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ABSTRACT: A previous study showed that cyclohexanone
monooxygenase from Acinetobacter calcoaceticus (AcCHMO) cata-
lyzes the Baeyer−Villiger oxidation of 2-butanone, yielding ethyl
acetate and methyl propanoate as products. Methyl propanoate is of
industrial interest as a precursor of acrylic plastic. Here, various
residues near the substrate and NADP+ binding sites in AcCHMO
were subjected to saturation mutagenesis to enhance both the activity
on 2-butanone and the regioselectivity toward methyl propanoate.
The resulting libraries were screened using whole cell biotransfor-
mations, and headspace gas chromatography−mass spectrometry was
used to identify improved AcCHMO variants. This revealed that the
I491A AcCHMO mutant exhibits a significant improvement over the wild type enzyme in the desired regioselectivity using 2-
butanone as a substrate (40% vs 26% methyl propanoate, respectively). Another interesting mutant is the T56S AcCHMO
mutant, which exhibits a higher conversion yield (92%) and kcat (0.5 s−1) than wild type AcCHMO (52% and 0.3 s−1,
respectively). Interestingly, the uncoupling rate for the T56S AcCHMO mutant is also significantly lower than that for the wild
type enzyme. The T56S/I491A double mutant combined the beneficial effects of both mutations leading to higher conversion
and improved regioselectivity. This study shows that even for a relatively small aliphatic substrate (2-butanone), catalytic
efficiency and regioselectivity can be tuned by structure-inspired enzyme engineering.

Baeyer−Villiger monooxygenases (BVMOs) are flavin-
dependent enzymes that catalyze the insertion of an

oxygen atom next to the carbonyl group of ketone substrates,
producing esters or lactones.1 Oxidation of aldehydes,
heteroatoms, and epoxidations can also be carried out by
BVMOs.1 These reactions are of remarkable industrial interest,
for example in the synthesis of valuable steroids, sulfoxides, β-
amino acids, and ene- and enol-lactones.2,3 BVMOs generally
exhibit high regio- and stereoselectivity in contrast to the
chemical oxidants utilized for Baeyer−Villiger reactions such as
peracids or hydrogen peroxide.1 Implementing BVMOs instead
of these chemicals also avoids several environmental and safety
issues.
The overall catalytic cycle of BVMOs with ketone substrates

is well understood, based on steady-state and rapid kinetic
studies (Scheme 1).4−6 After binding of NADPH to the
enzyme, the 4(R)-hydride is transferred from NADPH to the
FAD N5 atom. The reduced FAD reacts with dioxygen to form
a C4a-peroxyflavin intermediate. In the absence of a ketone
substrate, the C4a-peroxyflavin intermediate decays, yielding
hydrogen peroxide, NADP+, and oxidized FAD. This process is
known as uncoupling. Alternatively, the C4a-peroxyflavin
intermediate carries out a nucleophilic attack on the carbonyl
carbon of the substrate, resulting in the formation of a
tetrahedral Criegee intermediate. The rearrangement of the
Criegee intermediate results in the formation of C4a-
hydroxyflavin and an ester or lactone. After elimination of a
water molecule from the C4a-hydroxyflavin, the FAD is

returned to the oxidized state. The ester or lactone and
NADP+ are released from the enzyme active site to close the
catalytic cycle.
Certain BVMO-catalyzed reactions yield either two regioiso-

meric products or only the unexpected one, broadening the
applicability of these enzymes in organic synthesis.1 Electronic
and steric effects control the regioselectivity of these reactions.
After forming the Criegee intermediate, one of the carbon
atoms adjacent to the substrate carbonyl group migrates to the
closest oxygen atom of the peroxide group (Scheme 1, 3A).
The antiperiplanar conformation of the migrating carbon−
carbon bond and the oxygen−oxygen bond allows the
migration to proceed.7,8 The normal regioisomer is formed
by the migration of the more nucleophilic carbon, which in
most cases is the more substituted carbon. A different product,
the abnormal regioisomer, is formed when the less nucleophilic
carbon migrates during the Criegee rearrangement. Formation
of the abnormal regioisomer has been detected in the reaction
of BVMOs with benzo-fused ketones,9 cycloalkanones,3,10,11

cycloalkenones,3 linear aliphatic β-hydroxyketones,12 β-amino-
ketones,13 and long ketones (8−12 carbons).14

Recently, we reported that several cyclohexanone mono-
oxygenases (CHMO; EC 1.14.13.22) catalyze the Baeyer−
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Villiger oxidation of 2-butanone, yielding the normal product
ethyl acetate and a significant amount of the abnormal product
methyl propanoate (14−27% of total product).15 All CHMOs
capable of carrying out this reaction exhibited considerably
lower activity on 2-butanone than on cyclohexanone.15 In the
present work, we aim to increase the activity of a CHMO on 2-
butanone and to shift the regioselectivity of this reaction to
favor the formation of methyl propanoate. Methyl propanoate
is of industrial interest because it can be converted into methyl
methacrylate by reaction with formaldehyde.16 Methyl
methacrylate is polymerized to form the acrylic plastic
poly(methyl methacrylate), which is used in many applications.
A renewable feedstock may be used to produce 2-butanone.17,18

