant
baculovirus with a multiplicity of infection of 0.02. Cells were
harvested 72 h after infection, washed with PBS, and stored as
a pellet at 280°C.

Western Transfer Blotting. The microsomal fraction of proteins
was resolved by SDSyPAGE and transferred electrophoretically
to a nitrocellulose membrane. The membrane was blocked with
1% dry milk in TBS for 1 h and incubated with 1:500 dilution of
a mouse monoclonal antibody against rat COX-2 (PharMingen)
in 1% dry milk in TBS (1 h). The membrane was washed
thoroughly and incubated with 1:5,000 dilution of a goat-anti-
mouse IgG alkaline phosphatase for 1 h. After washing, the
membrane was visualized with nitroblue tetrazolium and 5-bro-
mo-4-chloro-3-indolyl phosphate in 100 mM TriszHCly10 mM
NaCly5 mM MgCl2, pH 9.5.

Enzyme Assay and Product Identification. Cell pellets were soni-
cated briefly, suspended in 50 mM TriszHCl (pH 8.0) containing
1 mM hematin plus 1 mM adrenaline or 500 mM phenol, and
preincubated for 5 min at room temperature. Incubations with
50 mM or 100 mM [1-14C]arachidonic acid were performed for
15 min at room temperature by using the pellet from 1 to 5
million cellsyml of incubation mixture. For TLC analyses, reac-
tion mixtures were acidified and the products extracted with
ethyl acetate. TLC was performed using silica gel plates (Merck)
and a solvent system of benzeneydioxaneyacetic acid (5y2.5y
0.25, vol/vol/vol). For product quantification, the TLC plates
were cut into zones and extracted with methanol, and the
radioactivity was measured with a liquid scintillation counter.

For HPLC analyses, the reaction was terminated with 2.5 vol
of methanol and extracted with C18 Sep-Pak cartridges. In some
experiments designed to reduce the prostaglandin endoperoxide
in situ and to simplify the pattern of products, 0.5 mM SnCl2 was
added to the incubation mixtures just before [1-14C]arachidonic
acid. This gave an immediate reduction of the peroxy interme-
diates to the corresponding hydroxy compounds. The products
formed were analyzed with reversed phase (RP)-HPLC as
described in the legend to Fig. 4.

Chiral analyses (see Fig. 5) were carried out for P. homomalla

COX products collected separately from RP-HPLC. The PGE2
was converted to PGB2 by treatment with 0.1 M methanolic
KOH for 30 min at room temperature. The PGB2 and the peaks
of hydroxyheptadecatrienoic acid (HHT), 11R-hydroxyeicosa-
tetraenoic acid (11R-HETE), and 15R-HETE were methylated
with diazomethane and purified individually before the chiral
analysis. Authentic standards of prostaglandins, HETE, and
HHT (Cayman Chemical, Ann Arbor, MI) were used for product
identification. Racemic HHT was prepared by MnO2-catalyzed
oxidation of HHT followed by NaBH4 reduction back to 12RS-
HHT. An authentic standard of 15R-PGB2 was prepared by
alkaline treatment of 15R-PGE2 (0.1 M methanolic KOH, 30 min
at room temperature).

For NMR identification of 15R-PGF2a, a large-scale incuba-
tion (300 ml) with unlabeled arachidonic acid was carried out in
the presence of SnCl2. The other conditions were the same as
described in the enzyme assay.

Results
Homology-Based Reverse Transcriptase–PCR Cloning. The cloning
strategy was based on the design of degenerate primers repre-
senting amino acid sequences of conserved regions of mamma-
lian COX isozymes. The PCR products were cloned into the
pCR2.1 vector and sequenced. The full-length clone encoding
the ORF plus extensions with BamHI restriction sites was
amplified by PCR using Pfu DNA polymerase and cloned into
the pGEM T-Easy vector system. Six positive clones were fully
sequenced. Two different types of clones were found. The
differences were in three amino acids, all located in the putative
signal peptide region (Tyr versus His in position 6, Val versus Ile
in position 12, and His versus Phe in position 17). Two clones
(one of each type) were used for further studies.

The ORF of 1,776 bp encodes a polypeptide (592 aa) with 50%
amino acid identity and 68% similarity to each of mammalian
COX-1 and COX-2. The sequence identity and similarity with
the COX from the coral G. fruticosa is 80% and 92%, respec-
tively (16). The deduced amino acid sequence alignment of P.
homomalla COX with human COX-1 and COX-2 shows a good
conservation of catalytically important amino acids (Fig. 2).

