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The toluene-degrading strain Rhodococcus opacus PWD4 was found to hydroxylate p-limonene exclusively in
the 6-position, yielding enantiomerically pure (+) frans-carveol and traces of (+) carvone. This biotransfor-
mation was studied using cells cultivated in chemostat culture with toluene as a carbon and energy source. The
maximal specific activity of (+) frans-carveol formation was 14.7 U (g of cells [dry weight]) ™", and the final
yield was 94 to 97%. Toluene was found to be a strong competitive inhibitor of the p-limonene conversion.
Glucose-grown cells did not form any frans-carveol from p-limonene. These results suggest that one of the
enzymes involved in toluene degradation is responsible for this allylic monohydroxylation. Another toluene
degrader (Rhodococcus globerulus PWD8) had a lower specific activity but was found to oxidize most of the
formed trans-carveol to (+) carvone, allowing for the biocatalytic production of this flavor compound.

D-Limonene is the main constituent of orange and lemon
peel oil (92 to 96% [26]), which is a by-product of the fruit juice
industry produced in quantities of approximately 50,000 tons
per year (25). Due to its low price, which varied between $0.66
and $1.45 per kg in the first half of 2000 (22), p-limonene is an
attractive starting compound for industrially relevant fine
chemicals and flavor compounds with identical carbon skele-
tons, such as carveol, carvone, and perillyl alcohol (Fig. 1). The
regiospecific introduction of carbonyl or hydroxy groups by
chemical catalysis, however, is difficult because the electronic
properties of the allylic methylene groups (carbons 3 and 6)
and the allylic methyl groups (carbons 7 and 10) are rather
similar. For this reason, enzymatic oxidation was considered as
early as the 1960s (7, 8), and numerous D-limonene-transform-
ing microbial and plant cells have been described since. To
date, the enzymes with the best regiospecificity have been
derived from plants. The P450 enzymes limonene-3-hydroxy-
lase and limonene-6-hydroxylase (isolated from peppermint
and spearmint microsomes) convert their natural substrate L-
limonene and—at lower rates—b-limonene to isopiperitenol
and carveol, respectively (6, 17, 19). Another example is the
oxidation of D-limonene in the 6 position to cis- and trans-
carveol and carvone by Solanum aviculare and Dioscorea del-
toidea (29). The specific activities of these plant enzymes, how-
ever, are insufficient for industrial applications. Microbial
strains found so far to be capable of bioconversion of D-li-
monene generally yielded a mixture of oxidation products (re-
viewed in reference 23). Recent examples are the conversion of
D-limonene to a-terpineol and 6-hydroxycarveol by the honey
fungus Armillareira mellae (9); to isopiperitenone, limonene-
1,2 trans-diol, cis-carveol, perillyl alcohol, isopiperitenol, and
a-terpineol by Aspergillus cellulosae (24); to carveol, a-terpin-
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eol, perillyl alcohol, and perillyl aldehyde by Bacillus stearo-
thermophilus BR388 (4); and the same conversions by an Esch-
erichia coli construct containing a plasmid with chromosomal
inserts from this strain (3, 5). The most regiospecific microbial
biocatalysts described so far are the basidiomycete Pleurotus
sapidus, which converts D-limonene to cis- and trans-carveol
and carvone at a low rate (25), and the black yeast Hormonema
sp. strain UOFS Y-0067, which transforms p-limonene to
isopiperitenol (28).

In a number of studies, strains with the capability to use
D-limonene as the sole source of carbon and energy were
isolated and subsequently assessed for the accumulation of
degradation pathway intermediates during growth (23). Most
of these studies (2, 7, 8, 18) were inconclusive, as mixtures of
oxidation products were detected and it generally remained
unclear whether these were genuine pathway intermediates or
dead-end products resulting from an incomplete regiospecific-
ity of the pathway enzymes. A recent, more successful example
is the work of Van der Werf et al. (26), who proved that
Rhodococcus erythropolis DCL14 degraded p-limonene via ep-
oxidation at the 1,2 position and managed to clone the gene
encoding the epoxidase in E. coli, resulting in a biocatalyst for
the high-yield production of pD-limonene-1,2-epoxide.

