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Insights into Sequence-Activity Relationships amongst
Baeyer-Villiger Monooxygenases as Revealed by the
Intragenomic Complement of Enzymes from Rhodococcus

jostii RHA1

Claudia Szolkowy,” Lindsay D. Eltis,” Neil C. Bruce," and Gideon Grogan*®

Microbial genome sequences are providing a wealth of infor-
mation on new enzymes that have considerable potential as
biocatalysts. The recently sequenced genome of Rhodococcus
jostii RHA1, for example, has revealed an impressive array of
catabolic enzymes, including many putative Baeyer-Villiger
monooxygenases (BVMOs). We have cloned 23 target BVMO
sequences from the genome of R.jostii RHA1 and heterolo-
gously expressed 13 of these as soluble proteins to unearth
new substrate specificities and selectivities. Whole-cell biocata-
lysts expressing the genes were screened against seven differ-
ent test substrates. Each of these catalysts displayed activity
toward at least three ketones. We observed a remarkable di-

Introduction

Baeyer-Villiger monooxygenases (BVMOs; E.C. 1.4.13.22), typi-
fied by the cyclohexanone monooxygenase from Acinetobacter
calcoaceticus NCIMB 9871 (CHMOgg,,)!" catalyse the insertion of
oxygen into carbon skeletons adjacent to carbonyl groups.
This reaction is a formal biological equivalent of the chemical
Baeyer-Villiger reaction, which is classically achieved by using
peracids such as meta-chloroperbenzoic acid.? BVMOs have
stimulated great interest as catalysts for organic synthesis as
they display superior regio- and enantioselectivity compared
to the organometallic catalysts currently available for chiral
Baeyer-Villiger reactions.”’ BVMOs are dependent on two co-
factors: a nicotinamide coenzyme (usually NADPH) and a flavin
prosthetic group (usually FAD). During the catalytic cycle,
NADPH is used to reduce the FAD in the active site of the
enzyme. The reduced flavin, FADH,, then reacts with molecular
oxygen to form a peroxidate ion, which is the reactive species
in the Baeyer-Villiger oxidation. The mechanism involves the
formation, and subsequent rearrangement of, a tetrahedral
Criegee intermediate, which is the key species in both the
“chemical” and enzymatic reaction.

Since the adoption of CHMO,g;, as a model for studying the
potential of these enzymes, a large range of substrates has
been identified for the biological Baeyer-Villiger reaction, cata-
lysed either by CHMOy,;, itself or a few other Baeyer-Villiger
monooxygenase enzymes,> most of which have been identi-
fied through genome-mining approaches.® The sequences of
known BVMOs are typically between 500 and 550 amino acids
in length and contain two Rossman fold motifs (GXGXX(G/A))
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versity of both regio- and enantioselectivity among the BVMOs
from R. jostii RHA1 for the transformation of two chiral sub-
strates, with some enzymes displaying high enantioselectivity
for the isomers of 2-methylcyclopentanone. With the notable
exception of the product of gene ro03437, named MO14, the
biocatalysts’ sequences correlated well with their respective ac-
tivities and selectivities. This correlation allowed the identifica-
tion of sequence motifs specific to subgroups of the BVMOs
from R. jostii and other organisms. Overall, the data improve
predictive models of BVMO activity from sequence and sug-
gest new avenues to pursue in engineering these enzymes.

for the binding of ADP moieties of each cofactor—one near
the N terminus and the other approximately 200 amino acids
from the N terminus of the enzyme. In addition, a BYMO motif
(FXGXXXHXXXW(P/D)) has been described, closely upstream
from the second Rossman motif, that has greatly aided in the
identification of putative BVMO sequences in sequenced ge-
nomes.”? Studies on one BVMO, 4-hydroxyacetophenone
monooxygenase (HAPMO) from Pseudomonas fluorescens ACB,
have suggested that the histidine residue in this motif is cru-
cial for catalysis, since mutation to alanine suppressed the cat-
alytic activity of the enzyme” A related class of enzymes,
flavin-containing monooxygenases (FMOs), possess a similar
motif with the amino acid sequence FXGXXXHXXX(Y/F), but
are more distantly related in sequence overall.”® The sole X-
ray crystal structure of a BYMO solved thus far, that of phenyl-

[a] C. Szolkowy, Dr. G. Grogan
York Structural Biology Laboratory, Department of Chemistry
University of York, York YO10 5YW (UK)
Fax: (+44) 1904-328266
E-mail: grogan@ysbl.york.ac.uk
[b] Prof. Dr. L. D. Eltis
Department of Microbiology and Immunology, Life Sciences Centre
University of British Columbia, 2350 Health Sciences Mall
Vancouver V6T 123, BC (Canada)
[c] Prof. Dr. N. C. Bruce
Centre for Novel Agricultural Products, Department of Biology
University of York, York YO10 5YW (UK)
Supporting information for this article is available on the WWW under
http://dx.doi.org/10.1002/cbic.200900011.

ChemBioChem 2009, 10, 1208-1217



Baeyer-Villiger Monooxygenases

acetone monooxygenase (PAMO) from the thermophilic bacte-
rium Thermobifida fusca in complex with FAD, revealed that
the fingerprint motif for Baeyer-Villiger monooxygenases
FXGXXXHXXXW(P/D) is found on the surface of the enzyme,”
and it was suggested that this motif might be implicated in
conformational changes of the enzyme during the catalytic
cycle. The further role of conformational changes in BVMO ac-
tivity has been difficult to assess, as there is as yet no structure
of the enzyme that features a bound substrate or product;
however, the structure has proved extremely useful in inform-
ing engineering studies of both PAMO and other BVMQs.['™?

