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Manipulating the stereoselectivity of the
thermostable Baeyer—Villiger monooxygenase
TmCHMO by directed evolutiont

Guangyue Li,*° Maximilian J. L. J. Frst, &€ Hamid Reza Mansouri, ¢

Anna K. Ressmann, {2 9 Adriana Ilie,®® Florian Rudroff 9 Marko D. Mihovilovic,
Marco W. Fraaije (2 *© and Manfred T. Reetz

) xa.b

Baeyer—Villiger monooxygenases (BVMOs) and evolved mutants have been shown to be excellent bioca-
talysts in many stereoselective Baeyer-Villiger transformations, but industrial applications are rare which is
partly due to the insufficient thermostability of BVMOs under operating conditions. In the present study,
the substrate scope of the recently discovered thermally stable BYMO, TmCHMO from Thermocrispum
municipale, was studied. This revealed that the wild-type (WT) enzyme catalyzes the oxidation of a variety
of structurally different ketones with notable activity and enantioselectivity, including the desymmetriza-
tion of 4-methylcyclohexanone (99% ee, S). In order to induce the reversal of enantioselectivity of this
reaction as well as the transformations of other substrates, directed evolution based on iterative saturation
mutagenesis (ISM) was applied, leading to (R)-selectivity (94% ee) without affecting the thermostability of

rsc.li/obc the biocatalyst.

Introduction

The Baeyer-Villiger oxidation of ketones or aldehydes is a valu-
able transformation in synthetic organic chemistry in which a
single oxygen atom is inserted into the respective C-C bond
adjacent to a carbonyl moiety with formation of esters or lac-
tones." Many different reagents such as peracids or hydroper-
oxides have been used as stoichiometric oxidants, sometimes
in the presence of chiral transition metal catalysts® or organo-
catalysts® for obtaining enantiomerically enriched or pure pro-
ducts. The C-C activating process can also be catalyzed by
Baeyer-Villiger monooxygenases (BVMOs),* which require only
dioxygen from air, thereby avoiding the use of potentially
explosive reagents. Mechanistically, O, reacts with the reduced
form of the enzyme-bound flavin (FAD), brought into this
redox state by NADPH, with formation of an intermediate
hydroperoxide. This intermediate in the anionic form adds to
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the carbonyl function leading to the so-called Criegee inter-
mediate. In the final step, one of the alkyl or aryl groups next
to the original carbonyl function migrates. The product is then
released, after which NADP" is also released. Being NADPH-
dependent, BVMOs require a cofactor regeneration system
such as glucose dehydrogenase or a whole-cell system.

By using BVMOs from different sources and numerous
structurally different ketones as non-native substrates, high
stereoselectivity has been observed numerous times.*
Moreover, directed evolution® can be applied in those cases in
which stereoselectivity proves to be moderate to poor, or if
inversion of the enantioselectivity is required.® For example,
cyclohexanone monooxygenase from Acinetobacter calcoaceticus
NCIMB 9871 (AcCHMO) has been subjected to protein engin-
eering a number of times.” Nevertheless, a major obstacle for
wide industrial applications appears to persist, namely the
lack of robustness of most BVMOs under operating con-
ditions.® The discovery of the thermostable phenylacetone
monooxygenase from Thermobifida fusca (PAMO) set a mile-
stone in BVMO research, although the respective substrate
scope proved to be limited.® Protein engineering of PAMO,
especially by means of directed evolution, was applied several
times with formation of variants that show moderate to excel-
lent activity and stereoselectivity, depending upon the nature
of the substrate."”

A different approach would be to apply protein engineering
for achieving significant thermostability of AcCHMO without a

This journal is © The Royal Society of Chemistry 2017


www.rsc.li/obc
http://orcid.org/0000-0001-7720-9214
http://orcid.org/0000-0002-3556-5488
http://orcid.org/0000-0001-8092-7380
http://orcid.org/0000-0002-6680-8200
http://orcid.org/0000-0002-5438-8368
http://orcid.org/0000-0001-6346-5014
http://orcid.org/0000-0001-6246-647X
http://crossmark.crossref.org/dialog/?doi=10.1039/c7ob02692g&domain=pdf&date_stamp=2017-11-23
http://dx.doi.org/10.1039/c7ob02692g
http://pubs.rsc.org/en/journals/journal/OB
http://pubs.rsc.org/en/journals/journal/OB?issueid=OB015046

Published on 13 November 2017. Downloaded by University of Groningen on 19/04/2018 12:34:51.