During a screening of a collection of toluene-degrading and
naphthalene-degrading bacteria, various strains were found to
be capable of transforming D-limonene to a compound with the
same high-pressure liquid chromatography (HPLC) retention
time and mass spectrum as carveol (unpublished data). We
describe here the kinetics of biotransformation of pD-limonene
by chemostat-grown cells of one of the positive strains, Rho-
dococcus opacus PWD4, and identified the isolated product as
(+) trans-carveol by 'H nuclear magnetic resonance (NMR),
gas chromatography (GC), and optical rotation studies.

Bacterial strains. R. opacus PWD4 (DSMZ 44313) was iso-
lated by W. A. Duetz and coworkers (unpublished results)
from a topsoil sample from a petrol station in Hilversum (The
Netherlands) in April 1992 by plating a bacterial soil extract on
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FIG. 1. Structures of limonene and some derivatives.

a mineral agar medium supplied with toluene as a C source via
the gas phase. The taxonomy was based on morphological
studies and partial 16S RNA sequencing by the Deutsche
Sammlung von Microorganismen and Zellculturen (Braun-
schweig, Germany), which showed a 100% sequence identity
with the type strain R. opacus DSMZ 43205. Rhodococcus
globerulus PWDS, isolated from a topsoil sample from a mea-
dow in Scherpenzeel (The Netherlands) in February 1992 as
described above, showed 100% sequence identity with the type
strain R. globerulus DSMZ 43954.

Growth substrate range of R. opacus PWD4. R. opacus
PWD4 was inoculated onto seven agar-based mineral medium
plates without any added C source (12) and incubated in des-
iccators together with solutions of benzene (5%, vol/vol),
ethylbenzene (10%, vol/vol), toluene (10%, vol/vol), o-xylene
(10%, volfvol), m-xylene (10%, vol/vol), or p-xylene (10%, vol/
vol) in hexadecane or with pure hexadecane (control). After 1
week of growth at ambient temperature, all strains were scored
for growth in comparison to the control plate. Benzene, tolu-
ene, and ethylbenzene resulted in significantly larger colonies
of R. opacus PWD4 than of the control and so apparently could
serve as sole C sources. No significant growth was observed
with either o-xylene, m-xylene, or p-xylene as the sole C source.
This growth substrate range is compatible with the presence of
a tod pathway (15).

Biotransformation Kkinetics of p-limonene by chemostat-
grown R. opacus PWD4. R. opacus PWD4 was grown on a
mineral medium (13) supplied with 5 mM glucose in a 100-ml
Erlenmeyer-shaped chemostat (11) at a dilution rate of 0.03
h™'. Toluene was supplied as an additional C source via the gas
phase as described previously (10), allowing the cells to reach
a density of 1 to 1.3 g (vol/vol) liter '. The cell dry weight was
determined as described previously (12). Aliquots of 5 ml of
cells were sampled from the chemostat, centrifuged, washed
with a K,HPO,-KH,PO, buffer (50 mM, pH 7.0), and resus-
pended in 5 ml of the same buffer supplied with 100 mM
glucose. This cell suspension was transferred to a headspace
vial with a total volume of 43 ml (National Scientific Company,
Lawrenceville, Ga.); 1.0 pl of p-limonene was added as a pure
compound via a microsyringe, followed by magnetic stirring at
1,000 rpm and 30°C. The headspace vial was closed using a
screw cap with a Teflon-coated insert. At regular time inter-
vals, samples of 100 pl were taken using a syringe with a needle
(without opening the vial in order to prevent the loss of gas-
eous D-limonene from the headspace), centrifuged in Eppen-
dorf tubes at 15,000 rpm for 3 min, and analyzed by liquid
chromatography (LC)-mass spectrometry (MS) Agilent 1100
series) equipped with (i) a diode array detector and a mass
detector in series and (ii) a cooled autosampler from CTC
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(Zwingen, Switzerland). Solvent 1 was acetonitrile-methanol
(1:1 [volfvol])-0.1% formic acid. Solvent 2 was water-0.1%
formic acid. Solvents 1 and 2 were used in a 30:70 (vol/vol)
ratio for 10 min followed by a steep gradient to 90% solvent 1,
at a total run time of 13.2 min, using a Zorbax SB-C18 column
(30 by 2 mm). The MS settings were as follows: atmospheric
pressure chemical ionization mode; positive ionization; frag-
mentor voltage, 50 V; gas temperature, 350°C; vaporizer tem-
perature, 375°C; drying gas (N,) flow rate, 4 liter min~'; neb-
ulizer pressure, 0.023 N/m?; capillary voltage, 2,000 V; corona
current, 6 pA. The MS was run in the selective ion mode set to
detect the following masses (relative dwell times in parenthe-
ses): 135 (40%), 137 (5%), 151 (10%), 153 (7%), and 176
(15%). trans-carveol and cis-carveol gave retention times of 7.3
and 8.1 min, respectively, and a mass signal of 135, while
carvone gave a mass signal of 151 and a retention time of 7.4
min.

