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Cytochrome P450 170A1 (CYP170A1) is encoded by the
sco5223 gene of the Gram-positive, soil-dwelling bacterium
Streptomyces coelicolor A3(2) as part of a two-gene cluster with
the sco5222 gene. The SCO5222 protein is a sesquiterpene syn-
thase that catalyzes the cyclization of farnesyl diphosphate to
thenovel tricyclic hydrocarbon, epi-isozizaene (Lin,X.,Hopson,
R., and Cane, D. E. (2006) J. Am. Chem. Soc. 128, 6022–6023).
The presence of CYP170A1 (sco5223) suggested that epi-
isozizaene might be further oxidized by the transcriptionally
coupled P450. We have now established that purified
CYP170A1 carries out two sequential allylic oxidations to con-
vert epi-isozizaene to an epimeric mixture of albaflavenols and
thence to the sesquiterpene antibiotic albaflavenone. Gas chro-
matography/mass spectrometry analysis of S. coelicolor culture
extracts established the presence of albaflavenone in the wild-
type strain, along with its precursors epi-isozizaene and the
albaflavenols. Disruption of the CYP170A1 gene abolished bio-
synthesis of both albaflavenone and the albaflavenols, but not
epi-isozizaene. The combined results establish for the first time
the presence of albaflavenone in S. coelicolor and clearly dem-
onstrate that the biosynthesis of this antibiotic involves the cou-
pled action of epi-isozizaene synthase and CYP170A1.

Biosynthetic pathways for many antibiotics in bacteria and
plants are often associated with the presence of cytochromes
P450 (P450, CYP).3 The CYPs perform late-stage stereo- and
regiospecificmetabolic reactions, such as hydroxylation, epoxi-
dation, dehydrogenation, and C–C bond coupling, to modify
the parent structural skeletons to give biosynthetic intermedi-
ates and/or bioactive products (1–4). Members of the genus
Streptomyces produce a wide variety of bioactive secondary

metabolites used in human and veterinary therapeutics, includ-
ing a majority of the medically useful antibiotics (5, 6).
Although terpenoids are one of the largest classes of naturally
occurring, biologically active substances, with more than
50,000 known compounds, including anti-cancer drugs, anti-
parasitic, and antibacterial agents, only a relative handful of
such terpenemetabolites have been isolated from Streptomyces
spp (7, 8).
P450 monooxygenases are a superfamily of heme proteins

utilizing atmospheric dioxygen and electrons supplied by
NAD(P)H almost always through redox partner proteins to
generate, most commonly, oxidized organic products and a
molecule of water (9). P450s play an important role in drug
metabolism and in the biosynthesis of steroids, lipids, vitamins,
antibiotics, and other natural secondary metabolites.
Streptomyces coelicolor A3(2) is genetically one of the most

studied actinomycetes andhasbeenamodel for genetic analysis of
antibiotic production. The complete genome sequence of S. coeli-
color has revealed the presence of 18 CYP, 6 ferredoxin, and 4
ferredoxin reductase genes (10, 11). The endogenous biological
function of CYP170A1, belonging to the 18-member P450
CYPome of S. coelicolor, has not previously been identified
(12).4 The sco5223 gene encoding CYP170A1 in S. coelicolor is
part of a two-gene cluster with a sesquiterpene cyclase gene
(sco5222) with which it shares a four-nucleotide ATGA tran-
scriptional overlap at its 5�-end. The sco5222 gene product has
been shown to catalyze the synthesis of a novel sesquiterpene,
epi-isozizaene (1, Fig. 1), by cyclization of the universal sesqui-
terpene synthase substrate farnesyl diphosphate (FPP, 2, Fig. 1)
(13). We therefore hypothesized that epi-isozizaene might be
the substrate for CYP170A1. Although epi-isozizaene had
never previously been isolated from any natural source, the cor-
responding 5-keto derivative, albaflavenone (3, Fig. 1), which
has been reported to have an earthy, camphor-like odor and to
exhibit antibacterial activity, has previously been isolated from
Streptomyces albidoflavus (14, 15). We now report that
CYP170A1 catalyzes the two-step allylic oxidation of epi-
isozizaene to albaflavenone through the intermediacy of an
epimericmixture of albaflavenols (4a and 4b, Fig. 1) and that all
four compounds can be detected in extracts of S. coelicolor.
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EXPERIMENTAL PROCEDURES