Expression in Baculovirus Expression System. For expression, we
used two fully sequenced clones of P. homomalla COX cDNA
with differences in three amino acids. The different clones
expressed the same enzymatic activity and gave an indistinguish-
able pattern of products. For comparison with the P. homomalla
enzyme, the cDNA of the COX from the Arctic coral G. fruticosa
was also expressed in the baculovirus system. The G. fruticosa
enzyme required a lowering of the expression temperature
(23°C) to obtain active enzyme. The result is in accordance with
the Arctic nature of this coral (16). This was not necessary for
the P. homomalla enzyme of Caribbean origin. The coral COX
enzymes were found to crossreact with a commercial monoclonal
antibody raised against murine COX-2. Immunostaining of the
Western blot showed three closely migrating bands, most prob-
ably reflecting different states of glycosylation of the proteins
(Fig. 3, lane 4) (18, 19). COX protein was not detected in an
extract of P. homomalla (lane 1). The relatively low sensitivity of
mammalian-specific antibodies against P. homomalla COX may
account for this, together with the fact that in vitro prostaglandin
synthesis has never been detected in P. homomalla, implying that
there are low levels of the endogenous protein.

Incubations and Product Analysis. The COX activities of the re-
combinant enzymes were compared by incubation with 100 mM
[1-14C]arachidonic acid followed by TLC andyor HPLC analysis
of the products. Suspended cell pellets of 3 million cells per ml
were able to convert up to 30% of the arachidonic acid to
prostaglandins and other products. The G. fruticosa COX con-

Fig. 1. Naturally occurring prostaglandins in the coral P. homomalla. (A) The
major endogenous prostaglandins in the coral collected in the Florida Keys
have the 15R configuration. (B) P. homomalla samples collected in the
Cayman Islands and Bahamas contain prostaglandins with the typical 15S
configuration.
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verted [1-14C]arachidonic acid to prostaglandin endoperoxide,
which degraded to a mixture of prostaglandins (PGF2a, PGE2,
and PGD2) together with HHT and two other known COX
by-products, 11R-HETE and 15S-HETE (Fig. 4A). This pattern
of products is similar to that formed by mammalian COX-1 and
COX-2. The P. homomalla COX produced a spectrum of
products that were superficially similar (Fig. 4B), but on close
examination it was found that the first three main peaks each
resolved from authentic prostaglandins F2a, E2, and D2. They

cochromatographed instead with authentic 15R-prostaglandins;
this was especially evident on straight-phase HPLC systems in
which the 15R- and 15S-prostaglandins are more widely resolved
(data not shown).

P. homomalla is known to contain either 15R- or 15S-
prostaglandins, depending on the site of collection (2, 3). Our
sample came from a known location of 15R content, the Florida
Keys. As evidence that the products are derived from a common
15R-prostaglandin endoperoxide, incubation with [1-14C]arachi-
donic acid was conducted in the presence of the mild reducing
agent SnCl2. A single prostaglandin peak was detected on HPLC.
This compound was formed by reduction of the prostaglandin
endoperoxide, the primary product of the P. homomalla COX
enzyme.

The identity of the reduced product with 15R-PGF2a was
established by high-field (11.7 T) NMR spectroscopy. The
carbon chemical shifts of the incubation product and 15R-PGF2a

authentic standard were identical, as confirmed by the 20-line
13C NMR spectrum of their equimolar mixture in CDCl3 solu-
tion. Furthermore, a 3:4 mixture of the incubation product and
15S-PGF2a standard showed separate lines for nearly all of the
carbons (Table 1). The 13C NMR study of the incubation product
formed in the presence of SnCl2 shows conclusively that the P.
homomalla COX forms a 15R-prostaglandin endoperoxide and
that this gives rise to the 15R-prostaglandin products.

Fig. 2. Multiple sequence alignment of the deduced amino acid sequences of coral and human COX isozymes. The black background illustrates conserved
regions. Residues of P. homomalla COX that are present in at least one of the other sequences are shaded gray. Catalytically important amino acids are given
with numbers above the sequences (ovine COX-1 numbering is used for clarity). F, sequences that are present only in P. homomalla COX, indicating possible
amino acids responsible for the opposite stereospecificity at C-15 (comparison was carried out with all COX isozyme sequences available in the protein database).

