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Abstract

Gamma irradiation of Scotch spearmint created a mutant line, 643-10-74, which has an altered essential oil reminiscent of pep-

permint because the monoterpene metabolites in the oil glands of the mutant are predominantly oxygenated at the C3 position of
the p-menthane ring instead of the C6 position normally found in spearmint. The limonene hydroxylase genes responsible for
directing the regiochemistry of oxygenation were cloned from Scotch spearmint and mutant 643 and expressed in Escherichia coli.

The limonene bydroxylase from the wild-type parent hydroxylated the C6 position while the enzyme from the mutant oxygenated
the C3 position. Comparison of the amino acid sequences with other limonene hydroxylases showed that the mutant enzyme was
more closely related to the peppermint limonene-3-hydroxylases than to the spearmint limonene-6-hydroxylases. Because of the
sequence differences between the Scotch spearmint and mutant 643 limonene hydroxylases, it is most likely that the mutation did

not occur within the structural gene for limonene hydroxylase but rather at a regulatory site within the genome that controls the
expression of one or the other regiospecific variants.
# 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

The monoterpene constituents of the essential oils of
the genus Mentha (family Lamiaceae) are distinguished
by the position of oxygenation on the p-menthane ring
(Lawrence, 1981). Of the agronomically important
mints (Lawrence, 1985), peppermint (M. � piperita L.)
produces almost exclusively monoterpenes bearing an
oxygen function at C3 such as menthol 1 (responsible
for the cooling sensation of peppermint), whereas the
spearmint types such as native spearmint (M. spicata L.)
and Scotch spearmint (M. � gentilis var cardiaca (Ger-
ard ex Baker) Briq.; syn M. � gracilis Sole) produce
almost exclusively monoterpenes bearing an oxygen
function at C6, typified by carvone 2 (responsible for
the typical spearmint note) (Fig. 1). The genetic basis of
the C3- and C6-oxygenation patterns in fertile Mentha
species was the target of extensive studies by Murray
and associates from the mid-l950s through the mid-
1970s (reviewed in Croteau and Gershenzon, 1994), and
was shown to be determined by two closely linked di-
allelic loci designated Lm and C. The dominant Lm allele
was postulated to prevent C3-oxygenation whereas the
recessive lm allele was thought to allow this conversion.
In contrast, the dominant C allele was proposed to
stimulate C6-oxygenation while its recessive counterpart c
does not promote this conversion (Hefendehl and Mur-
ray, 1976). The two dominant alleles must be tightly
linked to account for the observation that the C3- and
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C6-oxygenation patterns are mutually exclusive and
that C6-oxidation is dominant to C3-oxidation. It has
been suggested that Lm represents a regulatory gene
that controls the expression of C3-hydroxylation and
that C is a structural or regulatory gene that controls
C6-hydroxylation (Croteau and Gershenzon, 1994).
However, the roles of Lm and C in Mentha cannot be
clarified until the structures of the hydroxylase genes,
and of the Lm and C genes and gene products, are
defined, and the molecular level interactions between
these entities deciphered.
Biosynthetic investigations have demonstrated that

regiospecificity is established very early in the mono-
terpene biosynthetic pathways in which (�)-4S-limo-
nene 3, the common precursor of both oxygenated series
(Kjonaas and Croteau, 1983), undergoes cytochrome
P450-mediated hydroxylation at C3 to yield (�)-trans-
isopiperitenol 4 (in peppermint-type species) or at C6 to
afford (�)-trans-carveol 5 (in spearmint-type species)
(Karp et al., 1990) (Fig. 1). The remaining enzymatic
machinery responsible for the subsequent redox transfor-
mations of isopiperitenol 4 to menthol 1 is present in both
peppermint and spearmint species; however, carveol 2 is a
poor substrate for these reactions, with the consequence
that only the dehydrogenation product, carvone, accu-
mulates in spearmint types (Croteau et al., 1991).
cDNAs encoding the cytochrome P450 (�)-limonene-