Many studies of BVMOs have focused on the molecular de-
terminants of regio- and enantioselectivity within the active
site, as knowledge of these would allow rational mutation of
the enzyme with a view to improving or expanding these
properties. Expanding the range of BVMO activities has been
achieved in three ways. First, the random mutagenesis of
BVMOs such as CHMO,g,, and cyclopentanone monooxygenase
from Comamonas sp. NCIMB 9872 (CPMO) has revealed mu-
tants of broader substrate specificity and improved, or even in-
verted, enantioselectivity.'®™ Second, the structure of PAMO
has been used to target active-site residues in order to ration-
ally engineer this enzyme for improved properties."? Third,
there is an increasing number of catalysts appearing within the
gene databases that hint at a rich reservoir of untapped activi-
ties and selectivities that have arisen as a result of natural evo-
lutionary processes."® These have recently included enzymes
from Pseudomonas fluorescens DSM 50106,"*'*" Pseudomonas
veronii (mekA)"® and Pseudomonas putida KT2440"” that dis-
play a preference for aliphatic ketone substrates, and a CHMO
homologue from Xanthobacter sp. ZL5 that catalyses the oxy-
genation of sterically demanding ketone substrates.['®'

The genome sequence of R. jostii RHA1 has proven particu-
larly interesting in the last regard, revealing that this bacterium
has an unusually large amount of putative BYMOs displaying a
variety of the sequence attributes seen amongst the known
enzymes as well as others that have not yet been character-
ised.” In the interests of both exploring this intragenomic di-
versity and highlighting the activities of potential new cata-
lysts, we have amplified and cloned the closest 23 homologues
to CHMOyg,;, from R. jostii RHA1. Thirteen of these targets were
produced as soluble proteins in Escherichia coli, and their activ-
ity as whole-cell biocatalysts was assessed with various ke-
tones. Analysis of the amino acid sequence of these BVMOs, in
conjunction with both their substrate spectrum and regio- and
enantioselectivity data, has allowed these enzymes to be
grouped as well as group-specific amino acid sequences to be
identified. In addition to describing new and potentially useful
activities, the studies reveal previously unrecognised relation-
ships between the enzymes and new regions of sequence that
might be targeted for rational design in the future by using
these candidate enzymes as starting points.
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Results

Sequences of BVMOs from R. jostii RHA1

Twenty-three open reading frames encoding putative Baeyer-
Villiger monooxygenases from R. jostii RHA1 were chosen as
targets for this study (Table 1). These represent the closest ho-

Table 1. Overview of the Baeyer-Villiger monooxygenases MO1 to MO23
from R. jostii RHA1 and their corresponding gene annotations.

Trivial name Gene name Trivial name Gene name
MO1 1006679 MO13 ro03773
MO2 ro04304 MO14 ro03437
MO3 ro03247 MO15 ro02492
MO4 1003063 MO16 ro02919
MO5 r002109 MO17 ro05228
MO6 ro01874 MO18 ro05396
MO7 r006008 MO19 ro05522
MO8 1008998 MO20 ro08137
M09 r009035 MO21 ro10187
MO10 r009039 MO022 ro00824
MO11 1006698 MO023 ro08185
MO12 ro07112 - -

mologues to CHMO,g;,, the sequence search model. The en-
zymes, designated MO1 to MO23, share 12 to 43% sequence
identity with CHMOyg,,. Full amino acid sequences can be
found as part of a full sequence alignment in the Supporting
Information. Fifteen of the targets possess the amino acid fin-
gerprint motif FXGXXXHXXXW(P/D) that has been proposed to
identify the sequences as encoding a BYMO."” Two of the 15
(MO21 and MO23) have identical amino acid sequences save
for a substitution from Leu (MO21) to Arg (MO23) in position
480 that has resulted from a single base-pair difference. Both
MO21 and MO23 have a histidine residue in place of the lysine
that is found in position 336 in PAMO and which is well con-
served amongst all other known BVMOs. The remaining eight
targets have one or two substitutions in the fingerprint motif,
such as FXGXXXHXXXWN (for example, MO2), YXGXXXHXXXWR
(MO4), FXGXXXLXXXWP (MO14) and FXGXXXHXXXYD (MO22).
In addition, MO22 contains the motif reported to be character-
istic of FMO and was included in our target selection in order
to explore the possible Baeyer-Villiger monooxygenase activity
of such an enzyme.

The 23 targeted genes were amplified by using the genomic
DNA from R. jostii RHA1 as a template and cloned in the pET-
YSBLIC-3C vector by using a LIC-PCR cloning method." The in-
tegrity of each of the recombinant genes was then verified by
nucleotide sequencing. Of a number of expression strains of
E. coli assessed for soluble protein production, the most suc-
cessful overall proved to be E. coli Rosetta 2 (DE3) plysS, in
which 12 of the CHMO homologues (MO3, MO4, MO9, MO10,
MO11, MO14, MO15, MO16, MO18, MO20, MO21 and MO23)
were produced as soluble proteins, including two with variant
fingerprint motifs (MO4 and MO14), two “long” BVMOs with N-
terminal extensions reminiscent of HAPMO“" (MO10 and
MO18) and the FMO homologue MO22.
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A full sequence alignment of the target enzymes, obtained
by using the programme ClustalW,”? is shown in the Support-
ing Information, and partial alignments are shown at the rele-
vant points in this report. A second alignment was generated
by using a group of sequences that included the R. jostii RHA1
BVMOs (excluding M0O22, which has only 12% sequence identi-
ty with CHMOgg,,), HAPMO, PAMO, CPMO and a selection of
BVMOs from different organisms (CHMOg,,, CHMOg.,
CHMOBrevZ, CHNK)Rhodot CHNK)Arthrl CHMOXanthOI BVMOmekAI
BVMOyg;, BVMOg,n, BVMOg, 3049 and CPDMO) that were the sub-
ject of previous sequence-activity relationship studies."*?® Se-
quences were used as input into the PROML programme of
the PHYLIP package in order to generate a phylogenetic tree
with an associated bootstrap analysis, based on 100 calcula-
tions (Figure 1). The initial groupings of enzymes on the tree,
assigned as groups |-V for the most significant groups in this
study, are useful as they allow the experimentally determined
selectivities of the RHA1 enzymes to be assessed in the context
of previously reported activities, notably those that have been
used to classify known BVMOs on the basis of their sequence
and selectivity.'>?*

