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Examination of Selectivity in the Oxidation of ortho- and meta-
Disubstituted Benzenes by CYP102A1 (P450Bm3) Variants

Samuel D. Munday,™ Shaghayegh Dezvarei,”™ lan C.-K. Lau® and Dr. Stephen G. Bell™

Abstract: Cytochrome P450 CYP102A1 (P450Bm3) variants were
used investigate the products arising from the P450 catalysed
oxidation of a range of disubstituted benzenes. The variants used all
generated increased levels of metabolites compared to the WT
enzyme. With ortho-halotoluenes up to six different metabolites
could be identified while the oxidation of 2-methoxytoluene
generated only two aromatic oxidation products. Addition of an ethyl
group markedly shifted the selectivity for oxidation at the more
reactive benzylic position. Epoxidation of an alkene was also
preferred to aromatic oxidation in 2-methylstyrene. Significant minor
products arising from the migration of one substituent to a different
position on the benzene ring were formed during certain P450
catalysed substrate turnovers. For example 2-bromo-6-methylphenol
was formed from the turnover of 2-bromotoluene and the
dearomatisation product 6-ethyl-6-methylcyclohex-2,4-dienone was
generated from the oxidation of 2-ethyltoluene. The RLYF/A330P
variant altered the product distribution enabling the generation of
certain metabolites in higher quantities. Using this variant produced
4-methyl-2-ethylphenol from 3-ethyltoluene with 290% selectivity and
with a biocatalytic activity suitable for scale up of the reaction.

Introduction

Cytochrome P450 (CYP) monooxygenases catalyse the
oxidation of a wide variety of substrates using atmospheric
dioxygen. Their archetypal reaction type is the conversion of an
unreactive carbon-hydrogen bond in aliphatic and aromatic
molecules to an alcohol using a reactive iron-oxo radical cation,
compound | intermediate.™ This ability to oxidise a broad array
of organic substrates enables CYP enzymes to have roles in
many metabolic pathways.” Xenobiotic detoxification and
metabolite production are two of the major roles P450s perform
within organisms.®! One of the major roadblocks in the study of
many membrane bound P450 enzymes is that they can often be
difficult to produce and have low activities, making in depth
studies of them more complex. As such bacterial P450 enzymes
have often been used to examine the structure, function and
mechanism of this class of enzymes.*® "4

P450gms (CYP102A1l1), a fatty acid hydroxylase, from
Bacillus megaterium, has been widely researched because of its
high catalytic activity and its ease of production and use.” Itis a
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catalytically self-sufficient enzyme in which the P450 heme
domain is fused to a reductase domain meaning it only requires
NADPH and oxygen to oxidise its substrate.'®! Many variants with
enhanced activity towards non-natural substrates and improved
product selectivity have been generated.® " As a result variants
with the ability to promote terminal and stereoselective alcohol
hydroxylation, phenol formation, and epoxidation have been
reported.®®! More recently forms which can catalyse reactions
which are not normally supported by P450 enzymes such as
cyclopropanation and amination have been designed.”) In
addition CYP102A1 and a number of evolved variants have
been shown to act on certain pharmaceuticals producing similar
metabolites to mammalian P450s." Changes to oxidation
profiles can be brought about by minor alterations in substrate
structures, or by mutagenesis of the enzyme.® I Therefore
CYP102A1 can be used to investigate of the behaviour of CYP
enzymes in the oxidative metabolism and degradation of certain
compounds.

P450 catalysed oxidations of drug molecules and
substrates which contain substituted benzene, toluene and
related aromatic moieties can often generate multiple
metabolites.”** @ These can include products arising from
rearrangement reactions.™ In earlier work, it was established
that CYP102A1 and its variants would preferentially oxidise most
alkylbenzenes at the benzylic position to generate an alcohol (ca.
99% for WT with propylbenzene) a similar outcome to that
observed with mammalian P450s.®* 4 with toluene, o-
hydroxylation was the preferred outcome, (ca. 97% selectivity)
which is a different when compared to microsomal enzymes.*¥
Subsequent work showed that o-hydroxylation was also
favoured for a range of other monosubstituted substituted
benzenes including chlorobenezene and anisole (Fig. S1).**!
The reactions with o-, m- and p-xylene are more complex and
these are oxidised by variants of CYP102A1 to generate multiple
products (Fig. S2). p-Xylene has been reported to be oxidised at
the benzylic methyl group ®® but others have shown that 2,5-
dimethylphenol was the major product.’” The product profile
resulting from m-xylene oxidation consisted of 2,4-
dimethylphenol as the major product (87%) with 2,6-
dimethyphenol (11%) and benzylic oxidation (2%) occurring in
lower amounts (Fig. S2).4 The product distribution obtained
from the oxidation of o-xylene was more diverse and consisted
of benzylic oxidation (47%) and 2,3-dimethylphenol (27%) and
3,4-dimethylphenol (10%) formation (Fig. $2).M# In addition two
products arising from the shift of a methyl group were also
obtained and identified as, 2,6-dimethylphenol (8%), and 6,6-
dimethylcyclohexa-2,4-dienone (8%). This latter metabolite
resulted from dearomatisation of the benzene ring.?
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These studies determining the product distributions of
CYP102A1 oxidation of substituted benzenes can be used to
complement xenobiotic metabolism with isolated mammalian
P450 enzymes or microsomes. For example the oxidation of
alkyl substituted benzenes and styrenes by mammalian
enzymes tend to favour oxidation on the substituent whereas
methoxy substituted benzenes generate phenols as the major
products.™ Methyl and other substituents have been reported to
migrate in a similar manner to hydrogen in the NIH shift
mechanism during the oxidation of substituted benzenes by
mammalian P450s and model systems.'® However the
reactions with microsomes or eukaryotic P450s tend to be
significantly less efficient generating low levels of product over
longer periods of time which can hinder the identification of
minor metabolites.

In the CYP102A1 turnovers the partition between aromatic
and benzylic hydroxylation is thought to be primarily governed
by the orientation of the substrate with C-H bond reactivity
playing an important but secondary role. In the singly substituted
benzene substrates such as toluene, and anisole the
substituents must be orientated away from the heme iron
enabling aromatic oxidation.*> ! For substituted aromatics
with ethyl and longer alkyl chains, such as n-propylbenzene, the
side chains must be more closely held over the heme iron giving
metabolites arising from benzylic oxidation."* 2 The balance
between the different pathways in P450 catalysed oxidation
appears to be delicately poised.!® 2 161 For example o-xylene
and m-xylene show significant differences in the relative amount
of aromatic versus benzylic oxidation products and deuteration
of the methyl groups of o-xylene led to an increase in phenolic
hydroxylation by microsomal P450s./2!