6-hydroxylase from native spearmint and the cyto-
chrome P450 (�)-limonene-3-hydroxylase from pepper-
mint have been isolated (Lupien et al., 1999), and both
of these regiospecific oxygenases have been functionally
expressed in Escherichia coli and Saccharomyces cerevi-
siae (Haudenschild et al., 2000). Structure–function
studies with these closely enzymes have established the
mechanism and steric constraints of these oxygenation
reactions (Wüst et al., 2001; Wüst and Croteau, 2002)
and demonstrated that the alteration of a single amino
acid (F3631) is sufficient to convert the regiochemistry
of the spearmint (�)-limonene hydroxylase from a C6-
type to a kinetically-competent peppermint-type C3-
hydroxylase (Schalk and Croteau, 2000).
An interesting observation, that bears on the genetic

control of essential oil monoterpene biosynthesis in
mints, derives from biochemical evaluation of a g-irra-
Fig. 1. Enzymatic activities observed only in wild type Scotch spearmint (dashed light arrows), only in mutant 643 (light arrows), and both wild type

and mutant (heavy arrows) are indicated (Croteau et al., 1991). The enzymes numbered in the pathway are: (1) limonene-6-hydroxylase, (2) limo-

nene-3-hydroxylase, and (3) terpenone-�1,2-epoxidase. The reaction catalyzed by menthofuran synthase (4) in peppermint is also indicated.
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diation-induced mutant of the sterile hybrid Scotch
spearmint (M. � gentilis) that produces a peppermint-
type oil (C3-oxygenation pattern), unlike the spearmint-
type oil (C6-oxygenation pattern) found in the wild type
(Croteau et al., 1991). Cell-free assay of all of the
enzymes responsible for the production of both C3-
oxygenated and C6-oxygenated families of mono-
terpenes derived from (�)-limonene 3 indicated that
both the mutant (designated mutant 643) and wild type
Scotch spearmint possess a virtually identical comple-
ment of catalysts, with the exception of the microsomal,
cytochrome P450-dependent (�)-limonene hydroxylase;
the C6-hydroxylase producing (�)-trans-carveol 5 in the
wild type had been entirely replaced by a C3-hydroxy-
lase producing (�)-trans-isopiperitenol 4 in the mutant
(Fig. 1). Notably, both wild type and mutant possess all
of the remaining enzymatic machinery (at roughly
comparable levels) for the production of carvone 2
(from carveol 5) and of menthol 1 (from isopiperitenol
4), thereby accounting for the specific production of C3-
oxygenated monoterpene derivatives in the mutant.
These results suggest that irradiation may have resul-

ted in either a mutation of the C6-hydroxylase struc-
tural gene, of the type recently constructed by site-
directed mutagenesis to modify regiochemistry (Schalk
and Croteau, 2000), or, alternatively, a mutation of a
regulatory gene (perhaps Lm) to a form which sup-
presses C6-hydroxylation and activates a nascent C3-
hydroxylase (in a monoterpene biosynthetic back-
ground that remains otherwise identical). In this paper,
we report the cDNA cloning of the C6-hydroxylase
from wild type Scotch spearmint and of the C3-hydro-
xylase from mutant 643. The two cytochrome P450
hydroxylases are sufficiently different to suggest that
mutant 643 bears a mutation in a regulatory gene that
silences the wild-type limonene-6-hydroxylase and pro-
motes the sole expression of a previously quiescent
limonene-3-hydroxylase.
2. Results

2.1. cDNA isolation and expression

Glandular trichomes are the exclusive site of mono-
terpene biosynthesis in Mentha species, and the secre-
tory cells of these structures are thus highly enriched in
the relevant biosynthetic enzymes and their corre-
sponding messages (Gershenzon et al., 1992). To avoid
the complications of screening a whole leaf cDNA
library, oil gland-specific cDNA libraries for both
Scotch spearmint and mutant 643 were constructed
using protocols previously developed for other mint
species (Lupien et al., 1999).
Based upon the assumption that both the C6-

hydroxylase of Scotch spearmint and the presumptive
mutant C3-hydroxylase of mutant 643 would closely
resemble the cytochrome P450 (�)-limonene-6-hydro-
xylase of native spearmint (Lupien et al., 1999), both
libraries were screened by standard hybridization meth-
ods (Sambrook et al., 1989) using 32P-labelled cDNA
encoding the spearmint C6-hydroxylase as the probe.
This strategy yielded 23 positive clones from the wild
type Scotch spearmint oil gland library (0.023% abun-
dance), from which two distinct full-length cDNAs were
acquired. Both encoded cytochrome P450 enzymes with
high levels of sequence identity to the known mint
limonene hydroxylases, yet exhibited significant
sequence differences between each other (Table 1). One
of these cytochrome P450 clones (designated scotch-5B-
2; Genbank accession number AY281025) revealed
100% sequence identity with the spearmint limonene-6-
hydroxylase (SM12; CYP71D18) at the amino acid level
(Table 1), and also at the DNA level including the 30-
and 50- untranslated regions. The SM12 P450 has been
previously shown to hydroxylate (�)-S-limonene 3