Expression and Purification of CYP170A1—CYP170A1 was
expressed and purified as reported earlier (12). To improve pro-
tein expression, CYP170A1 was coexpressed with molecular
chaperones GroES/GroEL (16). Briefly, the cells cotransformed
with the plasmids CYP170A1pET17b and pGro12 were cul-
tured overnight in Luria Bertani broth containing 100 �g/ml
ampicillin and 50 �g/ml kanamycin. After inoculation (1:100)
in 1.5 liters of Terrific Broth containing 100 �g/ml ampicillin
and 50 �g/ml kanamycin, growth was carried out at 37 °C and
240 rpm until the optical density at 600 nm reached�1.0. After
the addition of 1 mM �-aminolevulinic acid for heme synthesis
and inductionwith 1mM isopropyl-�-D-thiogalactopyranoside,
chaperone expressionwas induced by addition of arabinose to a
final concentration of 4 mg/ml. Cell growth was continued for
an additional 20 h at 27 °C and 190 rpm. The cells were har-
vested by centrifugation and resuspended in 100 ml of lysis
buffer (100 mM potassium phosphate buffer, pH 7.7, 20% (v/v)
glycerol, and 100mMNaCl). Cells were broken by freeze-thaw-
ing and the cytosol containing CYP170A1 isolated following
centrifugation at 100,000� g. The soluble CYP170A1was puri-
fied bymetal (Ni2�) affinity chromatography (Qiagen) bywash-
ing with 20 mM imidazole followed by 50 mM imidazole and
elution with 100 mM histidine.
UV-visible Spectra and Substrate BindingAssay—All absorb-

ance spectra were recorded using a double beam Shimadzu
UV-2401PC spectrophotometer. A reduced CO difference
spectrum was carried out as described previously (12). The
interaction of epi-isozizaene with CYP170A1 was examined by

perturbation of the heme Soret
spectrum. CYP170A1 (2.5 �M) in 20
mM potassium phosphate buffer
(2.0 ml, pH 7.7) was divided
between two tandem cuvettes. After
thermal equilibration at 25 °C a
baseline was established between
350 and 450 nm and sequential por-
tions (1–5 �l) of concentrated epi-
isozizaene (1 mM in Me2SO) were
added to the CYP170A1 chamber of
the sample cuvette and the buffer
chamber of the reference cuvette to
give a final ligand concentration in
the range of 0–30 �M. An equal vol-
ume of Me2SO was added to the
CYP170A1 chamber of the refer-
ence cuvette and the difference
spectrum recorded after each titra-
tion. Kd values were estimated by
fitting plots of �A390–420 versus
[epi-isozizaene].
Disruption of CYP170A1 Gene

in S. coelicolor—The CYP170A1
knock-out strainwas isolated froma
library of 1 � 105 independent
mutants generated by in vivo trans-
position in S. coelicolor, as described
previously (12).

CYP170A1 Activity Assay in Vitro—CYP170A1 (1 nmol),
Escherichia coli flavodoxin (10 nmol), and E. coli flavodoxin
reductase (2 nmol) were reconstituted in 400 �l of 50 mM Tris-
HCl buffer (pH 8.2) containing 20% (v/v) glycerol and epi-
isozizaene (20 nmol) plus 1% Me2SO. Following incubation of
thismixture for 5min on ice, the reconstituted enzyme solution
was placed in a shaking bath at 35 °C. The reaction was started
by the addition of NADPH to a final concentration of 1mM and
60�l of anNADPH-regenerating system (glucose-6-phosphate
(60 mM), �-nicotinamide adenine dinucleotide phosphate (3
mM), and glucose-6-phosphate dehydrogenase (0.2 unit)). The
reaction was carried out for 1.5 h in a 10-ml test tube, at which
time it was quenched with 4 �l of concentrated HCl and
extracted three times with 400 �l of pentane:methylene chlo-
ride (4:1). The extracts were concentrated under a streamofN2,
and 2 �l of extract was analyzed by gas chromatography/mass
spectrometry (GC/MS). The turnover rate for the epi-isoziza-
ene oxidationwas determined by carrying out a series of 30-min
incubations with the concentration of 5–90 �M substrate. The
mixtureswere extracted and analyzed byGC/MS. The turnover
number was calculated by a nonlinear regression fit to the
Michaelis-Menten equation using the GraphPad Prism soft-
ware (GraphPad Software Inc., San Diego, CA).
Isolation and Identification of Terpenoids Produced by S.

coelicolor—S. coelicolorA3(2)M145 and theCYP170A1 knock-
out strain were cultured side by side at 30 °C in yeast extract-
malt extract medium (17) for 2–5 days at 280 rpm. 500-ml fer-
mentation cultures were centrifuged for 10 min at 4,000 rpm
(3500 � g), which was extracted three times with 10 ml of pen-

FIGURE 1. Albaflavenone biosynthetic pathway in S. coelicolor.