Organic & Biomolecular Chemistry

trade-off in its broad substrate scope. Alternatively, the recently
discovered CHMO from Thermocrispum municipale DSM 44069
(TmCHMO) offers yet another option."* This BVMO is charac-
terized by good thermostability, and it has been shown to
accept ketones such as cyclohexanone, acetophenone, phenyl-
acetone and 2-octanone, but stereoselectivity has not been
studied to date.'" Furthermore, the crystal structure of
TmCHMO has been solved, providing beneficial information
for guiding enzyme engineering and for developing a theory
for explaining the evolved catalytic profiles. Therefore, we con-
sider TMCHMO to be an attractive starting point for exploring
and possibly engineering such properties as regio- and stereo-
selectivity as well as substrate acceptance.

Results and discussion

As the model reaction for assessing the enantioselectivity of
TmCHMO, we chose the BV-oxidation of 4-methyl-
cyclohexanone (1a) with formation of (R)- and (S)-2a
(Scheme 1). We discovered that in whole-cell reactions, WT
TmCHMO shows excellent enantioselectivity and conversion in
favour of (S)-2a (99% ee; conversion 100%/24 h). Thus, in this
particular transformation, the result is comparable to the use
of AcCHMO, the most prominent prototype enzyme of this
family, which is likewise (S)-selective (>98% ee). However,
TmCHMO has the advantage that it is more thermally stable,
the melting temperature (T;,) of the wildtype being 49.8 °C as
determined here and reported earlier,'* compared to AcCHMO
(T, = 37 °C).

We then set out to invert stereoselectivity by protein engin-
eering. Lactone (R)-2a is a chiral compound of particular inter-
est because it is a precursor of (R)-B-methyl-substituted adipic
acid, which in turn is an important intermediate in the syn-
thesis of an effective inhibitor of acetylcholinesterase (AChE)"?
as shown in Scheme 2. In earlier work, a mutant of cyclopenta-
none monooxygenase from Comamonas sp. was shown to be
(R)-selective (96% ee) in this reaction,” but this BVMO, as in

0z TmCHMO H20 @
NADPH NADP*
1a (S)-2a

Scheme 1 Baeyer-Villiger oxidation of 4-methycyclohexanone (1a)
catalyzed by TmCHMO.

(o]
Q 1) KOH/CH;0OH
B
2) CrO4/H,S0, M
3 CH;COCH;
(R)-2a (R)-b-methyl-substituted adipic acid Inhibitor of AChE

Scheme 2 Synthesis of (R)-B-methyl-substituted adipic acid, the pre-
cursor of an AChE-inhibitor.*?

This journal is © The Royal Society of Chemistry 2017

View Article Online

Paper

the case of AcCHMO, lacks sufficient thermostability and
robustness under operating conditions to be of practical sig-
nificance. A PAMO variant was also shown to be (R)-selective
(98% ee), but activity proved to be poor.**”

We started our investigations with directed evolution based
on saturation mutagenesis at sites surrounding the binding
pocket (CAST-sites; Combinatorial Active-site Saturation Test)"*
and iterative saturation mutagenesis (ISM).'* Utilizing the
X-ray structure of TmCHMO (pdb accession code 5M10),""
docked the substrate 1a in the active site. Subsequently, 11
amino acids within 5 A from the docked substrate were chosen
for saturation mutagenesis (L145, L146, F248, F279, R329,
F434, T435, N436, L437, W492 and F507) (Fig. 1). These posi-
tions were subjected individually to NNK-based randomization
in which all 20 canonical amino acids are used as building
blocks, requiring in each case the screening of about 96 trans-
formants for 95% library coverage (one microtiter plate)."*
Such exploratory experiments are fast and deliver valuable
information for subsequent mutagenesis steps.