Mutant variants of CYP102A1 can improve the activity of
the enzyme for alkylbenzenes and also alter the product
distribution towards or away from benzylic hydroxylation.® 4
Variants of CYP102A1 which contain the R47L and Y51F
mutations (RLYF) at the entrance of the substrate access
channel have been shown to facilitate the entry of small
hydrophobic molecules.®® ¥ Other rate accelerating variants
have been developed and these improve the activity of the
enzyme for non-natural substrates but on the whole maintain the
product selectivity of the WT enzyme.™™ ** 22 Among these
variants are the rate accelerators: RLYF/I401P
(RATLIY51F/1410P), KT2 (A191T/N239H/I259V/A276T/L3531) as
well as R19 (R47L/Y51F/H171L/Q307H/N319Y).[HP: 14, 17b. 20, 22]
The RLYF/1401P variant contains the 1401P mutant which is on
the C-terminal side of the distal cysteine ligand while the other
mutations in the KT2 and R19 variants are remote from the
active site and located throughout the heme domain of the
enzyme (Fig. 1).1"* 2

The crystal structures of the KT2 variant and 1401P mutant,
which shares characteristics in common with RLYF/I401P, have
been solved (PDB: 3PSX and PDB: 3HF2, respectively).'* 22
These reveal that both have altered conformations which in
certain aspects more closely resemble the substrate-bound WT
enzyme (PDB: 1JPZ)?® than substrate-free CYP102A1 (PDB:
1BU7).?¥! These rate accelerating variants are hypothesised to
be in “catalytically ready' conformations minimising substrate
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gating and enabling more efficient substrate oxidation.™* ?? The
R19 variant has also been demonstrated to accelerate the
oxidation of non-physiological substrate but its structure is yet to
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Figure 1. The location of the residues which have been mutated in the
different CYP102A1 variants (KT2, R19, RLYF/I401P and RLYF/A330P) used
in the this study. These are shown on the structure of the substrate bound
(NPG: N-palmitoylglycine) WT CYP102A1 (PDB: 1JPZ).

The RLYF/A330P mutant, in which the A330P mutation is
in the active site, does not retain the ability to oxidise fatty
acids.™! The structure of the A330P mutant has been solved
(PDB: 3M4V) and it shows the Pro329 residue is reoriented into
the substrate access channel, generating a smaller active site
(Fig. 1).2 This results in distinctive product distributions
relative to the WT enzyme and the rate accelerating variants
described above. The RLYF/A330P variant can therefore oxidise
non-natural substrates with high activity and altered product
distributions.**

In this paper, we consider the in vitro oxidation of m- and
o-subsituted benzene substrates which have different
substituents on the aromatic ring. These were tested with WT
CYP102A1 and four different variants (KT2, RLYF/1401P, R19
and RLYF/A330P). Our intention was to investigate how altering
the substituent modified the substrate-enzyme interactions and
therefore the activity and product distribution. This would enable
an assessement of the extent to which CYP102A1 can be used
to generate individual or multiple oxygenated metabolites of
these compounds and if there were any rearrangement products
which arise from the mechanism of aromatic oxidation. "% %!

Results

The four CYP102A1 variants; KT2, R19, RLYF/I401P and
RLYF/A330P, and the WT enzyme were tested with
disubstituted benzene substrates as well as with toluene and
anisole as controls (Fig. 2). For all the substrates tested the
generic accelerator variants enhanced the product formation
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activity of the turnover by increasing the NADPH consumption
rate and the coupling efficiency (Table 1). KT2 was the slowest
variant with those containing the RLYF couple improving the
activity by a significantly greater degree (Tables 1). The
improvement in product formation activity over the WT enzyme
ranged from 110-fold for 2-chlorotoluene to greater than 1000-
fold for 3-bromotoluene. The acceleration of product formation
activity, ranged from 240 to 1600 nmol (nmol P450) ~* min*
(henceforth abbreviated to min™), for each substrate (Table 1).
In all but one case the greatest improvement over the WT
enzyme was induced by RLYF/I401P. For example, with WT
CYP102A1 no product formation activity was observed with 3-
bromo- and 3-methoxytoluene but product formation rates of
920 and 499 min™ were observed with the RLYF/I401P variant.

The product formation activities of the doubly substituted
benzenes were greater than those of toluene and anisole with
the ortho substituted substrates being converted at higher
activities than their meta substituted equivalents (Table 1). The
highest product formation rates were observed with 2-
ethyltoluene. The substrate preference of the RLYF/A330P
variant was different from the other mutants tested and the
highest activities were obtained with 2-bromo- and 2-
chlorotoluene (Table 1).

sIe

anisole

Br ©/CI ©/0Me

2-chlorotoluene 2-methoxytoluene

&

2-methylstyrene

toluene

O

2-bromotoluene

Q

1-bromo-2-
ethylbenzene

. O, O

3-ethyltoluene

2-ethyltoluene

-

3-bromotoluene 3-methoxytoluene

Figure 2. The substrates tested for in vitro activity with WT CYP102A1 and its
variants.

Most products were identified by GC coelution
experiments with authentic standards. When these were not
available analysis of the NMR or mass spectra (MS) was used
(Supporting information). The product distributions for toluene
and anisole oxidation by each variant were similar to those
observed with WT. In all cases the predominant position of
hydroxylation was ortho to the substituent with a small amount
of para-hydroxylation observed (Fig. S1).24'5 20 281 Al the
variants, except R19, oxidised toluene at the benzylic position to
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a small extent. R19 reduced the selectivity of anisole oxidation
at the para position. No demethylation of anisole was detected in
any instance. The major metabolite arising from toluene
oxidation by mammalian systems is benzyl alcohol and while
aromatic oxidation is preferred to demethylation in anisole
metabolism the para phenol is the major product.*é ©

Table 1. In vitro oxidation activity and selectivity of P450Bm3 variants and
decoy molecules with toluene, anisole and ortho- and meta-substituted
benzene derivatives. N = NADPH turnover rate. C = coupling efficiency (%).
PFR = Product formation rate. Rates are in nmol (nmol P450) ~ min™. All data
are reported as the means of at least three experiments unless otherwise
indicated. n.d. no levels of product formation were observed.

OH o
WT MZ R19 RLYFIP RLYFAP
P450Bm3/\/ariant N N
U I =

—=A oMo ROA0US.
toluene | _

NADPH, O,
N 22+09, _ 137%4 118+6 8394ifh-oH 251 % B cthylket
c 1.6+0.5 10+3 32+3 Bt b, ML 0
PFR 03%0.1 7:2 38+ 4 3QBEE; 91-0481 + dynare: 1.2%
anisole RLYF/A330P: 87% RLYF/A330P: 2%
N 122 +£2 189 +2 46410 1175+16  121+2
c 1.4+0.1 71 36+3 38 fivg other mjpor grgducts (total)
PFR 20£0.1 14+2 166 +14  424+33WT: 5% 103
2-bromotoluene others; 4-8%