FIGURE 2. UV-visible absorption spectra of purified CYP170A1 in Tris-HCl buffer (50 mM, pH 8. 2).
A, oxidized absolute spectrum in solid line; reduced spectrum using Na2S2O4 in dashed line. B, reduced CO
difference spectrum showing unique 440 nm compared with the normal reduced CO difference spectrum at
450 nm of CYP105D5. C, type I binding spectrum resulting from addition of epi-isozizaene (0 –30 �M) to
CYP170A1 (2.5 �M). The substrate epi-isozizaene structure is shown.

Biological Function of CYP170A1

8184 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 283 • NUMBER 13 • MARCH 28, 2008



tane:methylene chloride (4:1) at pH 5 for 2 h. The extracts were
dried over Na2SO4 for 20 min on ice, concentrated under a
stream of N2 to 200 �l, and 2 �l of extract was analyzed by
GC/MS.
GC/MS Analysis of in Vitro and in Vivo Products—For

GC/MS analysis, electron impact (EI) mass spectra were
obtained using a FinniganDSQQuantummass spectrometer in
the EI positive ion full-scanmodewith ion source at 250 °C. GC
separations were achieved using a fused silica HP5 (25-m,
0.32-mm inside diameter) capillary column, with energy of ion-
ization 70 electron volts and temperature program (70 °C hold
for 4 min, to 300 °C at 10 °C/min, 300 °C hold for 2 min).
Enzymatic Synthesis of Epi-isozizaene and Synthesis of

Albaflavenols/Albaflavenone—Farnesyl diphosphate (12.0 mg)
was incubated overnight at 30 °C with epi-isozizaene synthase
(0.6�mol), isolated, and purified as previously described (13). A
mixture of epi-isozizaene (2 mg) and selenium dioxide (20 mg)
was stirred in 3 ml of methylene chloride overnight at room
temperature. The resulting suspension was applied to a 1-cm
silica gel column and elutedwithmethylene chloride, collecting
fractions of 0.5 ml. Fractions containing pure albaflavenol (Rf
0.15, methylene chloride, SiO2 TLC) were combined and con-
centrated under vacuum. GC/MS analysis indicated the forma-
tion of a 1.4:1mixture of epimeric alcohols,m/z 220, 4a (tR 11.4
min) and 4b (tR 11.6 min) high resolution mass spectrum (4a/
4b): m/z 220.1830 observed (calculated for C15H24O:
220.1827). 1HNMRand 13CNMRspectrawere recorded on the
mixture of 4a and 4b and the individual signals assigned based
on the 1.4:1 ratio of the two components, using a combination
of one- and two-dimensional NMR, including 13C DEPT135,
1H1H COSY, HMBC, and HSQC spectra (Table 1).

A mixture of 0.5 mg of albaflavenols (4a and 4b), 20 mg of
celite, and 10.0 mg of CrO3 in 2 ml of ether:methylene chloride
(3:1) was stirred for 4 h at room temperature. After removal of
the solids by filtration, the solvent was evaporated and the
resulting product 3 analyzed directly by GC/MS (m/z 218, tR
12.3min) andNMR, including 1H and 13CNMR, 13CDEPT135,
and HSQC NMR (Table 1).

RESULTS AND DISCUSSION

Unique Reduced CO Difference Spectra—To investigate the
possible biochemical function of CYP170A1, we testedwhether
epi-isozizaene could be the substrate of CYP170A1 because the
CYP170A1 gene (sco5223) is directly downstream of that
encoding the sesquiterpene cyclase (sco5222) (13). We purified
a histidine-tagged CYP170A1 protein (supplemental Fig. S1).
The oxidized absolute spectrum of CYP170A1 shows Soret
bands at 393 and 417 nm that indicate a mixture of high spin
and low spin states (Fig. 2A), the ratios between the spin states
varying somewhat between different preparations. It could be
that some very hydrophobic ligand from E. coli bound into the
heme pocket and leads to the partial high spin state of
CYP170A1. The position of these Soret bands are typical for
high and low spin P450s. Surprisingly, the purified CYP170A1
displays a unique reduced carbon monoxide difference spec-
trum, with a maximum �440 nm instead of the typical P450
difference absorptionmaximum at �450 nm (Fig. 2B). Lamb et
al. (12) reported previously that this monooxygenase could

have a reduced carbonmonoxide difference spectral maximum
at or below 447 nm in assays. Under our experimental condi-
tions, we have examined more than 10 preparations of purified

