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Abstract: P450pyr monooxygenase from Sphingomonas sp. HXN-200 catalysed the regio- and stereoselective
hydroxylation at a non-activated carbon atom, a useful but challenging reaction in classic chemistry, with unique
substrate specificity for a number of alicyclic compounds. New P450pyr mutants were developed by directed
evolution with improved catalytic performance, thus significantly extending the application of the P450pyr
monooxygenase family in biohydroxylation to prepare useful and valuable chiral alcohols. Directed evolution of
P450pyr created new enzymes with improved S-enantioselectivity or R-enantioselectivity for the hydroxylation
of N-benzyl pyrrolidine, enhanced regioselectivity for the hydroxylation of N-benzyl pyrrolidinone, and increased
enantioselectivity for the hydroxylation of N-benzyl piperidinone, respectively. Directed evolution of P450pyr
generated also mutants with fully altered regioselectivity (from terminal to subterminal) and newly created
excellent S-enantioselectivity for the biohydroxylation of n-octane and propylbenzene, respectively, providing
new opportunities for the regio- and enantioselective alkane functionalization. New P450pyr mutants were
engineered as the first catalyst for highly selective terminal hydroxylation of n-butanol to 1,4-butanediol. Several
novel, accurate, sensitive, simple, and HTS assays based on colorimetric or MS detection for measuring the
enantio- and/or regioselectivity of hydroxylation were developed and proven to be practical in directed evolution.
The P450pyr X-ray structure was obtained and used to guide the evolution. In silico modelling and substrate
docking provided some insight into the influence of several important amino acid mutations of the engineered
P450pyr mutants on the altered or enhanced regio- and enantioselectivity as well as new substrate acceptance.
The obtained information and knowledge is useful for further engineering of P450pyr for other hydroxylations
and oxidations.
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1. Introduction

Regio- and stereoselective hydroxyla-
tions are very important in green chemistry
as well as in chemical and pharmaceutical
synthesis.[1] Despite of some progress, this
type of reaction has been remained a chal-
lenge for classic chemistry.[2]Alternatively,
nature provides a useful solution for the hy-
droxylations by using a monooxygenase as
catalyst andmolecular oxygen as the cheap
and green oxidant.[3] Many monooxygen-
ases are reported for hydroxylations,[4] and
cytochrome P450 monooxygenases form
the largest subfamily. Some P450s are
known to catalyse the hydroxylations of
special types of substrates, with high chem-
ical-, regio- and/or stereoselectivity.[5] For
example, P450cam from Pseudomonas
putida, in the presence of ferredoxin (Fdx)
and ferredoxin reductase (FdR), catalysed
the highly selective oxidation of cam-
phor to give 5-exo-hydroxy-camphor.[6]

P450BM3 from Bacillus megaterium, a
self-sufficient P450, catalysed the hydrox-
ylation of several long-chain fatty acids,
amides, and alcohols with high activity
at ω-1, ω-2, and ω-3 positions.[7] So far,
over 7,000 P450s have been identified and
sequenced, many soluble bacterial P450s
have been overexpressed in heterologous
hosts for synthesis, and some of them are
characterized with 3D structures.[8]

There are still problems that limit the
wide application of P450 monooxygenas-
es for regio- and stereoselective hydroxyl-
ations, such as the narrow substrate scope
and unsatisfactory activity and selectivi-
ty towards a given non-natural substrate.
Since the 1990s, directed evolution has
become a powerful tool to create new en-
zymes with better catalytic performance.[9]
By using this method, several P450 mu-
tant monooxygenases were obtained with
new substrate acceptance,[10] improved
activity,[11] and increased regio- and/or ste-
reo-selectivity[12] for certain targeted hy-
droxylations. For instance, new P450cam
and P450BM3 mutants were generated for
the hydroxylation of polycyclic aromatic
hydrocarbons with enhanced activity[11]
and the hydroxylation of testosterone[13]
and artemisinin[14] with enhanced regio-
and diastereoselectivity. Nevertheless,
new P450 monooxygenases with unique

substrate specificity and high regio- and
stereoselectivity are highly desirable for
hydroxylations in practical synthesis.