In addition, methyl propanoate is used for flavoring and as a
solvent.19,20

Recently, a complete reversal in the regioselectivity of the
reaction of CHMO with (+)-trans-dihydrocarvone has been
achieved by replacing only three active site residues.11 Another
study showed that the reaction of a single mutant of
cyclopentanone monooxygenase (CPMO; 1.14.13.16) with 3-
(2-oxocyclohexyl)propanenitrile preferentially produced the
abnormal regioisomer in contrast to the wild type (WT)
enzyme.10 Both works indicate that steric effects can control the
regioselectivity of a reaction by influencing the exact position of
the substrate in the active site. Although we anticipated that
controlling the regioselectivity may be more difficult when
smaller substrates are used, we engineered the CHMO from
Acinetobacter calcoaceticus NCIMB 9871 (AcCHMO) to
increase the ratio of the desired abnormal product over the
normal product in the reaction with 2-butanone. AcCHMO was
selected for this work because it shows better or similar activity
and regioselectivity toward methyl propanoate than other

CHMOs.15 Since there is no available crystal structure of
AcCHMO, a homology model of AcCHMO,21 available BVMO
crystal structures, and data from previous mutagenesis studies
were used to select 35 residues as targets for site-saturation
mutagenesis. The resulting libraries were screened in 96-well
plates using headspace gas chromatography−mass spectrometry
(GC-MS). Several improved variants were discovered and
characterized using steady-state and rapid kinetics to elucidate
the specific reaction steps affected by the mutations.

■ RESULTS AND DISCUSSION

Design of the Libraries. Our previous study showed that
AcCHMO catalyzes the Baeyer−Villiger oxidation of 2-
butanone yielding both ethyl acetate and methyl propanoate
(Scheme 1).15 Here, we have carried out saturation muta-
genesis to increase the activity of AcCHMO on 2-butanone and
to improve the regioselectivity toward methyl propanoate.
Three libraries were generated named A, B, and C (Table S1),
and in total, 35 residues were targeted for randomization. The
randomization sites were chosen using a homology model of
AcCHMO that was constructed for a previous study.21 We
superimposed this model onto the crystal structure of
phenylacetone monooxygenase (PAMO; EC 1.14.13.92) in
complex with the inhibitor MES and NADP+ (PDB ID: 2YLT;
RMSD = 1.06).22 This task allowed inferring the position of the
above ligands relative to that of the residues in the AcCHMO
model. Various AcCHMO residues near the substrate and
NADP+ binding sites (≤15 Å) were chosen as randomization
sites. In the case of library-A, the equivalent residues in PAMO
were targets of mutagenesis in previous studies.23,24 While we
were generating these mutants, the crystal structure of
Rhodococcus sp. HI-31 CHMO in complex with ε-caprolactone

Scheme 1. Catalytic Cycle of AcCHMO with 2-Butanone As a Substratea

aFor FAD, R is ribitol adenosine diphosphate. Either ethyl acetate (Eac) or methyl propanoate (Mpr) is produced.
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and NADP+ (RhCHMOTight; PDB ID: 4RG3) was solved.25 In
the RhCHMOTight crystal structure, ε-caprolactone is bound in
an analogous position to that of MES in the WT PAMO crystal
structure. Figure 1 shows the position in the AcCHMO active

site of several residues mutated in the present work and ε-
caprolactone, based on a superimposition of the WT AcCHMO
model and the RhCHMOTight crystal structure (RMSD = 0.48).
Whole Cell Screening. The Baeyer−Villiger oxidation of 2-

butanone catalyzed by AcCHMO was first investigated using
whole cells of Escherichia coli expressing the WT enzyme and its
mutants. Whole cell biotransformations are generally preferred
over purified enzyme reactions in industrial applications. In
addition, this approach greatly simplifies the screening of large
libraries in the laboratory. Previously, we confirmed that E. coli
cells do not produce esterases or other enzymes with activity on
either ethyl acetate or methyl propanoate under similar
conditions to those used here.15 Culture medium containing
the expression inducer and 2-butanone was added to each well
of a 96-square well plate prior to inoculation. After 24 h of
incubation of these cultures, formation of ethyl acetate and
methyl propanoate was determined in air samples collected
from the headspace of each well using GC-MS.
A total of 30−100 E. coli colonies were screened per

randomization site using NNK codon degeneracy.26 Four hits
showing an improvement in the desired regioselectivity were
identified in library-A (Table S1). Cultures expressing the
L244R, F281H, L435N, and I491A variants produced 30 to
40% methyl propanoate (percentage of total product), while
the WT enzyme produced 26% methyl propanoate (Table 1).
Library-B resulted in the identification of the T56S mutant,
which exhibits a higher activity on 2-butanone. The T56S
mutant converted 92% of 2-butanone compared to 52% for the
WT AcCHMO in 24 h (Table 1). Other AcCHMO mutants
obtained at positions 56, 244, 281, 435, and 491 were not better
than those described above (Table S2). Additional beneficial
mutations were not found in library-C.
To obtain a mutant improved in both regioselectivity and

activity on 2-butanone, the best mutations found in library-A
were combined with the hit found in library-B (Table 1). The
double mutants T56S/L244R and T56S/I491A presented a
combination of the desired properties observed in the

corresponding single mutants. The triple mutant T56S/
L244R/I491A did not show an increase in the formation of
either total product or methyl propanoate when compared to
the T56S/I491A variant. The best regioselectivity was found for
the T56S/L435N/I491A mutant. This triple mutant produced
49% methyl propanoate compared to 43% for the T56S/I491A
variant. However, the T56S/L435N/I491A mutant produced
less total product than the WT AcCHMO. This is in contrast to
the T56S/I491A and the T56S/L244R mutants, which produce
the most methyl propanoate when comparing absolute
amounts.