exclusively at the C6-trans-position (Haudenschild et
al., 2000). The finding of a limonene-6-hydroxylase in
M. � gentilis, that is identical to that of native spear-
mint, is not surprising because M. spicata is a parent of
Scotch spearmint, a sterile hybrid of very recent origin
(Tucker and Fairbrothers, 1990; Tucker et al., 1991).
The second cytochrome P450 cDNA clone (desig-

nated scotch-10B-2; Genbank accession number
AY281026), contained 1482 bp, encoded a protein of
494 residues, and shared 86.3% amino acid sequence
identity with the scotch-5B-2 clone and the limonene-6-
hydroxylase of native spearmint, and about 67% amino
acid sequence identity with the two limonene-3-
hydroxylases from peppermint (PM2, CYP71D15; and
PM17, CYP71D13) (Table 1). For functional char-
acterization, the 10B-2 clone was expressed in E. coli
JM109 cells using the pCWori+ expression plasmid
(Haudenschild et al., 2000). Microsomes prepared from
Table 1

Sequence identity (%) at the deduced amino acid sequence level of

clones 643-9B-2, scotch-10B-2, scotch-5B-2, the spearmint limonene-6-

hydroxylase (SM12) and the two peppermint limonene-3-hydroxylases

(PM2 and PM17)a
PM17
 PM2
 SM12
 Scotch-5B-2
 Scotch-10B-2
643-9B-2
 92.2
 88.9
 70.6
 70.6
 67.7
(89.0)
 (89.0)
 (76.5)
 (76.5)
 (75.0)
Scotch-10B-2
 67.0
 66.8
 86.3
 86.3
(74.6)
 (73.6)
 (91.6)
 (91.6)
Scotch-5B-2
 69.2
 68.8
 100.0
(76.1)
 (75.4)
 (100.0)
SM12
 69.2
 68.8
(76.1)
 (75.1)
PM2
 92.0
(92.1)
a Sequence identity (%) at the DNA level in the open reading frame

is shown in parentheses.
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several independent cultures at different culture periods
were shown to contain in excess of 350 pmol P450 per
mg protein as measured by CO difference spectrometry
(Omura and Sato, 1964). However, when reconstituted
with NADPH-dependent cytochrome P450 reductase
and evaluated in a standard limonene hydroxylase assay
(Haudenschild et al., 2000), no oxygenated metabolite
was observed. Given the close sequence similarity of
clone 10B-2 to other mint limonene hydroxylases, it
may be inferred that this clone encodes a monoterpene
oxygenase. Because cytochrome P450-dependent epox-
idation of monoterpenoids had been observed with
Scotch spearmint microsomes (Croteau et al., 1991),
(� )-piperitone 6,7, (�)-isopiperitone 8, piperitenone 9,
and (+)-pulegone 10 (Fig. 1) were tested as likely sub-
strates for epoxidation by the recombinant scotch-10B-2
microsomal enzyme; however, none of these mono-
terpenoids was detectably metabolized, and so the sub-
strate for this cytochrome P450 oxygenase remains
undefined.
Screening of the mutant 643 oil gland cDNA library

with the same C6-hydroxylase probe as above revealed
a smaller number of positives (0.015% abundance),
from which a single, unique cytochrome P450 clone was
obtained. This full-length sequence (designated 643-9B-
2) of 1493 bp encoded a protein of 497 residues (Gen-
bank accession number AY281027) and was shown to
resemble those of the (�)-limonene-6-hydroxylases of
native spearmint and the wild type Scotch spearmint
(77% at the nucleotide level) but to be more closely
related to the (�)-limonene-3-hydroxylases of pepper-
mint (Genbank accession numbers AF124817 and
AF124816) (�92% identity at the nucleotide level)
(Table 1). Functional expression of this clone in E. coli,
followed by isolation, reconstitution and assay as
above, revealed the microsomal recombinant cyto-
chrome P450 to convert (�)-limonene 3 to (�)-trans-
isopiperitenol 4 as the only product (Fig. 2). Assays of
the reconstituted 643-9B-2 clone with piperitone (6, 7),
piperitenone 9, and isopiperitenone 8, as before, did not
reveal any epoxidized products (data not shown).
3. Discussion