MO3, MO4, MO11 and MO20 (group I) share 44 to 57% se-
quence identity and cluster with CPMO and CHMOg,,,. MO9,
MO14 and MO15 (group Il) share 50 to 61% sequence identity
and cluster with PAMO. MO21 and MO23 (only MO21 shown),
which differ by a single residue, and the BVMO, from Pseu-
domonas veronii, which displays a preference for aliphatic sub-
strates, are intermediate between group | and Il enzymes be-
cause they have approximately 40% sequence identity to both
MO3 (groupl) and MO9 and MO15 (group ll). Most of the
CHMO enzymes cluster together, as previously observed, and
form group lll. The N-terminally extended enzymes, MO10 and
MO18 (group IV) cluster with HAPMO. MO16, in groupV, is
more distantly related to the other BVMOs under consider-
ation, but clusters with the BVMO from Mycobacterium tubercu-
losis EtaA,*¥ with which it shares 58% sequence identity, and
with the BVMO from Pseudomonas putida KT2440.""

A screen of substrate preference in R. jostii RHA1 BVMOs

In order to shed light on the substrate specificity of some of
the rhodococcal BVMOs, an initial screen was performed in
which the recombinant whole-cell biocatalysts were chal-
lenged with seven commercially available ketones (Scheme 1).
E. coli has not been shown to possess enzymes capable of per-
forming the Baeyer-Villiger reaction, thus substrate profiling of
these enzymes in recombinant whole-cell form has been the
method of choice in recent reports.”>?>? The seven com-
pounds for the biotransformation screen represent three types
of substrates: simple cyclic ketones (cyclobutanone (1), cyclo-
pentanone (2), cyclohexanone (3) and cycloheptanone (4));
chiral cyclic ketones (2-methylcyclopentanone (5) and bicyclo-
[3.2.0]hept-2-en-6-one (6)); and an aliphatic ketone 7. Bicyclo-
heptenone 6 has been used extensively as a stereochemical
model for BYMO activity.”’?*® The reaction products were ana-
lysed by gas chromatography with commercially available ke-
tones and lactones/esters as standards.
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Figure 1. Radial phylogram of catalytically active BYMOs from R. jostii RHA1
and previously studied BVMOs. Groups -V are shaded and labelled. Boot-
strap values are given on the relevant branches of the tree. Sequences other
than those of RHA1 are: CHMOyg;;, cyclohexanone monooxygenase from
Acinetobacter calcoaceticus (Uniprot ID: Q9R2F5); CHMOg,,; and CHMOg,..,
from Brevibacterium sp. HCU (Q9F014 and Q9FDI3, respectively); CHMO .,
from Arthrobacter sp. BP2 (Q84H88); CHMOg;,0q01 from Rhodococcus sp. Phil
(Q84H73); CHMOg,,, from Brachymonas petroleovorans (Q5VJEO);
CHMOy,tho, from Xanthobacter sp. ZL5 (Q8VLS4); CPMO, cyclopentanone
monooxygenase from Comamonas sp. NCIMB 9872 (Q8GAWO); BVMO,,cxa
from Pseudomonas veronii MEK700 (QOMRG6); BVMO. from Pseudomonas
fluorescens DSM 50106 (087636); HAPMOACB, 4-hydroxyacetophenone
monooxygenase from Pseudomonas fluorescens (Q93J5); CPDMO, cyclo-
pentadecanone monooxygenase from Pseudomonas sp. strain HI-70
(Q1T7B5); BVMOy,s from Mycobacterium tuberculosis H37Rv (053294);
BVMOg,» from Mycobacterium tuberculosis H37Rv (P96223); BVMOxr440
from Pseudomonas putida (Q88J44).
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Scheme 1. Substrates used for screening the activities of R. jostii RHA1
BVMOs heterologously produced in E. coli.
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i, . . The influence of the ring size
Table 2. Substrate spectra of heterologously produced Baeyer-Villiger monooxygenases from R. jostii RHAT in
fal of the cycloalkanone substrates
whole cells.
on biocatalyst activity was then
Biocatalyst Ketone 1 Ketone 2 Ketone 3 Ketone 4 Ketone 5 Ketone 6 Ketone 7 examined. In general, decreas-
MO3 B A* A* A A¥ A C ing substrate acceptance
MOo4 B B A c A* A < among the biocatalysts was ob-
MO9 B C B B C . . . .
MO10 c c A sterved with the |ncrea5|.ng ring
MO11 B B B B B B c size of the ketone (Figure 2),
MO14 B B C C B B C that is, cyclobutanone 1, which
MO15 B c B B C is the smallest ketone, was con-
MO16 B C C B B B .
MO18 B p p c B A verted by all biocatalysts. Cyclo
MO20 B A* A* A A* A c pentanone 2 was not trans-
MO21 C B B A* A C formed by MO10 but was trans-
MO22 B C B B formed by the twelve other en-
FC)ETMO%” ¢ ¢ B B B B ¢ zymes from R. jostii RHA1 and
CHMOyg;,; however, 2-methyl-
[a] CHMOgg;; was insluded as a positive contrql, and the empty pET vec.tor, pET-YSBLIC-3C, as nega'.(ive control. cyclopentanone 5 was a sub-
A*=100% conversion, A=56-99% conversion, B=0-55% conversion, C=trace-9% conversion, D=no
conversion. strate for MO10. Cyclohexanone