FIGURE 3. In vitro catalytic activity of CYP170A1 supported by flavodoxin
and flavodoxin reductase. Oxidation reactions were carried out as described
under “Experimental Procedures.” A, product profile obtained following the fla-
vodoxin- and flavodoxin reductase-supported reaction using CYP170A1 (1 nmol)
and epi-isozizaene (40 nmol) plus 1% Me2SO at 35 °C for 1.5 h. Three products are
noted, 4a and 4b (albaflavenol epimers) and 3 (albaflavenone), respectively; sub-
strate epi-isozizaene as 1. B, negative control incubation, as in A but flavodoxin/
flavodoxin reductase or NADPH was omitted.
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enzyme and the Soretmaximum reproducibly seen at 440 nm.All
other P450s reported to date show the Soret maximum of the
reducedCOdifference spectra at or about 450nm, fromwhich the
name of these monooxygenases arises (18). The 10-nm hypsoch-
romic shift of the absorbancemaximumwas the samewhether the
reductionwas carried out chemically (Na2S2O4) orwith biological
redox proteins (E. coli flavodoxin and flavodoxin reductase). The
molecular basis for the observed Soretmaximumat 440 nm in the
reducedCOdifference spectrumofCYP170A1 remains unknown
at present. It is also an open question whether there is any biolog-
ical significance for this unusual shift to shorter wavelength.
In Vitro Activity of CYP170A1—Titration of CYP170A1 with

epi-isozizaene produced a typical type I P450 binding spectrum in
which the low spin heme Soret peak at 420 nm is shifted to a high
spin peak at 390 nm (Fig. 2C). The dissociation constant for epi-
isozizaene (Kd)was calculated tobe1.3�0.2�M, strongly suggest-
ing that epi-isozizaene can specifically bind to the active site of
CYP170A1andsupporting theproposedroleof epi-isozizaeneasa
substrate. Analysis of the CYP170A1-catalyzed reaction by
GC/MS revealed the time-dependent formation of two isomeric

productswithm/z220 (tR11.4min; tR11.6min) ina ratioof�1:1.2
and a third product withm/z 218 (tR 12.3 min) (Fig. 3). Negative
control incubations lacking CYP170A1, flavodoxins, or NADPH
did not generate any products.
Synthesis of Albaflavenols and Albaflavenone—To identify

these metabolites produced by CYP170A1, we synthesized refer-
ence standards of the epimeric albaflavenols and albaflavenone.
Allylic oxidation of epi-isozizaene with SeO2 gave a 1.4:1 mixture
of two albaflavenol epimers for which the structures were readily
assigned based on the appearance of the characteristic 1H NMR
signalsat�4.56 (doublet, J�5.40Hz)and4.61 (triplet, J�7.82Hz)
for theH-5, allylicCHOHprotons in themajorandminor isomers,
respectively, as well as the observation of the corresponding C-5
carbinyl 13C signals at 70.80 and 71.85 ppm. Comparisonwith the
spectra of epi-isozizaene confirmed the disappearance of the H-5
allylic methylene proton signals at � 2.2 (doublet of doublet of
quartets) and 2.06 (doublet of doublet of doublet of quartets) and
theC-5methylene at 27.3 ppm. Full assignments, based on a com-
bination of standard one- and two-dimensional NMR experi-
ments are given in Table 1. Although we did not attempt to

TABLE 1
1H and 13C NMR assignments of albaflavenols (4a and 4b) and albaflavenone (3)

a Positionnumbering for 3 is different in Ref. 14.
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separate the individual epimers, we have provisionally assigned
the configuration of the two alcohols, usingHyperchem 7.5 and
MM� to predict the coupling constants for the H-5 carbinyl
protons, based on the calculated ground state conformation of
each epimer. In this manner 4a was assigned the (5S)-configu-
ration (doublet, J� 5.40Hz; predicted: doublet, J� 6.2 Hz) and
epimer 4b the (5R)-configuration (triplet, J � 7.82 Hz; pre-
dicted: doublet of doublets, J � 5.5, 7.2 Hz). Oxidation of the
mixture of 4a and 4bwith CrO3 on celite gave a single product,
albaflavenone, whose 1H and 13C NMR spectra as well as elec-
tron impact mass spectrum were in complete agreement with
those reported for the antibiotic albaflavenone previously iso-
lated from S. albidoflavus (14, 15) (Table 1).
Them/z 220 components of the CYP170A1-catalyzed oxida-