During the incubation with p-limonene, a compound with
the same retention time and mass signal as trans-carveol was
formed (Fig. 2). The maximal concentration was measured
after 2.5 h (1.21 mM). The initial specific activity was 14.7 U
(g of cells [dry weight])~!. The only other oxidation product
detected was carvone (15 uM, or 1.3% of the trans-carveol
formed). The molar yield of trans-carveol (determined by LC-
MS) was approximately 97% (mol/mol) if the standard of
carveol is assumed to be 100% pure, or 94% (mol/mol) if the
standard of carveol is only 97% (indicated as the minimum
purity by the supplier). The following isomers of carveol and
carvone had distinctly different retention times and/or mass
spectra and were not detected as products: perillyl alcohol
(135, 176, 10.0 min), perillylaldehyde (151, 11.1 min), limonene
oxide (135, 11.0. min), and limonene diol (153, 7.0 min). The
latter compound was prepared by acid hydrolysis (1 h, 0.1 M
HCI, 100°C) of limonene oxide.

aq. concentration (mM)

0 1 2 3 4
time (h)

FIG. 2. Kinetics of formation of frans-carveol from D-limonene by
washed, chemostat-grown cells of R. opacus PWD4 (5 ml, 1.1 g [dry
weight] liter™') in a closed headspace vial in the absence (m) and
presence (@) of toluene. The experiment was done in a closed head-
space vial with a total volume of 43 ml, implying that 68% of the
toluene was in the gaseous phase and that the toluene consumption
rate is actually 3.1-fold higher than suggested by the curve. aq., aque-
ous.
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Further product identification by GC, '"H NMR, and specific
optical rotation. Products formed were extracted in dichlo-
romethane or chloroform and analyzed by GC using a 30-m
capillary column (DB 1701; J&W Scientific, Folsom, Calif.) on
a Varian model 3400 GC (Varian Associates, Walnut Creek,
Calif.) equipped with a flame ionization detector, using N, as
the carrier gas at a flow rate of 1.0 ml min~'. The detector and
injector temperatures were 250 and 200°C, respectively. The
temperature was programmed to increase from 50 to 90°C at a
rate of 3°C min !, from 90 to 210°C at 5°C min !, and from
210 to 250°C at 12°C min~'. These conditions resulted in
retention times of 33.38 and 33.88 min for trans-carveol and
cis-carveol, respectively, using a commercially available mix-
ture of 55% (—) trans-carveol and 45% (—) cis-carveol (Al-
drich). A gas chromatogram of the chloroform extract showed
only one significant peak, corresponding exactly to the reten-
tion time of trans-carveol.

