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Abstract: The selective hydroxylation of an unacti-
vated C�H bond is a crucial step in the synthesis of
fine chemicals such as hydroxylated terpenoids. In
the present study, the ability of 40 cytochrome P450
BM3 mutants to perform the regio- and stereoselec-
tive hydroxylation of a-ionone has been investigated.
Based on their activity and selectivity to produce 3-
hydroxy-a-ionone from racemic a-ionone, 6 BM3
mutants were selected. Out of these, 3 mutants
(M01 A82W, M11 A82W and M11 V87I) showed high
selectivity for trans-3-hydroxy-a-ionone formation
while 3 other mutants (M11 L437N, M11 L437S and
M11 L437T) formed almost equal amounts of both
cis-3-hydroxy- and trans-3-hydroxy-a-ionone. Incuba-
tion with individual enantiomers showed that
M11 L437N, M11 L437S and M11L437T exhibited

opposite stereoselectivity producing (3S,6S)-hydroxy-
a-ionone with the (6S)-enantiomer and (3S,6R)-hy-
droxy-a-ionone with the (6R)-enantiomer. Thus for
the first time, BM3 mutants that can selectively pro-
duce diastereomers of 3-hydroxy-a-ionone (>90%
de), with high turnover numbers and minimal secon-
dary metabolism, have been identified. Docking
studies have been performed to rationalize the basis
of the experimentally observed selectivity. In conclu-
sion, engineered P450 BM3s are promising biocata-
lysts for regio- and stereoselective production of hy-
droxylated a-ionones for industrial applications.

Keywords: biocatalysis; cytochrome P450 BM3; dia-
stereoselectivity; hydroxylation; a-ionone

Introduction

Ionones are a class of nor-isoprenoids which are
widely used in the flavor and fragrance industry,[1] and
as building blocks for many chemicals.[2] a-Ionone is
one of the nor-isoprenoids which possesses character-
istic organoleptic properties. Interestingly, the individ-
ual enantiomers of a-ionone possess different odors,[3]

thereby making them important for the fragrance in-
dustry. The hydroxylated variants of a-ionone are also
of commercial interest. For example, derivatives of 3-
hydroxy-a-ionone are used as an intermediate for the
total synthesis of lutein and its stereoisomers.[4] Also,
3-hydroxy-a-ionone has been shown to be a potent at-
tractant for B. latifrons during pollination.[5]

The synthesis of hydroxylated variants of natural
products such as terpenes and terpenoids still poses
a challenge due to the formation of a variety of side

products and the lack of selectivity of conventional
synthetic methods.[2,6] In particular, the stereoselective
hydroxylation of unactivated sp3 C�H bonds is a chal-
lenging aspect in modern day chemistry.[7] Because
enzymes can catalyze reactions with remarkable
regio- and stereoselectivity under mild conditions,
their use as biocatalysts for the selective production
of fine chemicals has gained increased interest over
the years.[8] A variety of mono-oxygenases has been
used for selective oxyfunctionalization of organic sub-
strates.[9] An important class of mono-oxygenases are
the cytochrome P450s, which are heme-dependent en-
zymes with the ability to perform regio- and stereose-
lective hydroxylations of a wide range of chemicals.[10]

Efforts over the last decade have been focussed on
engineering P450s to obtain robust and useful biocat-
alysts for industrial applications.[11] Protein engineer-
ing of P450s has proved to be an excellent means to
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broaden their substrate scope and specificity as well
as to improve activity.[12] For example, engineered var-
iants of cytochrome P450cam have been shown to ex-
hibit increased regio- and stereoselectivity towards
terpenes like pinene and limonene.[13]

Cytochrome P450 CYP102A1 from Bacillus mega-
terium, commonly referred to as P450 BM3, has good
perspectives for the use as biocatalyst for hydroxyl-
ation reactions of industrial significance because it is
the most active P450 so far identified.[14] The fact that
the heme and reductase domains of P450 BM3 are
fused into a single polypeptide makes the electron
transfer very efficient.[15] The active site of P450 BM3
has been re-engineered to accept a broader variety of
substrates including terpenoids such as ionones.[16] Al-
though wild-type P450 BM3 exhibits a low activity to-
wards a-ionone hydroxylation, some cytochrome
P450 BM3 mutants engineered by rational design
showed an increased activity. A triple mutant contain-
ing A74G F87V L188Q mutations, was shown to con-
vert racemic a-ionone to 3-hydroxy-a-ionone (49%)
in addition to a number of other products.[17] Also,
BM3 mutant F87V produced a mixture of 4 oxidized
products with a-ionone without any selectivity.[18]

Hydroxylation of racemic a-ionone at the C-3 posi-
tion can result in the formation of four different dia-
stereomers of 3-hydroxy-a-ionone. Individual enantio-
mers (6R)- or (6S)-a-ionone can be hydroxylated to
(3R,6R) and (3S,6R) or (3R,6S) and (3S,6S) forms, re-
spectively, depending on the selectivity of the reac-
tion. Structures of the 4 possible hydroxylated diaste-
reomers are shown in Figure 1.

The microbial biotransformation of racemic a-
ionone using different Streptomyces strains,[19] fungi
such as Aspergillus niger,[20] immobilized cells of Nico-
tium tabacum,[21] and cultured cells of Caragana cham-
lagu[22] has been reported. Moreover, different bacte-
rial P450s from Bacillus subtillus, Sorangium cellulo-
sum, Novaspinghobium aromaticivorans and Strepto-
myces have been shown to hydroxylate a-ionone.[23–27]

In most of the biotransformation studies of racemic
a-ionone that have been reported so far, trans-3-hy-
droxy-a-ionone was found to be the main prod-
uct.[19,23,25] Other studies reported the formation of 2
diastereomers of 3-hydroxy-a-ionone from racemic a-
ionone hydroxylation.[17,27] However, from these stud-
ies it is not clear whether these enzymes are able to
catalyze both cis- and trans-hydroxylation on each in-
dividual enantiomer, or whether they hydroxylate
each enantiomer with a different diastereoselectivity.