In the mini-libraries generated by saturation mutagenesis
at positions 146, 434, 435, 437 and 507, several mutants were
discovered showing decreased (S)-selectivity, namely L146E,
F4341, T435F, T435Y, T435 W, L437G, L437T, L437A and
F507W, thereby pointing the way towards reversal of enantio-
selectivity. The libraries created at the other six positions
failed to harbor any positive variants (Table S17}). At this stage
we explored two mutagenesis strategies in parallel. In one
approach, saturation mutagenesis at a relatively large 5-residue
randomization site defined by the above hot spots was per-
formed. This time, appropriately reduced amino acid alpha-
bets, individually designed for each of the five residues were
used.'® The respective design was based on the information
that the initial positive mutants provide (Table S27).
Accordingly, 146E/L, 4341/F, 435F/Y/W/T, 437T/A/G/L and
507W/F, including the amino acid alphabets encoding wild-
type and positive mutations at individual positions, were
chosen for creating a 5-residue saturation mutagenesis library.

Fig.1 TmCHMO structure model showing docked 4-methyl-
cyclohexanone (1a) (in cyan) based on the crystal structure of wild-type
TmCHMO (5M10),** which served as a guide for choosing amino acids
for saturation mutagenesis (in purple).

Org. Biomol. Chem., 2017, 15, 9824-9829 | 9825
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A total of only 384 transformants were screened for 95%
library coverage, and three (R)-selective variants were indeed
identified (Table S31) showing moderately reversed enantio-
selectivity (50%-66% ee).

According to the second strategy, the best hit identified in
the exploratory NNK-based mini-libraries, mutant L437A, was
chosen as a template for performing iterative saturation muta-
genesis (ISM) at the remaining four hot spot residues (L146,
F434, T435 and F507), which were grouped into two randomiz-
ation sites: A (F434, T435) and B (L146, F507). Thereafter,
several ISM pathways were explored using the respective best
variants as templates and NDT codon degeneracy encoding
only 12 amino acids (Phe, Leu, Ile, Val, Tyr, His, Asn, Asp, Cys,
Arg, Ser, and Gly) (Fig. 2). Two excellent (R)-selective mutants,
which could not have been found in the above described
5-residue saturation mutagenesis library, were identified,
LGY3-4-E5 (F4341/T435L/L437A/F507V) (91% ee) and LGY3-4-
D11 (L146F/F4341/T435L/L437A/F507C) (94% ee). All results
are summarized in Fig. 2 and in the ESI (Table S4t). In this
ISM strategy, a total of only 768 transformants had to be
screened for 95% library coverage. This is more than the first
approach in which the 5-residue site was randomized by a
single saturation mutagenesis experiment using optimally
designed codons at each individual position (384 transfor-
mants). However, the screening effort involves only 8 microtiter
plates which can easily be handled by automated GC. The
superiority of the ISM-based approach has to do with the
greater structural diversity at protein level.

By measuring the consumption of NADPH in the presence
of varying amounts of 4-methylcyclohexanone (1a), the enzyme
kinetic parameters were determined using a spectrophoto-
meter.'”"> Under the experimental conditions (150 uM
NADPH, 5% methanol, pH 7.4), WT showed an uncoupling
rate of 0.22 s™'. The maximum turnover rate k. was deter-
mined to be 1.9 s7!, while the affinity for 4-methyl-
cyclohexanone was so high that a K,,, <1 uM could only be esti-

LGY3-4-E5 LGY3-4-D11

100 1 LGY3-1-D12 IéeG=?7°1/E2 ee=91%  2ez94%
—
ee=86%
80 e v — L146V/F507L, FS07Y
F5070 L146F/F507C
_ 60 { LeY2283 LGY2-1-A10
x ee=53Ymm- ee=54% == LGY2-2-G4
40 1 ee=64%
20
0 F4341/T435L
220 -
F4341/T435F
> -40
N—
-60
L437A
-80 1 wr ee=-74%
ee=-99%
-100 -

Fig. 2 Iterative saturation mutagenesis (ISM) exploration of TmMCHMO
as catalyst in the model reaction of ketone 1a (Scheme 1) with focus on
reversal of enantioselectivity.
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mated. For the LGY3-4-D11 mutant, a K,, could not be accu-
rately determined, because the activities with concentrations
lower than the apparent K,, were almost undistinguishable
from the uncoupling rate (0.16 s~'). The K,, of the LGY3-4-
E5 mutant is approximately 5.5 mM and a lowered uncoupling
rate in 5% methanol of 0.05 s™' was observed. The k., was
determined to be 8 times lower than WT for the LGY3-4-
D11 mutant, while the LGY3-4-E5 mutant was close to WT with
1.23 s7'. It is striking to see that all four mutants that show a
high enantioselectivity (Fig. 2) have a mutation of F507 in
common, while L146 is only mutated in two of these mutants.
This suggests that the F507 mutations play a dominant role in
equipping the enzyme with high enantioselectivity for the
target substrate while the L146 mutations may only have a
marginal effect and may even harm the kinetic performance as
observed in the LGY3-4-D11 mutant.

