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Desaturation of Alkylbenzenes by Cytochrome P4503,,; (CYP102A1)

Christopher J. C. Whitehouse, Stephen G. Bell, and Luet-Lok Wong*!*!

Cytochrome P450 monooxygenases catalyse the oxidation
of a broad array of endogenous and exogenous organic sub-
strates, typically inserting an oxygen atom from atmospheric
dioxygen into a carbon—hydrogen bond to give the corre-
sponding alcohol.l! Other known types of activity include
olefin epoxidation, carbon—carbon bond cleavage, heteroa-
tom oxidation, dealkylation and dehydrogenation across C—
O, C—N and C—C bonds.! Few examples of dehydrogena-
tion by bacterial P450 systems have been reported.
CYP102A1 (P450gy;3), a medium- to long-chain fatty acid
hydroxylase from Bacillus megaterium, has been shown to
aromatise Nifedipine by C—N dehydrogenation,””) and a
triple mutant was able to oxidise acetaminophen by C—N
and C—O dehydrogenation.! Wild-type CYP102A1 gave
0.9% C—C dehydrogenation (desaturation) with a-thujone
(Figure S1), while CYP101A1 (P450,,,) from Pseudomonas
putida gave 13.7%."! Substrates found to undergo desatura-
tion in microsomal systems include valproic and lauric
acids,®” ezlopitant® and capsaicinoids® (Figure S1). In
some cases, aromatisation or the formation of conjugated
products, such as styrenes, appeared to provide a driving
force for the reaction.” !l

Wild-type CYP102A1 (WT) monooxygenates most non-
natural substrates at nugatory rates, although directed evolu-
tion and site-specific mutagenesis may be employed to en-
hance activity.">" Introducing mutations can cause sub-
strates to bind in altered orientations, allowing different C—
H bonds to be oxidised and transforming product profiles.
During an investigation into the oxidation of p-cymene by a
family of recently reported variants,'™ we were interested to
encounter significant quantities of a product that seemed
unlikely, on the basis of its short gas chromatography (GC)
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elution time (Figure S2), to arise from monooxygenase ac-
tivity. This was in due course identified as the C—C desatura-
tion product, p,a-dimethylstyrene, using GC co-elution with
an authentic sample. Small amounts of p,a-dimethylstyrene
oxide, the further oxidation product, were also produced. In
the light of this finding, the oxidation of a series of alkylben-
zenes structurally related to p-cymene was investigated in a
search for complementary examples of desaturase activity.
In addition to WT CYP102A1, a selection of variants was
studied, with F87A/A330P/E377A/D425N (KT5)™! giving
the most striking product distributions (Figure 1, Table 1).
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Figure 1. Product distributions in the oxidation of alkylbenzenes by wild-
type CYP102A1 (WT) and variant KTS (F87A7A330P/E377A/D425N).
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Desaturation took place between the o- and -positions
of the alkyl substituents of all the substrates studied, though
to varying extents. WT gave small quantities, while higher
percentages were obtained from F87A-containing variants
such as KT5. Isopropylbenzene (cumene) gave 29 % a,f3-de-
saturation (including o-methylstyrene oxide formation) with
variant KTS, while sec-butylbenzene gave 11 %, ethylben-
zene 3% and propylbenzene just 0.7%. p-Cymene and p-
isopropylanisole gave 22 and 23 %, respectively (Tables S5
and S6). Desaturation was therefore most pronounced when
the a-carbon of the alkyl substituent was branched and the
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Table 1. Product distributions in the oxidation of alkylbenzenes by wild-
type CYP102A1 (WT) and KT5 (F87A/A330P/E377A/D425N).

% Hydroxylation

% Desaturation

a- B- Y- o- a,B-  By- oxides
propylbenzene
©1 WI 987 03 - 06 02 02 -
KT5 203 783 03 - 06 04 01
ethylbenzene
@_/ WT 9.2 - na 98 - nfa -
KT5 932 39 n/a - 29 na -
sec-butylbenzene
M WT 632 328 - .88 15 - 0.7
KT5" 305 563 11 - 79 - 32
cumene
©4< WT 818 - na 93 89 na -
KT5 679 32 n/a - 275 n/a 14
a-[D]cumene
©—<D WT 440 - nfa 475 85 n/a -
KT5 541 163 n/a - 288 mn/a 08
B-[Dg]cumene
CD;  WT 843 - n/a 88 69 mn/a -
CDh; KTS5 723 - n/a - 255 n/a 22
p-cymene
( > < WT 83.7 - n/a 104 59 n/a -
KT5 779 - n/a - 189 n/a 32

[a] Includes 0.7 % p-sec-butylphenol. [b] percentages do not sum to 100
due to a minority product. n/a=not applicable. See Tables S1-S6 for de-
tailed product profiles.