In the present study a library of P450 BM3 mutants
was evaluated for their ability to selectively produce
the individual diastereomers of 3-hydroxy-a-ionone.
This library was generated by a combination of site-
directed mutagenesis of active site residues and
random mutagenesis by error-prone PCR as described
previously.[28,31,32] Thirty one mutants of the library
were selected based on their proven catalytic diversity
towards a variety of drugs and steroids.[28–31] Nine ad-
ditional mutants were prepared by site-directed muta-
genesis of active site residues A82, V87 and L437
using M01 or M11 as template, see the Supporting In-
formation, Table S1. A detailed list of the combina-
tion of mutations present in the 40 mutants used in
the present study is provided in the Supporting Infor-
mation, Table S2. Because some of our P450 BM3
mutants showed both cis- and trans-hydroxy product
formation with racemic a-ionone as substrate, it was
decided to investigate the hydroxylation of each enan-
tiomer individually.

In this paper, it is shown for the first time that
BM3 mutants can hydroxylate individual enantiomers
of a-ionone in a highly regio- and stereoselective
manner and with high turnover numbers for 3 out of
the 4 possible diastereomers. Thus the introduction of
a hydroxy group in a single step by engineered BM3
in a highly regio- and stereoselective manner gives
them good perspectives for industrial applications.

Results and Discussion

Screening of the P450 BM3 Library with Racemic a-
Ionone

The goal of the initial screening was to identify P450
BM3 mutants that can produce 3-hydroxy-a-ionone
with high selectivity. 40 cytochrome P450 BM3 mu-
tants that were tested converted racemic a-ionone to

Figure 1. Structures of a-ionone enantiomers and their 3’ hy-
droxylated products. A : (6R)-a-ionone; B : (6S)-a-ionone;
C : (3S,6R)-hydroxy-a-ionone; D : (3R,6S)-hydroxy-a-
ionone; E : (3R,6R)-hydroxy-a-ionone; F : (3S,6S)-hydroxy-
a-ionone. C and D are cis isomers while E and F are trans
isomers (see the Supporting Information, Figure S1 for GC-
MS fragmentation).
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trans-3-hydroxy- and cis-3-hydroxy-a-ionone with dif-
ferent selectivities and activities. As shown in
Figure 2, three distinct product profiles were ob-
served: mutants that converted racemic a-ionone pre-
dominantly to trans-3-hydroxy-a-ionone (Figure 2,
A), mutants which produced almost equal amounts of
both cis- and trans-3-hydroxy-a-ionone (Figure 2, B)
and mutants with produced significant amounts of
over-oxidation products (Figure 2, C). The retention
times (tR) of cis-3-hydroxy-a-ionone and trans-3-hy-
droxy-a-ionone were 9.84 and 9.92 min, respectively,
based on the tR of the available reference compounds.

The product profile of all the mutants tested with
racemic a-ionone is shown in Figure 3. In general,
most of the mutants were capable of highly regiose-
lective C-3 hydroxylation of racemic a-ionone. C-3 is
energetically the most favorable site for hydroxylation
because it is an allylic methylene group. P450 BM3
mutants exhibiting high selectivity are highlighted in

Figure 3. Mutants M01 A82W, M11 A82W, M11 V87I
converted racemic a-ionone mainly to trans-3-hy-
droxy-a-ionone (>85% de), whereas mutants
M11 L437N, M11 L437S and M11 L437T produced
almost equal amounts of trans-3-hydroxy-a-ionone
and cis-3-hydroxy-a-ionone. Consistent with a previ-
ous study,[17] wild-type P450 BM3 showed only very
low activity, with a preference for trans-hydroxylation.

Conversion to 3-Oxo-a-ionone

Some of the mutants (M11 A74E, M11L437T) con-
verted racemic a-ionone to 3-oxo-a-ionone and an
unidentified over-oxidation product (see the Support-
ing Information, Figure S4), in addition to trans-3-hy-
droxy- and cis-3-hydroxy-a-ionone. A representative
gas chromatogram illustrating this product profile is
shown in Figure 2, C. Incubation of purified P450
BM3 mutants with a-ionone also resulted in the for-
mation of 3-oxo-a-ionone indicating that the secon-
dary oxidation of alcohol to ketone is also mediated
by P450 BM3. 3-Oxo-a-ionone has been recently
shown to be a phagostimulant and also has commer-
cial value because of its fragrance.[34] The exact mech-
anism of formation of 3-oxo-a-ionone is still to be in-
vestigated, but the formation of ketones by engi-
neered P450 BM3 has been reported before for
octane hydroxylation.[35] A possible mechanism as
mentioned in these studies is the formation of a gemi-
nal diol that readily dehydrates to form the corre-
sponding ketone group. Also, in the case of 7-hy-
droxy-delta8-tetrahydrocannabinol (THC) hydroxyl-
ation by hepatic microsomes from Japanese monkeys,
the formation of 7-oxo-delta8-THC by a similar
mechanism has been reported.[36]

