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Abstract—A series of cyclohexanones substituted at the 4-position with a selection of hydrophobic and hydrophilic groups were used as
substrates in the evaluation of six new cyclopentanone monooxygenase (CPMO) mutants. These mutants were obtained through evolu-
tionary modifications in two specific regions of the CPMO’s putative active site. Several mutant enzymes with improved enantioselec-
tivity were identified. Analysis of the results, in terms of a diamond model, illustrates how a family of cyclohexanone substrates may
be used to explore putative active sites of Baeyer—Villiger monooxygenases (BVMOs) and to design productive mutations for specific

substrates.
© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

Baeyer—Villiger oxidation is one of the key reactions in the
synthetic repertoire;! therefore, finding safe and environ-
mentally friendly reagents to carry it out preoccupies many
‘green’ chemists.? Apart from environmental concerns, the
regio- and stereoselective carbon—carbon bond cleavage in
this oxidation has been the focus of many chemical® and
enzymatic* studies. Although progress has been made
in ‘chemical’ oxidation methods, the need for selective
‘green’ methods has encouraged the search for biological
equivalents. Numerous bacteria and fungi harbour
enzymes catalyzing Baeyer—Villiger oxidations.* In these
microorganisms, Baeyer—Villiger oxidations are part of
catabolic pathways for non-carbohydrate ketones used as
carbon and energy sources;’ some of these enzymes possess
remarkably flexible substrate tolerance.*

Cyclohexanone monooxygenase (CHMO) from Acineto-
bacter sp. NCIB 9871° and cyclopentanone monooxygen-
ase (CPMO) from Commamona sp. NCIMB 98727 belong
to the above category. Both enzymes transform a broad
variety of the same ketones, but whereas wild-type CHMO
(WT-CHMO) is often highly enantioselective* the wild-
type CPMO rarely is.%° To improve the enantioselectivity
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of the wild-type CPMO (WT-CPMO), we designed and
carried out mutations restricted to four specific amino acid
residues.'® The selection of the mutation points was guided
by the information obtained from the directed evolution of
WT-CHMO.!! Over the course of our ‘mini evolution’,'?
two small mutant libraries were generated using the ‘cast-
ing’ technique.'” The screening of 300 mutants (150 per
Library) was carried out with three probe-compounds:
two substrates that can be readily oxidized by WT CPMO,
but with low selectivities; a nonpolar 4-methyl-cyclohexa-
none la, polar 4-acetoxycyclohexanone 1i, and ¢-butyl
cyclohexanone 1d that is not accepted by the wild-type
enzyme. During the initial screening we did not find
mutants capable of converting t-butylcyclohexanone 1d;
however, mutants with improved enantioselectivities for
the two remaining compounds were identified.!” In this
paper, we explore the potential of the selected six mutants
as Baeyer—Villiger oxidants for a series of compounds
shown in Scheme 1.

2. Results and discussion

The design and preparation of CPMO mutants used in this
study were reported previously,!? as was the synthesis of
substrates and the characterization of product lactones,
including their absolute configurations.!3~!> The screenings
and scaled-up reactions were performed with growing cul-
tures (log phase) in shake-flask fermentations on a 20 and
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Scheme 1.

100 mg scale, respectively. The conversion of substrates
was monitored by GC, and the product composition was
established by chiral phase GC using previously established
temperature programs that allow baseline resolution for
the enantiomeric lactones.'* It should be noted that
4-OH substituted lactones 2e, 2l, 2k, and 2m rearrange
spontaneously to the corresponding y-butyro-lactones 3

(¢}
When R, = OH

R

2a-2m 3e, 3k-m OH

as shown in Scheme 1. The extended profiling of the six
mutants produced several hits, particularly in Library B
created from the mutations at 156/157 positions (Table 1).