Some degree of substrate inhibition, which is not unusual
for BVMOs,* was observed in all cases. The WT is half-
maximal inhibited at a concentration of 13 mM. In the LGY3-
4-E5 mutant, inhibition is less strong, with a K; roughly 3
times higher than that of WT. The fitting for the LGY3-4-
D11 mutant suggests a 20 times higher K; than WT, but has to
be considered unreliable for the same reasons as the K, deter-
mination (Table 1, Fig. S17).

The melting temperatures (7,,) of WT and both mutants
were determined with a fluorescence-based thermal shift assay
(ThermoFAD)."® It was found that the thermostability of LGY3-
4-D11 and LGY3-4-E5 mutants is maintained as compared to
WT TmCHMO (Table 1).

In order to further explore the potential of WT TmCHMO
and the two best mutants as catalysts in organic chemistry, we
tested the BV-reaction of a number of structurally diverse
ketones using recombinant whole cells. The reaction mixture
was shaken at 30 °C (220 rpm) for 24 h in a 25 mL flask with
sufficient oxygen, containing recombinant E. coli expressed
cells (ODggo = 35) and 10 mM substrates in 1 mL PBS buffer
(pH 7.4, 50 mM). As shown in Table 2, considerable improve-
ment in stereoselectivity towards compound 1b was achieved
with both mutants relative to WT. Enantioselectivity was
boosted from 18% to 99% ee, although reversal was not
observed (Scheme 3 and Table 2). A similar trend was also
found for substrate 5a, the two mutants inducing pronounced
enhancement of stereoselectivity from 49% ee (R) to 98-99%
ee (R). It is also interesting to note that 4-tert-butylcyclohexa-
none (1c) was converted completely by WT TmCHMO (93% ee,
R), but this sterically bulky substrate is hardly accepted by the
two variants LGY3-4-D11 and LGY3-4-E5. A similar tendency
was found for compound 1d. In the case of substrate 3, WT
TmCHMO and both mutants showed essentially identical
behaviour with excellent (4S,6R)-selectivity (99% ee), as in the
case of the more sensitive AcCHMO."” Of special interest is the
enzymatic oxidation product of 3, which enables the ready syn-
thesis of the C;;-C; subunit of ionomycin, a naturally occur-
ring polyether antibiotic.'® Importantly, variants LGY3-4-D11
and LGY3-4-E5 lead to reversed stereoselectivity in the reaction
of compound 5b (94%-95%, R) relative to WT TmCHMO,

This journal is © The Royal Society of Chemistry 2017
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Table 1 Kinetic and thermostability data of WT TmCHMO, and mutants LGY3-4-D11 and LGY3-4-E5. 4-Methylcyclohexanone (1a) was used as sub-

strate for the kinetic analysis

Entry Mutations keat (571 Ky (1M) K; (mM) kune (s7° Ty (°C)°
WT 1.93 + 0.03 <1 13+3 0.22 + 0.08 49.8
LGY3-4-D11 L146F/F4341/T435L/L437A/F507C 0.2¢ n.d.” n.d.” 0.16 + 0.01 53.0
LGY3-4-E5 F4341/T435L/L437A/F507V 1.23 +0.09 5500 + 750 47 + 8 0.053 + 0.002 51.5

“n.d. = not determined, due to unreliable fitting only a maximal observed rate is given. All experiments were done in triplicates.

deviation (triplicates) was <0.5 °C.