Reactions Using Purified AcCHMO. Small scale con-
versions of 2-butanone (11 mM) were carried out using
purified AcCHMO fused to the NADPH regeneration enzyme
phosphite-dehydrogenase (PTDH; 2 μM).27,28 Fusing PTDH
to AcCHMO has no significant adverse effects, based on
previous kinetic studies and regio- and stereoselective trans-
formations.27,28 The reactions contained the purified WT
AcCHMO or one of the mutants identified by whole cell
screening (T56S, L244R, F281H, L435N, I491A, T56S/L244R,
T56S/I491A, T56S/L244R/I491A, and T56S/L435N/I491A).
In general, the results obtained by using purified AcCHMOs
were in perfect agreement with those achieved using whole cells
(Table 1). All variants exhibited a better regioselectivity toward
methyl propanoate (28−51% methyl propanoate) than the WT
enzyme (24% methyl propanoate), except for the T56S variant.
Yet, the latter variant produced the highest amount of total
product.
To study the effect of reaction conditions on the

regioselectivity and activity of AcCHMO, purified WT enzyme
and several variants were used to convert 2-butanone at various
temperatures and pH values (Figure 2 and Table S3). In the
case of the WT enzyme, the amount of total product at all pH
values was 2−5-fold higher at 30 °C than that at 4 °C. The
desired regioselectivity was slightly improved at 4 °C compared
to that at 37 °C (1.5-fold). The amount of total product for the
WT enzyme was lower at pH 6.0 than that at pH 7.0 and 8.5 at
all temperatures (2−4-fold), while the regioselectivity was pH
independent. Similar trends were observed for all mutants.

Figure 1. Active site of WT AcCHMO. A selection of residues that
were targeted in this study is highlighted in sticks (green carbons). A
superimposition of the WT AcCHMO model and the crystal structure
of RhCHMO in complex with ε-caprolactone (ε-Capr) was carried out
to infer the position of the ligand (cyan carbons). Distances in Å
between residues and either the ligand or FAD (yellow carbons) are
indicated next to the broken lines.

Table 1. Conversion of 2-Butanone and Production of
Methyl Propanoate by AcCHMOa

conversion (%)b Mpr (%)c

AcCHMO cells E cells E

WT 52 48 26 24
T56S 92 85 26 24
L244R 55 53 32 28
F281H 52 33 30 27
L435N 13 8 33 35
I491A 35 25 40 34
T56S/L244R 88 79 29 29
T56S/I491A 73 59 43 39
T56S/L244R/I491A 67 56 43 39
T56S/L435N/I491A 40 34 49 51

aAnalyses were carried out by headspace GC-MS after 24 h of E. coli
culture expressing CHMO at 24 °C (cells) or after reacting purified
enzyme (2 μM) for 5.5 h at 25 °C and pH 7.0 (E). The standard
deviation for the conversion values is ≤17% and that for the yields of
methyl propanoate is ≤6%. It is based on two or three replicates.
bRelative to the initial concentration of 2-butanone (11 mM). cYields
of methyl propanoate are given in percentage of total product.
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In all reactions of purified AcCHMO with 2-butanone, the
amount of total product obtained at 30 °C was similar to or
higher than that obtained at 37 °C (Figure 2 and Table S3).
This is probably caused by an increase in enzyme inactivation at
higher temperatures. Previous studies have shown that the
relatively low stability of AcCHMO limits its use as an
industrial biocatalyst,29 and great efforts are being made to
address this issue.21,30 We compared the thermostability of WT
AcCHMO and the mutants using the ThermoFAD method.31

The melting temperature (Tm) values for these enzymes at pH
7.0 ranged from 29 to 40 °C, being 37 °C for WT AcCHMO
(Table S4). The mutants T56S, I491A, T56S/I491A, and
T56S/L435N/I491A, which are the best mutants based on
activity and/or regioselectivity, had even a slightly higher Tm
value than the WT enzyme (1−3 °C higher at pH 7.0). The
effect of pH on the Tm values was also investigated. In all
enzymes, the Tm values were slightly lower at pH 6.0 than at
pH 7.0 and 8.5 (1−3 °C). This correlates with the effect of pH
on 2-butanone conversion yield.
The effect of various salt concentrations (0.1−0.8 M KCl) on

the reaction of purified WT AcCHMO with 2-butanone was
also investigated, since a previous study showed that salts
improve AcCHMO stability.29 A negative correlation was found
between KCl concentration and conversion yields (Figure S1).
The amount of total product decreased from 46% to 16% by
adding 0.8 M KCl to the reactions. In contrast, the addition of
KCl did only slightly affect the enzyme regioselectivity.
Besides 2-butanone, 3-methyl-3-buten-2-one was assayed as a

substrate for the purified WT AcCHMO and its single mutants
T56S and I491A. The abnormal product resulting from the
Baeyer−Villiger oxidation of 3-methyl-3-buten-2-one is methyl
methacrylate, which can be directly polymerized to form the
acrylic plastic poly(methyl methacrylate). However, Figure S2
shows that exclusively the normal product isopropenyl acetate
was detected in all reactions. Therefore, AcCHMO exhibits a
different regioselectivity with 3-methyl-3-buten-2-one and 2-
butanone. This result may due to the fact that 3-methyl-3-
buten-2-one presents a larger difference in nucleophilic strength

between the two carbons adjacent to the substrate carbonyl
group than 2-butanone. Steric effects may also play a role in
controlling the different regioselectivity of these reactions.