For the purpose of "H NMR analysis, the overflow from the
chemostat described above was collected on ice for 2 days,
yielding 120 ml of a cell suspension of R. opacus PWD4 of 1.25
g (dry weight) liter . The cells were washed with a K,HPO,-
KH,PO, buffer (50 mM, pH 7.0) and resuspended in 100 ml of
the same buffer supplied with 100 mM glucose. This cell sus-
pension was transferred to a 2-liter bottle. The suspension was
stirred at 1,000 rpm using a 80- by 9-mm stirring bar at 30°C,
and 20 pl of p-limonene was added. After 4 h of incubation,
the bottle was opened and stirred for another 30 min (to allow
for evaporation of residual D-limonene) before the cells were
separated from the supernatant by centrifugation. The super-
natant was extracted at 0°C with 3 volumes of deuterated
chloroform (Aldrich). The three fractions of deuterated chlo-
roform (5 ml) were pooled and concentrated at room temper-
ature and atmospheric pressure, yielding 2 ml of a 26 mM
solution (4 mg ml™') of trans-carveol (as determined by LC-
MS). 'H NMR spectra were recorded at 400 MHz on a Varian
system. The resulting '"H NMR spectrum was indistinguishable
from the previously reported spectrum for frans-carveol pre-
pared chemically [by reduction of (—) carvone] by Yasui et al.
(31). Chemical shifts in parts per million relative to trimethyl-
silane were 5.59 (s, 1H), 4.74 (s, 1H), 4.73 (s, 1H), 4.02 (s, 1H),
2.32 (m, 1H), 2.14 (m, 1H), 1.94 (m, 1H), 1.89 (m, 1H), 1.80 (s,
3H), 1.74 (s, 3H), 1.62 (m, 1H), and 1.59 (s, 1H).

The same procedure was followed with nondeuterated chlo-
roform for the purpose of measurement of the specific optical
rotation using a Perkin-Elmer (Applied Biosystems, Foster
City, Calif.) model 241 polarimeter. The specific optical rota-
tion (1% in chloroform) was measured to be +244°, which is
comparable to the value (+210°) reported previously (16).

The regiospecific and stereospecific bioconversion of D-
limonene to trans-carveol (10a) has not been reported pre-
viously for microorganisms but has been described to occur
naturally in the fruit of caraway (Carum carvi) by (+) li-
monene-6-hydroxylase (1). As far as we know, the observed
specific frans-carveol synthesis rates are 1 or more orders of
magnitude higher than any previously described monohydroxy-
lations of either D- or L-limonene. For example, the only other
microbial biocatalyst capable of regiospecific oxidation of p-
limonene at the 6 position (the basidiomycete P. sapidus)
reached carveol and carvone concentrations of approximately
0.5 mM only after 12 days (25).
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Reversible inhibition of trans-carveol production by toluene.
Chemostat-grown cells of R. opacus PWD4 (transferred to
headspace vials as described above) were supplied with 2.0 .l
of toluene (corresponding to 0.019 mmol) in addition to 1.0 pl
of p-limonene (Fig. 2). The toluene concentration was moni-
tored over time by taking 200-wl samples from the headspace
via a gastight syringe and subsequently transferring the gas
samples into a 2-ml HPLC vial filled with 500 p.l of acetonitrile.
After shaking (to allow all toluene to dissolve in the acetoni-
trile), the toluene was quantified with an HPLC diode array
detector (DAD) using the same column and HPLC configura-
tion at a ratio of solvent 1 to solvent 2 of 1:1 and was detected
and quantified by the DAD signal at 210 nm. The initial spe-
cific activity for frans-carveol formation in the presence of
toluene was 0.8 U (g of cells [dry weight])~!. The average
aqueous toluene depletion rate in the first hour of incubation
was 22 uM min~', corresponding to a specific toluene con-
sumption rate of 57 U (g of cells [dry weight]) " after correc-
tion for the toluene present in the gaseous form in the head-
space (68% of total amount, assuming a Henry coefficient of
0.30 [14]). In this phase, the trans-carveol production rate was
0.9 U (g of cells [dry weight])™'. After all toluene was de-
pleted, the specific trans-carveol formation rate increased
9-fold to 7.8 U (g of cells [dry weight])~'. Comparison of the
maximal toluene degradation rates with the maximal trans-
carveol formation rates measured in the experiment without
toluene (14.7 U [g of cells {dry weight}] ') indicates a relative
activity on D-limonene of 26%.