RLYF/A330P: 11%
N 61+6 265+9  1487+22 1810+7  2320+12
c 23+05 46+1 39+1 54+2 421

PFR 15+04 123+7 574 +19 9848+ 3H 987 +28 Br O
2-chlorotoluene

Br
N 80+ 11 25+ P450BIOW ariaats 1 1990 +
c NADR +Op

11+5 39+1 61% 4 47+3
PFR 9+3 96 +3 435+ 15 140FFRROH 935 + 552-BrP)Et-ket
2-methoxytoluene  1-Br-2-Et ] .
N 50+3 5741 15046 WO L adors, 606 £ Bnorer 1o,
c 6.2+0.5 31+2 28+ 1 REBF/A330P:96%2 + ZRLYF/A330P:< 1%
PFR 31+0.3 18+ 1 44+1 689 + 11 315+ 12
2-ethyltoluene + three other minor products(total)
N 52+4 219+9 1320+ 12 1640 + 1ivt<d260 + 12
C 13+5 77+1 83+1 98 + 1 Others:g2% 1
PFR 7+3 169+8 110018 1600 + 28-YFATEH%
1-bromo-2-ethylbenzene
N 56+ 1 572+ 2 1370+ 12  2150+4 01765+ 71 o
¢ 7+l mﬁ 1P45OBm"§Vtar?an S @Q 42 @i\/
PFR 3.8+0. 7TFIWL 8 737 %
2-methylstyrene > Me 2-MPoxiran 2MP-Et-al
N 53+ 3 Tho + 12 313+7 754 + 23 325+21
o] 0.7+0.1 16 + 1. 24+1 RLYFA491P:81%5RLYF1401P:19%
PFR 03+0.03  28+4 75+5  OURPOZ-93% o Pihgrg7-8%
3-bromotoluene
N 91 +13 593+12 2020+34 1970+16  911+11
C n.d. 301 44+1 47+3 32+4
PFR n.d. 1709 879+21  920+65 296+ 34
3-methoxytoluene
N 27+11 135+ 2 547 +14  872+16 710 +15
C n.d. 38+1 59+3 57+2 63+1
PFR n.d. 5242 321+8 499 + 23 444 +13
3-ethyltoluene
N 112+5 572+2 1320+55 1850+62 1480+ 34
C 6+0.2 44+ 1 50+1 56 + 0.6 44 +1
PFR 6.6 +0.01 250 + 5 656 +35 1030+43 652+ 16

[a] determined from a single experiment.
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Br OH HO
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WT: 16% WT: 7% WT: 10%
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Variantr: RLYF/A330P: 20% RLYF/A330P: 7% RLYF/A330P: 13%
NADPH, O, CH,OH

2-Br Br HO. Br Br
OH
3-Br-4-MP 3-Br-2-MP 2-BrBA
WT: 3% WT: 15% WT: 49%
others; 2-3% others; 16-23% others; 51-56%
RLYF/A330P: 4% RLYF/A330P: 36% RLYF/A330P: 19%
OMe P450Bm3/ OMe OMe
Variants »
NADPH, O, OH HO
2-MeO 2-MeO-3-MP 4-MeO-3-MP
WT: 49% WT: 51%

others; 32-34%
RLYF/A330P: 45%

others; 66-68%

RLYF/A330P: 55%

Scheme 1 Product distribution arising from the oxidation of 2-chlorotoluene (2-
Cl), 2-bromotoluene (2-Br) and 2-methoxytoluene (2-MeO) by the CYP102A1
variants (RLYF/A330P, WT — wild type CYP102A1 and others — the generic
accelerators, KT2, RIYF/I401P and R19).

Both 2-chloro- and 2-bromo-toluene were oxidised into six
metabolites by each variant (Fig. 3 and Scheme 1). GC-MS
experiments were unable to distinguish between 4-halo-3-
methylphenol and 3-halo-4-methylphenol (X = bromo or chloro in,
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4-X-3-MP and 3-X-4-MP) and so HPLC was used to determine
the relative proportion of these products (Fig. 3). The product
distribution was relatively consistent between both substrates
and most variants However as expected the RLYF/A330P
variant generated different relative amounts of each product
(Scheme 1). For all variants other than RLYF/A330P, the major
products were the benzyl alcohols (2-BrBA and 2-CIBA, Scheme
1). A mixture of other products resulted from hydroxylation at
each position around the benzene ring. For the rate accelerating
variants the 3-halo-2-methylphenol (3-X-2-MP) product was
formed in the second highest quantity followed by 2-halo-6-
methylphenol (2-X-6-MP) and 4-halo-3-methylphenol (4-X-3-MP,
Scheme 1). The RLYF/A330P variant was less selective for
benzyl alcohol formation and 2-CI-6-MP and 3-Br-2MP were the
major products (Scheme 1). The 2-X-6-MP product must arise
from a shift of the methyl or halide substituent. Unlike the
turnover of o-xylene, no dearomatisation product which arose
via the shift of a halide to the methyl-bound carbon or vice versa
could be detected. However the total proportion of
rearrangement products with the halotoluenes was similar to
those formed with o-xylene. Additionally there was no evidence
of dehalogenation of either substrate which has been shown to
occur in the oxidation of perhalogenated benzenes by P450s.%")
Scheme 2 Product distribution arising from the oxidation of 2-ethyltoluene (2-
Et), 1-bromo-2-ethylbenzene (1-Br-2-Et) and 2-methylstyrene (2-MeSt) by the
CYP102A1 variants See Scheme 1 for labels. For 2-MeSt the WT and
RLYF/A330P enzymes are grouped with the others and RLYF/I401P is given
separately.

Replacing the halogen atom with the larger methoxy
substituent in 2-methoxytoluene resulted in the formation of only
two products in similar quantities (Scheme 1 and Fig. S3). Both
were phenols with one metabolite 2-methoxy-3-methylphenol (2-
MeO-3-MP) identified by GC-MS coelution experiments after
synthesis of the standard (see Experimental Section). The other
was 4-methoxy-3-methylphenol (4-MeO-3-MP, Scheme 1 and
Supporting Information). The generic accelerators in
RLYF/I401P, KT2 and R19 favoured the formation of 4-MeO-3-
MP, with a maximum of 68% observed using RLYF/I401P and
R19 (Scheme 1).
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Fig. 3. GC-MS and HPLC analyses of o-substituted toluenes: (a) GC-MS
chromatogram of RLYF/I1401P + 2-Br; (b) HPLC chromatogram of
RLYF/A330P + 2-Br (RT of 2-BrBA: 8.8 min, not shown); (c) GC-MS
chromatogram of RLYF/I1401P + 2-Cl; (d) HPLC chromatogram of
RLYF/A330P + 2-CI (RT of 2-CIBA: 13.6 min, not shown).

Modification of the ortho substituent to an ethyl moiety
introduced a more reactive benzylic methanediyl site at the a-
position. The major product of 2-ethyltoluene oxidation across all
variants was consequently shifted to oxidation at this position
generating 1-(2-methylphenyl)ethanol (1-(2-MePh)EtOH or o-
ethyl-OH, Scheme 2). Further oxidation of this alcohol to give
the ketone (2-Meacetph, o-ethyl-ket, 1-2%) was also observed.
2-Ethyltoluene was oxidised into five other minor products (total
<12%) as a result of either aromatic or benzylic oxidation (Fig.
S4). These were produced in small quantities and no authentic
standards were available so their full characterisation was
prohibited (Fig. S5). The mass spectra fragmentation patterns
observed for each metabolite (see Supporting Information)
indicated that three were phenolic products and another the
benzyl alcohol (2-ethylbenzyl alcohol, RT: 9.8 min). The fifth had
a significantly shorter retention time (7.0 min) and different MS

Absorbance

d) 500

Absorbance
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2-Cl-6-Me
3-Cl-2-Me

4004 4-Cl-3-Me

3004
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100 1

170 175 18.0
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fragmentation pattern than the others (Supporting Information).

o-Xylene oxidation by CYP102Al yields a dearomatisation

product

(6,6-DMCHD) with a short retention time (Fig. S2).M# This

metabolite has a distinctive MS spectrum compared to those

arising from phenol formation or benzylic methyl hydroxylation.

T
16.0 16.5

Therefore, this product was assigned as 6-ethyl-6-
methylcyclohexa-2,4-dienone  (6-E-6-MCHD, Scheme 2,
Supporting Information). The oxidation of 1-bromo-2-

ethylbenzene was also highly selective for benzylic oxidation
generating 1-(2-bromophenyl)ethanol (Scheme 2, Fig. S6 and
Fig. S7). While the selectivity for the major product was similar to
that of 2-ethyltoluene fewer minor products were observed (Fig.
S6). These were assigned as arising from further oxidation to
the ketone and phenol production (Scheme 2).

