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The sesquiterpenoids are a large class of naturally occurring compounds with biological functions and desirable
properties. Oxidation of the sesquiterpene (+)-valencene by wild type and mutants of P450.,,, from Pseudomonas
putida, and of P450g,.; from Bacillus megaterium, have been investigated as a potential route to (+)-nootkatone, a
fine fragrance. Wild type P450,,, did not oxidise (+)-valencene but the mutants showed activities up to 9.8 nmol
(nmol P450)~" min~', with (+)-trans-nootkatol and (+)-nootkatone constituting >85% of the products. Wild type
P450;,.; and mutants had higher activities (up to 43 min~") than P450.,,, but were much less selective. Of the many
products, cis- and trans-(+)-nootkatol, (+)-nootkatone, cis-(+)-valencene-1,10-epoxide, trans-(+)-nootkaton-9-ol,
and (+)-nootkatone-13,14-epoxide were isolated from whole-cell reactions and characterised. The selectivity
patterns suggest that (+)-valencene has one binding orientation in P450.,, but multiple orientations in P450g,;.

Introduction

Terpenoid hydrocarbons (CsHy), are biosynthesised by the
coupling of isoprene units in the form of isopentenyl py-
rophosphate (IPP) to give polyenyl pyrophosphates which are
then transformed to the terpenes by terpene synthases. These
synthase enzymes catalyze the dissociation of pyrophosphate
to form polyenyl carbocations which can undergo complex
rearrangements that are controlled by the enzyme active site,
resulting in the diverse structures of the terpenes (linear,
cyclic, polycyclic). Coupling of two IPP molecules gives geranyl
pyrophosphate (GPP, Fig. 1), which is the precursor to all
monoterpenes (C,Hj). Addition of another isoprene unit
to GPP gives farnesyl pyrophosphate (FPP), from which all
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sesquiterpenes (C;sH,,) are derived. Diterpenoid compounds
include the gibberellins, which are plant hormones, while the
triterpene squalene is the precursor to all sterols.

The sesquiterpenes are the largest class of terpenoid com-
pounds and common constituents of plant essential oils.
Many sesquiterpenes and their alcohol, aldehyde and ketone
derivatives, are biologically active or precursors to metabo-
lites with biological functions, while others have desirable
fragrance, flavouring and medicinal properties.! For example
the phytoalexin capsidiol is derived from the sesquiterpene 5-
epi-aristolochene,> and amorpha-4,11-diene is the precursor
to the potent antimalarial compound artemisinin (Fig. 1).>*
(+)-Valencene (1) is found in orange oil (Fig. 1) while its
ketone derivative (+)-nootkatone (2), is a sought after fragrance
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Fig. 1 The biosynthesis pathway of geranyl (GPP) and farnesyl pyrophosphate (FPP) via the coupling of isoprene units. The structures of
(+)-valencene 1, (+)-nootkatone 2, and related examples of sesquiterpenoid compounds are shown.
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compound found in grapefruit juice. Recently the valencene
synthase gene from orange has been cloned and functionally
expressed in Escherichia coli.>*

The oxidation of (+)-valencene is an attractive synthetic
route to the high added-value compound (+)-nootkatone, and
chemical oxidation of (+)-valencene has been studied.” Cu(1)-
mediated oxidation by alkyl hydroperoxides is one route,'
and supported metal catalysts have been reported." Biological
oxidation of (+)-valencene is another possibility, but microbial
oxidation to (+)-nootkatone commonly suffers from inhibition
by nootkatone which is a known inhibitor of P450 enzymes."
However, given the diverse range of compounds oxidised by
the superfamily of P450 enzymes, it is unlikely that (+)-
nootkatone will inhibit all P450 enzymes. Cytochrome P450.,,,
from Pseudomonas putida, and P450gy.; from Bacillus mega-
terium, are the most well characterised P450 enzymes."**® The
natural substrate of P450,,, is D-(+)-camphor while P450y.3
catalyses the oxidation of medium to long chain fatty acids.
Both enzymes are stable, highly active, and have high substrate
specificity. However, they will also oxidise compounds that are
structurally different from the natural substrate, although at
much lower rates. Hence P450.,, and P450g,.; are attractive
targets for potential biotransformation applications, and site-
directed mutagenesis as well as forced evolution methods have
been applied to engineer both enzymes for the oxidation of non-
natural substrates.”* The oxidation of (+)-valencene by P450
enzymes has not been described. We report here a preliminary
study into the oxidation of this sesquiterpene by engineered
mutants of P450,.,, and P450g,.;, potentially for the direct
synthesis of (+)-nootkatone.