The results from the initial screen are shown in Table 2. Each
of the thirteen biocatalysts transformed at least three of the
ketones to the corresponding Baeyer-Villiger product. In each
case, E. coli Rosetta 2 (DE3) pLysS cells transformed with vector
with no insert did not produce any Baeyer-Villiger products.
By contrast, the substrate spectrum obtained for this strain ex-
pressing CHMOyg,, was consistent with previous reports in the
literature for this enzyme.!"?2%3% Conversions of ketones 2, 3,
4, 5, and 6 were observed, although no literature was found
on the biotransformation of ketones 1 and 7 by CHMOg;,.

Of the newly described biocatalysts, cells expressing MO10
displayed the narrowest substrate spectrum for these sub-
strates, converting only the 4-membered-ring system 6 effi-
ciently. Catalysts with the broadest substrate spectrum in this
study were those expressing group | enzymes (MO3, MO4,
MO11 and M0O20) and MO14, which converted each of the test
substrates into the corresponding Baeyer-Villiger products.
Strains expressing MO3 and MO20 were also the most efficient
biocatalysts, being capable of completely transforming three
of the test substrates. The substrate spectrum of MO23 has
been omitted from Table 2 because it differs from MO21 only
by a single residue and behaved identically to this biocatalyst
in all assays to date.

14
12
gi 10
8T 8]
Z2 4
2
0- . . ;
c4 cs cé c7

Ring size of ketone

Figure 2. Bar chart illustrating the decreasing number of BVMOs active with
increasing ring size of ketone substrates 1 to 4.
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3 was converted by nine biocat-
alysts and the cycloheptanone
4 only by seven.

It was notable that the three biocatalysts containing en-
zymes with the naturally variant fingerprint motifs
YXGXXXHXXXWR  (MO4), FXGXXXLXXXWP (MO14) and
FXGXXXHXXXYD (MO22) displayed significant BVMO activity.
This indicates that the previously identified fingerprint motif is
not strictly conserved amongst flavoenzymes that catalyse the
Baeyer-Villiger reaction. More specifically, acceptable substitu-
tions for the highly conserved Phe, His and Pro/Asp in the fin-
gerprint motif FXGXXXHXXXW(P/D) are Tyr, Leu and Arg,
respectively.

Biotransformation screen of chiral substrates

The emerging range of BVMO biocatalysts in the literature is
revealing a spectrum of enantioselectivities that have, in some
instances, been correlated with the amino acid sequences of
the enzymes themselves."#?) CHMO,s,, and other enzymes
have been found to display poor enantioselectivity towards
small cycloalkanones with small substituents such as 5, al-
though CHMOy,;, converts the same ring substituted with
longer aliphatic chains with high enantioselectivity.”” It was as-
sumed that the methyl group in 5 is too small to engender
the discrimination of (R)- and (S)-enantiomers within the active
site of the enzyme.” Indeed, no BVMO has been reported
that can effectively resolve substrate 5. For this reason, 5
served as a simple chiral model for characterising the enantio-
selectivity of the rhodococcal BVMOs (Scheme 2).

A second set of experiments was performed in order to
obtain information on the potential of the biocatalysts for the
kinetic resolution of 5. The enantiomeric excess of residual ke-
tones 5 and the lactone products 8 recovered from each bio-
transformation was determined by chiral GC. The absolute con-
figurations of ketones 5 and lactones 8 were assigned accord-
ing to the data reported for the reaction catalysed by
CHMO,g,,.*?' Reactions catalysed by strains expressing MO4,
MO20 and MO21 proceeded very rapidly to full conversion to
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éw BVMO é, ij

(rac-5) (R)-8
(R)-5 (S)-8

Scheme 2. Possible resolution reactions of 2-methylcyclopentanone (5) by
BVMOs used in this study.

the racemic lactone product (Table 3); this is suggestive of very
poor enantioselectivity in the transformation of 5. Strains ex-
pressing biocatalysts MO9, MO15, MO18 and MO22 trans-
formed 5 with higher enantioselectivity than the CHMOgg,,
construct. To the best of our knowledge, the enantioselectivity
displayed by MO18 is the best reported to date for a BYMO
with this substrate,”®*" yielding lactone (5)-8 with 89% enan-
tiomeric excess and an E value of 25. Enantiocomplementary
partial resolutions were performed by MO9 and MO15 (R-selec-
tive, E=5) and M0O22 (S-selective, E=6). Most of the other
rhodococcal enzymes transformed ketone 5 with little or no
enantioselectivity.