Steady-State Kinetics. To further characterize the reaction
of WT AcCHMO and its mutants with a ketone substrate,
steady-state kinetic studies were carried out at 25 °C and pH
7.0. Reactions were run under atmospheric dioxygen
concentration (0.253 mM), which is saturating based on
previous studies.4,5 Table S5 shows the kcat values obtained for
WT AcCHMO and its mutants with 2-butanone as a substrate.
These values were determined by following the decrease in
absorbance of NADPH at 340 nm. The T56S mutant presented
the highest kcat value (0.5 s−1), which was 1.7-fold higher than
that determined for the WT AcCHMO (0.3 s−1; Figure 3, panel

a). This is in agreement with the conversion data; the amount
of total product was doubled in the reactions using the T56S
mutant compared to WT AcCHMO. The other mutants
presented kcat values of 0.2−0.4 s−1 (Figure S3). The
Km(2‑butanone) values for WT AcCHMO and the T56S mutant
were 2.4 mM and 0.7 mM, respectively. The T56S/L244R
mutant presented the same Km(2‑butanone) value as that obtained
for the T56S mutant. In the case of the other mutants, the
Km(2‑butanone) value could not be determined since the kcat values
with 2-butanone are similar to the uncoupling rates (Table S5
and Figure S3). Using cyclohexanone as a substrate, the WT
AcCHMO and the T56S mutant presented the same kcat values
(6 s−1) and similar Km values (9 and 4 μM, respectively).
Clearly, AcCHMO has evolved to become an efficient
biocatalyst to convert cyclohexanone, and the T56S mutation
has only a marginal effect on the efficiency with cyclohexanone.
The effect of pH on the uncoupling rate was studied. For

effective monooxygenase-catalyzed conversions, uncoupling
should be minimized. Figure 3 (panel b) shows that the
uncoupling rate for the WT enzyme is 6-fold lower at pH 6.0
than at pH 9.0. This observation is in line with previous studies
on WT AcCHMO, which revealed that the C4a-peroxyflavin is

Figure 2. Conversion of 2-butanone and production of methyl
propanoate by purified AcCHMO. WT (red ●), T56S (■), L435N
(○), I491A (□), T56S/I491A (▲), and T56S/L435N/I491A (△)
AcCHMOs. Reaction contained 2 μM AcCHMO fused to PTDH, 11
mM 2-butanone, 150 μM NADPH, 50 mM Tris-HCl at pH 7.0, and
20 mM phosphite. Analyses were carried out by headspace GC-MS
after 5.5 h of incubation.

Figure 3. Steady-state kinetics with 2-butanone (panel a) and
uncoupling rate (panel b) for WT (red ●/○) and T56S (■/□)
AcCHMOs. Rate values were determined at 25 °C by following either
the NADPH consumption (full symbols) or the hydrogen peroxide
production (open symbols). Reactions contained 4 μM AcCHMO
fused to PTDH, 150 μM NADPH, and 0.253 mM dioxygen. Buffers at
pH 7.0 (panel a) or pH 6.0−9.0 (panel b) were used.
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less stable at pH 9.0 than at 7.0 in the absence of the substrate.4

The same effect of pH on the stability of the C4a-peroxyflavin
intermediate was observed for liver microsomal flavin-
containing monooxygenase,32 the monooxygenase component
(C2) of p-hydroxyphenylacetate-3-hydroxylase,33 and a side-
rophore-associated flavin-containing monooxygenase.34 Exper-
imental and computational studies have shown that the active
site environment controls the stability of the C4a-peroxyflavin
intermediate.35 Its decay rate is influenced by the protonation
state of active site residues or ligands, which is modulated by
pH changes. Figure 3 (panel b) shows that the T56S mutant
presents the same or a lower uncoupling rate than that for the
WT enzyme at the assayed pH values. Intriguingly, the pH had
no significant effect on the uncoupling rate for this mutant,
suggesting that its active site environment is different from that
of WT AcCHMO.
Flavin-containing monooxygenases produce little or no

hydrogen peroxide during catalysis with adequate substrates.
Yet, significant production of hydrogen peroxide in the
presence of nonoptimal substrates has been observed.34 We
measured the rate of hydrogen peroxide formation for WT
AcCHMO and the T56S mutant in the presence of various
concentrations of 2-butanone using a coupled assay with
horseradish peroxidase. Figure 3 (panel a) shows the rates
obtained using this method in comparison to those determined
by following the consumption of NADPH. In both WT
AcCHMO and the T56S mutant, the rate of hydrogen peroxide
production decreased in the presence of 2-butanone. For
example, the rate of hydrogen peroxide production for the WT
AcCHMO was 0.05 s−1 in the presence of 30 mM 2-butanone,
while it was 0.1 s−1 in the absence of a ketone substrate. The
hydrogen peroxide produced during catalysis of WT AcCHMO
with 2-butanone has no effect on the yield of ethyl acetate and
methyl propanoate, since the results did not vary by adding
catalase (1 and 50 U) to reactions with 2-butanone at pH 7.0
and 8.5 (Table S6).
Enzyme-Monitored Turnover. To investigate which