Fig. 3. Western blot of native coral COX enzymes and recombinant proteins
expressed in Sf9 cells. Lanes: 1, acetone powder of native P. homomalla COX;
2, acetone powder of native G. fruticosa COX; 3, mock-infected Sf9 cells; 4, P.
homomalla COX expressed in Sf9 cells; 5, G. fruticosa COX expressed in Sf9
cells; 6, ovine COX-1 as standard.
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Chiral analyses of several other products in the RP-HPLC
chromatogram (Fig. 4B) were in accordance with this conclu-
sion. The second major peak on RP-HPLC, on treatment with
alkali, gave a product with identical HPLC and UV properties
to PGB2. Alkaline treatment of PGE2 dehydrates the molecule
and removes all but one chiral center at C-15. Chiral analysis of
the B prostaglandin from P. homomalla revealed that it is almost
exclusively 15R in configuration (Fig. 5A), thus identifying the
original product as 15R-PGE2. Similarly, the peak in Fig. 4B
corresponding to HHT was shown to be 12R-HHT, the mirror
image of the G. fruticosa and mammalian HHT (Fig. 5B). Chiral
analysis of the HETE peaks in the Fig. 4B chromatogram was
also revealing. The absolute chemical configuration of the
11-HETE was almost exclusively 11R (Fig. 5C), which is identical
to the result obtained for the mammalian COX-1, COX-2, and
G. fruticosa 11-HETE by-products. This is significant because

the chirality of the 11-HETE is known to reflect the chirality of
the first oxygenation in the cyclooxygenase reaction, and this is
expected to be identical in all COX enzymes, including in the P.
homomalla COX. The 15-HETE peak in Fig. 4B is unusually
prominent for a COX by-product, and the chiral analysis indi-
cated it is almost pure 15R-HETE (Fig. 5D). The abundance and
chiral purity of the 15-HETE are different from the results with
other COX enzymes (22–24) and indicate that the P. homomalla
COX enzyme has an active site that is set up to favor oxygenation
in the 15R configuration.

Fig. 4. RP-HPLC analysis of [1-14C]arachidonic acid metabolites of G. fruticosa
(A) and P. homomalla (B) COX expressed in Sf9 insect cells. The incubation
products were run on a Waters Symmetry C18 column (25 3 0.46 cm) using a
solvent of wateryacetonitrileyacetic acid (62.5y37.5y0.01, vol/vol/vol, changed
to the proportions 30y70y0.01 at 25 min) at a flow rate of 1 mlymin and using
a Radiomatic Flo-One detector for on-line recording of radioactivity.

Fig. 5. Chiral column HPLC of the compounds produced by P. homomalla
COX expressed in Sf9 cells. PGE2 was analyzed after conversion to PGB2. Chiral
analysis of individual radiolabeled products collected separately from RP-
HPLC was performed using a Chiralpak AD column with a solvent of hexaney
MeOH (100y2, vol/vol) for HETE methyl esters, the solvent proportions of
100y4, vol/vol, for HHT methyl esters and the solvent proportions of 100y5,
vol/vol, for PGB2 methyl ester (21). Ratios of the stereoisomers were as follows:
PGB2, 15Ry15S, 97:3; HHT, 12Ry12S, 90:10; 11-HETE, 11Ry11S, 98:2; and 15-
HETE, 15Ry15S, 98:2. The proportion of S isomer in HHT was always greater
than the percent of 15S prostaglandins formed in the same incubation. This
difference may reflect a greater facility of the 15S endoperoxide to break
down to HHT compared with its R diastereomer.

Table 1. Comparison of 13C NMR chemical shifts of 15R- and 15S-PGF2a from their 3:4 mixture in CDCl3 solution

PGF2a C-1 C-2 C-3 C-4 C-5 C-6 C-7 C-8 C-9 C-10

15R 177.05 32.7 24.45 26.11 129.59 129.08 24.99 50.99 72.63 42.96
15S 177.37 32.91 24.45 26.24 129.58 129.13 25.22 50.20 72.49 42.69
15R 2 15S 20.32 20.21 0 20.13 0.01 20.05 20.23 0.79 0.14 0.27

C-11 C-12 C-13 C-14 C-15 C-16 C-17 C-18 C-19 C-20

15R 77.87 55.65 132.4 134.59 72.96 37.05 25.13 31.7 22.61 14.03
15S 77.61 55.34 132.61 134.95 73.13 36.87 25.22 31.7 22.61 14.03
15R 2 15S 0.26 0.31 20.21 20.36 20.17 0.18 20.09 0 0 0