[-carbon(s) terminal. NADPH utilisation efficiencies (cou-
pling) and product formation rates (PFRs) did not appear to
be adversely affected by high desaturation levels. p-Cymene,
for example, gave a PFR of 702 nmolmin~' (nmol P450)~"
with KT5 at a coupling efficiency of 50% (Table S7). The
principal oxidation pathway was generally a-hydroxylation,
but significant levels of P-hydroxylation occurred in sub-
strates possessing a sub-terminal -carbon (e.g., 33% from
sec-butylbenzene with WT). Substrates with terminal {-
carbon atoms gave smaller quantities of [-alcohols, consis-
tent with C—H bond reactivity trends, while terminal y-alco-
hols were produced by substrates possessing a y-carbon
atom. With certain substrates, o-hydroxylation or O-deme-
thylation (Table S6) were encountered. Interestingly, trace
amounts of (3,y-desaturation were observed with propylben-
zene (though not with sec-butylbenzene). In addition to
giving higher desaturation percentages than WT across all
substrates, KT5 also gave more f-hydroxylation (e.g., 78 vs
0.3 % with propylbenzene), while WT gave more o-hydrox-
ylation than KT5 (e.g., 11 vs 0% with cumene).

The formation of - and y-alcohols indicates that the first
hydrogen abstraction by the P450 oxyferryl compound I spe-
cies can take place from the - or y-carbon of an alkyl sub-
stituent as well as from the more activated benzylic a-
carbon. Desaturation between C, and Cy could therefore be
initiated either by a- or p-abstraction (Scheme 1). Intramo-
lecular deuterium isotope effects show that the first abstrac-
tion in the desaturation of valproic acid and ezlopitant (see
Figure S1) by microsomal P450s takes place from one of the
more activated carbon atoms.*® By contrast, the desatura-
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tion of capsaicinoids is thought to be initiated by abstraction
from the less activated w-position.”’) Carbocation formation
via electron transfer from the incipient w-radical to the oxi-
dising species then occurs, followed by rearrangement to the
more stable w-1 carbocation. In principle, an analogous
mechanism could operate in CYP102A1, with successive ab-
stractions taking place from the less activated f-carbon. [3-
Abstraction followed by electron transfer would yield a (3-
cation with an intrinsic tendency to rearrange to the more
highly substituted benzylic a-cation (Scheme 1). Rearrange-
ment should be facile in cumene, where the a-carbon is ter-
tiary and the (3-carbon terminal, potentially allowing o.,f-de-
saturation to compete effectively against 3-hydroxylation as
well as a-hydroxylation. In propylbenzene, however, there
would be a limited probability of rearrangement, which
could explain the low desaturation levels observed (0.7 %
with KT5 vs 29% for cumene).
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R® R?
radical -H R! - radical
rebound Z°R? rebound
+OH" +OH"
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Scheme 1. Possible reaction pathways in the oxidation of alkylbenzenes
by CYP102A1 (R', R?, R*=H or Me).

In a search for evidence of a carbocationic rearrangement,
we investigated the oxidation of o-[D]cumene to establish
whether desaturation entailed the migration of the single a-
deuterium to the B-carbon. GC-MS analysis gave the mass
of the a-methylstyrene formed as 118.176 versus a theoreti-
cal mass for the non-deuterated product of 118.176, while
NMR spectroscopy showed the non-aromatic protons to be
in a 1:1:3 ratio, with no loss of fine structure at any of the
three resonances when compared to an authentic sample.
The absence of deuterium in the product demonstrated that
desaturation did not proceed via carbocationic rearrange-
ment with a-to-f3 proton transfer. The NADPH consumption
rates measured in these experiments were similar to those
observed with non-deuterated cumene, but coupling and
PFRs were substantially lower (Table 2). Peroxide uncou-
pling levels were unchanged, indicating that the oxidase
pathway was primarily responsible for the decrease in cou-
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pling. a-Deuteration resulted in significant levels of meta-
bolic switching. KTS gave higher f-hydroxylation levels at a
higher absolute PFR while WT gave higher o-hydroxylation
percentages, again at a higher PFR. The isotope effects ob-
served for desaturation were lower than those for a-hydrox-
ylation. These metabolic switching levels and isotopic sensi-
tivities were higher than those observed in the microsomal
P450 oxidation of monodeuterated ezlopitant®™ (Figure S1),
which has the same desaturation site structure as a-
[D]cumene. B-Deuteration of cumene had contrastingly
little impact on oxidation profiles, the only significant iso-
tope effect being that associated with the abolition of [3-hy-
droxylation in KT5.