We previously identified a novel
P450pyr monooxygenase from Sphingo­
monas sp. HXN-200 as a class I P450
system consisting of P450pyr, Fdx, and
FdR for the biohydroxylation of several
alicyclic compounds.[15] It was the best
known catalyst for the hydroxylation of
N-substituted pyrrolidines, azetidines,
piperidines, 2-piperidinones, and 2-pyrro-
lidinones, with good activity, high chemo-
and regioselectivity, and good to excellent
enantioselectivity.[15] We recently further
engineered P450pyr by directed evolution
to develop new catalysts for hydroxyla-
tions (Scheme 1) with enhanced or altered
regio- and stereoselectivity as well as new
substrate specificity, providing more prac-

Scheme 1. Regio- and stereoselective hydrox-
ylations with P450pyr monooxygenase. stereo-
selectivity, and substrate acceptance.
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After screening 3060 clones in the 1st

round of evolution, mutant 1AF4 (N100S)
was found to show the inverted enan-
tioselectivity to give (R)-2 in 42% ee.
P450pyrN100S was used as a template
in the 2nd round of evolution. Four mu-
tants were identified with improved (R)-
enantioselectivity, and the best mutant
1AF4A (N100S, T186I) produced (R)-2
in 83% ee (Table 1). This is an interesting
example of inverting hydroxylation enan-
tioselectivity of a P450 monooxygenase
by directed evolution. This is also the first
example of successfully evolving a class
I P450 monooxygenase with enhanced
enantioselectivity in asymmetric hydroxy-
lation.

3. Engineering P450pyr
Monooxygenase for Highly
S-Enantioselective Hydroxylation
of N-Benzyl-pyrrolidine

Directed evolution of P450pyr was also
performed to obtain enzyme for the highly
S-enantioselective biohydroxylation of 1
to product (S)-2 in ≥98% ee. It was very
challenging to engineer an enantioselec-
tive monooxygenase for biohydroxylation
to achieve product ee of ≥98%, a necessary
ee value of a chiral intermediate in phar-
maceutical manufacturing. To achieve this,
the 3D structure (PBD ID 3RWL) of his-
tagged P450pyrwas first obtained byX-ray
diffraction.[25] Based on the structure, 20
residues that are located either in the active
site vicinity or in the gorge accessing the
heme were chosen for ISM.A novel, sensi-
tive, accurate, and high-throughput screen-
ing assay for determining the enantioselec-
tivity of biohydroxylation was developed
for the evolution by using two enantiomers
of isotopically labelled substrate for par-
allel enzymatic hydroxylations, coupled
with MS detection.

The principle is shown in Scheme 2B.
(S)-D-1 and (R)-D-1 are prepared and used
as substrates for the hydroxylation. The
O–D bond in the hydroxylation product
changes quickly to O–H in the aqueous
medium to give a mass of M for (S)-2 and
(R)-2 while other hydroxylation products
still have a mass of M+1. The peak ratio
of M and M+1 in MS can be easily de-
termined and then used to calculate the
product ee of the hydroxylation of 1 based
on Eqn. (1) and (2) (Scheme 2B).[26] The
assay was validated for Sphingomonas sp.
HXN-200-catalysed hydroxylation of 1 by
using LC-MS analysis and compared with
chiral HPLC analysis. The MS-assay gives
high accuracy for the determination of the
product ee, allows for direct assaying the
aqueous sample of the biotransformation
mixtures, does not require separation in
LC-MS analysis, shows high sensitivi-

tical or new synthetic applications of bio-
hydroxylations.

2. Engineering of P450pyr
Monooxygenase for
R-Enantioselective Hydroxylation
of N-Benzyl-pyrrolidine

The biohydroxylation of N-benzyl-
pyrrolidine 1 to give either (R)- or (S)-
N-benzyl-3-hydroxypyrrolidines 2 (Table
1) is very interesting, since both (R)-2
and (S)-2 are useful intermediates for the
preparation of carbapenem antibiotics, a
k-receptor agonist, a 5-HT

1Da
receptor ago-

nist, and an antibacterial agent.[16] P450pyr
monooxygenase was the only known en-
zyme for this hydroxylation, but gave the
product in only 53% ee (S). Thus, directed
evolution of P450pyr was performed to
create more enantioselective enzymes for
the hydroxylation.[17]

A P450pyr homology model was first
built based on the crystal structures of
CYP119 and P450st.[18] Seventeen amino
acid residues, which are located within
5 Å of the heme-substrate in the catalytic
pocket, were identified for iterative satu-
ration mutagenesis (ISM).[19] An E. coli
BL21(DE3) strain was constructed to con-
tain dual plasmids (pRSFDuet P450pyr
and pETDuet Fdx FdR) for co-express-
ing P450pyr, Fdx, and FdR, giving high
activity for the target hydroxylation. This

system was used to generate whole-cell
catalysts expressing P450pyr mutants for
the screening of enantioselective biohy-
droxylation.

