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The evolution of CYP102A1 variants with enhanced activity and
altered specificity characteristics.

Cytochrome P450 (CYP) monooxygenases have a number of
physiological roles including the biosynthesis of endogenous
compounds and secondary metabolites, and the metabolism of
drugs and xenobiotics.!? They typically catalyse the insertion
of an oxygen atom from atmospheric dioxygen into the C—H
bonds of a variety of organic compound types, with potential
applications that include the synthesis of fine chemicals and
the preparation of drug metabolites. CYP102A1 (P450pMs3)
from Bacillus megaterium, a fatty acid hydroxylase,® is one of
the more extensively researched and engineered members of
the CYP superfamily. The wild-type enzyme (WT) turns over
most substrates other than fatty acids at desultory rates. Site-
specific mutagenesis and directed evolution have been em-
ployed, both separately and in tandem, to improve activity
towards aromatics,>® alkanes”® and also pharmaceuticals,9 a
number of which are accepted as substrates by WT.!© The
challenge of selectivity control has also been addressed, and
compounds not produced by WT have been successfully
targeted.!! Various screening procedures have been developed
for directed evolution.'? Indigo formation via indole oxida-
tion,'* one of the simplest, was first used in CYP102A1 to
monitor saturation mutagenesis at specific sites.'* By applying
it as a preliminary activity screen and then sub-screening in
vivo for selectivity as well as activity, we have been able to
identify new variants with much enhanced activity (Fig. 1),
two of which also have the ability to alter product profiles.
Error-prone PCR was carried out on the full haem domain-
coding regions of the wild-type CYP102A1 gene and mutant
F87A. Indigo formation provided a simple assay for identify-
ing variants with improved performance potential. These were
subjected to gene shuffling and a second round of indigo
screening. Those that gave rise to blue colonies were assayed
in vivo for naphthalene and propylbenzene oxidation activity.
Product selectivity was also monitored. Four of the most
promising were purified: A330P, a single mutation variant;
A191T/N239H/1259V/A276T/L3531 (KT2); F87A/H171L/
Q307H/N319Y (KSK19); and F87A/A330P/E377A/D425N
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(KT5). All showed good stability characteristics, with little
or no activity loss after fifteen months’ storage at —20 °C.
Naphthalene and propylbenzene were again used to assess the
purified enzymes in vitro. WT, the F87A mutant and the highly
active A74G/F87V/L188Q (GVQ) variant developed by
Schmid and co-workers'* were also tested as benchmarks.

All four new variants enhanced the product formation rate
(PFR) of the wild-type enzyme with naphthalene® (3.1 nmol
min~! (nmol P450)~'—henceforth abbreviated to min ') by at
least an order of magnitude, A330P being the most effective at
155 min~' (Table 1). In all cases 1-naphthol was the only GC-
detectible product. WT was more active towards propylben-
zene'® at 615 min~', with 71% coupling of NADPH con-
sumption to product formation, but the new variants again
gave higher PFRs, KT2 being the fastest at 2205 min ™'
(Table 1). WT and KT2 yielded ~99% 1-phenyl-1-propanol,
but the other new variants directed oxidation away from the
benzylic position. A330P gave 30% o-propylphenol, while
variant KT5, in which mutations F87A and A330P occur in
combination, gave 78% 1-phenyl-2-propanol, leveraging the
selectivity bias of mutation F87A, which formed 53%
1-phenyl-2-propanol when acting alone (Fig. 2). Changes in
haem spin state on substrate addition were determined for
these and other substrates but generally correlated poorly with
NADPH rates (Tables 1, S3 and S5+).

The R47L/YS51F (RLYF) couplet, which is known to
increase CYP102A1 activity towards several substrates,>!®
was then incorporated into variants A330P and KT2. In both
cases NADPH consumption rates were further enhanced.
With naphthalene, RLYF/A330P gave a PFR of 666 min~',
the highest observed, while RLYF/KT2 gave the highest rate
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Fig. 1 Invitro activity of CYP102A1 variants with various substrates.
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Table 1 In vitro activity, selectivity and spin shifts of CYP102A1 and variants with naphthalene and propylbenzene”

Naphthalene Propylbenzene®

Spin shift NADPH Spin shift NADPH l-ol 2-ol  Phenol

(%) rate PFR  C (%) (%) rate PFR C (%) (%) (%) (%)
WT and generic accelerators
WT 10 80 3.1 3.9 10 866 615 71 99 — 1
R47L/YS51F (RLYF) 5 166 32 19 5 2157 1682 78 99 1 —
KT2 20 490 113 23 25 2756 2205 80 98 1 1
RLYF/KT2 15 1306 496 38 15 3126 2688 86 99 — —
Phe87 variants
F87A 10 106 5.5 5.2 20 670 248 37 46 53 —
F87A/KT2 10 370 32 8.7 30 1664 566 34 54 45 —
KSK19 20 511 56 11 40 2079 1081 52 53 46 —
KTS 35 567 31 5.5 40 1062 701 66 20 78 —
GVQ 20 2116 487 23 30 3172 1015 32 77 14 8
A330P variants
A330P <5 483 155 32 <5 1810 706 39 68 2 30
RLYF/A330P 5 1306 666 51 5 2497 674 27 65 5 30¢

“ Rates in nmol min~' (nmol P450)~". C = coupling (total product formation as % of NADPH consumption). Percentages do not always sum to
100 on account of minority products. 1-Naphthol was the only GC-detectible product formed in naphthalene turnovers. Means of at least three
turnovers to within +10%. ® Products were 1-phenyl-1-propanol (1-ol), 1-phenyl-2-propanol (2-ol) and o-propylphenol (Phenol). ¢ Includes 7%

p-propylphenol.

with propylbenzene at 2688 min~'. This approaches the rate
reported for WT with fatty acid substrates (3200 min~")."”
Product profiles were little altered relative to the first genera-
tion variants, though RLYF/A330P gave some p-propylphe-
nol. KT2 was also combined with mutation F87A to give a
second generation variant capable of offering F87A-directed
product profiles at higher rates (Table 1).

