
Epicubenol Synthase. Origin of the Oxygen Atom of a Bacterial
Sesquiterpene Alcohol

David E. Cane* and Ning Ke

Department of Chemistry, Box H, Brown University, Providence, RI, 02912-9108, USA

Received 14 October 1999; accepted 8 November 1999

AbstractÐIncubation of epicubenol synthase with farnesyl pyrophosphate in the presence of 11.1 atom% H2
18O gave epicubenol

(2) in which the hydroxyl oxygen atom was shown to be derived exclusively from water, as established by GC-selected ion mon-
itoring MS of the derived TMS-epicubenol derivative (15). # 2000 Elsevier Science Ltd. All rights reserved.

Among the several hundred known cyclic sesquiterpenes
and monoterpenes that are formed directly by the enzy-
matic cyclization of farnesyl diphosphate (1) or geranyl
diphosphate, the overwhelming majority are hydro-
carbons, resulting from deprotonation of a penultimate
carbocation intermediate. Although less common, there
also numerous examples of cyclic sesquiterpene and
monoterpene alcohols whose formation most likely
involves the nucleophilic capture of carbocation inter-
mediates by water. Among the terpenoid alcohols, the
small number whose formation has been studied at the
enzyme level include the sesquiterpenes epicubenol (2)1±3

and patchoulol (3),4,5 the formation of both of which is
accompanied by the co-generation of 1 or more sesqui-
terpene hydrocarbons, and the monoterpene fenchol
(4).6,7 In the latter case, the hydroxyl oxygen atom has
been explicitly shown to be derived from water.7 By
contrast, the monoterpene alcohols (+)- and (ÿ)-bor-
neol (5) are secondary products derived by phospho-
hydrolase-catalyzed hydrolysis of the corresponding
monoterpene synthase cyclization products (+)- and
(ÿ)-bornyl diphosphate (6),8,9 respectively, each of
which results from recapture of the original ester oxygen
atom of the pyrophosphate moiety of the geranyl
diphosphate substrate.10

(+)-Epicubenol (2), which was ®rst isolated by Gerber
from the mycelial extracts of several di�erent Strepto-
myces species,11 is also produced by the liverwort Het-
eroscyphus planus,12 while (ÿ)-epicubenol is found in the
extracts of various higher plants.13±15 We have pre-
viously reported that a crude enzyme preparation from
Streptomyces sp. LL-B7 can support the cyclization of
farnesyl diphosphate to epicubenol and have presented
evidence for a cyclization mechanism initiated by iso-
merization of farnesyl diphosphate to (3R)-nerolidyl
diphosphate (7) which then undergoes conversion to an
intermediate germacradienyl cation by way of a 1,3-hy-
dride shift.1±3 A second cyclization followed by a 1,2-
hydride shift gives the bicyclic cation 8 which has been
proposed to be quenched by capture of water (Scheme
1, pathway a). Independently, Nabeta et al. have puri-
®ed the corresponding epicubenol synthase from H.
planus more than 200-fold and have reported analogous
mechanistic experiments which also demonstrate
the observed 1,2- and 1,3-hydride shifts.16,17 These
researchers also noted the formation of the closely rela-
ted hydrocarbon cubenene (9) in these same incuba-
tions. Based on the apparent co-puri®cation of the
cubenene and epicubenol synthase activities, they con-
cluded that both products might be formed by the same
enzyme, with the ratio of hydrocarbon 9 to alcohol 2
resulting from competition between deprotonation of
the common cationic intermediate 8 (Scheme 1, path-
way b) and capture of water (Scheme 1, pathway a).

While the direct formation of epicubenol by addition of
water to 8 appears to be by far the most reasonable
mechanistic possibility, one cannot exclude a priori an
alternative pathway involving recapture of the pyro-
phosphate moiety to give epicubenyl diphosphate (11)
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which would then undergo hydrolytic cleavage, most
probably by a separate phosphohydrolase, to give epi-
cubenol (2) (Scheme 2). Such a recapture of the pyro-
phosphate ion, reminiscent of the analogous formation
of bornyl diphosphate (6) from geranyl diphosphate,8±10

appears to be geometrically feasible and cannot be ruled
out, if only because the epicubenol preparations that
have been used for these reactions are not as yet
homogeneous. The two mechanistic alternatives can be
readily and unambiguously distinguished, however, by
determining the origin of the hydroxyl oxygen atom of
epicubenol.

To address this question, partially puri®ed epicubenol
synthase18 (8 mg, spec. act. 0.063 nmol/mg protein.h)
was incubated for 12 h at 30 �C with 50 mM farnesyl
diphosphate in 8.0 mL of 15 mM Tris bu�er, pH 7.8,
containing 40 mM MgCl2 and H2

18O (11.1 atom%).
GC±MS analysis of the concentrated pentane extract
con®rmed the formation of epicubenol (2), along with
an apparent sesquiterpene hydrocarbon, m/z 204, pre-
sumed to be cubenene (9). On the other hand, as had
been previously observed,3 neither EI nor CI ionization
of epicubenol gave a detectable molecular ion, due to
the facile dehydration of the tertiary alcohol under the
ionization conditions. While this absence of a parent
peak had not interfered with earlier experiments invol-
ving labeling at alternative sites in epicubenol, analysis
of the 18O content of the enzymatically generated epi-
cubenol clearly required that the hydroxyl oxygen atom

not be lost during the mass spectrometric analysis.
Accordingly, the epicubenol sample was treated with
trimethylsilylimidazole19 and the resulting puri®ed epi-
cubenol TMS ether (12) was analyzed by GC±MS and
selected ion monitoring of the prominent M±CH3 (m/z
279 and 281) and M±C3H7 (m/z 251 and 253) peaks
(Scheme 3). As summarized in Table 1, the relative
abundances within the m/z 279:289 and 251:253 pairs
indicated an 18O enrichment of 11 atom% for TMS-
epicubenol (12), completely consistent with the exclusive
derivation of the hydroxyl oxygen atom of epicubenol
(2) from water, as predicted by Scheme 1.

It is interesting to speculate that this same water molecule
might also serve as the Lewis base in the competing
deprotonation reaction that would lead to the formation

Scheme 1.

Scheme 2.

Scheme 3.

Table 1. Selected ion mass spectrometric analysis of TMS-epicubenol

(12)

m/z Relative peak intensity
(H2

16O)
Relative peak intensity

(H2
18O)

Calculated %a Observed % Calculated %b Observed %

251 94.6 94.3 84.4 83.2
253 5.4 5.7 15.6 16.8
279 94.2 94.1 84.2 84.3
281 5.8 5.9 15.8 15.7

aCalculated from the natural abundance of 13C, 29Si, and 30Si.
bCalculated from the experimentally determined natural percentage of
M+2 species and 11.1% 18O content of H2O.
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of cubenene, especially since the water must be located
on the same face of cation 10 as the hydrogen that either
undergoes a 1,2-hydride migration to give 8 or is
removed as a proton. Indeed, based on crystallographic
evidence, a similar role has been proposed for a water
molecule in the termination of the cyclization cascade
catalyzed by squalene:hopene cyclase that results in the
competitive formation of the triterpenes hopene and
diplopterol.20 Further investigations aimed at elucidating
the factors controlling the role of the water in epicubenol
biosynthesis are in progress.
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