The development of an applicable
high-throughput screening (HTS) assay
for measuring enantioselectivity is the
key challenge in evolving enantioselective
enzymes.[20]Most of the reported directed
evolution of enantioselective enzymes fo-
cused on kinetic resolution, and very few
involved asymmetric reactions of a prochi-
ral substrate due to lack of an appropriate
ee-assay. We previously developed a novel
concept of utilising two complementary
alcohol dehydrogenases to determine the
ee value of a chiral alcohol.[21] NBT-PMS
colorimetric assay was then introduced
to make this concept more easily appli-
cable in directed evolution (Scheme 2A).
Two alcohol dehydrogenases BRD[22] and
RDR[23] (from Micrococcus luteus and
Devosia riboflavina, respectively) were
identified for the specific oxidation of (S)-2
and (R)-2, respectively, and they were used
in the colorimetric HTS assay. The ee of
the hydroxylation product 2 was estimated
by comparison of the production of for-
mazan (colorimetric or UV

580
) of the two

parallel oxidations of the product 2 with
BRD and RDR, respectively.[24] The assay
was first validated with mixtures contain-
ing (S)-2 and (R)-2 at different ratios and
then applied in the real evolution to screen
P450pyr mutants.

Table 1. Regio- and stereoselective hydroxylations with E. coli cells co-expressing P450pyr or its
mutants with Fdx and FdR.
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98% ee. P450pyrTM showed a specific
activity of 5.2 U/g cdw, being 81% of the
activity of P450pyr. It also gave a clean
hydroxylation with no other byproducts.
Compared with P450pyr, P450pyrTM
demonstrated slightly higher values of
apparent k

cat
and K

m
(26.9 vs 21.9 min–1

and 15.6 vs 13.6 mM, respectively) and
similar catalytic efficiency (k

cat
/K

m
). This

is an unique example of engineering a
highly enantioselective monooxygenase
via directed evolution for asymmetric bi-
ohydroxylation while maintaining high
catalytic activity.

Mutant P450pyrTM was examined
for the hydroxylation of other substrates.
In comparison with wild-type P450pyr,
P450pyrTM improved the regioselectiv-
ity from 90% to 100% for the hydroxyl-
ation of N-benzyl-pyrrolidinone 3 to (S)-
4-hydroxy­N-benzyl-pyrrolidinone 4 and
enhanced the enantioselectivity for the hy-
droxylation of N-benzylpiperidinone 5 to
(S)-4-hydroxy­N- benzylpiperidinone 6 in
94% ee from 33% ee (Table 1).[27]

Interestingly, P450pyrTM also cata-
lysed the asymmetric epoxidation of some
para-substituted styrenes,[28] being the first
enzyme to give high R-enantioselectivity
as well as high activity and conversion.
P450pyrTM showed broad substrate range
for asymmetric epoxidation and showed
also high enantioselectivity for the epox-
idations of 2-methyl-3-phenyl-1-propene
(an unconjugated 1,1-disubstituted alk-
ene) and N-phenoxycarbonyl-1,2,5,6-
tetrahydropyridine (a cyclic alkene), re-
spectively.[28]

The single mutant P450pyrI83H in an
aqueous/ionic liquid (IL) biphasic system
showed the best R-enantioselectivity and
activity known thus far for the sulfoxida-
tion of thioanisole, 4-fluoro-thioanisole,
ethyl phenyl sulfide, to give (R)-phenyl
methyl sulfoxide in 99% ee, (R)-4-
fluorophenyl methyl sulfoxide in 98% ee,
and (R)-ethyl phenyl sulfoxide in 96% ee,
respectively.[29]

4. Engineering of P450pyr
Monooxygenase for Highly Regio-
and Enantioselective Subterminal
Hydroxylation of n-Octane.

Regio- and stereoselective biohydroxy-
lation at a non-activated C-atom is very
useful for the selective alkane functionali-
zation,[30] an easily available and abundant
feedstock. Despite some progress on the
discovery and engineering of enzymes for
biohydroxylation, development of an en-
zyme for non-terminal alkane hydroxyla-
tion with very high regio- and enantiose-
lectivity is still problematic: many known
monooxygenases such as alkB, sMMO,
and P450pyr demonstrated terminal selec-

ty (detectable for 0.005 mM of product),
takes 1.0 min for analysis, and provides
a theoretical throughput analysis of 1440
samples per day.