tion of epi-isozizaenewere identified as albaflavenol epimers 4a
and 4b by direct comparisons of their retention time and their

mass spectral fragmentation patterns with the authentic
albaflavenols (supplemental Fig. S2), whereas them/z 218 prod-
uct was identical to synthetic albaflavenone in GC retention
time and mass spectrum (supplemental Fig. S3). These results
clearly demonstrate that CYP170A1 catalyzes the two-step oxi-
dation of epi-isozizaene to the antibiotic albaflavenone.
CYP170A1 first carries out a non-stereo-specific oxidation of
epi-isozizaene to give a mixture of the albaflavenol epimers 4a
and 4b, each of which can serve as substrate for the second
oxidation to yield albaflavenone 3 (Fig. 1). This is quite different
frommost other P450s which catalyze regio- and stereospecific
oxidation. For example,Hyoscyamus premnaspirodiene oxyge-
nase (CYP71D55) has very high stereospecificity to produce the
single alcohol solavetivol intermediate for solavetivone (19). In
addition, incubation of themixture of epimeric albaflavenols 4a
and 4b with CYP170A1 in the presence of flavodoxin/fla-
vodoxin reductase and the NADPH regenerating system led to
formation of albaflavenone, confirming that both epimers can
serve as substrates for this P450 (Fig. 4). It is interesting to note,
when comparing the amount of albaflavenone produced by epi-
isozizaene or albaflavenols as substrate, that CYP170A1 can
generate �3-fold more albaflavenone from epi-isozizaene than
from the mixture of albaflavenols as substrate even when the
alcohol concentration is 10-fold higher than that of epi-isoziza-
ene. This could indicate that release of the alcohols into the
medium followed by rebinding to CYP170A1 is inefficient and
is not important in the catalytic activity. This could also indi-
cate that the mechanism of the oxidation of the allylic alcohols
to albaflavenone by CYP170A1 involves abstraction of two
hydrogen atoms (Fig. 5). It would seem less likely that the alco-
hol intermediates could flip in the active site without dissocia-
tion to form the geminal 5,5-diol followed by loss of a water to
produce albaflavenone. However, it is very possible that the
alcohol intermediates may re-enter the active site via different
orientations to form the unstable gem-diol intermediate
because this enzyme generates the epimeric albaflavenols non-
stereoselectively. The two mechanisms might be distinguished
by analyzing albaflavenone obtained from CYP170A1-cata-
lyzed oxidation of 18O-labeled albaflavenols (20, 21). At this
stage we cannot exclude any of the possible mechanisms dis-
cussed here or that this enzymemay proceed through a combi-
nation of gem-diol and double hydrogen abstraction mecha-
nism.None of the proposedCYP170A1 reactionmechanisms is
without precedent. Nevertheless, only a small number of CYPs
have been shown to catalyze two sequential oxidation steps (3,
19). It will be interesting to examine in detail the CYP170A1
active site that can bind epi-isozizaene in two orientations, pro-
ducing two alcohol epimers, and then convert both to the same
ketone. X-ray crystallography studies are underway to permit
this analysis. Using the flavodoxin/flavodoxin reductase couple,
the turnover number is �0.32 min�1 for conversion of epi-
isozizaene to albaflavenone. The natural ferredoxin-ferredoxin

reductase electron transport couple
for CYP170A1 from among the 24
possible combinations in S. coeli-
color is unknown, and therefore the
rate of conversion of epi-isozizaene
will probably be increased with the

FIGURE 4. Incubation of albaflavenols (4a and 4b) with CYP170A1 sup-
ported by flavodoxin and flavodoxin reductase.