Incubation with Individual Enantiomers of a-Ionone

As seen in Figure 3, from the screening of the mu-
tants with racemic a-ionone, mutants M11 L437N,
M11 L437S and M11L437T initially appeared to be
not stereoselective by producing almost equal
amounts of trans- and cis-3-hydroxy-a-ionone. In
order to elucidate which diastereomers are formed
from each a-ionone enantiomer, these three mutants
were also incubated with the individual enantiomers
(6R)- and (6S)-a-ionone. All three mutants turned
out to be highly stereoselective with individual enan-
tiomers as substrate, producing (3S,6S)-hydroxy-a-
ionone with the (6S)-enantiomer and (3S,6R)-hy-
droxy-a-ionone with the (6R)-enantiomer. Figure 4
(A, B) shows the results obtained with mutant
M11 L437N. Incubation of M11 L437T with (6R)-a-
ionone at a concentration of 500 mM resulted in the
formation of about 80% of (3S,6R)-hydroxy-a-ionone,

Figure 2. Gas chromatograms of biotransformation products
of racemic a-ionone by (A) M01 A82W; (B) M11 L437N;
(C) M11 A74E. Identification of the peaks: (1) cis-3-hy-
droxy-a-ionone tR =9.84; (2) trans-3-hydroxy-a-ionone tR =
9.92; (3) 3-oxo-a-ionone tR =10.02; (4) unknown product
tR = 10.84.
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12% of (3R,6R)-hydroxy-a-ionone and 8% of 3-oxo-
a-ionone as measured after 1 hour. After 12 h of incu-
bation, a-ionone was completely converted to 3-oxo-
a-ionone (see the Supporting Information, Fig-
ure S5). In contrast, 12-hour incubations of
M11 L437N with a-ionone enantiomer showed only
small amounts of 3-oxo-ionone. This shows that BM3
mutant M11 L437N is capable of highly selective hy-
droxylation with minimal formation of secondary oxi-
dation products whereas mutant M11 L437T can
result in the formation of a significant amount of 3-
oxo-a-ionone.

The fact that incubations with mutant M11 showed
also significant amounts (30%) of (3R,6R)-hydroxy-a-
ionone with the (6R)-enantiomer as substrate is
worthy of note, Table 1, shows that substitution
L437N in mutant M11 has improved the stereoselec-
tivity of the (6R)-a-ionone hydroxylation. Interesting-
ly, L437 has been recently reported to be a �hotspot�
affecting the selectivity of terpene hydroxylation.[40]

To test whether the L437N substitution also influen-
ces stereoselectivity in other M11-related mutants, the
enantiomers of a-ionone were also incubated with the
available combinations M11 V87F and M11 V87F

L437N, and M11 A82W and M11 A82W L437N. As
shown in the Supporting Information, Figure S9 A,
substitution of L437N also increased the relative
amount of (3S,6R)-hydroxy-a-ionone when applied to
M11 V87F and M11 A82W although to a much lower
extent when compared to that when applied to M11.
When incubated with (6S)-a-ionone, the L437N sub-
stitution led to a slight increase in formation of
(3R,6S)-hydroxy-a-ionone when applied to M11 V87F,
whereas the substitution had no effect when applied
to M11 A82W, see the Supporting Information, Figur-
e S9B. These results confirm that the effect of
a single amino acid substitution is strongly dependent
on additional nearby mutations.[40, 60]

As shown in Figure 3, M01 A82W metabolized rac-
emic a-ionone with high activity, producing mainly
trans-3-hydroxy-a-ionone, implicating that both enan-
tiomers of a-ionone were stereoselectively hydroxy-
lated. This was confirmed by incubation of
M01 A82W with the individual enantiomers. As
shown in Figure 4 (C, D), (6R)-a-ionone was specifi-
cally metabolized to (3R,6R)-hydroxy-a-ionone,
whereas (6S)-a-ionone was specifically metabolized
to (3S,6S)-hydroxy-a-ionone. In both cases only mini-

Figure 3. Product profile and conversion of racemic a-ionone by wild-type P450 BM3 and engineered variants. Conversions
in % were measured from substrate consumption after 1 hour incubation of 500 mM of racemic a-ione with 200 nM of P450
BM3. Values represent averages of 2 independent experiments with less than 10% error. Product selectivity in % was calcu-
lated from gas chromatograms by integrating the product peaks. Representative P450 BM3 variants showing high selectivity
towards formation of trans-3-a-ionone (M11 V87I, M11A82W, M01 A82W), variants that were not selective (M11 L437N,
M11 L437S, M11 L437T, M11 L437N V87F) and a variant showing high over-oxidation product formation (M11 A74E) are
highlighted. Wild-type P450 BM3 and mutants M01 and M11 are also highlighted for comparison. Of the 40 mutants tested,
only one variant showed <0.5% conversion (M11 V87C) and was therefore not included in Figure 3. An expanded form of
Figure 3 is included in the Supporting Information (Figure S3) with all the variants labelled.
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Figure 4. Representative gas chromatograms showing opposite stereoselectivity for (A) hydroxylation of (6R)-a-ionone by
M11 L437N and (B) hydroxylation of (6S)-a-ionone by M11 L437N and similar stereoselectivity for (C) hydroxylation of
(6R)-a-ionone by M01 A82W and (D) hydroxylation of (6S)-a-ionone by M01 A82W. In all cases, the substrate (6R)- or
(6S)-a-ionone was completely oxidized to respective products.

Table 1. Stereoselective hydroxylation of (R)-a-ionone and (S)-a-ionone by wild-type P450 BM3 engineered P450 BM3 mu-
tants.