The present work reports the cDNA isolation and
functional expression of a limonene-6-hydroxylase
(scotch-5B-2) and limonene-3-hydroxylase (643-9B-2)
from oil gland libraries of Scotch spearmint and Scotch
spearmint mutant 643, respectively. Functional expres-
sion of these two regiospecific hydroxylases correlates
with previous studies which showed that these two plant
lines produce C6-oxygenated and C3-oxygenated p-
menthane monoterpenes, respectively, from the com-
mon precursor (�)-limonene (Croteau et al., 1991). The
deduced amino acid sequence of the mutant 643 gene
was more similar to those of the limonene-3-hydro-
xylases of peppermint than to those of the limonene-6-
hydroxylases from native spearmint and Scotch spear-
mint (Table 1). Regardless of the origin of the mutant
643 limonene-3-hydroxylase gene (there are far too
many substitutions for this gene to have arisen by irra-
Fig. 2. GC–MS analysis of the reaction products generated by clone

643-9B2-2 in the standard limonene hydroxylase assay. (a) Gas chro-

matogram (FID) of the diethyl ether-soluble products indicating resi-

dual limonene 3 (Rt=8.52 min), the internal standard camphor

(Rt=9.68 min), (�)-trans-isopiperitenol 4 (Rt=10.14 min) and butyl-

ated hydroxytoluene (Rt,=12.31 min) from the diethyl ether extrac-

tion procedure. (b) The mass spectrum and retention time of the

product with Rt=10.14 min were identical to those of authentic trans-

isopiperitenol 4 (c).
1206 C. Bertea et al. / Phytochemistry 64 (2003) 1203–1211



diation-induced mutation of the limonene-6-hydroxy-
lase gene), the crucial amino acid residue at position 363
is isoleucine (not phenylalanine), which is sufficient to
convert the regiochemistry of the limonene-6-hydroxylase
to a limonene-3-hydroxylase (Schalk and Croteau, 2000).
A second cytochrome P450 clone was also isolated

from Scotch spearmint (scotch-10B-2) which closely
resembles limonene-6-hydroxylase, but for which a
relevant monoterpene substrate could not be defined.
Comparison of the 10B-2 sequence to other limonene
hydroxylases showed the presence of Ala300 in the I-
helix, a position at which Thr is conserved in almost all
cytochrome P450 enzymes (Fig. 3). This Thr residue is
involved in activation of molecular oxygen during the
hydroxylation reaction mediated by cytochrome P450
enzymes. The presence of an Ala residue at this position
in the I-helix of the scotch-10B-2 clone could indicate
that this cytochrome P450 catalyzes a different type of
oxygenation reaction. Because members from the
CYP74 family also contain Ala at this position and use
fatty acid hydroperoxides as substrates (for a review, see
Howe and Schilmiller, 2002), it is conceivable that
scotch-10B-2 utilizes limonene hydroperoxide as a sub-
strate to produce limonene epoxide, as this reaction
would not require binding and activation of molecular
oxygen. Vaz et al. (1998) mutated the I-helix conserved
threonine residue of cytochrome P450 2E1 to an alanine
and showed that the altered enzyme had enhanced
Fig. 3. Sequence alignment of clones 643-9B-2, scotch-10B-2, and scotch-5B-2 with the previously reported limonene hydroxylases SM12 (Genbank

accession number AF124815), PM2 (Genbank accession number AF1248l7), and PM17 (Genbank accession number AF124816) using the ClustalW

program (Thompson et al., 1994). Identical residues for all six sequences are shown in black; identical residues for five of the six sequences are shown

in grey. The alanine for threonine substitution in clone scotch-10B-2 clone is indicated by the arrow at position 307.
C. Bertea et al. / Phytochemistry 64 (2003) 1203–1211 1207