Changing the ethyl group to an alkene resulted in
epoxidation being the most abundant reaction in the 2-
methylstyrene conversions (Fig. S7 and Experimental). A
significant amount of an aldehyde rearrangement side product
was the only other product observed (Scheme 2). More
aldehyde was observed in the turnover of the styrene by the
RLYF/I401P compared to those from the other variants.
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Chiral analysis of the 1-(2-methylphenyl)ethanol, 1-(2-
bromophenyl)ethanol and 2-methylstyrene oxide products
arising from the turnovers of 2-ethyltoluene, 1-bromo-2-
ethylbenzene and 2-methylstyrene was undertaken (Fig. S8 —
S10). All the enzyme catalysed turnovers showed little
enantioselectivity with the WT, KT2 and R19 variants and the
maximum enantiomeric excess (ee) observed being 18% (Table

@EOH
Br Br
OH

2-Br-4-MP

others; 9-12%
RLYF/A330P: 14%

2-Br-6-MP
others; 2-7%
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S1). The RLYF/I1401P variant increased the enantioselectivity of
all the turnovers as did the RLYF/A330P, however the maximum
ee observed was 44% (Table S1 and Fig. S8 -10).

Scheme 3 Product distribution arising from the oxidation of 3-bromotoluene
(3-Br), 3-methoxytoluene (3-Br) and 3-ethyltoluene (3-Et) by the CYP102A1
variants. No product was observed after the turnover with the WT enzyme with
3-Br or 3-MeO. The WT CYP102A1 data is included with others for 3-Et.

Three substrates with meta arranged substituents were
analysed  (3-bromotoluene,  3-methoxytoluene and  3-
methyltoluene).™*®  3-Bromotoluene was oxidised to four
products (Scheme 3 and Fig. S11), with the major metabolite
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with all the variants being 4-bromo-2-methylphenol (4-Br-2-MP,
Scheme 3). 2-Bromo-6-methylphenol (2-Br-6-MP), 2-bromo-4-
methylphenol (2-Br-4-MP) and 3-bromobenzyl alcohol (3-BrBA)
were formed as minor products (Scheme 3 and Fig. S12). As
with m-xylene and 3-bromotoluene the major metabolite from 3-
methoxytoluene oxidation also arose from hydroxylation ortho to
the methyl group, giving 4-methoxy-2-methylphenol (4-MeO-2-

MP, Scheme 3). Minor products included 2-methoxy-4-
methylphenol (2-MeO-4-MP), 2-methoxy-6-methylphenol (2-
MeO-6-MP) and 2-methoxy-5-methylphenol (2-MeO-5-MP)

(Scheme 3 and Supporting Information).

The oxidation of 3-ethyltoluene by most variants generated
a mixture of two major products (Scheme 3 and Fig. S13). In
agreement with the introduction of the more reactive ethyl group
in ortho substituted benzenes, one of these was identified as 1-
(3-methylphenyl)ethanol (1-(3-MP)EtOH; NMR in the Supporting
Information). The RLYF/A330P variant oxidised this substrate
more selectively generating 92% of the second unidentified
product (Fig. S14). This metabolite was isolated using this
variant and characterised as 4-methyl-2-ethylphenol (4-Me-2-
EtP) by matching the NMR with that reported in the literature
(Supporting Information).?® The enantioselectivity of the 1-(3-
MP)EtOH product was determined and in most instances a small
preference for one enantiomer was observed. The highest
selectivity was in the RLYF/I401P turnover which showed an ee
of 46% (Table S1 and Fig. S15).

Discussion

The product formation rates were higher for the disubstituted
benzenes than the monosubstituted toluene and anisole. The
epoxidation of 2-methylstyrene occurred at a lower activity
compared to the hydroxylation of the other substrates which
agrees with previous results comparing the oxidation of styrenes
and alkylbenzenes with CYP102A1 variants.”™ The more rigid
planar nature of the vinyl substituent may orientate the molecule
in a less favourable location for oxidation as reflected by the
lower coupling efficiencies observed despite the higher reactivity
of alkenes versus alkyl groups. The coupling efficiency and the
product formation rates were improved for variants containing
the RLYF mutations. This can be attributed to the improved
uptake of

small hydrophobic substrates into the active site compared to
KT2 and WT CYP102AL1. In addition there may be less water in
the active site of the RLYF variants. All of the RLYF/I401P, R19
and KT2 variants acted as generic accelerators, which improved
the activity while leaving the product distribution relatively
unchanged. RLYF/I401P altered the enantioselectivity of
hydroxylation and epoxidation suggesting the orientation of the
substrate in the active site has been changed in this variant. Due
to the presence of an active site mutation RLYF/A330P altered
the selectivity of the substrate oxidation reactions. The most
dramatic example of this being the selective formation of 4-
methyl-2-ethylphenol from 3-ethyltoluene.
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Substituents of different size, reactivity and electronic
properties, as well as the relative positions of these groups, had
an effect on the product profiles observed. The oxidation of the
majority of the toluenes and anisoles by all the variants showed
clear preferences for hydroxylation at the C-H bond next to a
methyl or methoxy group. This implied that a methyl or methoxy
Scheme 4 a) Potential pathways for 2-X-6-MP formation via the ring opening
of an epoxide intermediate and shift of the methyl group. Ring opening of the
epoxide which resides between the two substituents results in two zwitterionic
intermediates. One of these intermediates is stabilised relative to the other by
resonance due to the delocalisation of the lone pair of the bromo or chloro
substituent (Scheme 4). The positive charge can reside on the electronegative
halogen, providing the stabilisation. This pathway is not stabilised by induction
but the resonance effect may provide a more significant impact on product
formation and so this pathway, which requires the shift of the methyl group
rather than the halogen, may be more likely. b) One potential route to 2-X-6-
MP via the alternative sigma bonded cation complex mechanism of Shaik.

group was being sequestered in the active site such that the
adjacent aromatic C-H bond was best poised for oxidation by
the enzyme.

(0] OH
X
 —

2-X-6-MP
X =BrorCl

The product distributions arising from the turnover of 2-
chlorotoluene and 2-bromotoluene were similar as were the
product formation activities and coupling efficiencies both of
which were higher than that of o-xylene. The major metabolite
generated with each of these substrates is the benzyl alcohol
(except with the RLYF/A330P variant). This suggests that the
orientation of these substrates in the active site would be
expected to be analogous to that of o-xylene with one
substituent sequestered in the active site, such that the adjacent
one is oxidised. The selectivity and improved coupling efficiency
indicated that the chloro or bromo substituents may be
preferably sequestered positioning the methyl group for benzylic
oxidation. Hydroxylation also occurred at each position around
the aromatic ring generating a wide range of metabolites in good
yield suggesting the substrate is mobile or that multiple binding
orientations are possible.