reaction step limits the AcCHMO turnover rate, enzyme-
monitored turnover experiments were carried out using a
stopped-flow spectrophotometer (pH 7.0, 25 °C, and 0.253
mM dioxygen). In the presence of WT enzyme (15 μM) and
NADPH (200 μM), a low absorbance at 440 nm was measured
during the steady-state period (A440 = 0.04; 17% of the fully
oxidized FAD absorbance; Figure S4, panel a). When all
NADPH was consumed, as evidenced by a low and stable
absorbance at 340 nm, full enzyme reoxidation was observed. In
the enzyme reaction containing 2-butanone (50 mM) or
cyclohexanone (0.25 mM), together with NADPH (200 μM),
the absorbance was found to be 35% and 46% of the fully
oxidized flavin absorbance, respectively (Figure S4). These
observations indicate that the overall turnover is mainly
governed by one of the steps in the catalytic cycle occurring
after enzyme reduction in the absence and the presence of the
ketone substrate (Scheme 1). This was further investigated as
described below.
Reductive Half-reaction. The T56S and I491A AcCHMO

mutants exhibit an improvement in activity and the desired
regioselectivity, respectively, as compared to those for the WT
enzyme. To identify the specific reaction steps affected by the
mutations, we carried out pre-steady-state kinetic studies using
a stopped-flow spectrophotometer.
The reductive half-reaction for WT AcCHMO and the T56S

and I491A mutants was monitored by following the decrease in

absorbance at 440 nm due to the reduction of enzyme-bound
FAD under anaerobic conditions. The stopped-flow traces at
various NADPH concentrations (62−150 μM) were fit with a
double exponential function, with a fast phase accounting for
64%, 82%, and 90% of the absorption change for the WT
AcCHMO, T56S mutant, and I491A mutant, respectively
(Figure 4, panel a). Previously, similar stopped-flow traces were

observed for the anaerobic reaction of PAMO with NADPH.6

It was suggested that the fast phase is due to the PAMO
reduction, while the slow phase may be due to the formation of
a small amount of C4a-peroxyflavin intermediate in the
presence of residual traces of dioxygen.6 In WT AcCHMO
and the mutants, the observed rate for each phase (kobs1 and
kobs2) was constant at all assayed NADPH concentrations.
Accordingly, the Kd(NADPH) value for WT AcCHMO was
previously estimated to be 7.0 μM.4 Both kobs1 and kobs2 values
for the WT AcCHMO were significantly higher than those for
the T56S and I491A mutants. The calculated kred1 values for
WT, T56S, and I491A AcCHMOs are 169, 69, and 25 s−1,
respectively (Figure 4, panel b). The reduction of the FAD
bound to AcCHMO is not the main rate-limiting step in the
reaction with 2-butanone since the kred1 value is significantly
higher than the kcat value in all cases (Table S5). These results
are in accordance with those described above for the enzyme-
monitored turnover experiment with WT AcCHMO.

Oxidative Half-reaction. The oxidative-half reaction for
AcCHMO was investigated using the stopped-flow spectropho-
tometer in double-mixing mode. The enzyme was first
anaerobically reduced with 1.2 equiv of NADPH in the aging
loop of the stopped-flow apparatus. The reduction time was 5 s
for the WT enzyme and 10 s for the mutants. The anaerobically
reduced enzyme was subsequently mixed with air-saturated
buffer in the absence or the presence of 2-butanone.
The first spectrum after mixing the anaerobically reduced

WT AcCHMO with air-saturated buffer shows a maximum at
366 nm (Figure 5, panel a). Subsequently, a fast increase in the
absorbance at 366 nm was observed over 0.01 s. A second
intermediate with a maximum at 379 nm was also observed,

Figure 4. Reductive half-reaction of WT (red ●), T56S (■), and
I491A (purple □) AcCHMO. All reactions contained 12 μM
AcCHMO fused to PTDH, 50 mM Tris-HCl at pH 7.0 and 25 °C
under anaerobic conditions. In panel a, stopped-flow traces with 62
μM NADPH are shown.
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with a formation rate of 36 s−1 and decay rate of 0.05 s−1.
Finally, an absorbance increase at 440 nm consistent with the
hydrogen peroxide elimination to form the reoxidized enzyme
(k = 0.08 s−1) was observed. The enzyme reoxidation rate was
similar to the uncoupling rate (0.11 s−1). Similar results were
obtained when this experiment was carried out with the
AcCHMOs mutants (Figure 5, panels b and c). However, the
second intermediate of the mutants has an absorbance
maximum at 370 nm. It was previously suggested for WT
AcCHMO that the first enzyme intermediate contains C4a-
peroxyflavin, which is protonated to form C4a-hydroperoxy-
flavin.4 Alternatively, the protonation of an enzyme residue may
influence the spectral properties of the C4a-peroxyflavin
intermediate.4

After mixing the anaerobically reduced AcCHMO with 60
mM 2-butanone in air-saturated buffer, a rapid increase in
absorbance at 366 nm due to the formation of the C4a-peroxy-
FAD intermediate was observed (Figure 5, panels d−f).
Subsequently, a decrease in absorbance at 366 nm together
with an increase in absorbance at 440 nm was observed. The
stopped-flow traces at 440 nm, obtained in the presence of 2-
butanone, were fit to a single exponential function. The
resulting rates for the WT, T56S, and I491A AcCHMOs were
0.3, 0.6, and 0.1 s−1, respectively (Figure S5). Similar values
were obtained by fitting the stopped-flow traces at 366 nm to
obtain the rate of intermediate decay (Figure S5). These values
are also similar to the kcat values for AcCHMO with 2-butanone
(Table S5). These experiments show that the decay of the C4a-
peroxy-flavin intermediate to form the oxidized enzyme is faster
for the T56S AcCHMO mutant than for the WT enzyme in the
presence of 2-butanone. Before the C4a-peroxy-flavin inter-
mediate decay, several steps occur in the enzyme reaction with
2-butanone (Scheme 1): (i) 2-butanone binding; ,(ii)
formation and rearrangement of the Criegee intermediate,
(iii) formation of C4a-hydroxyflavin, and (iv) elimination of a
water molecule. Additional experiments are required to clarify
which of these steps is improved in the T56S mutant compared
to the WT enzyme.
Importance of T56, L435, and I491 Residues in