epoxidase activity; they also proposed a reaction
mechanism involving hydroperoxo-iron as an oxidant.
However, in the same paper, the corresponding muta-
tion in cytochrome P450 2B4 resulted in a decrease in
both hydroxylase and epoxidase activities. Thus,
although the Thr!Ala mutation may enhance epox-
idase activity, this mutation is not in itself sufficient to
confer epoxidase activity in the absence of additional
tertiary structure features or suitably activated
substrates. More work is necessary to determine the
substrate and reaction mechanism employed by the
scotch-10B-2 encoded protein.
Although monoterpene biochemistry in mints is well

understood at the pathway and enzyme levels (Fig. 1),
relatively little is known about the regulation of meta-
bolic flux in these systems. Previous chemical analysis of
mutant 643 showed that the monoterpene profile had
been greatly altered from 70% (�)-carvone 2 (C6-OH)
in the oil of wild type Scotch spearmint to over 85% C3-
oxygenated monoterpenes in the oil of the mutant,
with more than 60% of the product as various forms of
3-keto-1,2-oxides, such as cis-piperitone oxide 11

(1.9%), trans-piperitone oxide 12 (8.6%), and piper-
itenone oxide 13 (53%) (Croteau et al., 1991). In addi-
tion, the mutant exhibited a 6-fold reduction in the level
of limonene (compared to 15% of the oil measured in
the parent Scotch spearmint plants), and the oil yields
from the leaves of mutant plants were often 50% less
than those of wild-type leaves. Enzymatic characteriza-
tion of the Scotch spearmint and 643 mutant lines
showed that the enzymes that convert trans-iso-
piperitenol 4 to menthol 1 were present in both lines;
however, the Scotch spearmint parent lacked the limo-
nene-3-hydroxylase activity that would supply the cri-
tical substrate (trans-isopiperitenol 4) necessary for
these enzymes. In mutant 643, the newly expressed
limonene-3-hydroxylase and the terpenone epoxidase
activities were located in the microsomal fraction and
were inhibited to similar degrees by CO and clo-
trimazole, suggesting that the mutation may have gen-
erated a single bifunctional cytochrome P450 enzyme
which can perform both C3-hydroxylation and 1,2-
epoxidation. There is precedent for cytochrome P450
enzymes that function as epoxidases (Kroetz and Zel-
din, 2002); however, in the present case, the 643-9B-2
limonene-3-hydroxylase did not possess detectable
epoxidase activity with the substrates tested.
The appearance of an anomalous epoxidase activity

has also been observed in transgenic peppermint plants
in which cytochrome P450 menthofuran synthase was
cosuppressed (Mahmoud and Croteau, 2003). In this
case, the transgenic plants produced 5–10% of the
essential oil in the form of trans-piperitone oxide 12
compared to undetectable levels of this metabolite in
wild-type plants. The results obtained from mutant 643
Scotch spearmint and transgenic peppermint plants
indicate that the regulation of monoterpene metabolism
in mint peltate oil glands is incompletely understood,
and that seemingly simple alterations in the production
of a single intermediate can result in drastic and unpre-
dictable changes in metabolite profiles.
In summary, the large number of differences in pri-

mary structure between the mutant 643 C3-hydroxylase
gene and the Scotch spearmint C6-hydroxylase gene
suggests that the mutation did not occur in the limonene
hydroxylase structural gene. Rather, the data suggest
that the mutation occurred in a regulatory gene, which
results in the novel expression of a previously silent
limonene-3-hydroxylase and the repression of the native
limonene-6-hydroxylase, with major consequences for
essential oil composition.
4. Experimental

4.1. Plant materials and cDNA library construction

Scotch spearmint and mutant number 643-10-74 were
obtained from C.E. Homer (Oregon State University,
Corvallis, OR) and were grown under greenhouse con-
ditions described previously (Croteau et al., 1991).
Scotch spearmint (M. � gentilis var cardiaca (Gerard ex
Baker) Briq.) is a sterile cross between M. arvensis and
M. spicata; M. � gentilis is synonomous with M. �

gracilis Sole and M. � cardiaca (Grey) Baker (Harley
and Brighton, 1977).
Oil gland-specific cDNA libraries from young leaves

of both Scotch spearmint and mutant 643 plants were
constructed using protocols previously published for
other mint species (Lupien et al., 1999).