Results and discussion
Oxidation of (+)-valencene by cytochrome P450,,,,

Wild type P450.,, showed no valencene oxidation activity,
probably because the enzyme active site could not accommodate
this larger and more hydrophobic molecule. We have shown that
hydrophobic substitutions at Y96 (Fig. 2), a prominent polar
residue in the P450.,,, active site, enhanced the activity of the en-
zyme for the oxidation of hydrophobic organic compounds.®*
The oxidation of large substrates such as polycyclic aromatic
hydrocarbons is further promoted by substitution of active site
residues with smaller amino acids, in particular the F87A and
Y96A mutations.”®*® Mutations at V247 also affect the binding
of non-natural substrates. The V247L mutation can close the
top of the substrate pocket and thus constrain substrates to bind
closer to the heme. 3% The L.244A mutation alters substrate
binding by creating space close to the heme. 33441 Since
valencene is significantly larger than camphor (Fig. 2), the
binding and oxidation of valencene by a number of P450.,,
mutants with combinations of mutations at these residues were
investigated. The results are summarised in Table 1.

The Y96F mutation did not confer any valencene oxidation
activity to P450.,, nor did the Y96A (data not shown) even
though this latter mutation should generate a larger active site.
On the other hand the F87A/Y96F mutant showed valencene
oxidation activity, with a catalytic NADH turnover rate of
36 nmol (nmol P450)"" min~'. The heme spin state shifted
from low spin in the absence of substrate to 80% high spin
when valencene was bound. However, valencene binding (K4 =
3.09 uM) was substantially weaker than camphor binding by
the wild type enzyme (1.15 uM). Analysis of the organics by
gas chromatography (GC) showed that valencene was oxidised
by the F87A/Y96F mutant to one major and two minor
products. There were other small peaks (<2% each) in the
chromatogram. The major product (70%) was characterised as
(+)-trans-nootkatol, 3 (Fig. 3), by co-elution with an authentic
sample prepared by hydride reduction of nootkatone. One
minor product (12%) was readily identified as (+)-nootkatone
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Table 1 The binding and oxidation of (+)-valencene 1, by P450,,, mutants. The NADH consumption and substrate oxidation rates (mean & S.D., n > 3) are given in nmol (nmol P450)~! min~'. The coupling is the total

yield of products based on NADH consumed (see Experimental). In addition to (+)-frans-nootkatol 3 and (+)-nootkatone 2, trans-nootkaton-9-ol 4 and other minor products and are also observed. —: the wild type

enzyme showed no activity

HO,,,

Overall
yield

Product

NADH

% High spin

(+)-Nootkatone 2

(+)-trans-Nootkatol 3

formation rate

oxidation rate

Ko/puM

heme (£5%)

P450.,,, enzyme

<5%
80%
85%

Wild type

12%
20%

70%
65%

12.7%
19.0%
15.6%
20.2%

20.0%
25.6%

72+£20
28+ 1.0
5.7+£09
9.8+ 1.6

36 £5.3
22+24

3.09 £0.26
4.23 +0.31

F87A/Y96F
F87L/Y96F

6.7%
12%
47%
4.2%

78%
60%
38%
86%

9.7+1.7
6.9+0.9

30£1.8
63+ 13
48 £ 5.4
27+6.7

1.88 £ 0.30
2.70 £0.16
3.40 £ 0.45
2.76 £ 0.35

25%
80%
65%
100%

F87A/Y96F/L244A/V247L

F87A/Y96F/V247L
F87A/Y96F/1L244A
F87V/Y96F/1L244A




Fig.2 Theactivessite structure of P450,,, with bound camphor showing
the side chains that contact the natural substrate, and the location of
T252 which is required for oxygen binding and O-O bond cleavage. The
F87, Y96 and V247 side chains are located high in the active site while
L1244 is closer to the heme. The structure of (+)-valencene 1 is shown in
an orientation whereby the C; isopropenyl group would be in the vicinity
of the 87 side-chain if C, is placed close to the heme, to account for the
high regioselectivity of P450,,,, mutants for C, oxidation.

by co-elution with an authentic sample. The other minor
product (4%) had a much longer GC retention time, and it was
shown by control incubations to arise from the slow oxidation
of nootkatone by the enzyme. This compound was isolated
from a preparative scale, whole-cell oxidation of nootkatone
by a P450p,.; mutant (see below) and characterised as (+)-
trans-nootkaton-9-ol, 4 (Fig. 3). Although nootkatone is a
known inhibitor of P450 enzymes, activity assays with equal
concentrations of both compounds showed that nootkatone did
not inhibit the oxidation of valencene (data not shown).

The availability of the three main products allowed the prod-
uct yield based on NADH consumed (the coupling efficiency,
see Experimental) to be determined. The F87A/Y96F mutant
was found to catalyse valencene oxidation at the rate of 7.2 min™!
with 20% yield. This activity is a large increase over the wild type
enzyme although it is low compared to the 1000 min~' rate and
>95% yield of camphor oxidation by wild type P450,,, under
identical conditions.