The stereoselectivity of the WT-CHMO is almost always
high; this is not the case, however, for the WT-CPMO,
which has an impressive substrate tolerance but usually a

Table 1. Baeyer—Villiger oxidations of 4-substituted cyclohexanones to the corresponding lactones catalyzed (growing conditions) by WT-CPMO and six

mutants

Library A (449/450)

Lactonic products 2 and 3*

Substrates 1a-m (R;/R5)

WT-CPMO Conv.% (ee%)

GlyPhe — SerTyr

GlyPhe — Glylle

GlyPhe — GlyCys

Me/H 100 (46R)
Et/H 100 (32S)
Pr/H 100 (36S)
OH/H 100 (89S)
OMe/H 100 (285)
OEt/H 100 (37R)
OAllyl/H 100 (53S)
OAc/H 81 (59)
COOEt/H 100 (64R)
OH/Me 81 (855)
OH/Et 92 (44S)°
OH/Allyl 63 (528)°

Library B (156/157)

27 (65R) 74 (92R) 37 (68R)
32 (358) 66 (225) 79 (218)
36 (59) 81 (238) 95 (245)
NR 100 (69S) NR

91 (44R) 100 (435) 96 (495)
92 (77R) 94 (27R) 100 (25R)
8 (ND) 94 (50S) 20 (57S)
20 (59R) 100 (8R) 89 (138)
20 (90R) 76 (82R) 69 (78R)
NR NR NR

NR NR NR

NR NR NR

Lactonic products 2 and 3*

Substrates 1a-m R;/R, WT-CPMO Conv.% (ee%) PheGly — LeuPhe PheGly — AsnTyr PheGly — HisLeu
Me/H 100 (46R) 89 (91R) 67 (88R) 69 (80R)
Et/H 100 (32S) 84 (90R) 55 (59R) 85 (88R)
Pr/H 100 (36S) 94 (89R) 44 (58R) 22 (59R)
OH/H 100 (89S) 23 (81S) NR NR
OMe/H 100 (28S) 53 (75R) 39 (66R) 31 (70R)
OEt/H 100 (37R) 77 (95R) 61 (92R) 56 (90R)
OAllyl/H 100 (53S) 23 (>90R) 22 (52R) 14 (ND)
OAc/H 81 (59) 10 (ND?) 19 (90R) 55 (74R)
COOEt 100 (64R) 56 (72R) 39 (78R) 48 (7T9R)
OH/Me 81 (858)° NR NR NR
OH/Et 92 (44S)° NR NR NR

NR: no reaction; ND: not determined.

% The absolute configurations of all lactonic products have been previously established (see Refs. 10,13-15 and references therein).

® Absolute configuration was assigned by analogy to lactone 3k.
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rather lacklustre selectivity profile. We expected that a
comparison of these two Baeyer—Villiger monooxygenases
(BVMOs) and their mutants might lead to understanding
of the differences in enantioselectivity. The strategy of
introducing CPMO’s mutations at positions corresponding
to the ‘hot spots’ discovered in the evolution of CHMO'
turned out to be profitable and led to identification of sev-
eral highly selective mutants. They also provided insight
into the mechanism of monooxygenase selectivity.

The X-ray analysis of PAMO, the first and only BVMO to
date that produced suitable crystals, was a major develop-
ment in the area of BVMOs.!® Malito et al.!® revealed an-
other important fact about the monooxygenase structure;
Arg-337, which occupies a position close to FAD, was
shown to be essential in the substrate oxidation step. In a
closely related enzyme, 4-hydroxyacetophenone monooxy-
genase (HAPMO), mutation of the corresponding Arg
residue to Ala resulted in a complete loss of activity.!”
Arg-337’s position directly in front of the flavin suggested
that it may be there to stabilize the peroxide ion. In this
scenario, however, when a ketone interacts with the
peroxide, Arg-337’s side chain must shift away to make a
place for the substrate. Thus, the position of Arg-337
may be an element controlling substrate acceptance and
stereoselectivity.

The crystal structure of PAMO allowed the construction of
homology models for CHMO and CPMO. Sequence align-
ment of CHMO and CPMO with PAMO showed a very
high homology (39% and 40%, respectively), suggesting
that the structures of these monooxygenases should be
highly conserved. Structural models constructed using
CPHmodels 2.0 server!® confirmed that the cores of the
three proteins were almost identical'® and that the Arg-
337’s position was highly conserved on the re-side of the
flavin ring in CHMO and CPMO. These findings pin-
pointed the site of substrate binding in CPMO and
CHMO. Sequencing of the eight mutants with the highest
increases in enantioselectivity, obtained in the directed evo-
lution of CHMO, identified residues 143, 432, 426, and 505
(CHMO numbering) as the ‘hot spots’-positions.!'! In the
3-D homology models of several BVMOs, including
CHMO and CPMO, these residues are all in proximity to
the re-face of FAD and the catalytically essential'®!7 argi-
nine (Arg 327 for CHMO and Arg 344 in CPMO).

