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Terpenes are natural molecules of valuable interest for different industrial applications. Cytochromes P450
enzymes can functionalize terpenoids to form high value oxidized derivatives in a green and sustainable

. manner, representing a valid alternative to chemical catalysis. In this work, an enhanced and specific
iizzgﬁ% 22?:; Sﬁgszmgz: gggg epoxidation activity of cytochrome P450 BM3 mutants was found for the terpenes geraniol and linalool.
This is the first report showing the epoxidation of linalool by P450 BM3 and its mutant A2 (Asp251Gly/

DOI: 10.1039/d2ra06029a Gln307His) with the formation of valuable oxide derivatives, highlighting the relevance of this enzymes
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Introduction

Terpenes are a large group of natural molecules mostly present
in plants and fungi. These compounds and their derivatives
find applications in many industrial fields and are particularly
useful for human healthcare.”> The functionalization of
terpenes using microorganisms or enzymes represents
a sustainable and alternative approach compared to the
chemical routes.> Cytochromes P450 are a family of enzymes
that are employed in biotechnology thanks to their ability to
perform challenging reactions for the modification and valori-
zation of a large variety of molecules.”® Indeed, P450s from
plants, fungi and bacteria are known to take part on the path-
ways of synthesis or modification of terpenes, and therefore are
considered of extreme importance for applications on
biotransformation processes. Among bacterial P450s, the cyto-
chrome P450 BM3 from Bacillus megaterium and laboratory-
evolved mutants have been shown to functionalize terpenoids
such as ionone,”* limonene," ™ farnesol***® and geraniol,**"”
in in vitro and in vivo catalysis.

Previously, a library of P450 BM3 mutants was obtained by
a directed evolution approach in our laboratories.'®*® Different
mutants with an increased activity towards the native substrate
lauric acid were identified via a high-throughput screening
method allowing to select, produce and characterize BM3
mutants with an augmented activity and substrate scope.”® The
aim of this work was to investigate the activity of P450 BM3 wild
type and mutants towards the terpenes geraniol and linalool.
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Results and discussion

In this work, the P450 BM3 mutants B35 (His138Tyr) and A2
(Asp251Gly/GIn307His) were initially used to evaluate the
functionalization of the terpene geraniol, that is known to be
preferably oxidised to 6,7-epoxy-geraniol by P450 BM3 (Scheme
1a).'®'” Firstly, the oxidation rate of NADPH for BM3 WT and the
mutants B35 and A2 in the presence of geraniol was measured
spectrophotometrically following the reduction of absorbance
at 340 nm. The NADPH oxidation rate of BM3 WT was 7.1 +
1.2 min~ " while the mutants showed dramatic increase with the
B35 and A2 having respectively a turnover of 27.5 4 4.7 min ™"
and 305.8 + 32.7 min " (Fig. 1a).

a)
() o
OH OH OH
Y\/Y\/ P50 BMa\F\/\K\/ <\|/\/\|>\/ >
6,7-epoxy-geraniol 2,3-epoxy-geraniol
geraniol epoxy-geraniol
b)
HO,
(o}
|
6 / linalool oxide
M M (furanoid)
OH  P450 BM3| OH
linalool 6,7-epoxy-linalool HO.
S|
linalool oxide
(pyranoid)

Scheme 1 Epoxidation activity of P450 BM3 WT and A2 towards
geraniol (a) and linalool (b).
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(a) NADPH oxidation by BM3 WT and BM3 mutants B35 and A2 in presence of geraniol (main axis) and maximum production of epoxy-

geraniol (secondary axis). Black bars correspond to the turnover of NADPH while striped bars correspond to the percentage of epoxy-geraniol (b)
in vitro geraniol percentage of conversion by P450 BM3 wild type (#), BM3 B35 (Hll) and BM3 A2 (@).