Mutant Substrate Product Distribution [%][a] Diastereomeric
excess [de %]

Total turn-
over number[b]

Wild-type P450
BM3

(R)-a-
ionone

3R,6R (53%), 3S,6R (17%), other-oxidation*
(30%)

51 (3R,6R) –

(S)-a-ionone 3S,6S (46%), 3R,6S (36%), other-oxidation* (18%) 12 (3S,6S) –
M01 (R)-a-

ionone
3R,6R (59%), 3S,6R (30%), 3-oxo-a-ionone (11%) 32 (3R,6R) –

(S)-a-ionone 3S,6S (84%), 3R,6S (14%), 3-oxo-a-ionone (2%) 71 (3S,6S) –
M11 (R)-a-

ionone
3R,6R (35%), 3S,6R (55%), 3-oxo-a-ionone (10%) 22 (3S,6R) –

(S)-a-ionone 3S,6S (83%), 3R,6S (7%), 3-oxo-a-ionone (10%) 84 (3S,6S) –
M01 A82W (R)-a-

ionone
3R,6R (91%), 3S,6R (5%), 3-oxo-a-ionone (4%) 91 (3R,6R) 3500

(S)-a-ionone 3S,6S (95%), 3R,6S (3%), 3-oxo-a-ionone (2%) 95 (3S,6S) 4000
M11 L437 N (R)-a-

ionone
3R,6R (4%), 3S,6R (90%), 3-oxo-a-ionone (6%) 90 (3S,6R) 3000

(S)-a-ionone 3S,6S (91%), 3R,6S (5%), 3-oxo-a-ionone (4%) 91 (3S,6S) 3800

[a] Values (in %) were calculated from 2 independent experiments with not more than 10% error. For wild-type P450 BM3
the activity towards both enantiomers was too low to accurately determine the product distribution under the conditions
used for other P450 BM3 mutants. Therefore, the incubations were performed at a higher enzyme concentration of 1 mM.
Other-oxidation refers to the peak with m/z=208 as detected on GC-MS.

[b] Total turnover numbers are reported as nmol product per nmol enzyme. The values are calculated from 2 independent
experiments with �10% error. Total turnover numbers were measured only for the enzymes which showed high diaste-
reoselectivity towards product formation.
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mal amounts of secondary oxidation products were
observed. When (6R)-a-ionone was incubated with
purified M01, significant amounts of both diastereo-
mers were found, Table 1, indicating that mutation
A82W has strongly increased stereoselectivity of hy-
droxylation of a-ionone.

Wild-type P450 BM3, which showed only very low
activity when incubated with racemic a-ionone,
showed very low diastereoselectivity, when incubated
with the enantiomers of a-ionone, Table 1. When in-
cubated with (S)-a-ionone, almost equal amounts of
(3S,6S)- and (3R,6S)-diastereomers were found, next
to significant amounts of unidentified oxidation prod-
ucts. When incubated with (R)-a-ionone, the diaste-
reomeric excess for the (3R,6R)-diastereomer was
found to be 51%.

Total Turnover Numbers for Stereoselective
Hydroxylation

An optimal biocatalyst should ideally be able to cata-
lyze the formation of the desired product in a highly
selective manner (regio-, enantio- or stereo-) in com-
bination with high catalytic turnovers and with mini-
mal amount of secondary products.[37] Among
M11 L437N, M11L437S and M11 L437T, M11 L437N,
which showed the highest diastereoselectivity (>
90%), see Figure 4, was selected for determination of
the total turnover number. With respect to hydroxyl-
ation of optically active a-ionone by P450s, mutant
M11 L437N is the first engineered P450 BM3 specifi-
cally producing one of the cis-3-hydroxy products,
that is, (3S,6R), with high stereoselectivity. Addition-
ally, among mutants that produced predominantly
trans-3-hydroxy-a-ionone, M01 A82W was selected
for incubation with individual enantiomers because it
exhibited the highest diastereoselectivity as well as ac-
tivity. M01 A82W catalyzed the formation of (3S,6S)-
hydroxy-a-ionone and (3R,6R)-a-ionone with (6S)-
and (6R)-enantiomers respectively, with remarkable
selectivity.

The fact that the P450 BM3 mutants M01 A82W
and M11 L437N exhibit different stereoselectivities to-
wards hydroxylation of (R)-and (S)-enantiomers,
makes them highly useful for industrial biotechnologi-
cal applications. M01 A82W catalyzes the formation
of (3S,6S)-hydroxy-a-ionone and (3R,6R)-hydroxy-a-
ionone with turnover numbers in the range of 3500–
4000, Table 1. Similarly M11 L437N can also catalyze
the formation of (3S,6R)-hydroxy-a-ionone with high
turnover numbers of about 3000 nmol product/nmol
enzyme. These high turnover numbers indicate that
these enzymes might be useful for preparative scale
biosynthesis.[38]

For both M01 A82W and M11 L437N these reac-
tions are carried out with high selectivity to the de-

sired product with minimal formation of side prod-
ucts. Purified M01 A82W was used as biocatalyst with
(S)-a-ionone (48 mg) as substrate in a volume of
250 mL to illustrate the preparative use of this engi-
neered P450 BM3. The reaction resulted in >90%
substrate conversion to produce (3S,6S)-hydroxy-a-
ionone (95% de) under the experimental conditions
mentioned. Therefore, apparently the biotransforma-
tion reaction can be scaled up without any loss of dia-
stereoselectivity.

Binding Spectra of a-Ionone Enantiomers

The interactions of the a-ionone enantiomers with the
stereoselective mutants M01 A82W and M11 L437N
and their respective templates M01 and M11 were
studied by spectral binding experiments. Titration of
(R)- or (S)-a-ionone to solutions of purified P450
BM3 mutants in all cases resulted in typical type I dif-
ference spectra, with a peak at 390 nm and a trough
at 422 nm, indicative of the conversion of heme iron
from low spin to high spin. The Supporting Informa-
tion, Figure S6 shows the binding spectra of both
enantiomers to mutant M01A82W. The dissociation
constants obtained from these titration studies are
shown in Table 2. The introduction of the A82W mu-
tation in M01 increased binding affinity towards both
enantiomers: the dissociation constant (Kd) for
M01 A82W was decreased approximately 3.5-fold in
the case of (R)-enantiomer and approximately 22-fold
in the case of (S)-enantiomer when compared to M01.
Improved affinity of hydrophobic substrates by A82W
mutation in P450 BM3 has been reported previously
with other substrates like fatty acids and testoster-
one.[29,39]

Mutation L437N in M11 also apparently increases
affinity towards both enantiomers of a-ionone; disso-
ciation constants were lowered 2.4–3.6-fold in com-
parison to its precursor M11, which exhibited Kd

values of 17 mM and 27 mM for (R)-enantiomer and
(S)-enantiomer respectively.