4.2. cDNA isolation and sequencing analysis

Both cDNA libraries were screened by standard
hybridization methods (Sambrook et al., 1989). For
each library, 105 plaque-forming units grown in E. coli
XL 1-Blue MRF0 were transferred to duplicate filters
and hybridized for 24 h at 65 �C with a 32P-labelled 490-
bp nucleotide fragment (LH-2), obtained by PCR
amplification of the 50-end of the spearmint limonene-6-
hydroxylase cDNA (Lupien et al., 1999), as the probe in
a solution of 5 � SSPE (1 � SSPE=150 mM NaC1, 10
mM sodium phosphate, and 1 mM EDTA), 5 � Den-
hardt’s, 1% SDS and 100 mg/ml sheared salmon sperm
DNA. Blots were washed twice with 2 � SSPE at room
temp., twice with 2 � SSPE containing 2% SDS for 45
min at 65 �C, and, finally, twice with 0.1 � SSPE for 15
min at room temperature.
Of the 15 plaques affording positive signals from the

Scotch spearmint mutant 643 enriched gland library, all
were purified through two additional cycles of hybridi-
zation. Seven pure clones were isolated and excised as
1208 C. Bertea et al. / Phytochemistry 64 (2003) 1203–1211



Bluescript SK� phagemids. Insert size was determined
by PCR, and the termini were sequenced. One unique
full-length cytocbrome P450 cDNA clone was obtained
from the seven identical acquisitions, and the cDNA
was fully sequenced and designated 643-9B-2. A BLAST
search (Altschul et al., 1990) revealed the sequence to
resemble those of other cytochrome P450 limonene
hydroxylases.
Of the 23 plaques affording positive signals from the

Scotch spearmint cDNA library, all were purified
through two additional cycles of hybridization. Eleven
pure clones were isolated and excised as Bluescript SK�

phagemids. Two different full-length cytochrome P450
cDNA clones (over four acquisitions each) were isolated
and designated scotch-5B-2 and scotch-10B-2, respec-
tively. A BLAST search (Altschul et al., 1990) revealed
the sequences to resemble those of other cytochrome
P450 limonene hydroxylases.

4.3. Functional expression in E. coli

For expression from the pCWori+ vector (Barnes,
1996), the 643-9B-2 clone was modified to introduce
appropriate restriction sites and to substitute the bovine
17a-hydroxylase N-terminus to optimize expression in
the bacterial host (Barnes, 1996; Sandhu, 1994; Halkier
et al., 1995; Haudenshild et al., 2000). These modifi-
cation were introduced by PCR using the original 643-
9B2 cDNA in pBSSK(�) as template and the forward
primer 50-GGAATTCCATATGGCTCTGTTATTAG-
CAGTTTTTCTGACATTCGTCGCATCCCTCC-30 to
introduce an NdeI site (including the start codon) and
to replace the N-terminal 14 residues of the membrane
anchor with the MALLLAVF sequence, and the reverse
primer 50-CATTGGGAAGCTTTCATGAGGAAG
GATTGTAGGGTGTGGG-30 to introduce a HindIII
site downstream of the stop codon. The gel-purified
PCR product was digested by NdeI and HindIII and
ligated into similarly digested pCWOri+ plasmid
between the UV5lac-tac promoter and the TrpA termi-
nator, and the sequence-verified plasmid was used to
transform E. coli JM109 cells by standard protocols
(Sambrook et al., 1989).
The scotch-10B-2 clone was similarly modified for

expression in pCWori+ by introducing NdeI and
HindIII restriction sites and by substituting the MAL-
LLAVF sequence for the five N-terminal residues using
the original clone as template and PCR amplification
with the forward primer 50-GGAATTCCA
TATGGCTCTGTTATTAGCAGTTTTTTTGTTGGT
AATTATAATCCTCGTGGC-30 and reverse pruner 50-
CATTGGGAAGCTTAACGACTTTTATGGATGGG
-30. The gel-purified PCR product was digested and
ligated, as before, and the sequence-verified plasmid was
used to transform E. coli JM109 cells by standard pro-
tocols (Sambrook et al., 1989).
Single colonies of transformed E. coli JM109 cells were
used to inoculate liquid cultures in 5 ml Luria-Bertani
broth–ampicillin medium. The culture was incubated
overnight at 37 �C and then used to inoculate 300 ml
Terrific Broth (TB) medium containing 100 mg ampicillin/
l, 1 mM thiamine, 75 mg d-aminolevulinic acid/l, and 1
mM isopropyl b-d-thiogalactopyranoside. These cultures
were then incubated for 36 h at 28 �C (200 rpm).