These values fall in the range of reported catalytic activity
towards these compounds for previously characterized BM3
mutants.*®” However, since it is known that the level of
uncoupling in the mutant A2 is higher compared to WT,** the
activity of the enzymes was further investigated by analysing the
reaction products by HPLC. The reactions catalysed by P450
mutants B35 and A2 yield a product with the same retention
time as BM3 WT suggesting that the mutants B35 and A2
maintained an unaltered chemoselectivity. This is consistent
with the location of the mutated residues that are not in the
active site of the enzyme. As it was previously shown, the
augmented catalytic activity of the BM3 A2 mutant is a conse-
quence of structural rearrangements of the enzyme, which
gains flexibility and also causes the rotation of a key residue
(Phe87) in the active site.”* The reaction product was further
investigated by HPLC-MS. The analysis revealed the specific
production of an epoxide derivative of geraniol, which has
a molecular mass of 170.25. The ESI spectrum of Fig. 2 shows
a pattern of adduct ions that can be related to ionised forms of
epoxy-geraniol, with the corresponding molecular masses.
Previously, other P450 BM3 mutants have been shown to pref-
erably oxidize the C=C bond in position 6, 7. However the
chemoselectivity was not always maintained. In fact, a second
epoxide and two hydroxylated products of geraniol were detec-
ted.’®"” In our experiments, the higher activity of A2 towards
geraniol resulted in a dramatic increase of product over time
(Fig. 1a). Substrate conversion was calculated at different time
points in a reaction mixture containing 1 pM enzyme, 1 mM
geraniol and 10 mM NADPH at 30 °C (Fig. 1b). After 24 hours,
BM3 WT converted the 48% of geraniol and similar percentage
of conversion were obtained with the mutant B35 (52.8%),
indicating that the mutation His138Tyr increases the uncou-
pling level rather than product formation in this mutant.
However, the A2 mutant showed a nearly total substrate
conversion (96.6%) already after 8 hours, which is higher
compared to the ones of previously reported BM3 mutants
reaching up to the 80%." The activity of the A2 enzyme towards

© 2022 The Author(s). Published by the Royal Society of Chemistry

geraniol was then evaluated increasing the concentrations of
the substrate from 1 mM to 3 and 6 mM, keeping the enzyme
concentration fixed at 1 pM. The percentage of conversion
decreased when the concentration of substrate increased indi-
cating a possible substrate/product inhibition (Fig. 3a). In order
to avoid the expensive use of the NADPH cofactor, the catalytic
activity of BM3 WT and mutants towards geraniol was then
evaluated in whole-cell biotransformation experiments using
a cofactor regeneration system (Fig. 3b).>>** For this experiment,
the starting concentration of geraniol used was 1 mM, which
was the only one that did not lead to substrate inhibition. In
this experiment, BM3 WT and B35 could totally convert geraniol
to epoxy-geraniol only after 16 hours reaction, while the reaction
of BM3 A2 was complete after 2 hours. Thus, due to the high
expression levels of A2 in Escherichia coli (20 mg g~ of wet cell
paste)'® the use of whole-cells significantly decreases the time
for an almost complete substrate conversion. BM3 A2 resulted
being the best enzyme in terms of activity and can maintain the
chemoselectivity, thus showing great potential for exploitation
in a biotechnological process. Given that the mutant BM3 A2
was the best enzyme for the conversion of terpenes, the atten-
tion focused on expanding the substrate scope to a terpene of
a shorter carbon chain, linalool, for which the activity of BM3 or
mutants has never been shown. Linalool is present in high
quantity in essential oils of plants such as basil and lavender.>*
As a fragrance, it is used in nearly all the cosmetic products such
as perfumes, shampoos and soaps.>**® Furthermore, it finds
medical applications for its beneficial effects such as anti-
carcinogenic.”” Previously, the cytochrome P450lin (CYP111)
from Pseudomonas incognita showed the ability to convert
linalool into 8-hydroxy-linalool as the first step of its degrada-
tion pathway.”® Nevertheless, the most interesting trans-
formation of linalool is the one that leads to the production of
highly value forms of linalool oxides. These compounds possess
potent pharmaceutical effects as anxiolytic,” antinociceptive
and anticonvulsant.?® Linalool oxides are known to be formed
via a cyclization reaction starting from the molecule 6,7-epoxy-
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(a) Conversion of geraniol by P450 BM3 A2 after 2, 4, 8 and 24 hours. Different starting concentration of geraniol are 1 mM (solid line — A),

3 mM (dashed line — M) and 6 mM (dotted line — #). (b) Percentage of epoxygeraniol production in whole-cell reactions by P450 BM3 wild type
(dotted line — @), BM3 B35 (dashed line — M) and BM3 A2 (solid line — @).

linalool, which is formed enzymatically.*** Linalool epoxida-
tion takes place in plants and fungi via an enzymatic reaction
that most probably involves non-identified P450s. For this
reason, several works reported biotransformation processes
involving whole microorganisms resulting in high conversion
yields.**** However, the enzymes that are involved in the
biosynthesis pathway have never been identified.