AcCHMO. The results presented above show that the residues
located at positions 56, 435, and 491 in AcCHMO are
important for the reaction of this enzyme with 2-butanone. In

the case of WT AcCHMO, a conversion yield of 48% was
determined using the purified enzyme. Under the same
conditions, almost full conversion of 2-butanone was achieved
by the T56S AcCHMO mutant. In comparison to the WT
AcCHMO, the T56S mutant enzyme has a higher turnover
number with 2-butanone due to a higher rate of flavin
reoxidation. In addition, the T56S AcCHMO mutant has a
lower uncoupling rate than the WT AcCHMO (Table S5).
Replacement of T56 with serine reduced (2-fold) the anaerobic
rate of flavin reduction at saturating NADPH concentration.
This shows that T56 is involved in both the AcCHMO
reductive and oxidative half-reactions. A multiple sequence
alignment of characterized CHMOs showed that all other
CHMOs have a serine residue at an equivalent position to that
of T56 in AcCHMO (Figure S6). Figure 1 shows that the
AcCHMO T56 is located at 5 Å from the flavin N5, on the
flavin si-side, but the side chain of this residue is pointing away
from the isoalloxazine ring. The same side chain position is
observed for the equivalent serine in the available CHMOs
crystal structures.
In a similar position to that of AcCHMO T56, most

flavoenzymes have a hydrogen-bond donor located within
hydrogen-bond distance to the flavin N5 atom.36 In the
oxygenase component of p-hydroxyphenylacetate-3-hydroxy-
lase, the C4a-hydroperoxyflavin intermediate is stabilized via a
H-bond interaction between the flavin N5 atom and the S171
(equivalent to AcCHMO T56).37 In pyranose 2-oxidase, a C4a-
hydroperoxyflavin intermediate was not detected during the
oxidative half-reaction when the T169 (equivalent to AcCHMO
T56) was replaced with other residues.38 Other examples of
flavoenzymes harboring a serine or threonine in a similar
position are alditol oxidase (S106; PDB ID: 2VFS),39 choline
oxidase (S101; PDB ID: 4MJW),40 and electron-transfer
flavoprotein from the methylotrophic bacterium W3A1
(S254; PDB ID: 1O97).41 The sequence-related PAMO
harbors C65 at the equivalent position of T56 in AcCHMO.
It has been shown that in the C65D PAMO mutant, the rate of
decay of the C4a-peroxyflavin intermediate is significantly
increased compared to that for the WT PAMO.42 As a result,
the uncoupling rate for this mutant was 5.0 s−1 while it is only
0.02 s−1 for the WT PAMO.42 On the basis of available crystal
structures, other BVMOs present either a cysteine or a residue

Figure 5. Spectral changes observed during the oxidative half-reaction of WT, T56S, and I491A AcCHMOs. Anaerobically reduced AcCHMO (1.2
equiv NADPH/1 CHMO) was mixed with air-saturated buffer with or without 2-butanone in 50 mM Tris-HCl at pH 7.0 and 25 °C (60 mM 2-
butanone, 18/17 μM CHMO fused to PTDH, final concentrations).
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with a nonpolar side chain at an equivalent position to that of
T56 in AcCHMO.
The residue adjacent to T56 in AcCHMO, D57, is strictly

conserved among all known CHMOs. On the basis of available
BVMO crystal structures, this is a mobile residue that
participates in the positioning of the NADPH via a hydrogen
bond interaction with the nicotinamide base.22,43 In AcCHMO,
the replacement of the T56 residue with serine might result in
small changes in the position of the D57 residue that improve
the reaction with 2-butanone. Alternatively, the T56 side chain
could rotate to interact with the flavin N5 atom during the
reaction. As a result of this rotation, the T56 side chain would
achieve a similar position to that of the PAMO C65 side chain,
which is located at 4.5 Å from the flavin N5 atom.
On the basis of the 2-butanone conversions presented here,

the I491A AcCHMO mutant presents a better regioselectivity
toward methyl propanoate than that for the WT enzyme (Table
1). AcCHMO I491 is located on a mobile loop formed by
residues 485−502. On the basis of available CHMO crystal
structures, changes in the position of this loop modulate the
solvent accessibility to the substrate binding site.25 Replace-
ment of the equivalent residue in PAMO (Y502) with an
alanine did not affect the kcat value, while the Km(phenylacetone)
value was 20-fold increased and the enantioselectivity was also
influenced.23 The adjacent residue to AcCHMO I491, W490, is
strictly conserved among all known BVMOs. The equivalent
residue in RhCHMO, W492, interacts with the NADP+ ribose
during the catalytic cycle.43 In comparison with the WT
RhCHMO, the W492A mutant presented low activity, a high
uncoupling rate, and altered selectivity.25,43 The equivalent
mutant for PAMO, W501A, has a lower kcat, a higher
Km(phenylacetone), and a higher uncoupling rate than the WT
enzyme.23