The rationalisation for the formation of the observed
products appears to be satisfied by the aromatic epoxidation
mechanism and the products which form are in line with the ring
opened intermediates that are stabilised by resonance effects
(Scheme. S1-3). The o-cation complex mechanism could also
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be occurring and all the products observed could be generated
via this pathway."¥ In contrast to the o-xylene turnovers there
was no evidence of any product resulting from the shift of either
substituent to the adjacent carbon bonded to the second
substituent. The halide or methyl group could undergo a 1,2-shift
with the adjacent hydrogen to give 2-Cl-6-MP and 2-Br-6-MP
(Scheme S1) in a similar fashion to the migration of H in the NIH
shift mechanism of arenes. The RLYF/A330P variant could be
used to boost the amount of products which arise from
substituent migrations. Several examples of halide or methyl
group migration have been reported during the oxidation of
halobenzenes and xylenes.**® 2% The 2-X-6-MP products could
arise from the epoxide intermediate on either side of the halide
or methyl group or from the epoxide between the two
substituents (Scheme 4). Other epoxidations could ring open to
form the identical resonance stabilised intermediate which could
provide routes to 2-X-6-MP formation. However, in this case the
ring opens to form an intermediate which is stabilised by
induction only and so may not be preferred (Scheme 4).
Determining exactly which substituent is shifted to give products
such as 2-X-6-MP is not possible from these experiments.

The oxidation of 2-methoxytoluene by the CYP102A1l
variants showed significant differences to the other ortho-
substituted substrates. There was no oxidative demethylation or
benzyl alcohol formation observed suggesting sequestration of
the methyl substituent does not result in attack at the ortho
methoxy group or vice versa. In addition no phenol oxidation
product ortho to the methyl group was formed. We cannot rule
out that the positioning of this substrate in the active site is
significantly different compared to 2-ethyltoluene, o-xylene and
the halogenated toluenes. The two phenol products which were
observed, 2-MeO-3-MP and 4-MeO-3-MP, could arise from the
pathways of aromatic oxidation which pass through ring opened
intermediates that are resonance stabilised by the delocalised
negative charge introduced by the methoxy group (Scheme S2).
The major product arose from hydroxylation para to the methoxy
group which is analogous to the selectivity of anisole oxidation
by xenobiotic oxidizing P450s.

The dominant products of 2-ethyltoluene and 1-bromo-2-
ethylbenzene oxidation arose from benzylic hydroxylation of the
ethyl group. The coupling efficiency for the 2-ethyltoluene
substrate was high across each variant, indicating that the
substrate is well positioned for oxidation. The methyl group of 2-
ethylbenzene may be sequestered in the active site such that
the benzylic position in the ethyl group is placed best for
hydroxylation. The coupling efficiency of 2-ethyltoluene oxidation
was significantly higher than those of 1-bromo-2-ethylbenzene
and 2-methylstyrene indicating a more favourable substrate
binding orientation in the CYP102A1 active site. Intriguingly 3-
ethyltoluene resulted in a mixture of two major products
including 4-methyl-2-ethylphenol. This indicates that the meta
substituted substrate must be positioned in the active site in
different orientations than the ortho substituted equivalent.

One of the minor products of the 2-ethyltoluene was
assigned as the dearomatisation product 6-E-6-MCHD. It has
been shown that the epoxide which results in the formation of
the dearomatisation products could be expanded to generate the
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oxepin, in this case, 2-E-7-MOx (Fig. S5). Oxepin formation has
been previously detected by a bacterial P450-catalysed
oxidation of tert-butylbenzene but we found no evidence for the
oxepin in this work. None was reported in the oxidation of o-
xylene.'2 3% The stability of the oxepin has been shown to vary
depending on the solvent and other conditions.®® The different
sterics of methyl and ethyl versus t-butyl substituents may also
alter the stability of the different products and intermediates.
Whether the methyl or ethyl group or a mixture of both shift
remains to be determined.

In the turnovers of 3-bromotoluene and 3-methoxytoluene
all the variants were highly selective for the formation of 4-Br-2-
MP and 4-MeO-2-MP, respectively. In both the hydroxyl group is
installed ortho to the methyl substituent (Scheme S3). The
formation of 2-MeO-5-MP requires the shift of the methoxy
group to place it para to the methyl group and no equivalent shift
occurred in the 3-bromotoluene or 3-ethyltoluene turnovers. 3-
BrBA was generated in small quantities with 3-bromotoluene.
The shift of a methoxy substituent in the turnover of 3-
methoxytoluene to generate 2-methoxy-5-methylphenol was
also not observed for 2-methoxytoluene. The selectivity of the
turnovers with the meta-substituted toluenes for the major
product was greater than their ortho counterparts. All of this
implies that the orientations of significantly different substituted
benzene substrates in the enzyme active site are not the same
but that molecules of similar size and shape give rise to products
which are hydroxylated at the same relative position.

Compared to mammalian enzymes CYP102A1 oxidation of
toluene based substrates gives rise to lower benzylic oxidation
with increased hydroxylation ortho to the methyl group. In
general for both bacterial and mammalian enzyme styrene
epoxidation and benzylic oxidation of ethyl substituents bestows
the major products. Importantly methyl and halogen migrations
have both been reported previously with mammalian P450s and
have now been shown to occur with CYP102A1. The more open
nature and larger size of the active site of the mammalian
enzymes presumably favours oxidation at more reactive sites of
the substrate. The narrower active site of CYP102A1 enables
the alkylbenzene molecules to be orientated to allow oxidation at
less reactive C—H bonds. The most striking example being the
oxidation of 3-ethyltoluene to 4-methyl-2-ethylphenol by the
RLYFAP mutant despite the presence of an ethyl group in the
substrate.

Conclusions

Increasing the number of substituents and their properties as
well as modifying their relative positions has a significant impact
on the regioselectivity of CYP102A1 catalysed oxidation of
substituted benzenes. The variants used all generated increased
levels of product compared to the WT enzyme with those
containing the RLYF mutations being the most successful at
improving the product formation activity (500 to 1600 min™). This
resulted in the generation of the metabolites in significantly
higher vyields allowing facile characterisation. RLYF/A330P
provided different product distributions to the other enzymes, the
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most striking example being the switch in selectivity with 3-
ethyltoluene to generate a single major product, 4-methyl-2-
ethylbenzene at high activity, > 650 min™, despite the presence
of the more reactive benzylic C-H bonds. In addition the major
product from the 2-chlorotoluene oxidation by this mutant
involves a shift of one of the substituents to generate 2-chloro-6-
methylphenol. The presence of an ortho-ethyl substituent
markedly improved the selectivity for oxidation at the reactive
benzylic methylene. Epoxidation of alkenes was also preferred
though the activity of this reaction was lower. The electron
donating methoxy group had a significant impact on the
selectivity of oxidation. The ortho substituted halotoluenes
generated many products including a significant proportion from
the migration of one or more substituents. The results presented
here provide an insight as to how CYP102A1l variants may be
used to generate metabolites of xenobiotic detoxification. The
substituent shifts in the CYP102A1 oxidations is an important
observation. The design and testing of a wider range of
substrates in which the relative position, size and electronic
properties of the substituents are varied would assist in P450
mechanism interrogation.

Experimental Section
General

Reagents and organic substrates were from Sigma-Aldrich, TCI,
Fluorochem, VWR or Enamine. Buffer components, NADPH and
isopropyl-B-D-thiogalactopyranoside (IPTG) were from Astral Scientific,
Australia. UV/Vis spectra and spectroscopic activity assays were
recorded at 30 + 0.5 °C on an Agilent CARY-60 or Varian CARY-5000
spectrophotometer. Gas Chromatography-Mass Spectrometry (GC-MS)
data were collected on a Shimadzu GC-17A using a QP5050A GC-MS
detector and a DB-5 MS fused silica column (30 m x 0.25 mm, 0.25 um).
The injector and interface were maintained at 250 °C and 280 °C,
respectively. GC and chiral analysis were performed with a Shimadzu
Tracera GC coupled to a barrier discharge ionization detector (BID)
detector using a Supelcowax column (30 m x 0.32 mm, 0.25 um) or RT-
BDEXse chiral silica column (Restek: 30 m x 0.32 mm, 0.25 pm),
respectively. In all instances helium was used as the carrier gas.