The role of the residue at the 87 position was investigated
with the F87L mutation. The F87L/Y96F mutant showed
that a larger side-chain at this position weakened valencene
binding (K, 4.23 uM) and lowered both the NADH oxidation
activity and product yield. However, the product distribution
was slightly shifted towards nootkatone (65% trans-nootkatol
and 20% nootkatone). Adding the V247L mutation to the
F87A/Y96F mutant tightened valencene binding but did not
increase the rate of valencene oxidation (Table 1), although
the extent of further oxidation of nootkatol to nootkatone
was reduced. Introducing the L244A mutation had little effect
on valencene binding but nearly doubled the NADH turnover
activity and also increased the valencene oxidation rate to
9.7 min~!'. There was more oxidation of nootkatol to nootkatone
and then to nootkaton-9-ol (10% of products). Therefore the

HO.,,
P450.,m ?

mutants

(+)-Valencene, 1

(+)-frans-Nootkatol, 3

V247L mutation retarded further oxidation while the L244A
mutation promoted further oxidation of both nootkatol and
nootkatone. The L244A mutation was also added to the Y96A
and Y96F mutants, but the YO6A/L244A and Y96F/L244A
mutants did not show significant activity (data not shown). The
data showed that a small side chain at the 87, but not the 96,
position is highly beneficial to valencene oxidation.

The L244A and V247L mutations were combined in the
F87A/Y96F/L244A/V247L mutant. The activity of this mu-
tant was similar to the F8§7A/Y96F, but the selectivity was
shifted to 86% (+)-trans-nootkatol, with only 4% nootkatone.
Hence the effect of the V247L mutation on selectivity dominated
over that of L244A. Since the F87L mutation promoted the
oxidation of nootkatol to nootkatone, compared to the F87A
mutation, the effect of the F87V mutation was examined. The
F87V/Y96F /1.244A mutant showed one of the highest activities
of the P450,,, mutants studied (9.7 min~'), and the product
distribution was also significantly different, with 38% (+)-trans-
nootkatol, 47% nootkatone, and 5% (+)-trans-nootkaton-9-ol.

Valencene can form 17 different monooxygenation products.
The observation that the large majority (>85%) of the first
oxidation step occurred at C, suggests that the valencene binding
orientation places this allylic carbon close to the heme iron. Since
a small side chain at the 87-position appears to be important for
valencene binding and oxidation, it seems reasonable that the
C, isopropenyl group is accommodated in the space created
by the F87 mutations (Fig. 2). Further oxidation of both
nootkatol and nootkatone was observed to various extents for all
P450.,,, mutants even in the presence of an excess of valencene,
suggesting that the mutations altered the binding of valencene
and its oxidation products. The effect of the 87 side-chain is
subtle because the F87V mutation promoted the oxidation of
nootkatol but not nootkatone, while both smaller (F§7A) and
larger (F87L) side chains retarded nootkatol oxidation.

The valencene oxidation activities of the P450., mutants
are low compared to camphor oxidation by the wild type.
However, it is encouraging that these mutants show high
regioselectivity and the F87V/Y96F/L244A mutant gives a
high proportion of nootkatone. The high selectivity of the
F87A/Y96F/1.244A/V247L mutant for (+)-trans-nootkatol
may also be useful because a dehydrogenase enzyme can be
expressed in the same host to oxidise nootkatol to nootkatone
and form NADH from NAD*. This combined-enzyme route
has the potential advantage of regenerating some of the NADH
consumed in the P450.,, mediated oxidation step such that
there is less metabolic stress on the host organism during the
biotransformation of valencene to nootkatone.

(+)-Valencene oxidation by P4503,;;

Wild type P450;,.; did not show a significant heme spin state
shift when valencene was bound, but the enzyme-substrate
combination oxidised NADPH at a rate of 40 min~' (Table 2).
This activity is substantially below the ca. 5000 min™' activity
observed with the fatty acid natural substrates. GC analysis
of the reactions showed that P450;,., oxidised valencene to
numerous products (Table 3). There was no dominant product.
With wild type P450,,.;, nootkatone was not observed although
trans-nootkatol was present (12.9%). The product with a reten-
tion time (9.1 min) comparable to those of the nootkatols (cis

(+)-Nootkatone, 2

(+)-trans-Nootkaton-9-ol, 4

Fig. 3 The main products from the oxidation of (+)-valencene by P450,,,, mutants.
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Table 2 The activity of wild type P450g,; and mutants for the
oxidation of (+)-valencene 1 and, in brackets, of (+)-nootkatone 2. The
NADPH and oxidation rates (mean + S.D., n > 3) are given in nmol
(nmol P450)~' min~'. The coupling is the total yield of products based
on NADPH consumed (see Experimental)

NADPH Oxidation Overall
P450;y.; enzyme rate rate yield
WT 4052 12+25 30.4%
(516 £ 36) (112+14.2)  (21.4%)
R47L/YS51F 45+£23 30+£2.8 65.9%
(296 + 23) (79 £4.1) (26.8%)
R47L/YSIF/F87A 82+ 10 34+2.1 41.8%
(203 £ 12.8) (70 £ 16) (34.5%)
R47L/YSIF/1263A 30+ 1.5 10£2.6 33.9%
(234 £+ 26) (25 £3.1) (10.8%)

9.7 min, trans 9.9 min) was probably another alcohol derivative
of valencene. Only very small peaks were observed at longer
GC retention times, indicating that the initial monooxygenation
products were not further oxidised by the wild type enzyme.