b The standard

Table 2 Substrate scope of WT TmCHMO and variants LGY3-4-D11 and LGY3-4-E5

WT LGY3-4-D11 LGY3-4-E5
Substrate Conversion ee [%] Conversion ee [%] Conversion ee [%]
la +H+ 99(S) +H+ 94(R) -+ 91(R)
1b +++ 18(R) +++ 99(R) +++ 99(R)
1c ++ 93(S) n. c. n. d. n. c. n.d.
1d ++ 88(-) + 16(-) + 30(+)
3 ++ 99(4S,6R) ++ 99(4S,6R) + 99(45 6R)
5a +++ 49(R) +++ 99(R) +++ 98(R)
5b +H+ 95(S ++ 94(R) +HHt 95(R)
7 +++ N:ABN =50:50 +++ 55:45 +++ 50:50
ee% >99(-), >99(-) 83(—), 99(-) 98(—), 99(-)
9 +++ N:ABN =55:45 +++ 48:52 +++ 48:52
ee% 79(-), 98(-) 97(-), 97(-) 98(-), 98(-)
11 +++ P:D=45:55 +++ 35:65 +++ 30:70
ee% 99(-), 99(-) 28(-), 44(-) 86(—), 55(-)
13 ++ 97(R) + 75(R) + 96(R)
15 + 98(R) + 66(R) + 58(R)

Conversion: +++ >80%, ++ 50-80%, + <50%; P: proximal, D: distal; N: normal, ABN: abnormal.; n.d. not determined, n.c. not converted.

02 TmcHMmo, H20

NADPH NADP*

1a-d (S)-2a-d
a R=Me
b R=0OH
¢ R=tBu
d R=Ph

o
" é

“ NADPH

NADP*

3 (4R,6S)-4

02 TmCHMO H20

o
R NADPH NADp+ R
5a-b (S)-6a-b
a R=Ph
b R=4CI-Ph

0O, w HO o)
7N\

@ 0 02 TmCHMO Hzo

H
(1R,585)-8b (1S,5R)-8b
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~ 1
(R)-6a-b
o]

NADPH NADP*
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(S)-14b or 16b (R)-14b or 16b |

Abnormal lactone

Scheme 3 Baeyer-Villiger oxidation of a series of structurally diverse substrates catalyzed by TmMCHMO.
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which is (S)-selective (95% ee) (Scheme 3 and Table 2). This
reversal is a synthetically significant result because the stan-
dard BVMO, AcCHMO, is (S)-selective (81% ee),"® while the (R)-
product constitutes a chiral precursor in the synthesis of the
therapeutically useful y-aminobutyric acid receptor (GABAg)
agonist (R)-baclofen.?® As shown in Table 2, all three enzymes
convert substrate 7 with a fast reaction rate and almost the
same ratio of normal lactone to abnormal lactone (N: ABN %)
and high ee value, which is similar for AcCHMO [N:ABN =
51:49, 95(-), 95(=)].>" The expected “normal” lactone can be
used as an intermediate in the synthesis of the Corey lacto-
ne,"” a versatile building block in the synthesis of prostaglan-
dins. Furthermore, the “abnormal” lactone was used as a start-
ing material in the chemoenzymatic total synthesis of various
brown algae pheromones.”> The conversion results of
3-methyl-cyclohexanone (11) indicate that the mutations
improve the tendency of the enzyme to produce more of the
distal product. Protein engineering of other BVMOs resulting
in a change of the normal/abnormal lactone ratio has been
reported earlier.”® However, the introduced mutations have
little effect in reactions of compound 13 and a negative effect
in the reaction of 15 (Scheme 3 and Table 2).

Conclusions

This study shows that the recently discovered thermally stable
Baeyer-Villiger monooxygenase TmCHMO, and the two var-
iants LGY3-4-D11 and LGY3-4-E5, are excellent biocatalysts in
the asymmetric transformation of a variety of structurally
different ketones. The two mutants were generated by directed
evolution utilizing a special version of iterative saturation
mutagenesis (ISM). As demonstrated by the determination of
the T, values, the thermostability of the two TmCHMO
mutants is retained relative to WT. In some cases the high
enantioselectivity in desymmetrization reactions is similar to
those reported for the prototype CHMO, AcCHMO, but this
well-known BVMO is only moderately stable. Moreover, reversal
of enantioselectivity as reported herein allows ready access to
several chiral compounds of particular synthetic value. The
overall results of this study show that TmCHMO is an attractive
scaffold for future mutagenesis. It will be interesting to see
how TmCHMO and the two generated variants perform in BV-
reactions of other ketones, and as biocatalysts in enantio-
selective sulfoxidations. Further ISM studies starting from WT
or the two mutants may also be a rewarding task in future
work. Finally, a complete theoretical study, hopefully unveiling
the molecular basis of stereoselectivity, would not only be of
fundamental interest, it could also guide future directed evol-
ution of this promising BVMO.
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