Cloning, expression and purification

Plasmids (pET28 based; Merck Millipore) containing the relevant
CYP102A1 gene were transformed into Escherichia coli strain
BL21(DE3) and the transformed cells were cultured in 2xYT medium at
37 °C with 30 pg mL™ kanamycin.*¥ When the ODggo of the culture
reached 0.6 - 0.8 the temperature was reduced to 20 °C, 0.5 mM IPTG, 3
mL L of trace elements solution was added (trace elements solution per
litre; 0.74 g CaCl,-H,0, 0.18 g ZnS0O,4-7H,0, 0.132 g MnSO,-4H,0, 20.1
g Na;EDTA, 16.7 g FeCl3:6H,O, 0.10 g CuSO45H,0, 0.25 g
CoCl,-6H,0). After further growth for 18 hours at 20 °C, cells were
harvested by centrifugation, resuspended in 40 mM potassium
phosphate, pH 7.4, 1 mM in dithiothreitol (buffer P) and lysed by
sonication on ice (forty cycles of 20 s with a minute between each cycle).
The crude extracts were then centrifuged at 37000 g for 25 min at 4 °C to
remove the cell debris. The supernatant was loaded onto a GE-
Healthcare DEAE fast-flow Sepharose column (200 x 50 mm) pre-
equilibrated with buffer P from which the protein was eluted using a linear
gradient of 80 - 400 mM ammonium sulphate in buffer P. The red P450
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containing fractions were collected and concentrated by ultrafiltration,
desalted using a Sephadex G-25 column pre-equilibrated with buffer P,
and re-concentrated by ultrafiltration. The solution was centrifuged at
7000 g for 10 min at 4 °C before FPLC anion-exchange purification on an
GE-Healthcare Source 15Q column (120 x 26 mm) using a linear
gradient of 0 - 30% 16 x phosphate buffer. Fractions containing P450
were collected, concentrated by ultrafiltration and filter sterilised before
being stored at —20 °C in 50% (v/v) glycerol. Glycerol and salts were
removed from proteins immediately prior to experiments using a GE
Healthcare 5 mL PD-10 desalting column pre-equilibrated with 50 mM
Tris buffer, pH 7.4.

NADPH turnover rate determinations

NADPH turnovers were run in 1200 pL of 50 mM oxygenated Tris, pH 7.4
at 30 °C, containing 0.2 yM enzyme and 125 ug bovine liver catalase.
Assays were held at 30 °C for 1 min prior to NADPH addition as a 20 mg
mL™ stock to a final concentration of ~320 uM (equivalent to 2 AU). A
period of ten seconds was allowed to elapse after NADPH addition
before the absorbance decay at 340 nm was measured. Finally 1 mM
substrate added as a 100 mM stock in DMSO or EtOH. The NADPH
consumption rate was derived using €340 = 6.22 mM™t ecm™. All data are
reported as the mean of at least three experiments.

Product analysis

Where authentic product standards were available they were utilised for
identification purposes via HPLC and GC coelution experiments and
analysis of the MS fragmentation pattern. The epoxide product of 2-
methylstyrene was generated by adding the substrate (5 mmol) to a
solution of MCPBA (3.4 mg, 10 mmol) in acetonitrile (1 mL) and this
mixture was used for coelution experiments. 2-Methoxy-3-methylphenol
was synthesised by following a literature procedure; 2-methoxytoluene
(125 mg, 1 mmol) was added to a solution of hydrogen peroxide (30%, 2
mL) in glacial acetic acid (10 mL). The reaction was monitored by GC-MS
after adding the mixture (1 mL aliquots) into water and extraction into
ethyl acetate.® 1-(2-Methylphenyl)ethanol was synthesised by dropwise
addition of sodium borohydride (20 mg, 0.5 mmol) in water (5 mL) to a
stirring solution of 2'-methylacetophenone (67 mg, 0.5 mmol) in
acetonitrile (5 mL). The reactions were monitored by GC-MS.

After the NADPH consumption assays or whole-cell incubations had
finished 990 pL of the reaction mixture was mixed with 10 yL of an
internal standard solution (p-cresol or trans-4-phenyl-3-buten-2-one, 20
mM stock solution). The mixture was extracted with 400 pL of ethyl
acetate and the organic extracts were used directly for GC-MS analysis.
The oven temperature was held at 80 °C for 3 min and then increased at
7 °C min~* up to 220 °C were it was held for 3 min. Metabolite yields were
calculated using calibration of authentic samples and by making the
assumption that isomeric mono-oxygenated products would give
comparable responses (Table S2). Samples containing a range of
concentrations of the chosen product including internal standard in 50
mM Tris, pH 7.4 were extracted as above. The integrated peak areas
were expressed as ratios of the internal standard peak area and plotted
against product concentration.

Where HPLC analysis was required the organic solvent was removed
under a stream of nitrogen before resuspending in acetonitrile/water.
HPLC was performed using an Agilent 1260 Infinity pump equipped with
an Agilent Eclipse Plus C18 column (250 mm x 4.6 mm, 5 pm), an
autoinjector and UV detector. A gradient, 20 - 95 %, of acetonitrile (with
trifluoroacetic acid, 0.1 %) in water (TFA, 0.1 %) applied at 1 ml min™
was used. Samples were identified via coelution experiments. The GC
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and HPLC retention times of the substrate and products are given in the
supporting information.

Whole-cell oxidations and product characterisation

For whole-cell oxidation turnovers the required CYP102A1l gene was
produced as described above in 200 ml of media. The cell pellet was
harvested and resuspended in 200 mL of E. coli minimal media (EMM;
KoHPO4, 7 g, KH2PO4, 3 g, Nascitrate, 0.5 g, (NH4)2SO4, 1 g, MgSQOy4, 0.1
g, 20% glucose, 20 mL and glycerol, 1% v/v per litre), each in a 2 L
baffled flask.®? Substrate (a 1 mM aliquot) was added to each flask and
shaken (180 rpm, 30 °C). Three further additions of substrate (1 mM)
were made every 2 hours before leaving the cultures to shake overnight.
During the incubation 1 mL of culture was removed for GC-MS analysis
to monitor the reaction.

The supernatant was extracted in ethylacetate (3 x 100 mL), washed with
brine (100 mL) and dried with magnesium sulphate and the organic
extracts were pooled and the solvent was removed by vacuum distillation
and then under a stream of nitrogen. The products were purified using
silica gel chromatography using a hexane/ethyl acetate stepwise gradient
ranging from 4:1 to 3:2 hexane to ethyl acetate using 5 % increases
every 50 mL. The composition of the fractions was assessed by TLC and
GCMS and those containing single products (=95 %) were combined for
characterisation. The solvent was removed under reduced pressure and
the purified product was dissolved in CDClI; for characterisation by NMR
spectroscopy and GCMS. NMR spectra were acquired on a Varian Unity-
plus spectrometer operating at 500 MHz for *H and 126 MHz for *C. A
combination of 'H, *C, COSY and HSQC experiments was used to
determine the structures of the products.