Biotransformation by glucose-grown cells of R. opacus PWD4.
Biotransformation experiments performed with cells of R. opa-
cus PWD4 that were grown in an overnight batch culture of a
mineral medium with glucose as the sole C source did not re-
sult in the formation of frans-carveol or any other oxidation
products from D-limonene. This observation (in addition to the
reversible inhibition by toluene described above) suggests that
one of the enzymes from a toluene degradation pathway is
responsible for the biotransformation. The observed growth
subtrate range is compatible with the presence of a tod path-
way (15), which involves two oxygenases (toluene 2,3-dioxyge-
nase and catechol 2,3-dioxygenase). Taking into account that
toluene 2,3-dioxygenase has been previously found to be capa-
ble of monooxygenations (e.g., indene to 1-indenol [30]), this
enzyme seems to be a more likely candidate. Additional re-
search, however, is required to confirm this hypothesis.

Coproduction of trans-carveol and carvone by R. globerulus
PWDS. R. globerulus PWDS8 was grown on a mineral medium
agar plate with toluene as the sole C source as described above.
After 4 days of growth, cells were scraped off the agar surface
and suspended in a K,HPO,-KH,PO, buffer (50 mM, pH 7.0)
to a cell concentration of 3 g (dry weight) liter'. The cell
suspension (2.5 ml) was incubated with 0.5 pl of p-limonene in
a headspace vial as described above. Samples were taken at 0,
2,4, 6, 8, and 24 h and centrifuged; then the supernatant was
analyzed by LC-MS for the formation of trans-carveol, car-
vone, and other possible products. The initial trans-carveol
formation rate (average of the first hour) was 0.73 mM h™*,
corresponding to a specific activity of 3 U (g of cells [dry
weight]) !, After 2 h, more than 90% of p-limonene added was
transformed to frans-carveol (1.1 mM), and a carvone concen-
tration of 0.08 mM was formed. The concentration of carvone



2832 DUETZ ET AL.

gradually increased to maximally 0.29 mM after 27 h, while the
trans-carveol concentration decreased accordingly, indicating
that the frans-carveol formed was converted slowly to carvone.

Although the specific activity of R. globerulus PWDS8 was
lower than that of R. opacus PWDA4, the partial through con-
version to (+) carvone illustrates the potential applicability of
such strains for the production of (+) carvone, which is used as
a flavor compound. For this purpose, the produced (+) trans-
carveol would need to be completely further oxidized, by the
action of either a dehydrogenase or an oxidase. Possibly, mu-
tants of R. globerulus PWDS that convert most or all trans-
carveol to carvone could be generated. Another possibility
would be the coexpression of a gene encoding a suitable (+)
trans-carveol dehydrogenase. A carveol dehydrogenase active
on all four stereoisomers of carveol has been described else-
where (27). A specific (+) trans-carveol dehydrogenase was
found in the fruit of caraway (1). The equilibrium constant of
the conversion of frans-carveol to carvone by a NAD " -depen-
dent dehydrogenase cannot be exactly calculated since the
Gibbs free energies of formation for frans-carveol and carvone
are unknown. Using the group contribution theory of Mavro-
vouniotis (20, 21), it can be estimated that the Gibbs free
energy change of an oxidation of a cyclic alcohol to the corre-
sponding cyclic ketone at physiological NADH/NAD™* ratios is
approximately 8 kJ mol ' (thus slightly favoring the alcohol).
The energetically favorable conjugation of the carbonyl group
with the C=C double bond in carvone, however, is likely to
cause a negative Gibbs free energy change and may so result in
an equilibrium toward carvone.

We thank Dongliang Chang for help with generation of the proton
NMR data.
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