A comparison of the chemical shifts from separate measurements cannot be taken as decisive because of very strong solvent and concentration effects in the
13C NMR spectra of prostaglandins. These dilution effects account for the slight differences between our observations and an earlier report of 13C NMR differences
for 15R- and 15S-PGF2a (20).
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Discussion
A COX Enzyme in P. homomalla. In this article, we report molecular
cloning and expression from P. homomalla of a type of COX
enzyme with a unique 15R stereospecificity. Using the Swiss
Model program (25) and RasMol 2.6, the predicted tertiary
structure of the P. homomalla COX was compared with the
crystal structures of mammalian COX-1 and COX-2 (26, 27).
The characteristic structural units including the epidermal
growth factor-like module, the membrane-binding motif, and the
large globular catalytic domain with cyclooxygenase and perox-
idase active sites (26–32) are present in the coral COX. Analysis
of the primary and tertiary structures of P. homomalla COX
shows strict conservation of the catalytically important amino
acids in the cyclooxygenase active site. The catalytic Tyr-385, the
target of aspirin attack Ser-530, and the carboxylate-binding
Arg-120 and Tyr-355 are all present. (In line with convention, the
amino acids of the coral protein are referred to here according to
the residue numbers of ovine COX-1).

Despite the high overall homology with COX-1 and COX-2,
several differences were found in the coral COX structure. Parts
of the membrane-binding helices of the coral enzyme appear to
lack the regular interchange of hydrophobic and hydrophilic
residues, suggesting possible differences in the strength of mem-
brane association between the mammalian and coral proteins.
The peroxidase site of the coral COX, while preserving all of the
catalytically vital residues, shows differences in the shield cov-
ering the active site and in the PGG2 binding site. Molecular
modeling of residues 289–295 shows that there are more bulky
amino acids over the heme in the coral enzyme, with potential
ramifications for substrate access to the peroxidase active site.
Differences were also found in the possible N-glycosylation sites.
Only one of the conserved glycosylation sites in the COX
isozymes, at Asn-144, is present in the P. homomalla enzyme.
There are two additional consensus sequences for N-
glycosylation, but their location differs from the consensus
sequences in COX-1 and COX-2. Furthermore, a glycosylation
site conserved in all known COX structures and located in the

epidermal growth factor-like domain (at Asn-68) is missing
altogether in the P. homomalla enzyme.

The main difference in the cyclooxygenase active sites of
mammalian COX-1 and COX-2 is the presence in COX-2 of a
bigger side pocket near the carboxylate-binding region (27, 28);
an I523V substitution makes the COX-2 site accessible to larger
substrates and COX-2-specific inhibitors (33). The other differ-
ences between COX-1 and COX-2 in this region are in amino
acids 513 and 434 (Arg-513 and Val-434 in COX-2 versus His-513
and Ile-434 in COX-1). Altogether, these differences permit the
selective inhibition of COX-1 and COX-2 (reviewed in ref. 34).
The predicted size of the hydrophobic channel of the P. homo-
malla COX is more similar to COX-1, with more bulky amino
acids, Ile-523 and Met-434, obstructing the side pocket. The
effect of a substitution of polar amino acids His or Arg at the 513
position to neutral Leu is unclear and needs further investiga-
tion. Similarly, the conserved residue Glu-524, implicated in the
binding of certain inhibitors, is represented by Ala in the coral
enzyme.

Synthesis of 15R Prostaglandins. Our results clearly establish that
the main product of the P. homomalla COX is a 15R-
configuration prostaglandin endoperoxide. The structural de-
terminant conferring 15R-prostaglandin synthesis is intriguing
and yet to be established. Presently, the only known COX-
catalyzed reaction with purely 15R stereospecificity is the bio-
synthesis of 15R-HETE by aspirin-inhibited COX-2 (24, 35–38).
Aspirin is known to inhibit COX enzymes by acetylating Ser-530
(39, 40). In the case of COX-1, this eliminates all oxygenase
activity. In COX-2, although prostaglandin biosynthesis is abol-
ished, the enzyme can still oxygenate arachidonic acid at C-15
(37, 38). It was shown recently that this reaction is initiated by
abstraction of the pro-S-hydrogen from C-13 of arachidonic acid
(41), the same reaction as in normal prostaglandin biosynthesis
(22). A model was proposed in which arachidonic acid binds
normally in the active site of aspirin-treated COX-2 with the
exception that the omega carbon chain is folded over in an
atypical conformation (42). In the new conformation, arachi-
donic acid is no longer oxygenated at C-11, thereby eliminating
prostaglandin endoperoxide synthesis, and oxygenation occurs
instead at C-15 in the R configuration.