Whole-cell biotransformation reactions were carried out with
wild type P450g.; and mutants,* for product isolation and
characterisation. Since terpene hydrocarbons are known to be
toxic to microorganisms,** n-hexadecane was added to the
E. coli minimal medium used for the whole-cell reactions at
2% v/v in order to partition excess organics into a separate
phase and minimise the aqueous concentration of the terpenoid
compounds. Hexadecane is benign to most host organisms
commonly used for biotransformations, including E. coli. Con-
trol experiments showed that hexadecane was not oxidised at
any appreciable rate by any of the P450;,.; enzymes studied.
We found that the presence of the second phase significantly
enhanced both substrate conversion and product yield so that
complete oxidation of 2 mM valencene was possible even under
the un-optimised conditions employed. In addition, GC analysis
showed that the extent of further oxidation in vivo was also lower
than for the reactions in vitro.

(+)-trans-Nootkatol was isolated by silica chromatography
from the organic extract of the in vivo oxidation of valencene
by wild type P450g,.;. The product at retention time 12.6 min
was also isolated in a sufficiently pure form to be characterised
as (+)-cis-valencene-1,10-epoxide 5. The stereochemistry was
determined from the NOESY spectrum by a strong cross peak
between the C, hydrogen and the C,, methyl group. Repeated
attempts to isolate the product with the retention time of
12.8 min were unsuccessful; fractions containing this compound
were always contaminated with 5, small amounts of 4, and
other impurities. Quantitative GC analysis gave a valencene
oxidation rate of 12.2 min~' for wild type P450y.5 in vitro, with
an overall yield of 30.4%. Both the rate and product yield of wild
type P450g,.; were higher than those observed for the P450.,,,
mutants.

We had shown previously that the R47L/Y51F combination
of mutations enhanced the activity of P450g,.; for the oxidation
of hydrophobic organic compounds.* The R47 and Y51 side
chains are located at the entrance to the substrate access channel
(Fig. 4). In addition, the F87A and 1263A mutations, which
create space close to the heme, promote the oxidation of large
molecules such as polyaromatic hydrocarbons.” As shown in
Table 2, the R47L/Y51F mutations increased the valencene
oxidation activity. The F87A mutation increased the NADPH
oxidation rate but reduced the yield, while the [263A mutation
decreased the activity.

The mutations significantly altered the product distribution
(Table 3). Although the R47 and Y51 residues are far from the
heme, the nootkatol product from the R47L/Y51F mutant was
the cis rather than the trans isomer found for the wild type.
There was much more of the 12.8 min product (33.6%), but
again no nootkatone was observed (Fig. 5). These selectivity
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” indicates that the compound constituted <5% of the total products. Other minor

Table 3 The products of (+)-valencene (1) oxidation by wild type and mutants of P450g,.;. R.T. is the GC retention time and “

products were also observed

cis-Nootkatol

Nootkatone-13S,14-epoxide 6

cis-Valencene-1,10-epoxide 5

HO,,,

R.T. 12.8 min

R.T. 12.3 min

Nootkatone 2

trans-Nootkatol 3

R.T. 9.1 min

P450py.; enzyme

14.3%

23.8%
33.6%
17.8%

14.4%

27.9%
10.2%

16.3%

7.0%
22%

7.7%
7.3%

12.9%
20.5%

8.1%
8.1%
6.5%

11.4%
10.4%
13.8%

Wild type
R47L/YS51F
R47L/Y51F/F87A
R47L/Y51F/1263A




Fig. 4 The active site structure of P4504,; with palmitoleic acid
(Palm) bound. The residues that line the substrate access channel are
also shown. The residues R47, Y51, F87 and 1263 were targeted for
mutagenesis.

changes agreed with previous observations that the R47L/Y51F
combination of mutations appear to have structural effects that
are transmitted to the vicinity of the heme to alter the orientation
of substrate binding and hence the product distribution.** The
F87A mutation greatly reduced the proportions of the cis-
1,10-epoxide 5 and the product at 9.1 min (Table 3), and
nootkatone was present. There was also a new product with a
longer retention time of 14.4 min. This compound was isolated
from a whole-cell reaction with the R47L/Y51F/F87A mutant
and characterised as nootkatone-13S,14-epoxide 6. Repeated
attempts to isolate the 12.3 min product from this reaction were
unsuccessful. The [263A mutation had very different effects on
the selectivity. Like the wild type, the nootkatol formed was
the trans-isomer (20.5%). Nootkatone was present, but there
was much less of the nootkatone epoxide 6. Hence the 1263A
mutation reversed the effect of the R47L/Y51F mutations on
the diastereoselectivity of nootkatol formation and also slowed
down the oxidation of both nootkatol and nootkatone. Overall,
the formation of numerous products from valencene oxidation
by P450gy.; indicated that this substrate has multiple binding
orientations.