The range of regioselective outcomes obtained in propyl-
benzene turnovers led us to investigate other alkylbenzenes.
The naturally occurring hydrocarbon, p-cymene is one of the
more interesting as it is a precursor to four distinct flavouring
compounds. WT (PFR 168 min~') gave predominantly p,o.,o-
trimethylbenzyl alcohol, along with small quantities of the two
possible aromatic hydroxylation products, thymol (3%) and
carvacrol (7%), and just 2% 4-isopropylbenzyl alcohol (Table
S3+). Variant A330P, by contrast, yielded 19% thymol, 16%
carvacrol and 19% 4-isopropylbenzyl alcohol. The new var-
iants also enhanced activity, with KSK19 giving a PFR of
1442 min~! (Fig. 1). A more dramatic selectivity shift was
observed with toluene, KTS yielding 95% benzyl alcohol and
just 5% o-cresol where WT gave almost exclusively o-cresol
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Fig. 2 Gas chromatography analysis of propylbenzene oxidation.

(98%) (Table S4, Fig. Slat). Variant RLYF/A330P also gave
98% o-cresol, but at a PFR of 189 min™" versus 2.7 min~"' for
WT, coupling efficiency rising from 9.4% to 52%.

Although the new variants were selected on the basis of
their affinity for aromatic substrates, KT2 and A330P also
displayed high activity levels with pentane, particularly in
combination with RLYF. RLYF/KT2 and RLYF/A330P
gave NADPH rates of 2010 min~' and 1766 min™", respec-
tively, with 60% and 67% coupling versus 74 min~' and 21%
for WT (Table S5t). The GVQ variant also gave a rapid
NADPH rate (2107 min~"), though with coupling of just 28%.
An NADPH turnover rate of 3250 min~' with pentane has
been reported by Arnold and co-workers for variant 139-3,
though no PFR data are available.'® A330P variants did not
show altered pentane product profiles relative to WT, but
selectivity shifts were observed with octane, A330P giving 53%
2-octanol versus 15% for WT, which yielded primarily 3-
and 4-octanol (Table S6, Fig. S1bf). An identical level of
2-octanol formation (53%) was reported for variant 9-10A, a
derivative of 139-3, rising to 89% when three additional
mutations (V78F, A82S and A328F) were designed into
the active site.”"”

KT2 thus increased NADPH consumption rates and cou-
pling relative to WT across a range of non-natural substrates
while leaving product profiles almost unaltered. F87A/KT2
and KSK19 displayed the same pattern of behaviour relative
to base mutation F87A, increasing PFRs while giving F87A-
like product distributions. The mutations comprising KT2 and
F87A-free KSK19 may therefore be classified as generic rate
accelerators for the substrates studied. KSK19 is generally
more active than F87A/KT2, implying that its F87A-free
derivative may prove more potent than KT2. The mutated
residues in KT2 and KSK19 are all outside the active site
(Fig. 3),%° though Leu353 lies next to a substrate access
channel residue, Met354, while Alal91 is close to the channel
entrance.”’ KT2 mutations N239H and 1259V have been
reported previously.?>*?
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Fig. 3 The locations of the mutation sites.?

Variant A330P displayed more complex behaviour, always
enhancing NADPH rates, but coupling significantly better
than WT with certain substrates and less well with others.
Though not part of the active site, this mutation frequently
altered selectivity patterns, generally in a different sense to
F87A. When in combination with F87A, however (as in KT5),
rather than giving A330P-like product profiles it gave F87A-
like profiles with selectivity shifts that exceeded those given by
other F87A variants. The crystal structure of the A330P haem
domain may help to elucidate the structural consequences of
introducing a proline residue directly next to Pro329, a sub-
strate access channel residue. It will be interesting to explore
the effect of alternative substitutions at Ala330, and to estab-
lish how A330P combines with selectivity-directing mutations
such as A264G, 1263A, A82L and A328V.>7>*

In summary, our screening protocol located CYP102A1
variants with significantly enhanced activity levels across an
array of substrates. Typically, they improved coupling
efficiencies and also combined well with site-specific muta-
tions, attributes not shared by all activity-enhancing muta-
tions.* The amino acid substitutions involved showed little
overlap with those discovered using other methods, suggesting
that directed evolution, as applied to CYP102A1, has yet to
exhaust its potential. The new variants should make good
starting-points for further protein evolution studies. A330P,
with its striking selectivity characteristics and enhanced pro-
duct formation rates, could be particularly useful in the pur-
suit of altered product profiles, e.g. in the development of
phenol-forming variants® or terminal alkane oxidases.?® The
unusual selectivity patterns displayed by KT5 suggest that the
F87A/A330P couplet could also make a promising evolution-
ary platform.

This work was supported by the EPSRC and BBSRC, UK
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