Table 2. Product formation rates (PFRs) and isotopic sensitivities for the
oxidation of cumene (H), a-[D]cumene (a-[D]) and p-[D¢]cumene (B-
[D]) by wild-type CYP102A1 (WT) and variant KT5.

PFR PFR(H)/PFR(D)
H a-[D]  B-[D]  o-[D] B-[D]

WT

a-hydroxylation 106 26 116 4.0 0.9
B-hydroxylation - - - - -
o-hydroxylation 12 29 12 0.4 1.0
a,f-desaturation 12 5.1 10 2.3 1.2
a,pB-oxide formation - - - - -
TOTAL 130 60 138 22 0.9
coupling (%) 31 13 34

peroxide (%) 33 33 34

KT5

a-hydroxylation 189 45 217 4.2 0.9
B-hydroxylation 8.9 13 - 0.7 Inf.
o-hydroxylation - - - - -
a,p-desaturation 77 24 76 32 1.0
a,p-oxide formation 3.9 0.7 6.6 59 0.6
a,pB-desaturation 81 25 83 33 1.0
+ a,p-oxide formation

total 279 83 300 3.4 0.9
coupling [%] 37 10 41

peroxide [%] 14 14 14

Coupling =total product formation as % of NADPH consumption. Inf.=
infinite. PFRs expressed in nmolmin™' (nmol P450)~". All data are means
of at least three experiments with standard deviations <5 % of the mean.

The fact that the desaturation of cumene by CYP102A1 is
sensitive to a-deuteration but relatively insensitive to [3-
deuteration implies that the first of the two hydrogen ab-
stractions takes place predominantly from the o-carbon.!
Given that o-hydroxylation is more sensitive to o-deutera-
tion than a,p-desaturation, there could, however, be a com-
peting desaturation pathway initiated by [-abstraction. The
increased p-hydroxylation percentages given by KT5 with
most substrates suggest that the p-carbon lies closer to the
ferryl oxygen in KT5 than in WT, but the concomitantly
high desaturation yields given by KT5 do not in fact sub-
stantiate the existence of a desaturation pathway initiated
by B-abstraction, since a partition shift in favour of desatura-
tion would also be expected if the first abstraction took
place from the a-carbon. Nor is the relatively short oxyferr-
yl-C; distance in KT35 sufficient in itself to tilt the hydroxyl-
ation/desaturation partition in favour of desaturation.
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Whereas desaturation competes effectively against hydroxyl-
ation in the oxidation of cumene by KT5, hydroxylation
dominates when propylbenzene is the substrate even though
C, and C; are both accessible to the ferryl oxygen (1% de-
saturation vs 20% o-hydroxylation and 78% p-hydroxyl-
ation). Evidently, the substitution pattern at C, and C; is
critical; in this context, it is worth noting that the isopropyl
group has featured prominently among the examples of de-
saturation reported in other P450 enzymes.>*? It remains to
be established whether substitution levels influence desatu-
ration yields by retarding radical rebound, accelerating the
second hydrogen abstraction, causing substrates to orientate
differently in the active site, or by some other means. It is
also unclear at this point whether electronic effects are in-
volved. While we have demonstrated that deuterium does
not migrate to Cy during the oxidation of a-[D]cumene,
which argues against the involvement of -cation rearrange-
ment, this mechanism cannot yet be ruled out as the
Fe(OH) intermediate could capture the a-proton while in
transit to the f-carbon in preference to abstracting a second
[-proton.

In conclusion, the oxidation of alkylbenzenes, a relatively
simple class of compounds, by CYP102A1 involves a gamut
of competing P450 activity types: terminal, sub-terminal,
benzylic and aromatic hydroxylation, terminal and sub-ter-
minal desaturation, epoxidation of the resulting olefins and,
in one case, O-dealkylation (p-isopropylanisole, Table S6).
Research into alkylbenzenes with different branching struc-
tures and other compound types will be required to support
and develop the mechanistic framework outlined above. It
will be interesting, for example, to see whether natural sub-
strates, such as unsaturated fatty acids, particularly branched
fatty acids,'! are as prone to desaturation as non-natural
substrates.”'®! CYP102A1 is a convenient vehicle to explore
desaturation as it is self-sufficient and has variants that can
rapidly oxidise a wide array of non-natural substrates in
vitro. KT5 is also well suited for the study of the partition
between desaturation and w-hydroxylation,™?! as it is an
effective desaturase and also possesses some w-hydroxylase
activity. However, even the wild-type enzyme shows slight
desaturase activity with most of the substrates investigated,
suggesting that this rarely reported P450 activity type may
occur more widely than hitherto supposed.
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