Bicyclic ketone 6 is a more complex chiral substrate, pos-
sessing two stereocentres (Scheme 3). This substrate was in-
cluded in the initial screen because it is a valuable model for
examining the selectivity of BVMOs, giving rise to a range of
possible regio- plus stereochemical outcomes. Depending on
the enzyme, racemic 6 can be classically resolved to yield
enantioenriched ketone and one or more lactone products.
The latter can have the oxygen inserted into either the chemi-
cally favoured 2-oxa position (giving enantiomers of lactone
10) or the less favoured 3-oxa position (giving lactones 9), as

G. Grogan et al.

ED 53 &

(1 S,5R)-(-)-6
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(1R,58)—(+)-6

(1 S,SR)-( )-9 (1R,5S8)~(-)-9

3-oxa lactones

H
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(1R,5S)-(+)-10

T 4

H
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T

-(-)-10
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(1S,5R

e

2-oxa lactones

Scheme 3. Enantiomers of racemic ketone substrate 6 and lactone products
9 and 10.

catalysed by both the enzymes encoded by Rv3049c from
M. tuberculosis™ and HAPMO.”" Classically, BVYMOs such as
CHMOyg,,*" and CHMOy,,.0"® catalyse the “enantiodivergent”
biotransformation of 6 wherein each enantiomer of the race-
mic substrate is converted to a different lactone regioisomer,
each with high enantiomeric excess. In a third series of experi-
ments, each of the biocatalysts from R. jostii RHA1 was chal-
lenged with ketone 6, and residual ketone substrate and lac-
tone products were analysed by chiral GC (Figure 3).

Of the 13 rhodococcal BVMO catalysts, three (MO10, MO18
and MO21) converted the racemic ketone rapidly to nearly
100% conversion, although sufficient residual ketone remained
to determine the residual substrate ee values by chiral GC
(Table 4). Table 4 shows that, of the 13 catalysts, eight oxidised
the (1R,5S5)-ketone preferentially, the rest the (1S,5R)-ketone.
Promising resolutions of the ketone substrate after partial con-
version were observed with MO3 (59% conversion, 82% ee re-
covered ketone) and MO14 (36% conversion, 63% ee recov-
ered ketone). As reported previously, CHMO.g,, appeared to

transform the two enantiomers
of 6 at approximately equiva-
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- - - lent rates.?
Table 3. Results of the whole-cell biotransformations screen with ketone 5 as substrate. X .
Different profiles of lactone
Biocatalyst Conversion Residual ee” Product ee® £ regioisomers and enantiomers
[%] ketone (5) [%] lactone (8) L% 8) were obtained when different
MO3 64 (S5 35 (R-8 9 1 biocatalysts were used
Mo4 100 - - racemate 0 - (Figure 3). MOs 3, 4, 11, 20
MO9 15 (55 21 (R-8 63 5
MO10 trace 4 ~ N i - (from group 1), MO.14 an.d MO22
MOT11 47 (5)-5 6 (R)-8 5 1 catalysed the insertion of
MO14 50 (R-5 17 (5)-8 10 1 oxygen only at the 2-oxa posi-
MO15 10 (65 17 (R1-8 63 5 tion to give lactones (4)-10 and
MO16 48 (A5 39 (-8 23 2 (—)-10, in most cases with poor
MO18 31 (R-5 70 (5)-8 89 25 a 7 P
MO20 100 _ _ racemate 0 _ enantioselectivity (Table 5).
MO021 100 - - racemate 0 - Given the modest ee of the re-
M022 42 (R)-5 85 ()-8 59 6 sidual ketones in most cases,
CHMO 27 R)-5 20 )-8 39 3 . .
o ® © these transformations might
[a] The margins of error in the determinations of ee are of the order of 1% ee according to data obtained for best be described as regiocon-
the standard rz?cemlc compounds. [b] E was generally calculated from the equation in refs. [37] and [38] for the vergent. Of these catalysts, MO4
biotransformations catalysed by MO9, MO10, MO15, MO18 and MO22.
stood out as the only one that
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Figure 3. Chiral GC traces obtained for analysis of chiral lactones 9 and 10 synthesised by the BVMOs from R. jostii RHA1 and CHMO. The data obtained were

used to calculate the ee values in Table 5.

synthesised lactone (4)-10 in larger quantities than its enantio-
meric counterpart. MO14 is also distinctive in that it appears to
perform a very good resolution of the racemic ketone into one
2-oxa lactone enantiomer ((—)-10 only), a stereochemical
course that has not previously been observed for this substrate
with a BVMO, and one that might be of practical utility. MO9
and MO15 (group ll) were also striking, transforming a single
ketone enantiomer, (+)-6, to the two regioisomeric lactones
(+)-9 and (—)-10, both in high ee. This is again an unprece-
dented stereochemical course for this reaction with a BVMO.
Many enzymes synthesised a mixture of the two regioisomeric
lactones 9 and 10, with MOs 10 and 18 (group IV) and MO16
(group V) displaying the same enantiodivergent stereochemical
behaviour as CHMOg,,, (i.e., roughly equimolar amount of lac-
tones (—)-9 and (—)-10). Both MO21 and MO23 each gave a
mixture of lactones with the 3-oxa lactone in good ee, but

ChemBioChem 2009, 10, 1208-1217
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with racemic 2-oxa lactone. Overall, the combined results illus-
trate an impressive range of selectivities all garnered from a
single DNA sample, the extremes of which might not have
been accessible using the directed evolution of a single
enzyme, and which might now be employed to further devel-
op some of the more interesting activities.

Discussion
Sequence-activity relationships

The results of the biotransformations above were considered
in conjunction with the grouping of R. jostii RHA1 BVMOs de-
rived from the phylogenetic tree in Figure 1. In addition to
groups |-V, previously defined on the basis of the bootstrap
analysis, MO21 and MO23 were treated as a group intermedi-
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Table 4. Analysis of residual ketone from biotransformations of 6 by
strains of E. coli expressing each of 13 BVMOs from R. jostii RHA1.