The observation of the nootkatone epoxide 6 led us to
investigate nootkatone oxidation by P4503,.;. The wild type
enzyme showed much higher NADPH turnover and product
formation rates with nootkatone than with valencene (Table 2),
and gave 83% 6 (data not shown). The R47L/Y51F mutations
reduced the activity, which was consistent with the hydrophobic

15— ©

mutants

(+)-Nootkatol
trans, 3, and cis

(+)-Valencene, 1

(+)-trans-Nootkaton-9-ol, 4

substitutions disfavouring the binding and oxidation of the
more polar nootkatone compared to valencene, and the epoxide
6 was again the major product. Nootkatone was oxidised
by the R47L/Y51F/F87A mutant at a rate of 70 min™',
twice that for valencene (Table 2). There was 70% of the
epoxide 6 (data not shown) and 10% of trans-nootkaton-9-ol
4, which was isolated from a whole-cell oxidation reaction and
characterised. Small amounts of this compound were detected
in the products of valencene oxidation by the P450,.; mutants,
but it was more prominent in the reaction catalysed by the
P450,,,, mutants because the P450,,, system gave much more
nootkatone. Hence, far from being an inhibitor, nootkatone was
actually a good substrate of P450g,.;. The low activity of the
R47L/YS51F/1263A mutant suggested that the region around
the 263 side-chain might be important for nootkatone binding.

Conclusions

Cytochrome P450., and P450g,.; have been engineered for
the oxidation of (+)-valencene. These two enzymes show very
different product selectivity patterns. The P450., mutants
oxidise valencene with high regioselectivity for C, oxidation
(>85%). The relative proportions of nootkatol and nootkatone
vary from 86% (+)-trans-nootkatol and 4% nootkatone for
the F87A/Y96F/L244A/V247L mutant, to 38% nootkatol
and 47% nootkatone for the F87V/Y96F/1L244A. P4505,.;
shows higher valencene oxidation activity than P450,, but
it is much less selective. The selectivity trends suggest a
specific valencene binding orientation in P450.,, but multiple
orientations in P450,.;. Nootkatone did not inhibit these
two bacterial P450 enzymes; in fact nootkatone was a better
substrate than valencene for wild type P450z,.;. Both enzymes
require optimisation for applications in nootkatone synthesis,
but the good yields and total substrate conversions in whole-
cell reactions utilising the two-phase method are promising. The
protein engineering challenges are different for the two systems:
P450,,, has the desired selectivity but the activity has to be
increased while both the substrate specificity and selectivity of
P4503.; require improvement.

Experimental
General and materials

General molecular biology manipulations were carried out
according to literature methods.*® Restriction enzymes and
T4 DNA ligase were from New England Biolabs and used
with buffers supplied by the manufacturer. General chemicals,
solvents and buffer components were from Sigma-Aldrich and
were of biochemical grade or the highest purity available.
(+)-Valencene, (+)-nootkatone and (+)-carvone were from

(+)-Nootkatone, 2 cis-(+)-Valencene,1,10-epoxide, 5

+  Other products

(+)-Nootkatone-
135,14-epoxide, 6

Fig. 5 The characterised products from the oxidation of (+)-valencene by wild type and mutants of P450,,;. Numerous other products were also

formed.
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Sigma-Aldrich and Fluka. UV/Vis spectra, enzyme activity
assays and substrate binding titrations were performed at 30 +
0.5 °C on a CARY 1E spectrophotometer. 'H and *C NMR
spectra were acquired on a Varian UnityPlus 500 MHz spec-
trometer. Mass spectra were obtained on a Micromass GCTof
mass spectrometer with a solids probe inlet system and operating
in electron impact (EI) mode. Haptacosafluorotributylamine
(FC43) was used to calibrate the instrument. Gas chromatogra-
phy (GC) analyses were carried out on a ThermoFinnigan Trace
instrument equipped with a flame-ionisation detector (FID)
using DB-1 fused silica capillary columns with helium as the
carrier gas. Both the injector and FID were maintained at 250 °C.

Molecular biology

P450gy.; and the three proteins in the P450.,, system (puti-
daredoxin reductase, putidaredoxin and P450.,,,) were expressed
and purified as described previously.*>** All proteins were
stored in buffer containing 50% v/v glycerol. Glycerol and salts
were removed immediately before experiments by eluting the
protein down a 5 cm® PD-10 column (Amersham Pharmacia)
with 50 mM Tris buffer, pH 7.4 for P450.,, and 100 mM
potassium phosphate buffer, pH 8.0 for P450;,.;. Putidaredoxin
reductase was used directly from 25 uM stocks. All the mutants
used in this study had been reported previously,®*** except
for the F87V/Y96F/L244A mutant of P450,. Site-directed
mutagenesis of the YO6F/L244A gene was carried out with the
Stratagene Quik-Change kit. The oligonucleotide 5'-TCCAG-
CGAGTGCCCGGT CATCCCTCGTGAAGCC-3 and its re-
verse complement (MWG Biotech) were used to generate
the F87V mutation (the V87 codon is underlined). Potential
mutants were selected on agar plates using the chloramphenicol
resistance marker of the pCHC expression plasmid.* Colonies
were grown in Luria-Bertani broth. Positive mutants were
identified by DNA sequencing, and then fully sequenced by the
DNA Sequencing Facility in the Department of Biochemistry,
University of Oxford.