Wild-type P450 BM3 also showed a typical type I
difference spectrum. Dissociation constants obtained
were comparable to those obtained with the much
more active P450 BM3 mutants, being 17.5 and
10.3 mM, respectively, for (R)-a-ionone and (S)-a-
ionone.

NADPH Consumption and Product Formation

To study the coupling efficiency of the mutants and
wild-type P450 BM3, the rates of NADPH oxidation
and product formation were determined at 200 mM of
substrate, Table 2. In case of wild-type BM3, relative-
ly low (4–6%) coupling efficiencies were observed for
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both enantiomers: the NADPH oxidation rates upon
addition of (R)- or (S)-a-ionone were found to be ap-
proximately 30 min�1 whereas the product formation
was only about 1.5 min�1. Wild-type P450 BM3 pro-
duced a mixture of 2 diastereomers of C-3 hydroxyl-
ation and an additional peak with an m/z of 208 indi-
cating hydroxylation at another carbon with both the
enantiomers. Interestingly, no over-oxidation peaks
were observed with both enantiomers. (Table 1)

In case of the P450 BM3 mutants significantly
higher coupling efficiencies, up to 45%, were ob-
served when compared to wild-type P450 BM3. Intro-
duction of mutation A82W in M01 did not significant-
ly affect the product formation with (R)-a-ionone as
substrate, but decreased NADPH oxidation 3-fold.
The increased affinity towards (R)-a-ionone due to
the A82W mutation in combination with a more pro-
ductive binding mode therefore may explain the in-
creased coupling efficiency.

For M11 the introduction of L437N did not increase
the coupling efficiency of C-3 hydroxylation of both
enantiomers, Table 2. However, the rate of both
NAPDH oxidation and product formation was in-
creased almost 3- to 4-fold. The higher affinity to
M11 L437N variant and the higher stereoselectivity
when compared to M11 are indicative to a different,
more productive, binding mode due to the L437N mu-
tation.

For (S)-a-ionone, the A82W mutation in M01 led
to approximately 1.7-fold increase in rate of NADPH
oxidation and 2.7-fold increase in the rate of product
formation, resulting in an increased coupling efficien-
cy of 44%. For the (S)-enantiomer all four variants
formed predominantly trans-hydroxy-a-ionone with
M01 A82W exhibiting the highest diastereoselectivity
(95%).

The results obtained show that the tested BM3 mu-
tants were able to catalyze the formation of 3 out of
the 4 possible hydroxy diastereomers with high dia-
steromeric excess, Table 1. The only diastereomer that
could not be produced in high enantiomeric excess
was (3S,6R)-3-hydroxy-a-ionone when using (S)-a-
ionone as substrate. Almost all BM3 mutants formed
mainly (3S,6S)-3-hydroxy-a-ionone with this enantio-
mer as substrate, with only small amounts of (3R,6S)-
3-hydroxy-a-ionone. The mutant producing the high-
est amounts of (3R,6S)-3-hydroxy-a-ionone was found
to be M11 L437N V87F, which also showed an aselec-
tive product profile with racemic-a-ionone. This
mutant produced (3R,6S)-hydroxy-a-ionone with 40%
selectivity (see the Supporting Information, Fig-
ure S7). Interestingly, wild-type P450 BM3 also pro-
duced about 36% (3R,6S)-hydroxy-a-ionone but with
a much lower activity compared to the BM3 mutant
M11 L437N V87F. Apparently, the presence of phe-
nylalanine at position 87 seems to increase the
amount of (3R,6S)-hydroxy-a-ionone produced. Al-T
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though this mutant still shows only moderate selectiv-
ity for the formation of this product, it could be
a good starting point to improve the stereoselectivity
by directed evolution.

Docking Studies

Molecular docking studies were performed in order
to rationalize the basis for the experimentally ob-
served regio- and stereoselectivity of hydroxylation of
a-ionone enantiomers. Figure 5 shows representative

binding poses as observed in our docking studies on
the binding of (R)- and (S)-a-ionone to M01 A82W
and M11 L437N. In the case of mutant M01 A82W,
the majority of obtained binding poses for both (R)-
and (S)-a-ionone was found in a position suitable for
C-3 hydroxylation, that is, C-3 was found within 6 �
from the heme iron catalytic center (Figure 5, A and
B)[41] in line with the experimental observation that
C-3 is the dominant site-of-metabolism. The introduc-
tion of 82W substantially reduces the size of the bind-
ing cavity, which results in directing the substrate
closer to the heme group and in an increase in activi-