By using the MS-based HTS ee assay,
several more enantioselective mutants
were identified from the evolution. The ee
values of the hydroxylation product 2 with
these mutants were further determined by

chiral HPLC analysis, being nearly the
same as the values measured from the MS-
based assay.

After screening only 5264 colonies
in two rounds of evolution, mutant I83H/
M305Q was identified to give product ee
of 94%(S). In the 3rd round of evolution, a
triple mutant P450pyrTM (I83H/M305Q/
A77S) was identified to produce (S)-2 in

Scheme 2. Principles of the HTS assays used for directed evolution of P450pyr. A) Two-enzyme
based colorimetric ee assay for asymmetric biohydroxylation of N-benzyl-pyrrolidine 1 to (R)-
and (S)-2; B) Mass spectrometry based ee assay for asymmetric biohydroxylation of N-benzyl-
pyrrolidine 1 to (R)- and (S)-2; C) Three-enzyme based colorimetric assay to determine subter-
minal selectivity and enantioselectivity for the hydroxylation of n-octane 7 to (R)- and (S)-8. D)
Surrogate substrate 17 based colorimetric HTS assay to determine the terminal hydroxylation
activity for the hydroxylation of n-butanol 11.
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tivity;[31]P450BM-3 and P450 CYP102A3
gave a mixed ω-1, ω-2, and ω-3 selectiv-
ity;[32] several mutants of sMMOand alkB
were engineered to show moderate subter-
minal selectivity;[33] a P450BM-3 mutant
was reported to catalyse the subterminal
hydroxylation of n-octane 7with 89% regi-
oselectivity and 65% enantioselectivity;[34]
and P450cam mutants were generated for
subterminal hydroxylation of n-butane[35]
but with no report of product ee values.

We succeeded in engineering termi-
nal selective P450pyr monooxygenase for
subterminal hydroxylation of n-octane 7
with high regio- and enantioselectivity to
produce (S)-2-octanol 8, a useful interme-
diate for preparing high-performance liq-
uid crystals[36] and lipoprotein-associated
phospholipase A

2
(Lp-PLA

2
) inhibitor for

heart disease treatment.[37] Based on the
n­octane-P450pyr docking model, 22 ami-
no acids residues within 6 Å of n-octane,
in the accessing channel, and in the ‘big
loop’ were chosen for ISM. The screening
of positive mutants was carried out with
a novel colorimetric HTS assay to detect
both regioselectivity and enantioselectivity
for the hydroxylation of n-octane 7 at the
subterminal position.

As illustrated in Scheme 2C, three al-
cohol dehydrogenases CpSADH, PfODH,
and YAD (from Candida parapsilosis,[38]
Pichia finlandica,[39] and Saccharomyces
cerevisiae,[40] respectively), which are
highly specific for the oxidation of (S)­
8, (R)­8, and 14, respectively, are used
separately in three parallel experiments
containing NBT, NAD+, and PMS, to cata-
lyse the oxidation of the product mixtures
from biohydroxylation of n-octane 7. The
concentrations of (S)­8, (R)­8, and 14 are
determined by analysing the formation of
formazan with UV at 580 nm. The subter-
minal selectivity and enantioselectivity of
the biohydroxylation can be then calculat-
ed using Eqn. (3) and (4) (Scheme 2C), re-
spectively. This HTS ee assay was validat-
ed by using mixtures of (S)­8, (R)­8, and
14 at different ratio with high accuracy and
sensitivity, independent of the total alcohol
concentration.

By six rounds of evolution using the
HTS assay, a sextuplemutant P450pyrSM1
(A77Q/I83F/N100S/F403I/T186I/L302V)
was created for the subterminal hydroxyla-
tion ofn-octane7 to give>99%subterminal
selectivity, 98% (S)-enantioselectivity, and
90% of the activity of P450pyr-catalysed
terminal hydroxylation.With aK

m
of 2.187

mM and a k
cat

of 5.9 min–1, P450pyrSM1
showed nearly the same catalytic efficien-
cy (k

cat
/K

m
) for the subterminal hydroxyl-

ation as that of P450pyr for the terminal
hydroxylation. P450pyrSM1 is the first
catalyst for this type of highly subterminal
selective and enantioselective hydroxyla-
tion of alkane. This is also the first example

of fully altering enzyme regioselectivity
and gaining high enantioselectivity at the
same time for biohydroxylation by direct-
ed evolution.