It is likely that some aspects of this model occur during
15R-endoperoxide synthesis in the P. homomalla enzyme. No-
tably, the P. homomalla COX has a Ser-530 in common with all
other cyclooxygenases, so presumably it is not directly implicated
in this unusual 15R-endoperoxide synthesis. One would antici-
pate that some critical amino acid substitution(s) induce a
folding over of the omega chain of arachidonic acid, but this
change in conformation remains compatible with all of the
earlier steps in endoperoxide synthesis. Comparison of the
primary structure of the P. homomalla 15R-COX with the
cyclooxygenases of 15S-stereospecificity shows seven strictly
conserved amino acids that are different in the P. homomalla
enzyme. One of them, Ile-349 in P. homomalla (Val-349 in all
other COX emzymes), is located in the substrate-binding chan-
nel. Mutation of this residue to the Leu has been reported
previously, although no changes in the stereospecificity of the
prostaglandin synthesis were noted (41). The question of
whether substitution to the more bulky Ile, the natural residue
in the 15R-specific P. homomalla enzyme, could give rise to the
changed specificity or whether it depends on several structural
differences will hopefully be answered by further site-directed
mutagenesis studies. Cloning of the COX enzyme from the
15S-specific P. homomalla would also be predicted to reveal the
determinants. The answers should afford new insights into the
substrate and inhibitor binding in the COX channel.

Fig. 6. Proposed mechanism for prostaglandin formation in P. homomalla.
Prostaglandin esters identified in fresh coral extracts are underlined. Unstable
intermediates are in brackets.

7704 u www.pnas.orgycgiydoiy10.1073ypnas.131022398 Valmsen et al.



Origin of the P. homomalla Prostaglandins. The Caribbean gorgo-
nian P. homomalla is the richest source of prostaglandins in
nature. The existence of the 15R-COX clearly explains the
occurrence of the unusual 15R-prostaglandins in P. homomalla
of Florida waters. The enzymatic basis for the synthesis of the P.
homomalla prostaglandins was studied over the course of almost
30 years. The biochemical pathway remained unresolved largely
because of the inability to develop a coral preparation capable
of catalyzing prostaglandin biosynthesis in vitro (reviewed in refs.
43 and 44). The occurrence of unusual prostaglandin isomers in
the coral only added to the mystique and contributed to spec-
ulations on the potential pathway of biosynthesis. Many of the
‘‘clues’’ to the biochemistry turned out to be red herrings. Our
results now establish that a COX enzyme is expressed in P.
homomalla, and this allows a rational explanation for many of the
disparate pieces of evidence on the prostaglandin pathway.

We speculate that biosynthesis via the COX pathway in the
coral leads to the prostaglandin endoperoxide and then to PGE2
as the initial major product. We surmise that most of the PGE2
is converted to the methyl ester and acetylated enzymatically
(Fig. 6). It is the acetylation that drives the conversion of PGE2
to PGA2 and thus leads to the accumulation of PGA2 methyl
ester and its C-15 acetate. Acetylation at C-11 of PGE2 methyl
ester is much faster than at C-15 (45). The 11-O-acetyl derivative

of PGE2 is prone to elimination of acetic acid resulting in
formation of the PGA2, and it may also be subject to lipase-
catalyzed elimination (45). Further acetylation gives the PGA2
methyl ester 15-acetate, which then accumulates in the coral.
This explains why the 15-acetate of PGA2 is found in P.
homomalla, but PGE2 occurs only as the methyl ester (1–5).

Despite the enormously high content of endogenous prosta-
glandins in P. homomalla preparations, COX activity has never
been detected in vitro. Western analysis also suggests that there
is a relatively low level of COX protein (see Results and Fig. 3).
It appears that P. homomalla does not have major stores of the
COX enzyme, and the huge amount of prostaglandins can be
explained by the long-term deposition of stable PGA2 esters in
lipids. This fits with earlier evidence that there are far higher
levels of prostaglandins in P. homomalla than there are stores of
available arachidonic acid substrate (46).
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