We hypothesized that the production of epoxy-linalool may
be catalysed by enzymes that can oxidize other terpenes like
geraniol. For this reason, the activity of P450 BM3 WT and the
mutant A2 was investigated in in vitro reactions using purified
enzymes and were analysed by gas chromatography (Fig. 4). GC-
MS analysis revealed the formation of four different linalool
derivatives, which were identified as linalool oxides in the form
of cis- and trans-pyranoid and furanoid (Fig. 5-9), according to
a previous characterization of the same compounds.*
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Fig. 4 Gas chromatography analysis of linalool conversion by P450
BM3 WT (dots) and A2 (solid). Control sample without enzyme (dash).
Peaks 1 and 2 correspond to furanoid linalool oxide in the form of cis
and trans. Peak 3 corresponds to linalool. Peak 4 corresponds to a mix
of pyranoid linalool oxides in the form of cis and trans.
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Fig. 5 GC-MS chromatogram of a reaction with P450 BM3 and
linalool. Product 1 (RT = 11.66 min), product 2 (RT = 12.13 min), linalool
(RT = 12.44 min), products 3 and 4 are 15.35 min and 15.43 min.
Products are linalool oxides in the form of furanoid (1 and 2) and
pyranoid (3 and 4). Each peak represents diastereoisomer cis or trans
linalool oxide.
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Fig. 6 Mass spectrum of product 1, identified as the furanoid form of
linalool oxide. In the upper part is reported the fragmentation of
sample peak while in the lower part is reported the fragmentation of
the standard. Molecular structure is also shown.

These are formed spontaneously from 6,7-epoxy-linalool,
which represents the only P450 enzymatic product (Scheme
1b). However, 6,7-epoxy-linalool cannot be detected probably
due to the fast cyclization reaction. Nevertheless, the identifi-
cation of diastereomers of linalool oxides was possible, as re-
ported in previous characterization.*®

In order to exclude the formation of epoxy-linalool by auto-
oxidation, control samples were prepared without enzymes
and that did not show any formation of product(s) (Fig. 4). As for
other non-native substrates, also for linalool the percentage of
conversion by BM3 WT was very low (3%). This increased when
the reaction was carried out by the mutant BM3 A2, reaching up
to 40% substrate conversion. Furthermore, also in this case the
specificity of the reaction was confirmed by the absence of other
hydroxylated linalool products from the GC-MS analysis.
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Fig. 7 Mass spectrum of product 2 identified as furanoid form of
linalool oxide. In the upper part is reported the fragmentation of
sample peak while in the lower part is reported the fragmentation of
the standard. Molecular structure is also shown.
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Fig. 8 Mass spectrum of product 3 (15.35 min) identified as pyranoid
form of linalool oxide. In the upper part is reported the fragmentation
of sample peak while in the lower part is reported the fragmentation of
the standard. Molecular structure is also shown.
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Fig. 9 Mass spectrum of product 4 (15.43 min) identified as pyranoid
form of linalool oxide. In the upper part is reported the fragmentation
of sample peak while in the lower part is reported the fragmentation of
the standard. Molecular structure is also shown.

Conclusions

Overall, this work highlights the high potential of P450 BM3 WT
and laboratory evolved BM3 mutants to produce high value
derivatives of terpenes. Indeed, the enhanced catalytic activity
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of the BM3 mutant A2 (Asp251Gly/GIn307His), can be exploited
in whole cell biotransformation processes to maximise the yield
of production without losing reaction selectivity. Moreover, for
the first time the specific epoxidation of linalool, leading to the
formation of linalool oxides is reported for the bacterial P450
BMa3. Such an activity is largely increased in A2, a BM3 mutant
that not only has an increased activity for terpenes compared to
WT, but also shows high chemoselectivity. This feature is
crucial for the selective production of valuable compounds
using a biocatalytic approach.

Experimental
Materials

All chemicals were purchased from Sigma-Aldrich, Thermo
Fisher Scientific and Bio-Rad unless otherwise stated.