Comparison of CHMO, CPMO, and their mutants indicate
that the most profitable mutations are at the 432 residue
for CHMO and at the 156/157 residues for CPMO. The
mutations at the 432 position tend to improve the S-selec-
tivity in CHMO,!* while those at 156/157 improve the
(R)-selectivity in CPMO (Table 1). These key residues are
located on the opposite sides of the Arg 327/344 (CHMO
and CPMO, respectively) with respect to the FAD mole-
cule, as shown in Figure 1. During enzymatic Baeyer—
Villiger oxidation, the substrate interacts with FAD perox-
ide to give the Criegee intermediate.'® At that time, the
arginine moves out of the position that stabilizes (and
blocks) the peroxy group and shifts into a position that
allows it to stabilize the negative charge on the O~ of the
intermediate.!®2°

Figure 1. The positions of key residues (CHMO Phe 432 blue/CPMO Phe
450 green and CHMO Leu 143 blue/CPMO Phe 156 green) that appear to
be directly involved in the stabilization of the 4-R substituent of
cyclohexanone are shown in relation to FAD (red) and arginine (yellow).
The homology models for CHMO and CPMO (derived from the X-ray
crystal structure of PAMO'®) show that these two pockets are antipodal
with respect to the arginine.

The diamond model for stereochemical control in CHMO-
catalyzed Baeyer—Villiger oxidations of cyclohexanones!’
(Fig. 2) was shown to be in agreement with the enantio-
selectivity changes observed in CHMO and CPMO
mutants.!%!% The application of the model (Fig. 2) suggests
that suitable mutations of the 156/157 residues of CPMO
may improve interactions with the 4-R substituents on
cyclohexanone. Thus, configuration A is favored and the
migrating bond leads to the (R)-lactone. The opposite is
true when mutations at the residue 432 stabilize the substi-
tuent in the antipodal pocket (configuration B).

Comparison of the two regions in WT-CHMO and WT-
CPMO reveals that CHMO’s hydrophobic pocket with
Phe432/Thr433 side chains, can accommodate/stabilize
the 4-R substituent of the cyclohexanone substrate. The
orientation of the 4-R group toward the Gly142/Leul43,
on the other hand, is stabilized only by the interaction with
the Leul43 side chain. In WT-CPMO, the two hydropho-
bic pockets, 156/157 and 449/450 are both Phe/Gly combi-
nations. This means that the 4-R group of the substrate has
an ‘equal opportunity’ to assume one or the other confor-
mation (Fig. 1). This analysis explains why WT-CHMO is
highly (S)-selective for cyclohexanones substituted with
non-polar groups at the 4-position, and why WT-CPMO
is not selective vis-d-vis these compounds.

A closer inspection of the homology model of CPMO
(Fig. 1) shows the following sequence of amino acids:
Pro447/Ala448/Gly449/Phe450. Pro447 overlaps with
CHMO’s Pro431 and Phe450 overlaps with CHMO’s
Phe432. The remaining two amino acids form a bulging
loop. Excision of these two amino acids would make the
CPMO hydrophobic pocket identical to that of the highly
selective CHMO. Previously, Reetz et al.?® noted an
extended loop in PAMO’s when this enzyme’s X-ray crys-
tal structure was compared to the homology model of
CHMO. This loop, which they refer to as ‘the bulge in
PAMO,’ was found to influence substrate acceptance and
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Figure 2. Mutations of residues 156/157 (CPMO) improve the interactions with the R substituents. Thus, configuration A is favored and the migrating
bond leads to the (R)-lactone. The opposite is true when mutations in the 432 position (CHMO) better accommodate substituents in the antipodal pocket.
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Figure 3. Improving the hydrophobic pocket of WT-CPMO by mutations at the residues 156/157 (PheGly — LeuPhe). The model shows the relative
positions of FAD, Arg 344 (CPMO numbering), and 156/157 residues: WT-CPMO (Phe/Gly green) and the mutant (Leu/Phe pink), side view (a) and top
view (b). The top view shows the location and character of the pocket with respect to the Arg 344 residue.