Preparation of (+)-nootkatol

(+)-Nootkatone (1.0 g, 4.6 mmol) was dissolved in diethyl ether
(10 cm®) and added dropwise, with stirring, to a suspension
of 1 g (26.3 mmol) of LiAIH, in 100 cm® diethyl ether cooled
at —78 °C. The mixture was allowed to warm to ambient
temperature, refluxed for 1 h, and then cooled on ice. Ethanol
(10 cm?) then water (100 cm?), followed by 0.1 M sulfuric acid
(10 cm?), were added to work up the product and destroy the
remaining LiAIH,. The mixture was extracted with diethyl ether
(3 x 150 cm?) and the combined extracts dried over anhydrous
MgSO,. Solvents were removed at 40 °C, 800 mbar and then
240 mbar. The residue was dissolved in CH,Cl, and applied to a
silica column (0.06-0.2 mm, 70-230 mesh). The (+)-nootkatols
were eluted with hexane-EtOAc mixtures containing increasing
concentrations of EtOAc, and fractions were analysed by GC.
(+)-trans-Nootkatol (retention time, R.T., 9.9 min) was isolated
as the pure compound but fractions of the cis isomer (R.T.
9.7 min) always contained small amounts of the trans isomer.
Solvents were removed from the fractions at 40 °C and 240
mbar. The compounds were then maintained at 40 °C and 100
mbar until no change in mass occurred. (+)-trans-Nootkatol 3
(250 mg, 25%) was obtained as a pale yellow oil; 55 (500 MHz;
CsDs; Me,Si; for numbering see Fig. 3) 0.45 (1 H, br s, 2-OH,,),
0.71 3H, d, J 6.5, 4-Me), 0.82 (3 H, s, 5-Me), 0.91 (1 H, dd, J
12.8,12.8,6-H,,), 1.15(1 H, dddd, J 4.3, 12.5, 12.5, 13.9, 8-H,,),
1.27(1H,ddd, J9.5,11.7,12.8, 3-H,,), 1.32 (1 H,ddq, J 1.6, 6.5,
12.8,4-H), 1.58 (1 H, ddd, J 1.6, 7.6, 11.7, 3-H,,), 1.62 (3 H, dd,
J 0.8, 1.0, 13-Me), 1.68 (1 H, dddd, J 2.4, 4.6, 5.7, 12.5, 8-H,,),
1.81 (1 H, ddd, J 2.7, 2.7, 12.8, 6-H,,), 1.96 (1 H, ddd, J 2.4,
4.1, 13.9, 9-H,,), 2.09-2.16 (1 H, m, 9-H,,), 2.12-2.19 (1 H, m,
7-H), 4.10 (1 H, brs, 2-H,,), 4.77-4.78 (2 H, m, 2 x 14-H), 5.31
(1 H, ddd, J 1.3, 1.6, 1.9, 1-H); §-(125.7 MHz; C;Dy; Me,Si)
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14.93 (q, 4-Me), 17.74 (g, 5-Me), 20.40 (g, 13-Me), 32.13 (t, 9),
32.76 (t, 8), 37.29 (t, 3), 38.14 (g, 5), 39.17 (d, 4), 40.57 (d, 7),
4433 (1, 6), 67.47 (d, 2), 108.61 (t, 14), 125.34 (d, 1), 144.66 (s,
10), and 150.05 (s, 13). m/z (EI) 220.1784 (M*, C,sH,,O requires
220.1827).

(+)-Valencene binding by P450.,,, mutants

The total assay volume was 1.5 cm®. Substrate-free P450,,,
was prepared by gel filtration using 5 cm® PD-10 columns
pre-equilibrated with 50 mM Tris, pH 7.4. The protein was
diluted to 3 uM, and KCl was added to 200 mM. The spectrum
was recorded between 300 and 450 nm. Both the sample and
reference cuvettes contained the substrate free enzyme at the
start of the experiment. Then 1 pL, 2 uL, 3 uL, 4 pL and 7 uLL
aliquots of a 1 mM solution of (+)-valencene in ethanol were
added to the sample cuvette only, and the spectra recorded.
These difference spectra showed a peak at 420 nm and a trough
at 387 nm. The peak to trough difference in absorbance was fitted
to a hyperbolic function against the substrate concentration
by the Origin 7.0 software (Origin Labs) to give the binding
constant, K.

NADH turnover rate determination

P450,,,,. Incubation mixtures (1.5 cm?) contained 50 mM
Tris, pH 7.4, 1 uM putidaredoxin reductase, 10 uM putidare-
doxin, 1 uM P450.,,,, catalase (25 ugcm—) and 200 mM KCI. (+)-
Valencene was added as a 10 mM stock in ethanol to a nominal
final concentration of 200 uM. The mixtures were oxygenated
and then equilibrated at 30 °C for two minutes. NADH was
added as a 20 mg cm~? stock to 350 uM and the absorbance
at 340 nm monitored. The rate of NADH consumption was
calculated using &3 = 6.22 mM~' cm™'.

P450;,.5. Incubations (1.5 cm?) contained 100 mM potas-
sium phosphate, pH 8.0, 1 uM P4505,.3, catalase (25 pg cm™),
and (+)-valencene was added as a 10 mM stock in ethanol to a
final concentration of 200 uM. The mixtures were oxygenated
and equilibrated at 30 °C for 2 min. NADPH was added as
a 20 mg cm~? stock to a final concentration of 250 uM and
the absorbance at 340 nm monitored. The rate of NADPH
consumption was calculated using &3 = 6.22 mM~' cm™'.