Expression and purification

Escherichia coli supercompetent cells DH5« and BL21(DE3) were
purchased from Thermo Fisher Scientific. Cells were routinely
grown in Luria-Bertani (LB) medium supplemented with anti-
biotic at 37 °C. Wild type P450 BM3 and mutants were expressed
in E. coli BL21(DE3) cells transformed with the IPTG-inducible
pT7Bm3Z vector and purified as previously described.'®3¢3”
Proteins were stored in 50 mM 4-(2-hydroxyethyl)-1-piperazine
ethanesulfonic acid HEPES pH 7.4 at —20 °C.

NADPH consumption assays

The rate of NADPH oxidation was measured in a reaction mix
containing incubating the enzymes (1 puM), substrate up to
saturating concentrations in 30 mM phosphate buffer pH 7.4 at
20 °C. After pre-incubation, 150 pM NADPH was added to the
mix and the oxidation was followed spectrophotometrically at
340 nm (e340 = 6.22 mM ' cm™'). Fittings of the data were
performed by using Sigma Plot.

Product conversion

Reactions mixtures containing P450 enzyme (BM3 WT, B35 or
A2) (1 uM), NADPH (10 mM) and the substrate geraniol (1 mM)
were incubated up to 24 hours at 30 °C. Reactions were inacti-
vated by heat at 90 °C for 5 minutes. Control reactions were
carried out in absence of NADPH. HPLC analysis was performed
using an Agilent Series 1200 equipped with a LiChrosphere®
100 RP-18 column applying a gradient of 0.1% formic acid/
acetonitrile (from 80 :20 to 30:70).

Reaction mixtures containing P450 enzyme (BM3 WT or A2)
(10 pM), NADPH (10 mM) and linalool (1-10 mM) were incu-
bated for 5 hours at 30 °C. Reactions were stopped by adding
the same volume of MTBE and centrifuged for 3 minutes at 12
000 rpm. The organic phase was dried with MgSO,, and the
products were dissolved in 20 pL of MTBE and used for anal-
ysis. GC-FID measurements were performed using an Agilent
7890A Gas Chromatograph equipped with an Agilent HP-5
capillary column (30 m, 0.320 mm, 0.25 pm). Helium as
a carrier gas was used with a flow of 1 mL min~'. Oven
temperature was kept at 60 °C for 1 minute, then 10 °C min ™"
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to 280 °C and held for 2 minutes. FID detector temperature was
set to 300 °C.

Products identification

Geraniol product determination was carried using
a QTRAP3200 by Sciex interfaced via ESI TurbolonSpray source
to a Shimadzu Nexera HPLC. The elution was carried out with
a mixture of formic acid 0.05% and acetonitrile applying
a gradient (from 80:20 to 20:80). The separation was per-
formed with a Kinetex C18 (Phenomenex) 2.6 um, 100 x 4.6
mm, 100 A column at 40 °C, with a flow rate of 0.6 mL min "
and an injection volume of 10 uL. The MS parameters (positive
mode) were optimized by direct infusion on the mass spec-
trometer to maximize the signal intensities: ion spray +3500 V,
300 °C, declustering potential +20 V, entrance potential +10 V.
Gas: curtain 20, GS1 40, GS2 30. Scan: 100-1000 m/z. UV-Vis
detection carried out with a DAD in the range of 190-800 nm.

Linalool products determination was carried out using
a Thermo Finnigan Trace GC-MS Plus spectrometer equipped
with an Agilent HP-5 ms capillary column (30 m, 0.320 mm, 0.25
um) using ramp of 30 °C min~" from 40 to 250 °C in order to
separate products 3 and 4 (see Fig. 5).

Whole cell biotransformation

For P450 BM3-mediated whole-cell catalysis, cell pellet was
resuspended in 5 mL of 30 mM phosphate buffer (pH 7.4) to
a final ODggg nm Of 10. The reaction was conducted by mixing
geraniol (1 mM) and NADP" (0.3 mM), trisodium citrate (50
mM), MgCl,, (10 mM) to the cell suspension to sustain the
catalysis. Control reaction was performed with pellet obtained
from non-induced cultures, where the operon was repressed by
adding 2% of glucose. Reaction mixtures were incubated at 30 ©
C with 200 rpm shaking. Samples of 200 puL were collected and
mixed with 0.25% v/v acetonitrile and centrifuged for 5 minutes
at 13 300 rpm. Supernatant was used for HPLC analysis.
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