Acknowledgements

S.G.B. acknowledges the ARC for a Future Fellowship
(FT140100355). The authors also thank the University of
Adelaide for M. Phil Scholarships (for S.D.M. and I.C.K.L) and
an International Postgraduate Award (for S.D.). The authors
thank Prof. Luet-Lok Wong (University of Oxford, UK) for the
gene constructs of the CYP102A1 variants.

Keywords: biocatalysis * enzyme catalysis ¢ aromatic
hydroxylation * epoxidation ¢ regioselective

[1] @) P. R. Ortiz de Montellano, Chem. Rev. 2010, 110, 932-948; b) T. L.
Poulos, Chem. Rev. 2014, 114, 3919-3962; c) A. Sigel, H. Sigel and R. Sigel,
The Ubiquitous Roles of Cytochrome P450 Proteins, John Wiley & Sons,
Weinheim, 2007, p; d) J. Rittle and M. T. Green, Science 2010, 330, 933-937;
e) M. Asaka and H. Fuijii, J. Am. Chem. Soc. 2016, 138, 8048-8051; f) J. W.
Daly, D. M. Jerina and B. Witkop, Experientia 1972, 28, 1129-1149; g) S. P. de
Visser and S. Shaik, J. Am. Chem. Soc. 2003, 125, 7413-7424; h) S. Shaik, D.
Kumar, S. P. de Visser, A. Altun and W. Thiel, Chem. Rev. 2005, 105, 2279-
2328; i) S. Shaik, S. Cohen, Y. Wang, H. Chen, D. Kumar and W. Thiel,
Chem. Rev. 2010, 110, 949-1017.

[2] P. R. Ortiz de Montellano in Cytochrome P450: Structure, Mechanism, and
Biochemistry Vol. Springer International Publishing, Switzerland, 2015.

[3] F. P. Guengerich in Drug Metabolism as Catalyzed by Human Cytochrome
P450 Systems, Eds.: A. Sigel, H. Sigel and R. Sigel), John Wiley & Sons,
Weinheim, 2007, pp. 561-589.

[4] a) C. M. Krest, E. L. Onderko, T. H. Yosca, J. C. Calixto, R. F. Karp, J.
Livada, J. Rittle and M. T. Green, J. Biol. Chem. 2013, 288, 17074-17081; b)
T. H. Yosca, J. Rittle, C. M. Krest, E. L. Onderko, A. Silakov, J. C. Calixto, R.
K. Behan and M. T. Green, Science 2013, 342, 825-829.

WILEY-VCH

[5] C. J. Whitehouse, S. G. Bell and L. L. Wong, Chem. Soc. Rev. 2012, 41,
1218-1260.

[6] @) L. O. Narhi and A. J. Fulco, J. Biol. Chem. 1987, 262, 6683-6690; b) R.
T. Ruettinger, L. P. Wen and A. J. Fulco, J. Biol. Chem. 1989, 264, 10987-
10995.

[7] @) S. Kille, F. E. Zilly, J. P. Acevedo and M. T. Reetz, Nat. Chem. 2011, 3,
738-743; b) V. B. Urlacher, S. G. Bell and L. L. Wong in The Bacterial
Cytochrome P450 Monooxygenases: P450cam and P450BM-3, Eds.: R. D.
Schmid and V. B. Urlacher), Wiley, New York, 2007, pp. 99-122; c) R. Fasan,
ACS Catalysis 2012, 2, 647-666; d) G. D. Roiban and M. T. Reetz, Chem.
Commun. 2015, 51, 2208-2224; e) S. G. Bell, N. Hoskins, C. J. C. Whitehouse
and L. L. Wong in Design and Engineering of Cytochrome P450 Systems,
Eds.: A. Sigel, H. Sigel and R. Sigel), John Wiley & Sons, Weinheim, 2007, pp.
437-476.

[8] a) A. B. Carmichael and L. L. Wong, Eur. J. Biochem. 2001, 268, 3117-
3125; b) Q. S. Li, J. Ogawa, R. D. Schmid and S. Shimizu, FEBS Lett. 2001,
508, 249-252; c) Q. S. Li, J. Ogawa, R. D. Schmid and S. Shimizu, Appl.
Environ. Microbiol. 2001, 67, 5735-5739; d) M. W. Peters, P. Meinhold, A.
Glieder and F. H. Arnold, J. Am. Chem. Soc. 2003, 125, 13442-13450; e) R. J.
Sowden, S. Yasmin, N. H. Rees, S. G. Bell and L. L. Wong, Org. Biomol.
Chem. 2005, 3, 57-64; f) W. T. Sulistyaningdyah, J. Ogawa, Q. S. Li, R.
Shinkyo, T. Sakaki, K. Inouye, R. D. Schmid and S. Shimizu, Biotechnol. Lett.
2004, 26, 1857-1860.

[9] @) P. S. Coelho, E. M. Brustad, A. Kannan and F. H. Arnold, Science 2013,
339, 307-310; b) C. C. Farwell, R. K. Zhang, J. A. Mcintosh, T. K. Hyster and
F. H. Arnold, ACS Cent. Sci. 2015, 1, 89-93; c) T. K. Hyster, C. C. Farwell, A.
R. Buller, J. A. McIntosh and F. H. Arnold, J. Am. Chem. Soc. 2014, 136,
15505-15508; d) R. Singh, M. Bordeaux and R. Fasan, ACS Catal. 2014, 4,
546-552.

[10] a) C. R. Otey, G. Bandara, J. Lalonde, K. Takahashi and F. H. Arnold,
Biotechnol. Bioeng. 2006, 93, 494-499; b) B. M. van Vugt-Lussenburg, M. C.
Damsten, D. M. Maasdijk, N. P. Vermeulen and J. N. Commandeur, Biochem.
Biophys. Res. Commun. 2006, 346, 810-818; c) D. H. Kim, K. H. Kim, D. H.
Kim, K. H. Liu, H. C. Jung, J. G. Pan and C. H. Yun, Drug Metab. Dispos.
2008, 36, 2166-2170; d) G. Di Nardo and G. Gilardi, Int. J. Mol. Sci. 2012, 13,
15901-15924; e) K. H. Kim, J. Y. Kang, D. H. Kim, S. H. Park, D. Kim, K. D.
Park, Y. J. Lee, H. C. Jung, J. G. Pan, T. Ahn and C. H. Yun, Drug Metab.
Dispos. 2011, 39, 140-150; f) S. H. Park, D. H. Kim, D. Kim, H. C. Jung, J. G.
Pan, T. Ahn and C. H. Yun, Drug Metab. Dispos. 2010, 38, 732-739; g) A. M.
Sawayama, M. M. Chen, P. Kulanthaivel, M. S. Kuo, H. Hemmerle and F. H.
Arnold, Chem. Eur. J. 2009, 15, 11723-11729; h) E. Stjernschantz, B. M. van
Vugt-Lussenburg, A. Bonifacio, S. B. de Beer, G. van der Zwan, C. Gooijer, J.
N. Commandeur, N. P. Vermeulen and C. Oostenbrink, Proteins 2008, 71,
336-352; i) B. M. Vugt-Lussenburg, E. Stjernschantz, J. Lastdrager, C.
Oostenbrink, N. P. Vermeulen and J. N. Commandeur, J. Med. Chem. 2007,
50, 455-461; j) R. Weis, M. Winkler, M. Schittmayer, S. Kambourakis, M. Vink,
J. R. Rozzell and A. Glieder, Adv. Synth. Catal. 2009, 351, 2140-2146; k) X.
Ren, J. A. Yorke, E. Taylor, T. Zhang, W. Zhou and L. L. Wong, Chemistry
2015, 21, 15039-15047; 1) G. Di Nardo, A. Fantuzzi, A. Sideri, P. Panicco, C.
Sassone, C. Giunta and G. Gilardi, .J Biol. Inorg. Chem. 2007, 12, 313-323.
[11] a) C. J. Whitehouse, N. H. Rees, S. G. Bell and L. L. Wong, Chem. Eur. J.
2011, 17, 6862-6868; b) C. J. Whitehouse, W. Yang, J. A. Yorke, B. C.
Rowlatt, A. J. Strong, C. F. Blanford, S. G. Bell, M. Bartlam, L. L. Wong and Z.
Rao, ChemBioChem 2010, 11, 2549-2556.