Figure 5. Binding poses of (R)-a-ionone (depicted in green in A and C) and of (S)-a-ionone (depicted in magenta in B and
D) in mutant M01 A82W (A and B) and M11 L437N (C and D), as obtained from molecular docking studies. Selected amino
acid residues within the binding cavity of the mutants, and the catalytic active heme moiety are depicted as well. The sub-
strate�s main site-of-metabolism (C-3) is marked by a sphere. Hydrogen atoms are omitted, except for the C-3 bound hydro-
gens, which are shown in small spheres; cis-hydrogens are depicted in grey, and trans-hydrogens are depicted in orange. In
addition, the hydrogen atoms at the stereo-center (C-6) are explicitly shown, in small grey spheres, to highlight which stereo-
isomer is depicted. The thin blue line represents the hydrogen bond formed between the side-chain hydroxy moiety of the
Ser72 residue, and the carbonyl oxygen of a-ionone; the dashed line represents distances (in �) of C-3 toward the heme
iron atom.
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ty, in line with previous suggestions based on a study
on the hydroxylation of palmitate by an A82W
mutant of BM3.[39] Also among the docking poses ob-
tained for M11 L437N in which the substrate was posi-
tioned within the catalytic cut-off, C-3 was found to
be in close proximity of the heme iron atom
(Figure 5, C and D). Based on the poses in which C-3
was found to be the carbon atom closest to the heme
iron, the experimentally observed regioselective hy-
droxylation at C-3 can be explained by the formation
of a hydrogen bond between the carbonyl oxygen and
active site residue Ser72, which seems to anchor the
ligand such that C-3 points toward the heme catalytic
center, see Figure 5. Interestingly, substitution of ala-
nine by tryptophan has been shown to affect the re-
gioselectivity[29] and along with hydrophobic substitu-
tions at position 72 to affect stereoselectivity of hy-
droxylation of larger substrates like steroids.[42] The
observed anchoring of a-ionone by Ser72 is compara-
ble to the anchoring of a-ionone by His94 upon bind-
ing to CYP109D1 as observed in a recent docking
study of Khatri et al. ,[25] and by Thr285 as observed in
a recent docking study by Ly et al.[26] upon a-ionone
binding to CYP264B1.

When docking either (R)- or (S)-a-ionone into
M01 A82W, binding poses were predominantly ob-
tained in which the C-3-bound trans-hydrogen is ori-
ented toward the heme iron atom (Figure 5, A and B,
respectively). Such binding poses will be referred to
as “trans-orientated” binding poses. Experimentally,
more than 90% of the products were found to be hy-
droxylated at the trans position. These findings sug-
gest that the observed binding orientation (Figure 5,
A and B) directs the stereoselectivity of the hydroxyl-
ation process, in which the substrate is oxidized by
the activated iron-oxo ferryl species.[43] When docking
(S)-a-ionone into M11 L437N, predominantly trans-
orientated binding poses were obtained as well
(Figure 5, D), but interestingly, only for (R)-a-ionone,
a number of docking poses were found in which the
cis-hydrogen was found closest to the heme iron atom
(Figure 5, C). This offers a possible explanation for
the experimental finding that hydroxylation at cis-po-
sition of C-3 was observed for this substrate by
M11 L437N.

For M01 A82W, the (R)-enantiomer is oriented
with the trans-hydrogen of C-3 closest to the heme
iron atom, due to a steric conflict of the two methyl
groups bound to C-1 and the bulky tryptophan side
chain at the 82 position (Figure 5, A), whereas
M11 L437N (lacking this bulky side chain) leaves
more space in the active site, making it possible for
the double methyl groups to point towards the resi-
due-82 side of the cavity as seen in Figure 5, C. For
the (S)-enantiomer, no such direction of the binding
orientation to prevent sterical hindrance is observed,
as seen in Figure 5, B and D.

The role of A82W mutation was experimentally fur-
ther confirmed by incubating P450 BM3 mutant
M11 L437N A82W with (R)-a-ionone. In line with the
above discussion, the addition of A82W to
M11 L437N was found to substantially decrease the
stereoselectivity and cis-hydroxylation at C-3 position
of (R)-a-ionone, see the Supporting Information, Fig-
ure S8. In conclusion, these docking studies support
the observations that residue 82W plays an important
role in the stereoselective hydroxylation of a-ionone
enantiomers by M01A82W and M11 L437N.

The presented docking studies used a wild-type
BM3 crystal structure (PDB code 1BU7) as structural
template for the mutants and did not explicitly ac-
count for the role of possible differences in active-site
conformations and water molecule orientations, which
may affect docking outcomes.[44,45] As a first explora-
tion of the effect of active-site flexibility on our dock-
ing results, we additionally performed docking studies
using another crystal structure (PDB code 1 JPZ)[46]

of wild-type BM3 as structural template for the mu-
tants. Results of these additional docking studies
(data not shown) did not change the structural ration-
alization discussed above in terms of the orientation
of the substrates� C-3 carbon atoms (with respect to
the catalytical iron center) and the role played by
Trp82 and Ser72 in substrate binding orientation. Cur-
rently, the structural analysis of the binding of (R)-
and (S)-a-ionone to BM3 mutants such as M01 A82W
and M11L437N is extended towards a more rigorous
study using molecular dynamics simulations, thereby
allowing inclusion of the effects of protein plastici-
ty[45,47] and water-mediated protein-substrate interac-
tions,[48] to make possible a more detailed analysis of
the a-ionone binding process.

Conclusions

The present study shows that individual enantiomers
of a-ionone can be hydroxylated by P450 BM3 mu-
tants with high regio- and stereoselectivity along with
high turnover numbers, which makes them an attrac-
tive option for the green production of diastereomers
of 3-hydroxy-a-ionone. This is the first time that such
stereoselectivity of optically active a-ionone hydroxyl-
ation by P450 BM3 mutants has been reported. More-
over, the formation of (3S,6R)-hydroxy-a-ionone by
M11 L437N (90% de) exhibits the ability of engi-
neered P450 BM3 to produce cis-3-hydroxy-a-ionone.
While initial docking results yield some insights into
the regio- and stereoselectivity of a-ionone hydroxyl-
ation and the role played by the A82W mutation in
M01 A82W, extensive free energy calculations and
binding affinities of the individual enantiomers to
M01 A82W and M11 L437N are needed to further un-
derstand the basis of stereoselectivity.
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Experimental Section

Materials

Racemic a-ionone, enantiomers (R)-and (S)-a-ionone and
the hydroxy diastereomers (3S,6R)-hydroxy-a-ionone and
(3S,6S)-hydroxy-a-ionone were obtained from DSM Innova-
tive synthesis B.V., Geleen, The Netherlands. All other
chemicals were of analytical grade and purchased from
Sigma unless otherwise mentioned. Restriction endonucleas-
es were obtained from Westburg, Pfu polymerase and iso-
propyl b-d-thiogalactopyranoside (IPTG) were obtained
from Fermentas.