The L435N AcCHMO mutant exhibited an improvement in
the desired regioselectivity compared to that for the WT
AcCHMO (Table 1). However, the yield of total product for
the L435N mutant was 6-fold lower than that for the WT
AcCHMO. Similar trends were observed when the T56S/
L435N/I491A mutant was compared to the T56S/I491A
mutant. Figure 1 shows that the L435N is located at ∼5 Å from
the substrate, based on a superimposition of the AcCHMO
homology model and RhCHMO crystal structure. The
structure of PAMO in complex with MES shows that the
equivalent residue to AcCHMO L435 (M446) interacts with
the ligand.22 The M446G PAMO mutant had a different
substrate specificity and enantioselectivity compared to the WT
PAMO.44

■ CONCLUSIONS
E. coli cells expressing WT AcCHMO convert 52% 2-butanone
after 24 h at 24 °C, resulting in the formation of 26% methyl
propanoate of the total product formed. This ester is of
industrial interest as it can be used as a precursor of acrylic
plastic. As a result of the present study, the T56S/I491A
AcCHMO mutant was obtained. It exhibits a significant
improvement in both 2-butanone conversion yield (73%) and
the desired regioselectivity (43% methyl propanoate) compared
to those for WT AcCHMO. These results were confirmed
using purified enzyme. Interestingly, the T56S mutation not
only improved the rate of catalysis but also significantly lowered
the uncoupling rate. This shows that by enzyme engineering,
such futile catalytic activity of BVMOs can be reduced. Several
other mutations were found to influence the regioselectivity of

AcCHMO when acting on the smallest asymmetric aliphatic
ketone, 2-butanone. This demonstrates that subtle changes in
the active site environment (i.e., replacement of AcCHMO
I491 with alanine) can influence the enzyme regioselectivity for
such a relatively small substrate. Additional engineering studies
are desirable to further improve the regioselectivity of
AcCHMO with 2-butanone with the aim of using this reaction
in industry. We anticipated that it is not an easy task, and thus
the implementation of an efficient method to separate methyl
propanoate from ethyl acetate should be also considered.

■ METHODS
Materials. NADPH was acquired from Jülich Chiral Solutions

GmbH. All other materials were acquired from Sigma-Aldrich unless
otherwise specified.

Generation of Mutants. The pCRE2-CHMO construct28 was
used as a template to generate the AcCHMO mutants. This construct
harbors a gene encoding WT AcCHMO fused to the C-terminus of
PTDH. A His-Tag at the N-terminus of the PTDH is also included in
this construct. Site saturation mutagenesis was carried out as
previously described,21 using NNK codons instead of single codons.
Single E. coli colonies harboring the plasmids encoding the AcCHMO
mutants were picked and grown in 250 μL Luria−Bertani medium
containing 50 μg/mL ampicillin (LB-amp) in 2 mL deep 96-square
well plates (Waters) covered by adhesive seals (AeraSeal film, Excel
Scientific). A total of 100 μL of this culture was mixed with 50 μL 60%
(v/v) glycerol in 96-well microplates (U-shape, greiner bio-one) and
frozen at −80 °C.

Screening of Mutants. A total of 250 μL of LB-amp was added to
each well of a 2 mL deep 96-square well plate prior to inoculation of
the E. coli cells containing the plasmids encoding the AcCHMO
mutants. Inoculation was carried out using glycerol stocks frozen in a
96-well microplate and a cryo-replicator press (CR1100, EnzyScreen).
After 24 h of incubation at 30 °C and 1050 rpm (Titramax 1000
incubator, Heidolph), 20 μL from each culture was transferred into the
wells of a 2-mL-deep 96-square well plate. Subsequently, 180 μL of
LB-amp containing 0.02% (w/v) L-arabinose and 11 mM 2-butanone
was added to each well, and the plates were covered with a
polypropylene cap mat (Waters). After 24 h of incubation at 17 or 24
°C and 1050 rpm, analyses were carried out by headspace GC-MS as
described below.

Expression and Purification. WT AcCHMO and its mutants,
fused to PTDH and a His-Tag, were expressed and purified as
previously described21 with the following modifications: (i) L-
Arabinose was added to the expression medium before the inoculation.
(ii) After the inoculation, the cultures were incubated 40 h at 24 °C.
(iii) The 10 μM FAD was not added to the lysis buffer, and (iv) 2 mL
of Ni-sepharose resin was used for each 50 mL culture. For all
experiments described in this work, purified enzyme concentration was
determined on the basis of the extinction coefficient of WT AcCHMO
at 440 nm (13.8 mM−1 cm−1).45

Reactions of Purified AcCHMO with a Ketone Substrate.
Purified WT AcCHMO and its variants (2 μM) were reacted with 2-
butanone (11 mM) at various temperatures (4, 17, 25, 30, and 37 °C)
and pH values (6.0, 7.0, and 8.5). In the case of WT AcCHMO, the
effect of various KCl concentrations (0.1, 0.3, 0.6, and 0.8 M) and
catalase (1 and 50 U) on the reaction with 2-butanone (11 mM) at 25
°C and pH values of 7.0 and 8.5 was also studied. Similarly, 3-methyl-
3-buten-2-one (10 mM) was assayed as a substrate for the purified WT
AcCHMO and the T56S and I491A mutants (10 μM) at pH 7.0, 24
°C, and 135 rpm. All reactions contained 150 μM NADPH, 20 mM
phosphite, and either 50 mM Tris-HCl (pH 7.0 and 8.5) or 50 mM
sodium phosphate (pH 6.0). A final reaction volume of 0.5 mL was
prepared in a 20 mL vial (headspace, screw top, Agilent). The reaction
time was 5.5 h when 2-butanone was used as a substrate, while 24 h
incubations were carried out for the reactions containing 3-methyl-3-
buten-2-one. Reactions were stopped by incubation at 60 °C for 10
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min. Analyses were carried out by headspace GC-MS as described
below.
Headspace GC-MS Analysis. Reactions of AcCHMO with the