The positive mutants created in the 6th

round of evolution were further screened
for the subterminal hydroxylation of pro-
pylbenzene 9 to produce (S)-1-phenyl-2-
propanol 10, which is a pharmaceutical in-
termediate for preparing Amphetamine,[41]
(R)­Selegiline,[42] and Cathepsin K inhib-
itors.[43] A sextuple mutant P450pyrSM2
(I83F/N100S/T186I/L251V/L302V/
F403I)wasfound tocatalyse thehighlysub-
terminal selective and S-enantioselective
hydroxylation of 9 to give (S)-1-phenyl-2-
propanol 10 in 95% ee. No other enzymes
were reported for this hydroxylation with
high regio- and enantioselectivity.[34,44]

5. Engineering of P450pyr
Monooxygenase for Highly
Regioselective Terminal
Hydroxylation of n-Butanol

P450pyr showed excellent terminal hy-
droxylation toward hydrophobic substrates
such as alkanes, but no activity towards
hydrophilic molecules such as alcohols.
Thus, P450pyr was engineered for the
terminal hydroxylation of n-butanol 11 to
produce 1,4-butanediol 12, a useful chemi-
cal in polymer synthesis and chemical pro-
duction.[45] This could provide a bio-based
synthesis of 1,4-butanediol 12 from n­bu-
tanol 11 that is obtained by fermentation.
No chemical- or biocatalyst has been re-
ported so far for this hydroxylation.

A colorimetric HTS assay was devel-
oped for the evolution by using 2-methoxy-
ethanol 17, which is structurally similar
to n­butanol 11, as a surrogate substrate.
As shown in Scheme 2D, hydroxylation
of 2-methoxyethanol 17 at the terminal
position gives the instable diol 18 which
decomposes to ethylene glycol 19 and for-
maldehyde 20. The concentration of for-
maldehyde 20 in the reaction mixture can

be determined by adding purpald 21 to pro-
duce a purple compound 22 and measuring
the UV absorption at 550 nm.[46] The assay
was proven sensitive and high-throughput,
and it was used for the evolution.

Based on the 3D structure of P450pyr
hydroxylase, 22 amino acid residues
were chosen for ISM. The positive mu-
tants selected by using the surrogate sub-
strate-based HTS assay were further exam-
ined for biohydroxylation of n­butanol 11.
In the two rounds of evolution, P450pyr
single mutant I83M and P450pyr double
mutant I83M/I82T were found to show
excellent terminal regioselectivity for the
hydroxylation of n-butanol 11, with rel-
atively higher activity and no byproduct
formation. This gives an unique example
of engineering a hydroxylase to accept a
hydrophilic substrate from the original
preference of a hydrophobic substrate by
directed evolution.[47] Biohydroxylations
of n­butanol 11 and surrogate substrate
17 with these mutants, respectively, gave
similar product concentration, which fur-
ther confirmed the applicability of the sur-
rogate substrate-based colorimetric HTS
assay for this evolution.

The engineered P450pyr mutants are
not active enough for practical hydroxyl-
ation. Nevertheless, it offers a solid basis
for further development of more active en-
zymes for this hydroxylation.

6. Molecular Basis for Improved
Catalytic Performance of
Engineered P450pyr Mutants

In silicomodelling and substrate dock-
ing has given some insight into the mo-
lecular basis of the observed change of
regioselectivity and/or enantioselectivity
as well as new substrate acceptance of the
engineered P450pyr mutants. The key ami-
no acid residues where the mutations lead
to the improved catalytic performance are
shown in the active site of the X-ray struc-
ture of P450pyr in Fig. 1.

Fig. 1. The structure
of P450pyr active
site. Green: heme;
red: key amino acid
residues responsible
for the improved cat-
alytic performance
through mutations at
these positions.
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For the hydroxylation of N-benzyl
pyrrolidine 1 with P450pyr, the benzene
ring of the substrate could be stabilized by
three hydrophobic amino acids residues
I82, I102, and L251, and its pyrrolidine
ring is weakly interacted with L302. In the
triple mutant P450pyrTM (A77S/I183H/
M305Q), the mutations of A77S and
I83H result in the formation of hydrogen
bonds and move the big loop closer to the
heme.[25] TheM305Qmutation also moves
amino acid L302 closer to the heme. In
P450pyrTM, the benzene ring of substrate
1 is located within a hydrophobic cleft
above the heme and the pyrrolidine ring
is restrained in the vicinity of the heme,
thus creating the enhanced preference for
S-enantioselective hydroxylation.[25]