Enzymes and Plasmids

The 31 P450 BM3 mutants used in this work were construct-
ed as described previously.[28,31,49] Detailed information about
the mutations present is tabulated in the Supporting Infor-
mation, Table S2. Nine other mutants were made by site di-
rected mutagenesis using appropriate oligonucleotides (see
the Supporting Information, Table S1). In general, the muta-
tions were introduced in the corresponding templates in
pBluescript II KS(+) vector by the QuikChange mutagene-
sis protocol using the forward primers mentioned in the
Supporting Information, Table S1. The reverse primers were
exactly complementary to the forward primers. After muta-
genesis, the presence of the right mutations was verified by
DNA sequencing (Service XS, Leiden, The Netherlands).
The whole gene was subcloned to pET28a+ vector using
BamHI and EcoRI sites and later transformed to BL21
(DE3) cells for expression.

Expression and Purification of P450 BM3 Mutants

For screening of products of racemic a-ionone hydroxyl-
ation, cytosolic fractions of the enzymes were used. Wild-
type P450 BM3, mutants M01, M11, M01A82W and
M11 L437N were grown on a large scale and purified as fol-
lows: 600 mL terrific broth medium with 30 mg/mL kanamy-
cin were inoculated with 15 mL of overnight culture. The
cells were grown at 37 8C and 175 rpm until the OD600

reached 0.6. The protein expression was then induced by the
addition of 0.6 mM IPTG. The temperature was lowered to
20 8C and 0.5 mM of heme precursor delta-aminolevulinic
acid was added. Expression was allowed to proceed for 18 h.
Cells were harvested by centrifugation (4600 g, 4 8C, 20 min)
and the cell pellet was resuspended in 20 mL KPi-glycerol
buffer (100 mM potassium phosphate [KPi] pH 7.4, 10%
glycerol, 0.5 mM EDTA, and 0.25 mM DTT). Cells were dis-
rupted using a French press (1000 psi, 3 repeats), and the cy-
tosolic fraction was separated from the membrane fraction
by ultracentrifugation of the lysate (120,000 g, 4 8C, 60 min).
Then the enzymes were purified using Ni-NTA agarose
(Sigma). To prevent aspecific binding, 1 mM histidine was
added to the cytosolic fraction. 3 mL of Ni-NTA slurry were
added to 20 mL of cytosol and the mixture was equilibrated
at 4 8C for 2 h. The Ni-NTA agarose was retained in a poly-
propylene tube with porous disc (Pierce,Rockford,USA)
and was washed 4 times with 4 mL Kpi-glycerol buffer con-
taining 2 mM histidine. The P450 was eluted in 10 mL Kpi-
glycerol containing 200 mM histidine. The histidine was sub-
sequently removed by repeated washing with Kpi-glycerol

buffer in Vivaspin 20 filtration tube (10,000 MWCO PES,
Sartorius) at 4000 g until the histidine concentration was
below 250 nM.

Incubations of P450 BM3 Mutants with a-Ionone and
Analysis by GC-MS

For the biotransformation reaction, cytosolic fraction con-
taining 200 nM of P450 BM3 mutants was incubated with
500 mM of racemic a-ionone in a final volume of 250 mL.
The reaction was initiated by the addition of 25 mL NADPH
regeneration system containing 5 mM NADPH, 50 mM glu-
cose 6-phosphate and 20 units of glucose 6-phosphate dehy-
drogenase. The reaction was allowed to proceed for 1 hour
and then stopped by placing the tubes on ice. After addition
of 10 mL of 5 mm carbazole as internal standard, samples
were extracted by vortexing with 2 mL of ethyl acetate for
30 sec. Subsequently samples were centrifuged at 4000 g for
5 min to separate phases. About 1 mL of the organic layer
was then transferred to GC vials for analysis. The extracts
were analyzed using a Hewlett–Packard 6890 series with
ATAS Programmable Injector 2.1. Samples were separated
on a DB-5 GC-column (30 m� 0.25 mm). Ionization was
done by electron impact (EI) at 70 eV with the mass selec-
tive detector 5973. The injector temperature was maintained
at 250 8C. The temperature program for the GC was as fol-
lows: 2 min. stationary at 60 8C, ramp at 20 8C min�1 to
280 8C and maintained at 280 8C for 4 min. For incubations
with individual enantiomers, same conditions were used as
described above.

Dissociation Constant Determination by Optical
Spectroscopy

The binding of (R)- or (S)-a-ionone to wild-type P450 BM3
and mutants M01, M11, M01 A82W and M11 L437N was an-
alyzed by optical titrations using a Shimadzu UV-2501PC
spectrophotometer (Shimadzu Duisburg, Germany). The
spectra for the substrate-free enzyme (1 mM) were recorded
at 24 8C in 1 mL of 100 mM potassium phosphate buffer
(pH 7.4) prior to addition of a-ionone enantiomers. Increas-
ing amounts of (R)- or (S)-a-ionone dissolved in methanol
were added from appropriate stocks up to a final volume of
not more than 2% of the total volume of the solution. Spec-
tra were recorded after each addition of substrate, and a dif-
ference spectrum was computed by subtraction of the start-
ing (substrate-free) spectrum from those generated at each
point in the titration. The maximum apparent absorption
change induced at each point in the titration (DA390–422) was
determined by subtraction of the minimum absorption value
at the trough in each difference spectrum from the maxi-
mum value at the peak and these values were plotted versus
corresponding concentrations of (R)- or (S)-a-ionone after
correction for dilution. Data were analyzed by non-linear re-
gression using GraphPad Prism 4 (GraphPad Sotware, San
Diego, CA, USA). The spectral dissociation constants (KD)
were determined by fitting the titration binding curves to
the following equation:
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where DA represents peak-to-trough absorbance difference,
DAmax is the maximum absorbance difference, [S] is the sub-
strate concentration and Kd is the dissociation constant of
the enzyme-substrate complex. For substrate showing tight
binding ACHTUNGTRENNUNG(Kd<1 mM), data were fitted to tight quadratic equa-
tion[50]