[12] C. J. Whitehouse, S. G. Bell and L. L. Wong, Chem. Eur. J. 2008, 14,
10905-10908.

[13] P. R. Ortiz de Montellano and S. D. Nelson, Arch. Biochem. Biophys.
2011, 507, 95-110.

[14] C. J. Whitehouse, S. G. Bell, H. G. Tufton, R. J. Kenny, L. C. Ogilvie and
L. L. Wong, Chem. Commun. 2008, 966-968.

[15] A. Dennig, N. Lulsdorf, H. Liu and U. Schwaneberg, Angew. Chem. Int.
Ed. Engl. 2013, 52, 8459-8462.

[16] D. A. Rock, A. E. Boitano, J. L. Wahlstrom, D. A. Rock and J. P. Jones,
Bioorg. Chem. 2002, 30, 107-118.

[17] @) A. Dennig, J. Marienhagen, A. J. Ruff, L. Guddat and U. Schwaneberg,
ChemCatChem 2012, 4, 771-773; b) S. D. Munday, O. Shoji, Y. Watanabe, L.
L. Wong and S. G. Bell, Chem. Commun. 2016, 52, 1036-1039.

[18] a) C. Sams, G. D. Loizou, J. Cocker and M. S. Lennard, Toxicol. Lett.
2004, 147, 253-260; b) M. A. Wenker, S. Kezic, A. C. Monster and F. A. De
Wolff, Xenobiotica 2001, 31, 61-72; c) W. Tassaneeyakul, D. J. Birkett, J. W.
Edwards, M. E. Veronese, W. Tassaneeyakul, R. H. Tukey and J. O. Miners,
J. Pharmacol. Exp. Ther. 1996, 276, 101-108; d) M. Fay, C. Eisenmann, S.
Diwan and C. de Rosa, Toxicol. Ind. Health. 1998, 14, 571-781; e) J. Daly,
Biochem. Pharmacol. 1970, 19, 2979-2993; f) P. E. Weller, N. Narasimhan, J.
A. Buben and R. P. Hanzlik, Drug Metab. Dispos. 1988, 16, 232-237.

[19] a) H. Sakurai and M. Kito, Chem. Pharm. Bull. (Tokyo) 1977, 25, 2330-
2335; b) W. Dunges, Nat. New. Biol. 1973, 243, 60-61; c) J. Koerts, A. E.
Soffers, J. Vervoort, A. De Jager and |. M. Rietjens, Chem. Res. Toxicol. 1998,
11, 503-512; d) J. J. Bogaards, B. van Ommen, C. R. Wolf and P. J. van

This article is protected by copyright. All rights reserved



Bladeren, Toxicol. Appl. Pharmacol. 1995, 132, 44-52; e) D. M. Jerina, N.
Kaubisch and J. W. Daly, Proc. Natl. Acad. Sci. U. S. A. 1971, 68, 2545-2548.

[20] S. D. Munday, S. Dezvarei and S. G. Bell, ChemCatChem 2016, 8, 2789-
2796.

[21] R. P. Hanzlik and K. H. J. Ling, J. Am. Chem. Soc. 1993, 115, 9363-9370.
[22] a) C. J. Whitehouse, S. G. Bell, W. Yang, J. A. Yorke, C. F. Blanford, A. J.
Strong, E. J. Morse, M. Bartlam, Z. Rao and L. L. Wong, ChemBioChem 2009,
10, 1654-1656; b) C. J. Whitehouse, W. Yang, J. A. Yorke, H. G. Tufton, L. C.
QOgilvie, S. G. Bell, W. Zhou, M. Bartlam, Z. Rao and L. L. Wong, Dalton Trans.
2011, 40, 10383-10396.

[23] D. C. Haines, D. R. Tomchick, M. Machius and J. A. Peterson,
Biochemistry 2001, 40, 13456-13465.

[24] I. F. Sevrioukova, H. Li, H. Zhang, J. A. Peterson and T. L. Poulos, Proc.
Natl. Acad. Sci. U S A 1999, 96, 1863-1868.

[25] K. R. Korzekwa, D. C. Swinney and W. F. Trager, Biochemistry 1989, 28,
9019-9027.

WILEY-VCH

[26] O. Shaji, T. Kunimatsu, N. Kawakami and Y. Watanabe, Angew. Chem.
Int. Ed. Engl. 2013, 52, 6606-6610.

[27] J. C. Hackett, T. T. Sanan and C. M. Hadad, Biochemistry 2007, 46,
5924-5940.

[28] A. Fischer and G. N. Henderson, Can. J. Chem. 1981, 59, 2314-2327.
[29] C. den Besten, M. Ellenbroek, M. A. van der Ree, I. M. Rietjens and P. J.
van Bladeren, Chem. Biol. Interact. 1992, 84, 259-275.

[30] J. E. Stok, S. Chow, E. H. Krenske, C. Farfan Soto, C. Matyas, R. A.
Poirier, C. M. Williams and J. J. De Voss, Chemistry 2016, 22, 4408-4412.

[31] H. Orita, M. Shimizu, T. Hayakawa and K. Takehira, Bull. Chem. Soc.
Jap. 1989, 62, 1652-1657.

[32] S. G. Bell, C. F. Harford-Cross and L.-L. Wong, Protein Eng. 2001, 14,
797-802.

This article is protected by copyright. All rights reserved



Entry for the Table of Contents

FULL PAPER

Cytochrome P450 CYP102A1
(P450Bm3) variants were used to
characterise the products arising
from the oxidation of ortho and meta
disubstituted benzenes. Highlights
include selective formation of 4-
methyl-2-ethylphenol from 3-
ethyltoluene. Products arising from
migration of substituents including
the dearomatisation product 6-ethyl-
6-methylcyclohex-2,4-dienone from
2-ethyltoluene were also identified.

X X
Ho©/ :1: CH,0H

L
o,

OH

X=Clor Br

Shhe]
=

Y /Z' CYP102A1

X variants
« \ PFR 500

to 1600 min™!

[

_OMe|
HO: : |

Wl |

WILEY-VCH

Samuel D. Munday, Shaghayegh
Dezvarei, lan C.-K. Lau and Dr.
Stephen G. Bell’

Page No. — Page No.

Examination of Selectivity in the
Oxidation of ortho- and meta-
Disubstituted Benzenes by
CYP102A1 (P450Bm3) Variants

This article is protected by copyright. All rights reserved