4.4. Enzyme isolation and assay

The host cells incubated as above were chilled on ice
for 20 min, and a 2 ml aliquot of the suspended material
was retained for measurement of cytochrome P450
content by CO-difference spectrometry (Omura and
Sato, 1964), while the remaining cells were harvested by
centrifugation at 7000 g for 10 min for microsome pre-
paration by a protocol adapted from Halkier et al.
(1995). The pelleted cells were resuspended in 0.1 M
Tris–HC1 buffer (pH 7.5) containing 20% (v/v) glycerol
and 0.5 mM EDTA. Following the addition of lysozyme
(0.2 mg/ml) and 1:1 dilution with cold water, the cells
were gently stirred for 10 min at 4 �C. The resulting
spheroplasts were pelleted at 7000 g for 10 min and
resuspended in 15 ml of the same buffer. The sphero-
plast suspension was frozen at �80 �C for 1 h and then
thawed at room temp. A few crystals of PMSF were
added during thawing, the volume was adjusted to 50
ml with the above extraction buffer, and the cells were
then lysed by sonication (3 � 30 s at power setting of 6
with a 1/2 inch probe on a Virtis VirSonic 475 (Gardi-
ner, New York, USA). The lysate was centrifuged at
l0,000 g for 10 min, and the resulting supernatant was
further centrifuged at 150,000 g for 2 h. The pelleted
membranes were resuspended in 6 ml of same buffer as
above supplemented with 1 mM DTT, and the suspen-
sion was homogenized using a chilled glass Tenbroeck
homogenizer and stored as aliquots at�80 �C until used.
For reconstitution by the method of Haudenschild et

al. (2000), 5–40 ml of the suspended membranes were
combined with 200 mU of purified spearmint cyto-
chrome P450-reductase (Ponnamperuma and Croteau,
1995) in a final volume of 125 mL assay buffer (50 mM
Tris–HC1, pH 7.4, containing 1 mM EDTA and 0.1
mM DTT) supplemented with 250 mM KC1 and 50
mM MgCl2. The mixture was agitated by gentle rota-
tion at room temp. for 20 min, then diluted to 1 ml in
assay buffer containing 200 mM (�)-limonene 3, 2 mM
glucose 6-phosphate, 0.8 U glucose 6-phosphate dehy-
drogenase, 0.5 mM NADPH, 5 mM FAD and 5 mM
FMN. The reaction was allowed to proceed for 2 h at
30 �C with gentle shaking, and was then stopped by
chilling on ice and extracting with three 1-ml portions of
diethyl ether after the addition of 25 nmol (+)-camphor
as an internal standard. The solvent was evaporated
under a stream of N2, and the concentrate was analyzed.
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Capillary GC was performed on a Hewlett-Packard
5890A Series II gas chromatograph with a 3392A Inte-
grator using a 0.25 mm i.d. by 30 m fused silica capillary
column coated with AT-1000 (Alltech, Deerfield, IL)
and H2 as carrier gas (13.5 psi). Samples were analyzed
by flame ionization detection using cool on-column
injection with the oven programmed from 35 to 45 �C at
50 �C/min (5 min hold), and then at 10 �C/min to 230 �C
(10 min hold). Compound identification was based on
retention time coincidence with the authentic standard,
with quantification by electronic integration based on
the internal standard.
To confirm product identification, samples were ana-

lyzed by combined capillary GC–MS using a Hewlett-
Packard 6890 GC-quadrupole mass selective detector
system, equipped with a 0.25 mm i.d. � 30 m fused silica
column coated with a 0.25 mm film of HP 5MS (Hew-
lett-Packard). The oven was programmed from 40 �C (5
min hold) to 320 �C at 20 �C/min at 10 psi He, and EI
spectra were recorded at 70 eV with an electron multi-
plier voltage of 2200 V. Spectra were compared to those
of authentic standards.
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