where DA represents peak-to-trough absorbance difference,
DAmax is the maximum absorbance difference, [S] is the sub-
strate concentration and [E] is the enzyme concentration.

Determination of Coupling Efficiency

NADPH oxidation rates were measured at 25 8C using
a Libra S12 Biochrom UV-VIS spectrophotometer and 1 cm
path length cuvettes. To measure the NADPH consumption
rate, P450 BM3 (final concentration 200 nM) was mixed
with 100 mM KPi buffer pH 7.4 containing 200 mM a-ionone
enantiomersACHTUNGTRENNUNG(R or S) in methanol (2% final) in a volume of
1 mL. The reaction was initiated by the addition of NADPH
(end concentration 200 mM) and the decrease in absorption
was monitored over 30 seconds. Rates were calculated based
on the extinction coefficient of NAPDH e=
6,200 M�1 cm�1.[51] To measure the coupling efficiency, the
product formation was quantified under the same condi-
tions. The percentage of coupling was determined as the
ratio of the amount of product formed to the amount of
NADPH consumed.

Determination of Total Turnover Numbers of
M01 A82W and M11 L437N

200 nM of purified enzymes (M01 A82W and M11L437N)
were incubated with 1 mM of (R)- or (S)-enantiomers (2%
methanol) in a total volume of 500 mL. The reaction was ini-
tiated by the addition of 50 mL NADPH regenerating
system as mentioned in above. The reaction was performed
in duplicate in 1.5-mL Eppendorf tubes at 24 8C for 12 h
with shaking. After this incubation time, benzoxyresorufin-
O-dealkylation[52] was used to check the enzyme inactivation
to ensure completion of the reaction. Briefly, an aliquot of
the incubation (62.5 mL) was mixed with Kpi buffer to
a final volume of 125 mL. Benzoxyresorufin (25 mL) was
added in the assay buffer at a final concentration of 10 mM.
100 mM of NADPH regenerating system were added to the
reaction mixture and the reaction was monitored on
a micro-plate reader. No increase in resorufin fluorescence
was observed indicating that the enzyme was inactive. The
samples were then extracted and analyzed by GC-MS as de-
scribed above. Total turnover numbers were calculated as
nmol of product formed per nmol enzyme by using the cali-
bration curve of (3S,6S)-hydroxy-a-ionone (R2 =0.9982)
with concentrations ranging from 0.1 mM to 1 mM.

Preparative-Scale Synthesis

Large-scale incubation was performed in a 3-L baffled flask
with 250 nM of purified mutant M01 A82W, 48 mg of (S)-a-
ionone (final concentration 1 mM) in a volume of 250 mL in
100 mM potassium phosphate buffer (pH 7.4) at 24 8C. The
reaction was initiated by addition of 25 mL NADPH regen-
erating system. The reaction was allowed to proceed for 6 h
and then the products were extracted by using ethyl acetate.
The organic layer was dried over anhydrous Na2SO4 and an-
alyzed by GC-MS to determine the substrate conversion
and product formation.

Computational Methods

Mutants M01 A82W and M11 L437N were selected for mo-
lecular docking studies as they showed distinct stereoselec-
tivity in C-3 hydroxylation. Molecular structures of the mu-
tants were modeled based on chain A of the substrate-free
crystal structure (PDB code 1BU7),[53] using the molecular
modeling software MOE (Molecular Operating Environ-
ment).[54] Side-chains of the mutated amino acids were man-
ually replaced using the builder tool, and polar and aromatic
hydrogen atoms were added. The mutant structures were
energy minimized in vacuo using the GROMOS05 biomo-
lecular simulation package[55] and the GROMOS force field
parameter set 45A4.[56] Subsequently, aliphatic hydrogen
atoms were added using MOE. Molecular structures of the
substrate for use in docking were manually built using the
MOE program and energetically optimized using the
MMFF94x force field, as implemented in MOE. Subse-
quently, (R)- and (S)-a-ionone were docked into the
M01 A82W and M11 L437N active sites using GOLD (Ge-
netic Optimization for Ligand Docking),[58] version 4.0, and
the Chemscore scoring function.[59] The center point of the
docking sphere was placed in the middle of the protein
binding cavity, in between the side chain of residue 437 and
the heme iron atom, from which the radius was set to
1.5 nm to define the active site of the protein. For each
enantiomer, four independent docking simulations were per-
formed. Per docking simulation, maximally 50 docked poses
were retained. A maximum of 50000 operations in the
GOLD genetic algorithm were performed, using a popula-
tion of 100 genes. Generated binding poses for which all of
the substrate�s carbon atoms were positioned more than 6 �
away from the heme iron center (which is the hypothetical
cut-off for catalytic activity,[41] and which is comparable to
the distance of 5.6 � between the heme iron and the C-3
atom of b-ionone in the crystal structure with PDB code
3OFU[27]) were discarded for further analysis. The remaining
binding poses were visually inspected using MOE.
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