Gas chromatography analysis of (+)-valencene oxidation
products

P450,,,. After all the NADH had been consumed in incu-
bations, the (+)-carvone internal standard was added from a
10 mM stock in ethanol (final concentration 25 uM), followed
by 300 uL of CHCI;. The mixture was vortexed for 1 min and
then centrifuged for 3 min (4000g, 4 °C). The organic layer
was removed using a glass syringe. These organic extracts were
stored at —20 °C in glass vials prior to GC analysis. The initial
temperature of the 15 m DB-1 GC column was 115 °C, which was
held for 1 min and then increased at 15°C min~' to 220 °C. Under
these conditions, the retention times were (+)-trans-nootkatol,
4.6 min, (+)-nootkatone, 5.0 min, and (+)-trans-nootkaton-9-ol,
6.5 min.

P450;y,.;. Incubations with P450,.; were extracted in a
similar fashion to those for P450.,,,. Because of the large number
of products, a 30 m DB-1 column was used to increase the
resolution of the GC analysis. The initial column temperature
was 150 °C, which was increased at 5 °C min~! up to 230 °C. The
retention times were: (+)-cis-nootkatol 9.7 min, (+)-trans-
nootkatol 9.9 min, (+)-nootkatone 11.3 min, (+)-cis-valencene-
1,10-epoxide 12.6 min, (+)-trans-nootkaton-9-ol 13.4 min, (+)-
nootkatone-13S,14-epoxide, 14.4 min.



Quantitative gas chromatography analysis

The concentration of valencene oxidation products in an
incubation mixture was determined by calibrating the FID
response to monooxygenated derivatives using (+)-nootkatone
as a representative compound. The reasonable assumption
was that these isomeric compounds would have near identical
responses on the FID. Mixtures containing all components of a
standard valencene oxidation incubation except NAD(P)H and
the substrate, but additionally 5, 10, 50, 100, and 250 uM of
(+)-nootkatone, were extracted and analysed as for a normal
incubation. The ratio of the area of the (+)-nootkatone peak
to that of the internal standard was plotted against the (+)-
nootkatone concentration to give a straight-line calibration plot
that passed through the origin. The use of an internal standard
significantly reduced the spread of the data. The calibration
plot based on (+)-nootkatone did not apply for the further
oxidation products such as nootkaton-9-ol and nootkatone-
13,14-epoxide; these doubly oxygenated compounds had much
higher FID responses than the monooxygenated valencenes. (+)-
trans-Nootkaton-9-ol, which was isolated and purified from
a preparative scale whole-cell reaction, was used as a rep-
resentative example of these further oxidation products and
a calibration was repeated. The two calibration plots were
used to calculate the concentration of the products formed
in a reaction. For P450;,.; there were products that were not
characterised; those that had similar retention times to the
nootkatols were assumed to be monooxygenated valencenes
while the ones with longer retention times than the valencene-
1,10-epoxide (>13 min) were assumed to be doubly oxygenated
compounds, and the appropriate calibration plots were used to
estimate their concentrations. Since the enzyme concentration
is 1 uM, if the total product concentration is ¢ uM and the
NAD(P)H was consumed in ¢ min, the substrate oxidation
rate is defined as a/t nmol (nmol P450)~" min~'. If the initial
NAD(P)H concentration is b uM, the yield is a/b and expressed
as a percentage. This calculation ignores the fact that more than
one molecule of NAD(P)H may be required for the formation
of one molecule of a product. For example, if nootkatone was
the only product and every molecule of NAD(P)H consumed
was utilised for nootkatone formation, the yield would be 50%.

Whole-cell substrate oxidation

A number of (+)-valencene and (+)-nootkatone oxidation
products were prepared by whole-cell oxidation by E. coli
expressing the P450g,.; holoenzyme.** In a typical reaction, a
500 cm’ culture of the E. coli DH5a harbouring the expression
plasmid was grown at 30 °C until the turbidity at 600 nm
reached ~1.0 and then induced with 0.5 mM isopropyl-B-D-
thiogalactopyranoside (IPTG). The cultures were then grown
for another 16 h. Cells were harvested by centrifugation (1000g,
4 °C, 5 min) and resuspended in 500 cm® E. coli minimal media
(per litre: 7 g K,HPO,, 3 g KH,PO,, 0.5 g sodium citrate, 0.1 g
MgSO,, 1 g (NH,),SO,, 1 cm?® glycerol, 50 cm’® 1 M Tris buffer,
pH 7.4,0.1% w/v glucose, and 10 mg thiamine). Hexadecane was
added to 2% v/v to partition the valencene oxidation products
and organics that might be harmful to the bacterial host, into the
organic phase. The (+)-valencene or (+)-nootkatone substrate
was added in 50 mg aliquots in 1 cm® ethanol and the cultures
returned to the orbital shaker (120 rpm, 30 °C). After 24 h, more
substrate and glucose were added. Cells were pelleted after 48 h
and the supernatant extracted with EtOAc (3 x 200 cm?®). The
combined extracts were dried and the solvent was evaporated
off at 40 °C and 240 mbar. The oily residue was dissolved
in CH,Cl, and applied to a silica column (0.06-0.2 mm, 70—
230 mesh). Organics were eluted with hexane-EtOAc mixtures
containing increasing concentrations of EtOAc and fractions
were analysed by GC to locate the products. The appropriate
fractions containing the target compounds were combined and
the solvents removed at 40 °C and 240 mbar. The compounds

were then maintained at 40 °C and 100 mbar until no change in
mass occurred.