ketone substrates were analyzed by headspace GC-MS using a GCMS-
QP2010 (Shimadzu) in an air-conditioned room (21 °C). A HP-1
column (30 m × 0.25 mm × 0.25 μm, Agilent) was used. Then, 250
μL headspace samples were injected. The injector temperature was set
at 150 °C. The temperature programs used for the different reactions
are as follows: (i) for the screening in 96-square well plates, isothermic
at 35 °C for 1.7 min; (ii) for the reactions of purified enzyme with 2-
butanone in vials, isothermic at 35 °C for 3.3 min; and (iii) for the
reactions of purified enzyme with 3-methyl-3-buten-2-one in vials,
isothermic at 35 °C for 5 min, and then from 35 to 150 °C at 20 °C/
min. Reactions prepared in vials were stirred at 40 °C for 2.5 min
before the analysis. Standards were used to identify the substrates and
products by retention time and their characteristic fragmentation
pattern. Calibration curves of 2-butanone, ethyl acetate, and methyl
propanoate were carried out to quantify these compounds in the
reactions.
Determination of Melting Temperatures. The melting temper-

ature values for purified WT AcCHMO and various mutants of this
enzyme, fused to PTDH and a His-Tag, were determined using the
ThermoFAD method as previously described.31 For these assays, 10
μM enzyme was prepared in 50 mM Tris-HCl at pH 7.0 or 8.5 or 50
mM sodium phosphate at pH 6.0.
Steady-State Kinetics. Steady-state kinetic parameters for purified

WT AcCHMO and its mutants were determined using a
spectrophotometer. Enzyme (4 μM), NADPH (150 μM), and various
2-butanone concentrations were reacted in 50 mM Tris-HCl at pH
7.0, 25 °C, and atmospheric dioxygen concentration. In these
reactions, the rate of NADPH consumption was determined by
following the decrease in absorbance at 340 nm (ε340 = 6.22 mM−1

cm−1). Alternatively, the increase in absorbance at 515 nm (ε515 = 26
mM−1 cm−1) was measured to determine the rate of hydrogen
peroxide production in the presence of horseradish peroxidase (4 U),
4-aminoantipyrine (0.1 mM), and 3,5-dichloro-2-hydroxybenzenesul-
fonic acid (1.0 mM). The NADPH consumption assay was also carried
out using cyclohexanone instead of 2-butanone as a substrate and
0.01−0.05 μM AcCHMO. The initial rates of the reactions were
plotted as a function of the ketone substrate concentrations. These
data were fit to the Michaelis−Menten equation using the software
KaleidaGraph (Synergy Software, Reading, PA).
Enzyme-Monitored Turnover. Enzyme-monitored turnover

experiments were carried out using a SX20 stopped-flow spectrometer
(Applied Photophysics, Surrey, UK) in single-mixing configuration.
WT AcCHMO (15 μM) was reacted with NADPH (200 μM) and 2-
butanone (50 mM) in 50 mM Tris-HCl at pH 7.0, 25 °C, and
atmospheric dioxygen concentration. The absorbance of both the FAD
bound to AcCHMO and the NADPH was monitored at 440 and 340
nm, respectively. For comparison, the same experiment was carried out
in the absence of 2-butanone or in the presence of cyclohexanone
(0.25 mM) instead of 2-butanone. A control reaction without both
NADPH and a ketone substrate was also assayed.
Rapid Kinetics. The catalytic cycle of WT AcCHMO and its

mutants was studied using an SX20 stopped-flow spectrometer. The
single- and double-mixing mode of this apparatus was used to
investigate the enzyme reductive and oxidative half-reactions,
respectively. A xenon lamp and either a photomultiplier tube
(PMT) detector or a photodiode array (PDA) detector were used.
The age of the reaction of the mixed reagents in the observation cell is
1 ms (dead-time) when the data acquisition starts. All experiments
were carried out in 50 mM Tris-HCl at pH 7.0 and 25 °C. All assays
were run in duplicate or triplicate by mixing equal volumes of
reactants.
The enzyme reduction was performed in the absence of dioxygen.

To make the stopped-flow spectrometer anaerobic, the flow-circuit of
this apparatus was repeatedly washed with anaerobic buffer. Anaerobic
solutions (2 or 4 mL) were prepared in gastight glass syringes (5 or 10
mL, Hamilton, Nevada, USA). NADPH and buffer solutions were
made anaerobic by bubbling argon through the solutions for 10 min.

To deoxygenate the enzyme solution, argon was blown on the surface
of the solution for 10 min. Aspergillus niger glucose oxidase (Sigma-
Aldrich) and glucose were added to the solutions to remove any
residual traces of dioxygen (final concentrations 0.5 μM and 2 mM,
respectively).

All data were analyzed using the software Pro-Data and Pro-K
(Applied Photophysics, Surrey, UK) or KaleidaGraph (Synergy
Software, Reading, PA). Stopped-flow traces were fit to the
corresponding exponential function to determine the observed rates
(kobs).

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acschem-
bio.6b00965.

Tables S1−S6 and Figures S1−S6 (PDF)

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: m.w.fraaije@rug.nl.
ORCID
Marco W. Fraaije: 0000-0001-6346-5014
Present Address
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