FIGURE 5. Proposed mechanism of biosynthesis of albaflavenone catalyzed by CYP170A1.
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endogenous reductase system. However, as noted above, the
binding constant of epi-isozizaene to CYP170A1 clearly pre-
dicts it to be an endogenous substrate.
Involvement of CYP170A1 in Albaflavenone Biosynthesis—

Theoxidation of epi-isozizaene to albaflavenols (4a and4b) and
albaflavenone byCYP170A1 led us to focus on the hydrophobic
secondary metabolites produced by the parent S. coelicolor
strain. Culture extracts from both wild type and the CYP170A1
knock-out strain were analyzed by GC/MS. Both epimers of
albaflavenol as well as albaflavenone were produced by the
wild-type strain, whereas none of these threemetabolites could
be detected in the extracts of the CYP170A1 knock-out stain
(Fig. 6). Epi-isozizaene was detected in the extracts of the wild-
type culture, with the titer gradually decreasing during 5 days of

fermentation. 1was found in the CYP170A1 knock-out culture
as well as at levels 7-fold lower than in wild type (Fig. 6). A
possible explanation is that the transcript of epi-isozizaene syn-
thase gene (sco5222) may be unstable or at low levels when the
transposon is present in theCYP170A1gene (sco5223), which is
translationally coupled to sco5222 by a 4-nucleotide 3�-5�-
ATGA overlap. In addition, we found germacradienol (5, a pre-
cursor of geosmin, Fig. 6) had accumulated in the CYP170A1
knock-out extract. Because there are only two sesquiterpene
cyclases in S. coelicolor, epi-isozizaene synthase and geosmin
synthase, the germacradienol accumulation would be expected
when epi-isozizaene synthase was affected due to the competi-
tion of the common substrate, farnesyl diphosphate. Another
major component (6, tR 12 min,m/z 218, Fig. 6) that is present
in the extracts of the wild type, but absent in the CYP170A1
knock-out, has not been characterized yet. At present it is not
clear whether this unknown compound is related to the biolog-
ical function of CYP170A1 or to some other biological proc-
ess, and this requires further investigation. Nevertheless, the
in vivo observation is that epi-isozizaene is still produced,
whereas all the derived albaflavenol and albaflavenone oxi-
dation products are absent in the mutant, fully consistent
with the results of the in vitro experiments and thereby con-
firming the deduced biochemical role of CYP170A1 in the
two-step oxidative conversion of epi-isozizaene to the ses-
quiterpene antibiotic albaflavenone.
S. avermitilis, the industrially important producer of the

potent anthelminthic agent avermectin, harbors a two-gene
cluster homologous to the sco5222-sco5223 pair of S. coelicolor
(23). We have recently established that the sav3032 gene of S.
avermitilis encodes a terpene synthase of 363 amino acids with
76% identity to S. coelicolor epi-isozizaene synthase that cata-
lyzes the cyclization of farnesyl diphosphate to epi-isozizaene.5
Notably, sav3032 is transcriptionally coupled with a four-nu-
cleotide ATGA overlap to the downstream sav3031 gene
encoding an apparent P450 (UniProt Q82IV2) of 456 amino
acidswith 76% identity toCYP170A1 of S. coelicolor (sco5223p)
(24). It is therefore very likely that Streptomyces avermitiliswill
also produce albaflavenone and that the biochemical pathway is
identical to that uncovered here in S. coelicolor.

CONCLUSIONS

We have determined the endogenous biological function of
the sco5222–sco5223 operon and the gene product (sco5223)
CYP170A1 from S. coelicolor. Both in vitro and in vivo results
firmly establish that CYP170A1 plays an important role in the
biosynthesis of the sesquiterpene antibiotic albaflavenone.
Although there are multiple examples of three-step oxidations
of methyl groups to carboxylic acids that are catalyzed by a
single P450 (25–27), the two-step oxidation of an allylic meth-
ylene to a conjugated ketone by a single P450 is less common.
Notably, in the biosynthesis of oxidized monoterpenes, P450-
catalyzed allylic oxidation is normally followed by a conven-
tional NAD(P)�-dependent dehydrogenation, as for example
in the conversion of (–)-limonene to (–)-isopiperitenone by

5 X. Lin, H. Ikeda, and D. Cane, unpublished observations.

FIGURE 6. GC/MS analysis of in vivo products from 4-day culture. Upper
panel, GC trace of compounds produced by wild-type S. coelicolor; bottom
panel, GC trace of compounds produced by CYP170A1 knock-out culture
extract. The epi-isozizaene, two isomers of albaflavenol, and albaflavenone
are noted as 1, 4a, 4b, and 3, an unknown compound as X, and germacradi-
enol as 5. An uncharacterized peak was noted as 6, which was absent in
CYP170A1 knock-out.
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way of (–)-trans-isopiperitenol in peppermint catalyzed by suc-
cessive P450 and dehydrogenase enzymes (22, 28).
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