(+)-trans-Nootkaton-9-ol 4 (15 mg, 13.5% based on the total
amount of nootkatone added to the whole-cell reaction) was
obtained as a pale yellow oil; 64(500 MHz; C¢Dg; Me,Si) 0.53
(3H,d, J 6.7, 4-Me), 0.82 (1 H, dd, J 12.5, 12.6, 6-H,,), 1.10
(3H,s, 5-Me), 1.21 (1 H,ddd, J 3.2,12.7, 13.5,8-H,,), 1.54 (1 H,
ddq, J 5.5, 6.7, 12.0, 4-H), 1.62 (3 H, dd, J 0.9, 1.3 13-Me),
1.74 (1 H, ddd, J 2.7, 2.8, 12.9, 6-H.,,), 1.98 (1 H, dddd, J 2.7,
2.8, 2.8, 13.5, 8-H,,), 2.09-2.12 (2 H, m, 2 x 3-H), 2.22 (1 H,
brs, 9-OH,,), 2.83 (1 H, dddd, J 2.8,2.8, 12.5, 12.6, 7-H,,), 4.03
(1H,dd,J2.9,2.9,9-H,,),4.77(1 H,dq, J 0.9, 1.6, 14-H-cis-Me),
4.79 (1 H, dq, J 1.3, 1.6, 14-H-trans-Me), 5.79 (1 H, s, 1-H);
0c(125.7 MHz; CDs; Me,Si) 13.99 (q, 4-Me), 17.58 (q, 5-Me),
20.56 (q, 13-Me), 34.16 (d, 7), 37.91 (t, 8), 38.62 (s, 5), 40.89 (d,
4), 42.29 (t, 3), 43.70 (t, 6), 72.95 (d, 9), 109.23 (t, 14), 127.06
(d, 1), 149.11 (s, 13), 167.65 (s, 10) and 199.32 (s, 2). m/z (EI)
234.1613 (M*, C;sH,,0, requires 234.1620), 216 (9%), 190 (3).

(+)-cis-Valencene-1,10-epoxide 5 (19.1 mg, 16% based on the
total amount of valencene added to the whole-cell reaction) was
obtained as a pale yellow oil; m/z (EI) 220.1768 (M*, C,sH,,0O
requires 220.1827).

(+)-Nootkatone-13S,14-epoxide 6 (52.1 mg, 47% based on the
total amount of nootkatone added to the whole-cell reaction)
was obtained as a pale yellow oil; 6,;,(500 MHz; C¢Dg; Me,Si)
0.50 3H,d, J6.7,4-Me), 0.57 3 H, d, J 0.4, 5-Me), 0.71 (1 H,
dd, J 12.8, 12.8, 6-H,,), 0.77 (1 H, dddd, J 4.6, 12.6, 12.6, 13.6,
8-H,.), 0.94 3 H, d, J 0.7, 13-Me), 1.21 (1 H, dddd, J 3.2, 3.3,
12.6, 12.7, 7-H,,), 1.37 (1 H, ddddd, J 2.5, 3.1, 3.3, 5.2, 12.6,
8-H.,), 1.55 (1 H, ddq, J 4.0, 6.7, 14.2, 4-H), 1.76 (1 H, ddd, J
2.7,2.8,12.8,6-H,,), 1.81 (1 H, ddd, J 2.7, 4.3, 14.9, 9-H,,), 1.87
(1 H, dddd, J 2.0, 5.0, 13.6, 14.9, 9-H,,), 2.00 (1 H, dd, J 14.2,
16.7,3-H,,), 2.14 (1 H, ddd, J 1.0, 4.0, 16.7, 3-H,,), 2.16 (1 H, d,
J 5.0, 14-H-cis-Me), 2.21 (1 H, dq, J 0.7, 5.0, 14-H-trans-Me),
5.79 (1 H, d, J 0.6, 1-H); 6.(125.7 MHz; C,Ds; Me,Si) 14.30 (q,
4-Me,,), 15.86 (q, 5-Me,,), 17.43 (q, 13-Me), 28.37 (t, 8), 31.81 (t,
9), 38.61 (s, 5), 39.16 (d, 7), 40.10 (t, 6), 40.10 (d, 4), 41.82 (t, 3),
52.30(t, 14), 58.09 (s, 13), 125.02 (d, 1), 167.41 (s, 10) and 197.45
(s, 2). m/z (EI) 234.1626 (M*, C,sH,0, requires 234.1620), 216
(12%), 206 (14), 176 (4).
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