For P450pyr-catalysed hydroxylation
of n-octane 7, the substrate–enzyme bind-
ing pocket is very compact, and the hydro-
phobicsubstraten-octane7has to takeaver-
tical accessing pose to the heme, leading to
terminal hydroxylation. For P450pyrSM1-
catalysed hydroxylation of n-octane 7,
the binding pocket is reshaped. F403I and
L302V mutations disrupt the hydrophobic
cluster and extend the substrate–enzyme
binding pocket. The substrate n-octane 7
adopts a horizontal posture over the heme
to give a clear preference for S-selective
subterminal hydroxylation.[44]

With n­butanol 11 in P450pyr, the sub-
strate hydrophobic end is located between
two hydrophobic amino acids residues
I102 and L302, and the substrate hydroxyl
group is oriented towards the hydrophilic
amino acid residue T259 and close to
heme-O. This posture is not suitable for
any hydroxylation reaction. For P450pyr
mutant I83M/I82T, I83M mutation pro-
vides with a longer amino acid residue M
and results in the decrease of the distance
between I102 and L302. I82T mutation in-
troduces a hydrophilic amino acid residue
T and destroys the hydrophobic interaction
between I82 and I102. Thus, n­butanol 11
takes a binding pose with the hydroxyl
group away from heme-O and the hydro-
phobic end close to heme-O, thus enabling
terminal hydroxylation.[47]

7. Conclusion

P450pyr monooxygenase is a useful
enzyme with unique substrate specificity
for regio- and stereoselective biohydrox-
ylation at non-activated C-atom, a chal-
lenging reaction in classic chemistry. By
directed evolution, some P450pyr mutants
were successfully created as much better
enzymes for several selected target hy-
droxylations, with altered regioselectivi-
ty, enhanced S- or R-enantioselectivity, or
new substrate acceptance.

A P450pyr double mutant N100S/

T86I was created with inverted enan-
tioselectivity for the hydroxylation of
N-benzyl pyrrolidine 1 to produce (R)-3-
hydroxypyrrolidine 2 in 83% ee.

A P450pyr triple mutant P450pyrTM
(I83H/M305Q/A77S) was also developed
for the highly enantioselective hydroxyla-
tion of N-benzyl pyrrolidine 1 to produce
(S)-3-hydroxypyrrolidine 2 in 98% ee.
P450pyrTM catalysed the hydroxylation
of N-benzyl-pyrrolidinone 3 to give (S)-4-
hydroxy­N-benzyl-pyrrolidinone 4 in 99%
eewith improved regioselectivity of 100%.
Moreover, P450pyrTM showed enhanced
enantioselectivity for the hydroxylation
of N-benzylpiperidinone 5 to produce
(S)-4-hydroxy­N-benzylpiperidinone 6 in
94% ee.

Evolution of the terminal selective
P450pyr afforded a P450pyr sextuple mu-
tant P450pyrSM1 (A77Q/I83F/N100S/
F403I/T186I/L302V) for the subterminal
hydroxylation of n-octane 7 with excel-
lent regio- and enantioselectivity to pro-
duce (S)-2-octanol 8 in 98% ee. Another
P450pyr sextuple mutant P450pyrSM2
(I83F/N100S/T186I/L251V/L302V/
F403I) was also engineered to catalyse the
subterminal hydroxylation of propylben-
zene 9 to give (S)­1-phenyl-2-propanol 10
in 95% ee with excellent regio- and enan-
tioselectivity.

A P450pyr double mutant I83M/I82T
was also engineered to enable highly regi-
oselective terminal hydroxylation of n-bu-
tanol 11 to afford 1,4-butanediol 12.

Several novel, accurate, sensitive, sim-
ple, and HTS assays based on colorimetric
or MS detection for measuring the enanti-
oselectivity and/or regioselectivity of hy-
droxylation were developed and proven to
be practical in the directed evolution.These
assays could be useful for the discovery of
other chemical and/or bio-catalysts for re-
gio- and/or enantioselective reactions.

The X-ray structure of P450pyr was
determined and successfully used to iden-
tify the key amino acid residues for the
evolutions. Molecular modelling on the
hydroxylations of different substrates with
P450pyr and P450pyr mutants gave some
insight into the understanding of the roles
of several key amino acid mutations for
the enhanced enantioselectivity, reverted
enantioselectivity, altered regioselectivity,
and/or new substrate acceptance. This in-
formation and knowledge could be useful
for further evolution of P450pyr to achieve
high catalytic performance for other de-
sired hydroxylations or oxidations.
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