enantioselectivity. The deletion of Ser 441 and Ala 442, the
two bulge residues, produced a new PAMO variant with
increased substrate acceptance and enantioselectivity.?’
The existence of a similar ‘bulge’ in CPMO may explain
why our Library A was not as successful as Library B.
The effect of mutation of residues 449 and 450 may not
have a full impact on the improvement of the hydrophobic
pocket since the access to these amino acid residues
remains blocked by the Ala 448/Gly 449 ‘bulge.’

The analysis of mutants from the B library indicates that
the most profitable mutations produce a better hydropho-
bic pocket at the 156/157 location. For example, for the

PheGly — LeuPhe double mutant, which gives the most
dramatic enhancement of the (R)-selectivity for substrates
la—c (Table 1), the residue exchange appears to provide a
more accommodating pocket for the 4-alkyl substituents
according to the model shown in Figure 3.

3. Conclusion

In conclusion, the results listed in Table 1 show that small
focused libraries of mutants, such as those generated using
the casting technique can yield mutants with improved
enantioselectivities. In particular, an impressive increase
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in (R)-selectivity was observed for B-library mutants that
involved mutations in the 156/157 residues. The relatively
small changes in enantioselectivity observed for the A-
library mutants suggest that mutations in positions 449/
450 did not adequately improve the hydrophobic pocket,
possibly because this location was slightly off the principal
interaction(s) between the enzyme’s residue(s) and the R
group of the substituent. In general, the results reported
here, reinforce the realization that mutations close to the
active site have a higher impact on enantioselectivity, and
substrate selectivity,”! and that mutations at a residue that
interacts directly with the substrate have the most pro-
found impact. We believe that application of the diamond
model in combination with modeling will provide useful
blue prints for improvements in selectivity tailored for spe-
cific substrates.

4. Experimental

All chemicals were purchased from commercial suppliers
and used as received. Thin-layer chromatography was per-
formed on Sigma—Aldrich 0.2 mm aluminum-backed silica
gel plates. Flash chromatography was performed on 230-
400 mesh silica gel (Silicycle). Chiral-phase capillary gas
chromatography was performed on either a BGB-176
(30mx0.25 mm x 0.10 um) column from BGB-Analytik
or a BetaDex-325 (30 m x0.25 mm x 0.25 pm) column
from Supelco. Capillary gas chromatography was per-
formed on a DB-1301 (15 m x 0.53 mm x 1.0 pm) column
from J&W Scientific.

4.1. Biotransformations with E. colilCPMO, E. coliiCPMO
mutants

The E. coli strains BL21(DE3)(pMM4) (or JM109(DE3)-
(pET-22b)) were streaked from the frozen stock on LB-
Ampicillin plates and incubated at 37 °C until the colonies
were from 1 to 2 mm in size. One colony was used to inoc-
ulate 10 mL of LB-Ampicillin medium in a 50 mL Erlen-
meyer flask and shaken overnight at 37 °C at 250 rpm.
This culture was used at a 1:100 (v/v) ratio to inoculate
an LB-Ampicillin medium supplemented with 2% glucose
in a baffled Erlenmeyer flask. The culture was incubated
at 37 °C, 250 rpm until ODgyy was approximately 0.3-0.4.
IPTG stock solution (200 mg/mL) was added (0.1 puL per
mL of medium) and the flask was shaken for another
30 min at 24 °C. The substrate was then added; if cyclodex-
trin was necessary to alleviate solubility or toxicity prob-
lems, it was added at this stage. The culture was shaken
at 24 °C, 250 rpm, and monitored by GC analysis until
reaction was complete. The culture was then saturated with
NaCl and extracted with ethyl acetate or dichloromethane.
The combined extracts were washed once with brine and
dried with anhydrous MgSO,. The solvent was removed
on a rotary evaporator and the residue was purified by
flash chromatography on silica gel.
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