Biocatalyst Conversion Recovered ee E®
[%] ketone (6) [%] (6)
MO3 59 (15,5R)-6 82 9
MO4 58 (1R,55)-6 31 2
MO9 35 (15,5R)-6 53 156
MO10 97 (1R55)-6 >99 3
MO11 41 (15,5R)-6 17 2
MO14 36 (15,5R)-6 63 25
MO15 19 (15,5R)-6 21 18
MO16 43 (1R,55)-6 45 6
MO18 98 (15,5R)-6 87 2
MO20 75 (1R,55)-6 24 1
MO21 96 (15,5R)-6 99 3
MO22 51 (15,5R)-6 66 9
CHMOgg, 41 (1R,55)-6 10 2

[a] The margins of error in the determinations of ee are of the order of
1% ee according to data obtained for the standard racemic compound.
[b] E for the MO14-catalysed biotransformation was generally calculated
from the equation in refs. [37] and [38].

Table 5. Analysis of lactone products from biotransformations of 6 by
strains of E. coli expressing each of 13 BVMOs from R. jostii RHAT.

Biocatalyst Product ee [%] (yield [%])
lactones 9 10
MO3 (1S,5R)-10 traces of 9 47 (57)
MO4 (1R,55)-10 traces of 9 22 (54)
MO9 (15,5R)-9 and (15,5R)-10 99 (18) 72 (17)
MO10 (1R,55)-9 and (15,5R)-10 >99 (50) 95 (47)
MO11 (15,5R)-10 traces of 9 18 (41)
MO14 (15,5R)-10 - 86 (36)
MO15 (15,5R)-9 and (15,5R)-10 >99 (8) 64 (11)
MO16 (1R,59)-9 and (15,5R)-10 99 (31) 83 (12)
MO18 (1R,59)-9 and (15,5R)-10 97 (45) 87 (53)
MO20 (1R,55)-10 traces of 9 5(75)
MO21 (15,5R)-9 and (1R,55)-10 96 (30) 27 (66)
MO22 (15,5R)-10 traces of 9 53 (46)
CHMOyg;, (1R,55)-9 and (15,5R)-10 98 (17) 87 (24)

[a] The margins of error in the determinations of ee are of the order of
2% ee for lactone 9 and 1% ee for lactone 10 according to data obtained
for the standard racemic compounds.

ate between groups | and Il, and enzyme MO22 was treated as
a divergent enzyme.

Group | enzymes (MO3, MO4, MO11 and M020) each con-
verted all of the test substrates. MO14, although a group Il
enzyme by overall sequence, also displays this wide spectrum
of activity. The other members of groupIl, MO9 and MO15
transformed a range of substrates that did not include either
cyclohexanone or cycloheptanone. MO21 and MO23 did not
convert cycloheptanone, but exhibited a preference for C; and
C; cyclic ketones over octan-2-one, in common with
BVMO,,ea'® with which these enzymes cluster in the phyloge-
netic tree in Figure 1. MO16, which clustered with BVMOyq,440,
an enzyme that had a high specificity toward short-chain ali-
phatic ketones,"” displayed the best activity of all the R. jostii
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MOs for the aliphatic ketone substrate 7. CHMOy,, displayed
behaviour consistent with the literature. Group IV enzymes
MO10 and MO18 both displayed narrow substrate specificities.
Even at this level of analysis, these results indicate that, with
the notable exception of MO14, there is a pronounced se-
quence-activity relationship among the enzymes in groups |
and Il in this study.

Turning to the enantioselectivity of the enzymes, group | en-
zymes MO3, MO4, MO11 and MO20 catalysed poorly enantio-
selective transformations of 5. This was also true of enzymes
21 and 23. Group Il enzymes MO9 and MO15 exhibited R-selec-
tivity. Once again, MO14 displayed “group | behaviour” in cata-
lysing the transformation with a low E value. This group-specif-
ic behaviour extended to transformations of the racemic bicy-
clic ketone 6. Group | enzymes MO3, MO4, MO11 and MO20
formed the 2-oxalactone 10 only. Group Il enzymes MO9 and
MO15 produce both 10 and 3-oxalactone 9, each in high ee,
from the same substrate enantiomer. MO21 and MO23 pro-
duce a mixture of 10 and 9, the former with poor ee. MO14 is
again anomalous, producing the 2-oxalactone only, in the
mode of group | enzymes, yet utilizing predominantly one sub-
strate enantiomer, as observed with group Il. Despite low se-
quence homology with CHMOy,,;, overall, group IV enzymes
MO10 and MO18 display the classical enantiodivergent group
Il behaviour with ketone 6.

The catalytic behaviour of enzymes within the better-de-
fined groups was therefore shown to correlate well with se-
quence. The major exception throughout the analysis was
MO14, notable in that it displayed largely group | behaviour,
even though its overall sequence places it within group Il with
MO9 and MO15. This led us to examine the MO14 sequence
for distinctive regions of amino acid sequence that were iden-
tical to the group | enzymes and yet distinct from group Il en-
zymes. These sequences would presumably be short, because
they do not have a major influence on alignment programs
such as ClustalW2. One example of a region of sequence that
matched these criteria was F?*®QRTPN?" in MO14, shared by
group | enzymes such as F"'"QRTPN?'® in MO3 (Figure 4, left).
The corresponding sequence in group Il enzymes featured a
serine in place of the threonine in either MO9 (F**QRSPN?") or
MO15 (F¥>QRSAN?®). In the three-dimensional structure of
PAMO,” the threonine residue found in this sequence in the
group | enzymes and CPMO, which is replaced by serine in
group 2 enzymes is adjacent to the arginine residue that has
been mooted as one of the determinants of NADP specificity
in PAMO®™ and is clearly seen at the lip of the entrance to the
active site at the surface of that enzyme. Group | catalysts with
threonine in this position display “CPMO-type” behaviour with
ketone 6 as previously described by Mihovilovic and co-work-
ers® and were, on the whole, more active than group Il en-
zymes, even when levels of soluble expression were compara-
ble (see SDS-PAGE gels in the Supporting Information), howev-
er, confirmation that this motif is responsible for differences in
catalytic performance must await a detailed kinetic study of
the relevant purified enzymes.

A second short region of sequence shared by group | en-
zymes and MO14 was P®'QSP** (MO14), also found, for exam-
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MO10 LDVVVRSPHWLVPEK 357 MO10 ITAGPNSAPNHGAGH 557 identification of short regions of amino acid se-
uence that correlate with subgroup-specific behav-
MO18 LSIYQRSPQWVAPFE 362 M018 MLGGPNSFPGSGS-F 561 q . .g . PP
iour could prove helpful in assigning substrate spec-
HAPMO LKVFARTTNWLLETP 348 HAPMO CMYGPNTGLVVYSTV 549  fficity and enantioselective properties from sequence
MO1l ITIFQRTPNLALPMR 226 MO11l FVYGPQSPAG-FCNG 449  alone in some genomic targets.
MO20  VTVEQRTPNLAIPMQ 229 M020 FLYGPQSPSG-FCNG 452
CPMO VTVYQRTPNLALPMH 230 cpMO FGYGPQSPAG-FCNG 453 Conclusions
MO3  LTVEQRTPNTALPMN 222 MO3  YVYGPQSPNA-FCNG 446 Activity profiling and sequence analyses of the
MO4 LTVEQRTPNISLPMQ 227 M04 FVYGPQSPAA-FANG 452  BVMOs from R. jostii RHA1 have revealed that the di-
MO9 VFVFQRSPNYSIPAG 217 MO9 ITAGAGSPSV-T.ANM 437  Vversity of sequence amongst flavoenzymes that are
capable of catalysing the Baeyer-Villiger reaction is
MO15 LYVFQRSANYSVPAG 226 MO15 VVTGPGSPSV-LANM 446 P ysing the Baeyer-viig
extremely broad even within a single genome, and
MOl4  LVVEQRTPNFATPLG 219 MO14 LITGPQSPSV-LYNM 440  that a variety of mechanisms of substrate recogni-
PAMO LFVFQRTPHFAVPAR 226 PAMO FIAGPGSPSA-LSNM 446  tion and molecular determination of enantioselectiv-
CHMO LTVFQRSAQYSVPIG 216 (HMO MVLGPNGP---FTNL 435 ¥ might operate within this enzyme family as a
MO21  LKVFIRTPOYALPMK 227 whole. Some of these characteristics may increasing-
Q MO21 TTGAPLAPSAALCNM 450 ly be detected from genomic sequence alone as the
MO23  LKVFIRTPQYALPMK 227 M023 TTGAPLAPSAALCNM 450  amount of data from both random mutagenesis and
MO16 VIMLQRSPTYIISMP 221 MQO16 FVIG-—-—-— YTNASW 407 9enome mining experiments increases. From the
MO22 LPYMPFPATWPQEVP 244 1022 MRRGGGYYLNVGCSD 467 point of view of preparative chemistry, it is encour-

Figure 4. Short regions of amino acid sequence in BYMOs from R. jostii RHA1. Left:
FQRIPN in group | enzymes and MO14 and FQRS(P/A)N for group II. Right: PQSP in

group | and MO14, and (P/A)GSP in group Il sequences.

ple, in MO3 as P*’QSP*° (Figure 4, right). The glutamine in this
short sequence is typically replaced by a glycine in the se-
quence A*®GSP*' found in group Il enzymes such as MO9 and
is also seen in PAMO. This quartet of amino acids is adjacent to
the “bulge” identified in PAMO that was thought to be impor-
tant in substrate acceptance and stereoselectivity. Removal of
this bulge resulted in a PAMO variant of increased substrate
range.®¥ MO10, MO18 and CHMOg,;, whilst of low overall se-
quence identity, share an asparagine residue in the equivalent
position, as well as common enantioselectivity with respect to
substrate 6, as do each of the “CHMO-type” group of enzymes
described previously™?* and featured in the tree in Figure 1.
Amino acids close to this sequence had already been high-
lighted by Mihovilovic and co-workers, who suggested that
the enantioselectivity of enzymes in either “CHMO-type” or
“CPMO-type” groups could be at least partially dependent on
the occurrence of a phenylalanine (CPMO) or leucine
(CHMOyg,;) at position 432 (CHMOgg;, numbering), located im-
mediately downstream of the PQSP and PGSP quartets in
R. jostii RHA1 enzymes (Figure 4). Changes in the enantioselec-
tivity of CHMOyg,, were observed upon substituting Phe432 to
a serine in this enzyme.®* Interestingly, whilst MO9, MO15 and
MO14 share the same sequence in the “bulge” region and also
a leucine in a position equivalent to Phe432 of CHMOyg;,, they
display different stereochemical behaviour with respect to
both substrates 5 and 6. Whilst it has been shown that the ex-
quisite and distinct catalytic and enantioselective properties of
BVMOs are most likely to be dependent on interactions that
are dependent on more than one or two amino acids, the
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aging that a wealth of selectivities exists that may
be accessed comparatively easily and that each new
enzyme of distinct selectivity presents a valuable
starting point for optimisation through laboratory-
based evolution for the reaction of choice.

Experimental Section

Gene cloning: The target genes were amplified by using the ge-
nomic DNA of R. jostii RHA1 as a template. PCR primers (detailed in
the Supporting Information) were obtained from MWG Biotech
(Ebersberg, Germany). The PCR products were cloned into the pET-
YSBLIC-3C vector by using a ligation-independent cloning method
described in ref.[13]. The correct sequence of all plasmids was
confirmed by DNA sequencing, which was carried out by MWG
Biotech (London, UK). Photographs showing agarose gels of restric-
tion digests of the relevant plasmids are given in the Supporting
Information.

Gene expression: E. coli Rosetta 2 (DE3) pLysS was used as the ex-
pression strain for creating the recombinant biocatalysts. Expres-
sion tests were routinely conducted in 5 mL cultures in LB broth
that had been inoculated with a 10% inoculum from an overnight
culture of the relevant strain. Cells were grown at 37°C until an
ODgy of 0.6 had been reached, at which point gene expression
was induced by the addition of isopropyl-B-p-thiogalactopyrano-
side (1 mm). The cells were then grown at 20°C for 16 h with shak-
ing at 180 rpm. In each case, the harvested cell pellet was resus-
pended in Tris/HCI buffer (20 mm, pH8.0) containing NaCl
(500 mm). The cell suspensions were gently sonicated on ice, and
the soluble and insoluble fractions of the cell lysate were analysed
by SDS-PAGE. Photographs of gels showing the overexpression of
soluble targets are provided in the Supporting Information.

Whole-cell biotransformations: All of the whole-cell biotransfor-
mation tests were carried out with growing cells according to the
overexpression protocol above. The substrates were dissolved in
neat ethanol and added to cell culture (1 mL) 3 h after induction
to give a final concentration of 1% (v/v) ethanol in the medium.
The final substrate concentrations were 17 mm for ketone 1,
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14 mm for ketone 2, 12 mm for ketone 3, 11 mm for ketone 4,
12 mm for ketone 5, 13 mm for ketone 6 and 8 mm for ketone 7.
Reaction mixtures were extracted from the LB medium with ethyl
acetate and analysed by using an Agilent Technologies 6890N gas
chromatograph equipped with an HP-5 column under the condi-
tions described below. Substrates 1 to 7 and their corresponding
lactones/esters had been purchased from Sigma-Aldrich and were
used as standards. Oxocan-2-one (the lactone derived from cyclo-
heptanone 4) was identified by using the biotransformation of 4
catalysed by CHMO from Acinetobacter calcoaceticus NCIMB
9871.2"

GC analysis

Standard GC: For standard GC analysis, an Agilent HP-6890 gas
chromatograph was employed, fitted with an HP-5 column (30 mx
0.32 mmx0.25 pm). Helium was used as the carrier gas at a pres-
sure of 83 kPa. The injector temperature was 250 °C, and the detec-
tor temperature was 320°C. The gradient programme used for
analysis of biotransformation reactions with substrates 1, 2 and 4
was 50 to 100°C at 10°Cmin~" then 100 to 250°C at 30°Cmin™".
The retention times for substrates and products were 1: 1.94 min,
v-butyrolactone: 4.04 min, 2: 2.53 min, d-valerolactone: 5.73 min,
4: 498 min, oxocan-2-one: 7.75 min. The gradient programme
used for analysis of biotransformation reactions with substrates 3,
5, 6 and 7 was 50 to 250°C at 10°Cmin~". The retention times for
substrates and products were 3: 3.44 min, e-caprolactone:
7.03 min, 5: 3.00 min, 8: 6.26 min, 6: 4.04 min, 9+ 10: 7.70 min, 7:
4.69 min, hexyl acetate, 4.90 min.

Chiral GC: For chiral GC analysis both a BGB-173 column and a
BGB-175 column (each 30 mx0.25 mmx0.25 um, BGB Analytik)
were employed. For all analyses, helium was used as the carrier
gas at a pressure of 83 kPa, the injector temperature was 250°C,
and the detector temperature was 320 °C. Enantiomers of substrate
5 were resolved on the BGB-175 column with a temperature gradi-
ent of 70 to 82°C at 0.5°Cmin~". Enantiomer retention times were
(5)-5: 20.65 min, (R)-5: 21.35 min. Enantiomers of lactone 8 were re-
solved on the BGB-173 column with a gradient of 100 to 140°C at
2°Cmin~". The enantiomer retention times were (R)-8: 18.44 min,
(5)-8: 18.76 min. Enantiomers of substrate 6 were resolved on the
BGB-175 column with a gradient of 100 to 127°C at 2°Cmin™". En-
antiomer retention times were (1R,55)-(+)-6: 11.46 min, (1S, 5R)-
(—)-6: 12.26 min. Enantiomers of lactones 9 and 10 were resolved
on the BGB-173 column with a gradient of 90 to 134°C at
1°Cmin~". Enantiomer retention times were (1R,55)-(—)-9:
36.70 min, (15,5R)-(+)-9): 37.01 min, (15,5R)-(—)-10: 41.82 min,
(1R,55)-(+)-10: 42.40 min.

Phylogenetic analyses: Sequences used for the phylogenetic anal-
ysis were aligned by using CLUSTALW (default settings).?? Phyloge-
netic analyses were performed by using the alignment and the
PHYLIP package, version 3.°* Phylogenetic trees were calculated
based on protein maximum likelihood by using PROML. The best
tree was obtained from 21 jumbles of the input alignment. For
bootstrap analyses, 100 datasets were generated by using SEQ-
BOOT, and the best tree of each dataset was calculated by using
PROML and seven jumbles. The final consensus tree was calculated
by using CONSENSE. Trees were plotted by using TREEVIEW.B®
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